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Foreword

Less than twenty years ago photolithography and medicine were total strangers to one
another. They had not yet met, and not even looking each other up in the classifieds. And
then, nucleic acid chips, microfluidics and microarrays entered the scene, and rapidly these
strangers became indispensable partners in biomedicine.

As recently as ten years ago the notion of applying nanotechnology to the fight against dis-
ease was dominantly the province of the fiction writers. Thoughts of nanoparticle-vehicled
delivery of therapeuticals to diseased sites were an exercise in scientific solitude, and grounds
for questioning one’s ability to think “like an established scientist”. And today we have
nanoparticulate paclitaxel as the prime option against metastatic breast cancer, proteomic
profiling diagnostic tools based on target surface nanotexturing, nanoparticle contrast agents
for all radiological modalities, nanotechnologies embedded in high-distribution laboratory
equipment, and no less than 152 novel nanomedical entities in the regulatory pipeline in
the US alone.

This is a transforming impact, by any measure, with clear evidence of further acceleration,
supported by very vigorous investments by the public and private sectors throughout the
world. Even joining the dots in a most conservative, linear fashion, it is easy to envision
scenarios of personalized medicine such as the following:

� patient-specific prevention supplanting gross, faceless intervention strategies;
� early detection protocols identifying signs of developing disease at the time when

the disease is most easily subdued;
� personally tailored intervention strategies that are so routinely and inexpensively

realized, that access to them can be secured by everyone;
� technologies allowing for long lives in the company of disease, as good neighbors,

without impairment of the quality of life itself.

These visions will become reality. The contributions from the worlds of small-scale tech-
nologies are required to realize them. Invaluable progress towards them was recorded
by the very scientists that have joined forces to accomplish the effort presented in this
4-volume collection. It has been a great privilege for me to be at their service, and
at the service of the readership, in aiding with its assembly. May I take this opportu-
nity to express my gratitude to all of the contributing Chapter Authors, for their in-
spired and thorough work. For many of them, writing about the history of their spe-
cialty fields of BioMEMS and Biomedical Nanotechnology has really been reporting about
their personal, individual adventures through scientific discovery and innovation—a sort
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of family album, with equations, diagrams, bibliographies and charts replacing Holiday
pictures . . . .

It has been a particular privilege to work with our Volume Editors: Sangeeta Bhatia,
Rashid Bashir, Tejal Desai, Michael Heller, Abraham Lee, Jim Lee, Mihri Ozkan, and
Steve Werely. They have been nothing short of outstanding in their dedication, scientific
vision, and generosity. My gratitude goes to our Publisher, and in particular to Greg Franklin
for his constant support and leadership, and to Angela De Pina for her assistance.

Most importantly, I wish to express my public gratitude in these pages to Paola, for her
leadership, professional assistance throughout this effort, her support and her patience. To
her, and our children Giacomo, Chiara, Kim, Ilaria and Federica, I dedicate my contribution
to BioMEMS and Biomedical Nanotechnology.

With my very best wishes

Mauro Ferrari, Ph.D.
Professor, Brown Institute of Molecular Medicine Chairman

Department of Biomedical Engineering
University of Texas Health Science Center, Houston, TX

Professor of Experimental Therapeutics
University of Texas M.D. Anderson Cancer Center, Houston, TX

Professor of Bioengineering
Rice University, Houston, TX

Professor of Biochemistry and Molecular Biology
University of Texas Medical Branch, Galveston, TX

President, the Texas Alliance for NanoHealth
Houston, TX



Preface

Numerous miniaturized DNA microarray, DNA chip, Lab on a Chip and biosensor devices
have been developed and commercialized. Such devices are improving the way many impor-
tant genomic and proteomic analyses are performed in both research and clinical diagnostic
laboratories. The development of these technologies was enabled by a synergistic combina-
tion of disciplines that include microfabrication, microfluidics, MEMS, organic chemistry
and molecular biology. Some of these new devices and technologies utilize sophisticated mi-
crofabrication processes developed by the semiconductor industry. Microarrays with large
numbers of test sites have been developed which employ photolithography combinatorial
synthesis techniques or ink jet type printing deposition methods to produce high-density
DNA microarrays. Other microarray technologies have incorporated microelectrodes to
produce electric fields which are able to affect the transport and hybridization of DNA
molecules on the surface of the device. As remarkable as this generation of devices and
technological appears, the advent of new nanoscience and nanofabrication techniques will
lead to even further miniaturization, higher integration and another generation of devices
with higher performance properties. Thus, in some sense these devices and systems will
follow a similar evolution as did microelectronics in going from 8 bit, to 16 bit to 32 bit
technology. Where feature sizes for integrated components of microelectronic devices is
now well into the submicron scale, nanoscale biodevices will soon follow. Likewise, the po-
tential applications for this new generation of micro/nanoarray, lab on a chip and nanosensor
devices is also broadening into areas of whole genome sequencing, biowarfare agent detec-
tion, and remote environmental sensing and monitoring. Today the possibility of making
highly sophisticated smart micro/nano scale in-vivo diagnostic and therapeutic delivery
devices is being seriously considered.

Nevertheless, considerable problems do exist. Unfortunately, many applications for
these bioresearch or biomedically related devices do not have the large consumer markets
that will drive and fund their development. The economic forces which drive the devel-
opment of high volume retail consumer microelectronic and optoelectonic devices (such
as computers, cell phones, digital cameras, and fiber optic communications), are not there
for most bioresearch or biomedical devices. Thus, it is very common to see so-called
“good” technologies in the bioresearch and biomedical device area fail somewhere along
the arduous path to commercialization. This is particularly true for any biomedical device
or system which has to go through the regulatory process. Frequently, the problem relates to
the inability to economically manufacture a viable device for commercialization as opposed
to a working prototype device. Thus, a key aspect for achieving final success for our new
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generation of bioresearch and biomedical micro/nano biodevices will be the correspond-
ing development of both viable and efficient nanofabrication and micro/nano integration
processes.

The Volume II: Micro/Nano Technologies for Genomics and Proteomics presents a
wide range of exciting new science and technology, and includes key sections on DNA
micro/nanoarrays which additional chapters on peptide arrays for proteomics and drug
discovery, new dielectrophoretic cell separation systems and new nanofabrication and in-
tegration processes; advanced microfluidic devices for the human genome project (whole
genome sequencing); and final section on nanoprobes for imaging and sensing. Overall this
volume should be of considerable value for a wide range of multidisciplinary scientists
and engineers who are either working in or interested in bionanotechnology and the next
generation of micro/nano biomedical and clinical diagnostic devices.

Mihrimah Ozkan
Dept. of Electrical Engineering,

University of California, Riverside,
Riverside, California USA

Michael J. Heller
Dept. of Bioengineering,

University of California, San Diego,
La Jolla, California USA

Mauro Ferrari
Professor, Brown Institute of Molecular Medicine Chairman

Department of Biomedical Engineering
University of Texas Health Science Center, Houston, TX
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Electronic Microarray Technology
and Applications in Genomics
and Proteomics

Ying Huang, Dalibor Hodko, Daniel Smolko, and Graham Lidgard
Nanogen Inc., 10398 Pacific Center Court, San Diego, CA 92121, USA.

Keywords: Electronic microarray/ Miniaturization/ Single nucleotide polymorphism/ Gene
expression profiling/ Cell separation/ Protein kinase/ Forensic detection/ Biological warfare

Electronic microarrays that contain planar arrays of microelectrodes have been de-
veloped to provide unique features of speed, accuracy and multiplexing for genomic and
proteomic applications through utilizing electric field control to facilitate analytes concen-
tration, DNA hybridization, stringency and multiplexing. An overview of electronic mi-
croarray technology is presented followed by its variety applications in genomic research
and DNA diagnostics, forensic detection, biologic warfare, and proteomics.

1.1. INTRODUCTION

DNA microarrays have provided a new and powerful tool to perform important molec-
ular biology and clinical diagnostic assays. The basic idea behind DNA microarray technol-
ogy has been to immobilize known DNA sequences referred to as probes in micrometer-sized
spots on a solid surface (microarray) and specifically hybridize a complementary sequence
of the analyte DNA or a target. A fluorescently labeled reporter facilitates fluorescent de-
tection of the presence or absence of a particular target or gene in the sample. By using
laser-scanning and fluorescence detection devices such as CCD cameras, different target
hybridization patterns can be read on the microarray and the results quantitatively ana-
lyzed. This chapter describes a specific microarray technology where an electric field and
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phenomena induced by the application of the electric field are used to direct and concentrate
the DNA molecules through permeation layer [25] on the array.

Whereas, in the past, different technologies have been used to immobilize DNA probes
including physical deposition [13, 40], photolithographic synthesis [Fodor et al., 1993,
7], and utilization of electric field [25]. Accordingly, several substrates have been used to
generate different DNA microarrays ranging from glass slides, membrane to silicon. High
density microarrays have been used to identify disease outcomes through relevant RNA
expression patterns on thousands of genes [1] and for gene sequencing [33]. However,
focused arrays, which often consists of 100–1,000 test sites, are better suited to detect a
panel of genes for applications in point of care diagnostics, detection of infectious diseases,
as well as identification of biological warfare agents. In these particular applications, speed,
accuracy and multiplexing are basic requirements. Electronic microarrays, one type of
the focused arrays, can meet all these requirements through utilizing electric field control
to facilitate analytes concentration, DNA hybridization, stringency and multiplexing [17,
23–25, 45]. In this chapter, an overview of electronic microarray technology is presented
followed by its applications in genomics and proteomics.

1.2. OVERVIEW OF ELECTRONIC MICROARRAY TECHNOLOGY

Nanogen, Inc. has developed an electronic micro-array based technology (NanoChip r©

Electronic Microarray) for manipulation, concentration and hybridization of biomolecules
on the chip array (Figure 1.1). This approach extends the power of microarrays through
the use of electronics by connecting each test site on the NanoChip r© array to an electrode.

Charged
biomolecules

Analyte
molecules

concentrate

Negatively
charged

DNA

+

Electronic

Charged
biomolecules

Electrode
site
energizedarray

FIGURE 1.1. Nanochip r© micro-array technology uses electronic addressing of charged biomolecules on the
electrode array to separate and concentrate analyte targets. Negatively charged DNA targets and molecular probes
(top) are moved to a particular site by energizing the electrodes at a reverse potential (bottom). Targeted molecules
concentrate at the array site where they can be bound chemically or hybridized to a DNA probe. Fluorescent signal
is obtained from the reporter probes hybridized to the target DNA and signal proportional to the concentration of
analyte DNA is measured.
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Most biological molecules have a natural positive or negative charge. When biological
molecules are exposed to an electric field (Figure 1.1), molecules with a positive charge
move to electrodes with a negative potential, and molecules with a negative charge move
to electrodes with a positive potential. Current and voltages are applied to the test sites
via individual electrode activation to facilitate the rapid and controlled transport of charged
molecules to any test sites. Additional advantages of electrically facilitated transport include
(1) the ability to produce reconfigurable electric fields on the microarray surface that allows
the rapid and controlled transport of charged molecules to any test sites [22, 25]; (2) the
ability to carry out site selective DNA or oligonucleotide addressing and hybridization [11];
(3) the ability to significantly increase DNA hybridization rate by concentration of target
at the test sites (Kassegne et al., 2003); and (4) the ability to use electronic stringency to
improve hybridization specificity (Sosnowski, et al., 1997).

1.2.1. NanoChip r© Array and NanoChip r© Workstation

1.2.1.1. Fabrication Electronic microarrays consist of an array of electrodes that
have been fabricated on silicon with array sizes ranging from 5 to 10,000 individual
electrodes or test sites [24, 25, 42]. Figure 1.2 shows a number of electronic microarrays
with arrays ranging from 4 to 100 electrodes or test sites. These arrays have been designed

FIGURE 1.2. A series of designs of Nanogen’s silicon microarray chips. Chip sizes shown range from 4–100 sites.
These include different electrode geometries as well as chips designed for particles and or biomolecular microsep-
arations (last column of chips).
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Silicon
Base

Platinum
Microelectrode

Hydrogel Permeation Layer
Containing Streptavidin 

80 µm diameter test site

FIGURE 1.3. Cross-section of a single platinum micro-electrode pad on the NanoChip r© microarray. A hydro-
gel permeation layer loaded with streptavidin covers the electrode array and serves for capturing electronically
addressed molecules.

for both microassays and microseparations. The current commercialized NanoChip r© array
comprising 100 platinum microelectrodes with additional 20 outer microelectrodes acting
as counter-electrodes.

The electrodes on the NanoChip r© array are fabricated on a silicon substrate using
standard photolithography and deposition processes. Each electrode is 80 µm in diameter
with 200 µm center-to-center space between and is connected to the outside edge of the
chip by a platinum wire trace. Figure 1.3 shows a cross section of a single electrode pad
on the NanoChip r© array. The base structure of the array consists of silicon over which an
insulating layer of silicon dioxide is applied. Platinum is deposited and selectively held in
place to form electrodes and accompanying electrical traces. These wire traces terminate at
the edges of the chip forming electrical contact pads. Additional layers of silicon dioxide
and silicon nitride are deposited to electrically insulate the platinum electrical traces, leaving
the central array of 80 µm diameter microelectrodes, outer microelectrodes and contacts
pads exposed. The chips are flip-chip bonded to a ceramic substrate which contains contacts
to pogo-pins.

1.2.1.2. Permeation Layer Typically, on the surface of the array, a 10 µm thick hy-
drogel permeation layer (Figure 1.3). containing co-polymerized streptavidin is deposited
by microreaction molding. This permeation layer serves two main functions [24]. First
it protects the sensitive analytes from the adverse electrochemical effects at the platinum
electrode surface during active operation. These electrochemical products include the gen-
eration of hydrogen ions (H+) and oxygen at the positively biased (anode) microelectrodes
and hydroxyl ions (OH−) and hydrogen at the negatively biased electrodes (cathode), as
well as various free radical entities. Secondly, the permeation layer also serves as a matrix
for the attachment of biotinylated molecules e.g., analytes capture oligos, antibodies, and
primers through biotin and streptavidin binding [24, 25]. Figure 1.4 is a close-up photograph
of the 100-site array covered with the permeation layer.
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FIGURE 1.4. Photograph of the 100-site NanoChip r© microarray. A hydrogel permeation layer covers the elec-
trode array including working and counter electrodes. The hydrogel layer is visible as a circle surrounding counter
electrodes (yellow pads).

1.2.1.3. NanoChip r© Cartridge The 100-site array is assembled into a complete
NanoChip r© cartridge (Figure 1.5a) by ultrasonically welding two molded polymethyl
methacrylate (PMMA) cartridge bodies that contain fluidic channels and inlet and out-
let ports. The cartridge eliminates sample evaporation, prevents sample contamination and
provides a fluidic interface to the NanoChip r© Workstation.

1.2.1.4. NanoChip r© Workstation The NanoChip r© electronic microarrays are oper-
ated through a fully integrated and automated NanoChip r© Workstation (Figure 1.5b). The
system consists of three major subsystems: (1) the NanoChip r© Loader for loading pa-
tient samples on one to four NanoChip r© Cartridges, (2) the NanoChip r© Reader, a highly
sensitive, laser-based fluorescence scanner for detection of assay results and (3) computer
hardware and software which automates import, analysis and export of sample information
making data analysis simple.

1.2.2. Capabilities of the NanoChip r© Electronic Microarrays

Using electric field, Nanochip r© electronic microarrays have provided many unique
features over other passive microarrays (Table 1.1). Electronic addressing allows users
to quickly customize arrays in their own laboratory. Electronic hybridization provides an
extremely accurate and specific hybridization process by creating optimal electric and pH
conditions at the hybridization sites [11, 25]. Electronic stringency, in combination with
thermal control, enables researchers to remove unbound and nonspecifically-bound DNA
quickly and easily after hybridization at the microarrays, achieving rapid determination of
single base mismatch mutations in DNA hybrids [44].
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FIGURE 1.5. Photograph of the Nanochip r© cartridge containing the electronic microarray, and b) Nanogen’s
Nanochip r© Workstation which allows fully automated processing of 4 cartridges simultaneously in the loader
and fluorescent detection in the reader.

1.2.2.1. Assay Formats on NanoChip r© Electronic Microarrays The open architec-
ture of electronic microarray enables flexibility in assay design. Since each individual elec-
trode can be selectively activated, different assays can be generated depending on different
analytes to be addressed (Figure 1.6). For example, a dot blot assay [19] is conducted when
biotinylated PCR amplicon is addressed to the selected electrodes and remained embedded
through interaction with strepavidin in the permeation layer. The DNA at each electrode is
then hybridized to mixtures of allelespecific oligonucleotides (discriminators) and fluores-
cently labeled oligonucleotides. The thermal or electronic stringency is used to discriminate

TABLE 1.1. Comparison between NanoChip r© microarray active hybridization technology and
passive hybridization technologies.

Concentration Stringency
Hybridization time Concentration of targets factor at a site control

NanoChip r© active
hybridization

10–100 seconds Directed and localized at the
array sites; Ability to
control individual sites

>1000 times Electronic,
Thermal
Chemical

Passive
hybridization

1–2 hours Non-directed; Sites cannot be
controlled independently

Low, diffusion
dependent

Thermal,
Chemical
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FIGURE 1.6. The open platform of the electronic microarray enables flexibility in assay design. Depending on the
nature of the biotinylated analytes (denatured PCR products, capture oligos, SDA primers or antibody) in electronic
addressing and on the targets (helper oligos, denatured PCR products, RNA, denatured genomic DNA or antigen),
different assays (dot blot SNP, sandwiched SNP, gene expression profiling, anchored SDA or immunoassay) can
be performed on the electronic microarrays.

the SNP. In this assay format, multiple samples can be analyzed at different electrodes on
a single array.

A “sandwich” assay is created when biotinylated capture probes are addressed to se-
lective electrodes. The capture probes can be sequence specific oligos or antibodies. The
embedded capture probes are then electronically hybridized to the targets. Depending on
the specific targets (PCR amplicons, or RNA, or antigens), the assays can be SNP analysis,
gene expression profiling, or immunoassay.

Most recently, a special assay, anchored strand displacement amplification (aSDA),
which integrates the amplification and discrimination, is demonstrated on electronic mi-
croarrays [12, 29, 50, 51]. In this assay format, biotinylated SDA primers were addressed
and anchored on selective electrodes. These anchored primers were then electronically hy-
bridized to the denatured genomic DNA. Target DNA was amplified over the electrodes
when an enzyme mix containing restriction endonuclease and DNA polymerase and dNTPs
was introduced to the array. After amplification the final discrimination was determined
using same base-stacking principle [37]. Using aSDA, multiple genes from one sample or
one gene from multiple samples can be simultaneously amplified and detected on a single
electronic microarray.

1.2.2.2. Electronic Multiplexing By electronically controlling each test site, the elec-
tronic microarrays also provide a platform to perform different types of multiplexed assays:

(1) single array multiplexing where multiple genes from one sample can be analyzed;
(2) single array multiplexing where multiple samples with one gene of interest can be

analyzed;
(3) single array multiplexing where multiple samples with multiple genes of interest

can be analyzed;
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(4) single site multiplexing where several targets are discriminated on the same site
using different fluorescent probes;

(5) single site multiplexing where several targets are addressed, different discriminator
oligonucleotides hybridized and reporter addressed—this method allows the use of
a universal reporter for different targets.

The ability to electronically control individual test sites permits biochemically unrelated
molecules to be used simultaneously on the same microchip. In contrast, sites on a conven-
tional DNA array cannot be controlled separately, and all process steps must be performed
on an entire array. Nanogen’s electronic microarray technology delivers increased versa-
tility over such conventional methods. This is particularly important in applications such
as biological warfare and infectious disease detection since the accurate identification of
biological agents requires determination of two or more (often five) characteristic genes of
a particular agent.

1.3. APPLICATIONS

1.3.1. Single Nucleotide Polymorphisms (SNPs)—Based Diagnostics

Given the advances in genomic studies, more and more single nucleotide polymophisms
(SNPs) are found to be contributory factors for human disease and can be used as genetic
markers for molecular diagnostics. The speed, accuracy and flexibility provided by elec-
tronic microarrays have received great interest from clinical diagnostic researchers for a
variety of genotyping applications (Table 1.2). Using the Nanochip r© system, researchers at
American Medical Laboratories analyzed 635 clinical samples for the G1691A mutation on
the factor V Leiden, associated with thrombosis with 100% accurate in characterizing wild-
type, heterozygous, and homozygous samples [15]. Researchers at ARUP Laboratories have
evaluated 3 thrombosis associated SNPs, factor V (Leiden), factor II (prothrombin), and
methylenetetrhydrofolate reductase (MTHFR), on 225 samples with 100% accuracy [14].
Schrijver et al at Stanford University Medical Center found that the SNP analysis based
on Nanogen electronic microarray for factor V (Ledein) and factor II (prothrombin) on
800 samples were comparable with other SNP analysis methods such as restriction enzyme
digestion (RFLP) and the Roche LightCycler [41]. Researchers at Children’s Nantional
Medical Center, Washington DC, genotyped 8 common MeCP2 mutations associated to
Rett syndrome on 362 samples with 100% specificity [47]. Using electronic microarray,
researchers at Mayo Clinic Cancer Center have developed genotyping assays for 5 different
cytokine polymorphisms [43]. Moreover, 8 SNPs distributed within a highly variable region
of the polC gene from six isolates of Staphylococcus aureus were analyzed on electronic
microarrays [9].

1.3.2. Forensic Detection

Short tandem repeats (STRs) represent another type of polymorphism with important
applications in forensic DNA identification. In 1990, the FBI created a combined DNA
index system (CODIS), which consist of 13 polymorphic STR loci, to provide a database
of forensic DNA profile for nearly all forensic laboratories in the United States [5, 6]. The
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TABLE 1.2. Examples of Nanochip r© technology application in genomics.

Relevance Test Ref

Cystic Fibrosis CFTR http://www.nanogen.com/products/cystic fibrosis.htm
Thrombosis Factor V Leiden

Factor II (prothrombin)
MTHFR
Factor V/Prothrombin

[41]
[15]
[14]
http://www.nanogen.com/products/Factor vII.htm

Hereditary
Hemochromatosis

HFE http://www.nanogen.com/products/HH.htm

Alzheimer’s Disease ApoE http://www.nanogen.com/products/apoe.htm
http://biz.yahoo.com/prnews/040106/latu005 1.html

β-thalassemia Factor VII [39]
Asthma and chronic

obstructive
pulmonary disease

B(2)-adrenergic receptor [53]

Ulcerative colitis N-acetyltransferase 1 (NAT 1)
N-acetyltransferase 2 (NAT 2)

[38]

Cancer p53 [3]
Rett syndrome MeCP2 [47]
Immunologic defect Mannose binding protein

(MBP)
[19]

Parkinson’s discease CYP1A2/CYP2E1 [10]
Cytokine Tumor necrosis factor-α

(TNF-α)
IL-4
Interferon-γ (CA)n repeats
IL-1 RN VNTR
CCR5

[43]

Bacterial ID Staphylococcus aureus pol C [9]
Escherichia coli gyrA
Salmonella gyrA
Campylobacter gyrA
E. coli parC
Staphylococcus mecA

[50]

typical STR loci are selected groups of four nucleotide repeats that are represented in the
human population by 4-15 alleles distinguished by a different number of repeat units [8].
Unlike SNPs, STRs are more difficult to analyze by conversional passive hybridization
techniques [20, 34]. However, electronic hybridization techniques have been proven to
overcome these problems and allow STR analysis to be performed on electronic microarray
in a rapid and high fidelity fashion [37]. Multiplex hybridization analysis of three STR
loci (CSF1PO, TH01 and TPOX) was achieved for 12 individuals, 100% concordant with
genotyping results of an accredited forensic laboratory.

Given the recent discovery of abundance SNPs and the ease of automation and minia-
turization of detection techniques, SNP assays have started to be implemented in DNA
forensic analysis. According to Chakraboty et al. [6], somewhere in the range of 30-60
SNP loci would be needed to equal the power of the 13 STR loci with regard to genotypic
match probability and/or paternity exclusion. The flexibility of electronic microarray will
permit accelerated development of SNPs for DNA forensic analysis by allowing an easy
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FIGURE 1.7. Multiplexed gene expression profiling on the electronic microarray. Ten target genes plus the β-la
reference gene from the U937 cell lines at various time points after differentiation and LPS treatment. The genes
were electronically hybridized to target-specific capture probes and to the β-la capture probe. The left panel
represents the Cy5 fluorescent signals from the 10 target genes, whereas the right panel shows the Cy3 signal
corresponding to the β-la reference gene. Each target gene exhibits a distinct expression pattern over the time
course of LPS treatment, while the β-la reference gene remains relatively unchanged. Reprinted with permission
from Weidenhhammer et al. Copyright [49] American Association for Clinical Chemistry.

method of adapting new loci. Currently, supported by government funding, assays are under
development to detect 35 SNPs and 6 STRs on a single electronic microarray.

1.3.3. Gene Expression Profiling

Another array-based method in genomic studies is to simultaneously monitor global
gene expression profiling of cells under a condition of interest and to identify a set of gene
markers for specific disease [1]. Towards this trend, a multiplex, targeted gene expression
profiling method has been developed using electronic field-facilitated hybridization on
Nanochip r© electronic microaray [49]. In this method, target mRNA generated from T7 RNA
polymerase-mediated amplification were detected by hybridization to sequence-specific
capture oligonucleotides on electronic microarray. The expression of a model set of 10 target
genes in the U937 cell line was analyzed during lipopolysaccharide-mediated differentiation
with 2-fold changes in concentration and 64-fold range of concentration (Figure 1.7). This
electronic array based expression analyzing method allows simultaneous assessment of
target concentrations from multiple sample sources.

1.3.4. Cell Separation

In addition to dc current, ac voltage can also be applied to the electronic microarray in
certain ways to create a dielectrophoretic (DEP) force applicable to analytes such as cells.
Depending on the frequency of the ac voltage and the dielectric properties of the cells, the
DEP forces can be either positive (moving cells towards electrodes) or negative (moving
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FIGURE 1.8. The procedure of DEP separation for U937 and PBMC mixture and gene expression profiling of
three genes for U937 cells before and after DEP separation on electronic microarrays. (a) Mixture is introduced
to the microarray. (b) U937 cells are separated from PBMC on array by dielectrophoresis 5 min after an ac
voltage is applied. U937 cells are collected on the electrodes and PBMC are accumulated at the space between
the electrodes. (c) Buffer is introduced from the reservoir to the array by fluid flow while the voltage is kept on.
PBMC are carried away with the fluid stream. (d) PBMC are washed off from the array and U937 cells are retained
on the electrodes after 10 min of washing. (e) Fluorescent image of three genes expression profiling before and
after DEP separation. The specific signals for IL-1, TNF-α, and TGF-β from different samples after electronic
hybridization are indicated. Reprinted with permission from Huang et al. Copyright (2002) American Chemical
Society.

cells towards spaces) resulting in special separation of different types of cells on electronic
microarrays [8, 26]. Using DEP, U937 and PBMC were separated on the array [22]. The
separation procedure is illustrated in Figure 1.8. After the mixture was introduced to the
array, the flow was stopped (Figure 1.8a). Five minutes after an ac voltage of 500 kHz, 7
Vpp (volts, peak to peak) was applied to the array, U937 cells were separated from PBMC
on chip (Figure 1.8b). Then by introducing the fluidic flow of 40 µl/min and keeping on
the voltage, only PBMC were washed away with the buffer (Figure 1.8c). Ten minutes after
washing, only U937 cells were remained on the electrodes by positive dielectrophoresis
(Figure 1.8d). These U937 cells could then be released from the electrodes by fluidic flow
and subsequently collected for gene expression analysis if the applied voltage was turned
off.

RNA from DEP separated U937 cells was extracted, and the expression levels of IL-1,
TNF-α, and TGF-β were quantitatively monitored on a 10 × 10 microelectronic chip array
using a targeted gene expression profiling assay. The gene expression levels of IL-1, TNF-α,
and TGF-β for LPS treated or untreated U937 cells were compared with those of U937
and PBMC mixture on a 10 × 10 array before and after DEP separation (Figure 1.8e).
As demonstrated in Figure 1.8e, upon LPS treatment, U937 cells exhibited a significant
increase in expression levels of IL-1, TNF-α, and TGF-β. After mixing U937 cells with
PBMC at 1:5 ratio (U937 cells to PBMC), the expression patterns of the three genes had
changed. In the mixed sample, the LPS induction of IL-1 and TNF-α expression could
not be detected, and the induction of TGF-β was decreased. This reduction of the TGF-β
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expression level in the mixed samples was most likely due to the high expression level of
TGF-β gene in PBMC. Apparently, in heterogeneous samples, the gene expression levels in
a cell population of interest are not simply diluted by unrelated cells but are masked by the
expression patterns of the contaminating cell populations. Notably, in the DEP separated
U937 cells, the LPS induction of IL-1, TNF-α, and TGF-β expression was observed. This
result indicates that DEP separation can improve the accuracy of gene expression profiling
by purifying out cells of interest.

1.3.5. Electronic Immunoassays

The flexibility of the microarray platform in terms of the ability to electrophoretically
transport charged molecules to any site on the planar surface of the array has been exploited
for developing electronic immunoassays. The following is an example of an electric field-
driven immunoassay developed for two biological toxins—Staphylococcal enterotoxin B
(SEB) and Cholera toxin B (CTB) for biological warefare applications [16]. A 25-site elec-
tronic microarray (Figure 1.9) was transformed into an immunoassay array by electronically
biasing electrodes at user defined microlocation to direct the transport, concentration, and
binding of biotinylated monoclonal capture antibodies specific for SEB and CTB to strepta-
vidin in the hydrogel layer. The detection of fl-SEB and fl-CTB were accomplished in only 6
minutes, including 1-minute electronic addressing step to bind fl-SEB and fl-CTB, followed
by a 5-minute washing step to reduce nonspecific binding. More noticeably, electronic ad-
dressing permitted the detection of CTB down to concentrations of 18 nM. No fluorescence
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FIGURE 1.9. Electronic assay for fl-SEB and fl-CTB on the 10,000 site CMOS array. Biotinylated anti-SEB
capture antibody was electronically addressed to the microlocations in the two columns on the left side of the
image. Biotinylated anti-CTB capture antibody was electronically addressed to each of the microlocations in the
two columns on the right side of the image. The column of microlocations in the center was left free. A mixture
of fl-SEB and fl-CTB (20 nM in 50 mM histidine, pH 7.5) was applied to the chip and electronically addressed to
all 15 microlocations of the chip. After washing, the fluorescence intensity at each microlocation was measured.
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FIGURE 1.10. The stacked microlaboratory : (left) Fabrication of the stacked structure; (right) Photographs of
the completed stacked structure showing the top and the bottom views.

attributable to antigen binding was observed at any other location on the chip other than the
sites addressed with the appropriate capture antibody. It was possible to detect both toxins
from a mixture in a single electronic addressing step (Figure 1.10). The ability to perform
a rapid, electric field-mediated immunoassay for multiple analytes provides an advantage
over existing approaches in terms of sample volume, speed and system complexity.

1.3.6. Miniaturization of Electronic Microarray Technology and Applications

DNA microarray technology provides a highly specific analytical response that enables
the identification of a particular sequence within the DNA target molecules. Using these
characteristic sequences the identification of biological agents, including biological warfare
agents and infectious disease pathogens can be performed with the highest specificity and
accuracy. It is of emergent interest to make portable instruments capable of performing
rapid DNA analysis in the field or in hospitals. Such trends call for the development of the
so-called point-of-care or field-portable instruments which could be used immediately at the
patient bed or by first responders in the case of biological attacks. The requirements for such
instrumentation are very stringent including high sensitivity and specificity, simultaneous
detection of multiple targets, automated operation, and ease of use. Encountering various
types of samples in the field, there is an urgent need to integrate the sample preparation
processes with the detection and create simple to operate field portable sample-to-answer
instruments [2]. Using the basic principles of the electronic separation and addressing of
the targets we have developed a number of different approaches to miniaturize detection
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systems as well as the integration of sample preparation with detection on the electronic
microarray.

1.3.6.1. Stacked Microlaboratory A sample-to-answer prototype instrument was de-
veloped to perform pathogen isolation [28], DNA hybridization and protein immunoassays
from mixed samples [52]. At the core of this instrument is a small two-level-stacked micro-
laboratory that is 76 × 76 mm2 and 2.77 mm thick. The stacked microfluidic structure was
constructed from a set of laminated flexible substrates with fluidic cutouts, pressure sensi-
tive adhesive layers, electrode arrays, and two Si chips. The completed stacked structure has
the DEP chip in the upper level chamber for dielectrophoretic collection of bioparticles and
the 1600-site chip in the lower level for performing automated electric-field-driven assays
(Figure 1.10). Various automated assays have been demonstrated on this instrument. E. coli
bacteria and Alexa-labeled protein toxin SEB were detected by electronic immunoassay.
The identification of SLT1 gene from E. coli was accomplished in 2.5 hours starting from
a dielectrophoretic concentration of intact E. coli bacteria and finishing with an electronic
DNA hybridization assay [52].

1.3.6.2. Miniaturized Electronic Microarray System Rapid identification of patho-
gens or biological agents, including biological warfare agents, would ideally incorporate
small automated portable systems. Supported through Department of Defense funding, a
simple miniaturized system for the detection of DNA targets from pathogenic microorgan-
isms based on the electronic microarray technology was developed. The first generation of
the instrument is an automated portable DNA analysis system designed to operate with the
Nanogen’s 400-site NanoChip r© array and cartridge. The 400-site array (Figure 1.11) is a

FIGURE 1.11. Photogoraph of a CMOS 400-site chip. Counter electrodes surround the central 400-site working
electrode array.
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400-site ACV-chip and cartridge Cartridge loading Port 

FIGURE 1.12. Photograph of the electronic microarray system with the laptop used to operate the instrument and
perform data storage and processing. The arrow indicates a port for the 400-site cartridge introduction.

second generation CMOS chip developed at Nanogen [46]. The advantages of the CMOS
chip over the first generation design include simple control circuitry, improved electrode
current and voltage control, four times as many assay sites and on-chip temperature sensing.
The CMOS chip has an array of 16 × 25 (400-sites); each electrode being 50 µm in diame-
ter with a 150-µm center-to-center distance. Voltage on each electrode can be individually
controlled and measured. Furthermore, a temperature sensor is built into the chip’s CMOS
circuitry.

A photograph of the Nanogen’s portable electronic microarray detection instrument is
shown in Figure 1.12. It is a compact, fully enclosed instrument featuring automated DNA
sample and reagent delivery to the chip, temperature control of the chip and the fluidic cell,
electronic control of the chip array, and optical detection system. Any standard laptop or
desktop computer can be used to operate and control the system. The overall dimensions
of the system are (not including laptop) ca. 14 inch × 12 inch by 6 inch. The total weight
including the laptop which provide automated control of the system and data acquisition,
ca. 30 lbs.

The portable instrument and electronic microarray platform allows development of a
number of assays which can support PCR amplification of the target DNA from the sample,
as well as solution strand displacement amplification (SDA) and anchored SDA. Anchored
SDA provides an extremely convenient way to integrate the sample preparation steps. In
this arrangement, the DNA amplification step and fluorescent detection steps are performed
on the microarray chip. Highly sensitive assays were developed for detection of typical
biological warfare agents such as anthrax and vaccinia. A number of other assays for viral
and bacterial DNA identification, e.g., including Staphylococcus enterotoxin a (SEA) and
b (SEB), Yersinia pestis (plague), E. Coli, Salmonella typhimurium, Streptococcus pneu-
moniae, and others are being optimized for sensitivity using the same technology. Table 1.3
shows results of a sensitivity study performed for determination of Bacillus anthracis
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TABLE 1.3. Results of a sensitivity study for Bacillus anthracis, Vollum, CapB gene∗.

Number positives/number replicates

Sample Chip 1 Chip 2 Chip 3 Chip 4 Total

1 fg/µl 1/10 1/10 1/10 1/10 4/40
10 fg/µl 8/10 7/10 7/10 8/10 30/40
100 fg/µl 10/10 10/10 10/10 10/10 40/40

∗ Study performed as an independent evaluation of the method by, Midwest Research Institute, Florida.

Vollum DNA. A PCR amplification protocol was developed and CapB gene was used as
a confirmation gene. Table 1.3 demonstrates that 100 % correct calls were made for 100
fg/µl DNA and 75% for 10 fg/µl DNA. These values correspond to ca. 170 and 17 copies of
anthrax DNA. The achieved sensitivity is well within the requirements for field detection of
biological warfare agents. Similar sensitivity has been achieved for other biowarfare agents.

1.3.7. Applications in Proteomics

After the completion of the human genome project, the attention of the scientific com-
munity has turned toward the gene products within the cell and tissue matrix, namely
proteins. The field of proteomics is an evolving area, which may shed light on the proteins
associated with diseases and tumors. Protein kinases are of particular interest because they
have been shown to be key regulators of many cell functions and have been one of the main
targets in drug industry. Several high-throughput screening (HTS) kinase assays have been
developed based on either antibodies or radioactivity for detection. Recently, an electronic,
fluorescent assay for kinases, phosphatases and proteases has been developed for the ser-
ine/threonine kinase PKA [30]. This ElectroCaptureTM PKA assay combines electric field
separation of a substrate and a reaction product of different net charge and subsequent cap-
ture of the reaction product on a capture matrix (Figure 1.13). The Lissamine-rhodamine
labeled Kemptide peptide substrate contains a (+1) charge. Upon phosphorylation, the

Capture Matrix

Electronic Separation

LRRASLG

Kinase

LRRASLG

+

Kinase Reaction

LRRASLG

LRRASLG

FIGURE 1.13. The ElectroCaptureTM Assay. The fluorescently labelled substrate contains a (+1) charge. Upon
phosphorylation, the peptide substrate undergoes a charge inversion from a (+1) charge to a (−1) charge on the
product of the reaction. When an electric field is applied, the unphosphorylated peptide substrate (+1) migrates
towards the negative electrode and the product (−1) migrates towards the positive electrode. The (−1) charged
phosphorylated peptides migrate towards the (+) electrode from the solution, through the diffusion barrier and
bind to the membrane.
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peptide substrate undergoes a charge inversion from a (+1) to a (−1) charge on the product
of the reaction. When an electric field is applied, the positively charged unphosphory-
lated peptide substrate migrates towards the negative electrode and the neagtively charged
phosphorylated peptides product migrates towards the positive electrode from the solution,
through the diffusion barrier and bind to the membrane. After the electrophoretic separa-
tion, the amount of Lissamine-rhodamine labeled phosphorylated peptides product can be
quantitated, e.g., using a Tecan Ultra 384 fluorescence reader. The ElectroCaptureTM PKA
assay was validated with both known PKA inhibitors and with library compounds. The
pKi results obtained in the ElectroCaptureTM assay were comparable to those generated in
our current radioactive Filter Binding assay and antibody-based competitive Fluorescence
Polarization (FP) PKA assay formats [30].

1.4. SUMMARY AND OUTLOOK

Future applications of focused arrays will involve improvements in speed, sample
preparation and systems integration. This evolution in technology will allow the user to
process a variety of samples in the disposable cartridge or directly on the embedded array.
As we have demonstrated in this review, complete sample to answer systems based on
site-specific electrophoresis, dielectrophoresis, DNA amplification and detection can be
optimized, miniaturized and integrated into a complete sample-to-answer system. The usage
of integrated and portable biological detection systems is expected to increase several
fold in the next few years including point of care diagnostic applications for genotyping,
pharmacogenomics, proteomics, detection of infectious agents as well as identification
of biological warfare agents. The electronic microarray technology offering high speed
of hybridization, target concentration and multiplexing has all the advantages to be one
of highly competitive technologies in future miniaturized instruments for molecular and
clinical diagnostics.
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2.1. INTRODUCTION

Over the last decade microscale technologies for molecular analysis have become the
springboard for a new era in biological investigation. In parallel with nucleic acid sequencing
technology improvements that enabled completion of the human genome project years ahead
of schedule [1, 2], methods were developed for high throughput analysis of genetic variation
and gene expression. These new molecular analytical tools have stimulated a resurgence of
non-hypothesis driven biological research and promise to play a key role in the emerging
field of personalized medicine [3]. Knowledge gained from the most common type of genetic
variation in DNA, single nucleotide polymorphisms (SNPs), has had an enormous impact on
the identification of genes involved in disease and is beginning to be of value in tailoring ther-
apeutic regimens for an individual’s genetic composition [4]. Application of technologies
for gene expression analysis, the subject of this review, has lagged behind analysis of genetic
variation, primarily due to the intrinsic complexity of gene expression measurement. How-
ever, the number of studies employing gene expression analysis has expanded in the last few
years as the available analytical methods mature and become more reliable and affordable.

A variety of methods have been used for gene expression quantification. The first meth-
ods to be widely adopted include northern blotting, RNA protection, differential display, se-
rial analysis of gene expression (SAGE), and quantitative competitive reverse transcription-
polymerase chain reaction (RT-PCR). Although all of these methods are still used today,
real-time RT-PCR and DNA microarrays have achieved prominence in recent years and
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are the focus of this review. Both of these methods are also useful for analyzing genetic
variation; however, for this review we will concentrate on the use of these technologies for
gene expression analysis.

Real-time RT-PCR, though not the first PCR-based method for gene expression analysis,
has emerged as the “gold standard” against which other methods are compared. “Real-
time”, or “kinetic”, PCR methods are those that measure the accumulation of PCR product
with each PCR cycle. The original real-time PCR method measured the fluorescence of
ethidium bromide intercalated in the double stranded DNA products of PCR amplification
[5]. Subsequently, a variety of alternative methods for real-time quantitation of PCR products
(reviewed below) have appeared as commercial products. The primary advantage of real-
time quantitation is the relative simplicity of experiments as compared with other PCR-based
methods. The ability to obtain a quantitative result in a single reaction is responsible, in
large part, for the popularity of real-time PCR as compared with other PCR-based methods
that require multiple step reactions for each sample that is analyzed. Another benefit is
that commercial systems for real-time RT-PCR are configured for simultaneous analysis of
hundreds of samples (or genes) simultaneously. These features, taken together with the high
degree of analytical precision that is possible, have made real-time RT-PCR the method of
choice for quantitative expression profiling.

Interest in DNA microarray technologies for measuring gene expression has exploded
in recent years. Without question, the biggest advantage microarray technology has to of-
fer is the large number of transcripts that can be quantified in a single experiment. DNA
microarrays are capable of making tens of thousands of gene expression measurements
simultaneously. Major commercial suppliers of DNA microarrays have recently released
products in which the entire complement of known expressed human genes (the “transcrip-
tome”; approximately 40,000 expressed sequences) can be measured on a single microarray.
The unprecedented ability to monitor the expression of entire genomes has led to biological
discoveries that would not have been possible by other methods. Nevertheless, microarray
technology has limitations including its relatively high cost and inability to analyze more
than one sample per array experiment.

In biological research it is often desirable to explore the expression profiles of two or
more conditions (disease vs. normal, treated vs. untreated, etc.) with no hypothesis about
which genes may be differentially expressed. Microarray technology is ideally suited for
this early “discovery” phase of biological research due to the large number of genes that
can be analyzed simultaneously. Microarray studies can reveal changes in expression of a
smaller number of genes that are used for subsequent hypothesis generation and testing.
Once identified, the smaller gene set can be analyzed by real-time RT-PCR, which is better
suited to analyzing multiple samples.

Increasingly, the capabilities of real-time RT-PCR and microarray technologies are
beginning to overlap. Several companies that offer high-density microarrays have recently
introduced microarray products that are designed for the analysis of relatively small num-
bers of genes. In addition, several microarray manufacturers are designing products intended
for high throughput analysis of multiple samples, such as “arrays of microarrays” in stan-
dard microtiter plate format. Likewise, advances in real-time PCR technology have been
introduced to enable simultaneous analysis of larger numbers of genes or samples.

In the remainder of this chapter, we will review the most common methods used for
real-time RT-PCR followed by a review of alternative microarray technologies. We will
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then compare the qualitative and quantitative results obtained by these methods with one
another.

2.2. REAL-TIME PCR

As PCR methodology matures, new technical developments refining its use continue
to emerge. One of these is “real-time” PCR product quantification, made possible by the
development of fluorescence-kinetic detection methods. In this technique, PCR product
is measured as it accumulates during sequential amplification cycles. The strength of this
method is that no post-PCR manipulation or product analysis is required since the quanti-
tative measurement of the reaction product is known at the end of the cycling process. The
term “reverse transcriptase-PCR” (RT-PCR) is reserved for quantification of gene expres-
sion at the level of mRNA. In real-time RT-PCR, a sample containing the mRNA target of
interest is first reverse transcribed to cDNA that is subsequently amplified by real-time PCR.

More recently, a number of detection technologies, allowing both non-specific and
specific target detection, have been developed for real-time PCR applications. Non-specific
detection systems detect all double-stranded DNA generated during the PCR reaction.
Specific detection systems distinguish specific target sequences from primer dimers or
non-specific amplification products.

2.2.1. Detection Systems

2.2.1.1. Non-Specific Detection Systems DNA intercalating dyes, such as ethidium
bromide [5] and SYBR Green r©, have been used to detect PCR products non-specifically [6].
During the polymerization phase of a PCR reaction, these dyes bind to the newly synthesized
double-stranded DNA, resulting in increased fluorescence emission that can be detected
in real-time as PCR cycling progresses. The level of specificity is limited to that of the
reaction primers since dye intercalation detects all double-stranded DNA and is not amplicon
sequence specific. When intercalating dyes are used for allelic discrimination or to test
PCR specificity, PCR products are assessed by running an end-point analysis of the DNA
melting curve after thermal cycling concludes. PCR products of different lengths or different
sequence will give distinct dissociation curves as they melt at different temperatures (Tm).
The temperature at which the double-stranded DNA becomes single-stranded is measured as
fluorescence reduction when the intercalator dissociates from the melting double-stranded
DNA. A single melting peak is expected in an optimized PCR reaction since it implies a
single specific product and the absence of self-priming artifacts. Therefore, a SYBR Green
assay is frequently employed to evaluate PCR performance of difference primer pairs,
varying cycling conditions or to optimize primer concentrations in PCR reactions. Melting
curve analysis on the Applied Biosystems 7900HT Sequence Detection System can typically
resolve amplicon Tm values that differ by one or two degrees. The SYBR Green assay is
also commonly used for SNP detection since short distinct sequences, differing by even a
single nucleotide, melt at slightly different temperatures. Peak SYBR Green fluorescence
measured over a series of PCR cycles can also be plotted to derive a quantitative PCR
result similar to the original real-time PCR applications developed with ethidium bromide
detection of dsDNA PCR products. However, sensitivity, specificity, accuracy, and precision
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of this method do not compare to results that can be achieved using specific detection probes
labeled with fluorescent dyes as described in the next section. Nonspecific detection systems
work best for short amplicons since Tm resolution decreases as amplicon length increases.

2.2.1.2. Specific Detection Systems Specific PCR detection systems generally rely
on using detection probes that are complementary to the target sequence amplicon generated
by the forward and reverse PCR primers. The following sections describe some common
probe chemistries including hydrolysis probes, Molecular Beacons, ScorpionTM probes and
FRET hybridization probes.

Hydrolysis Probes Hydrolysis probes, often called TaqMan r© probes, are probably
the most widely used detection method for real-time PCR. Typical probe structure is shown
in Figure 2.1A. These probes are oligonucleotides with a fluorescent reporter dye conjugated
to the 5’ end and a quencher dye conjugated to the 3’ end that absorbs the light emission of
the reporter dye conjugated to the 3’ end. The reporter may be any one of a number of fluo-
rescent molecules but most often is FAMTM (6-carboxyfluorescein), TETTM (tetrachloro-6-
carboxyfluorescein), JOETM (2,7-dimethoxy-4,5-dichloro-6-carboxyfluorescein), HEXTM

(hexacholoro-6-carboxyfluuo-rescein), or VIC r©, a proprietary dye from Applied Biosys-
tems (Foster City,CA). The 3’ quencher may be either a fluorescent dye with an emission
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FIGURE 2.1. A. Hydrolysis probe. R, fluorescent reporter dye; Q, quencher dye. B. Molecular beacon shown in
nonfluorescent stem-loop structure and as fluorescent hybrid with DNA target.
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FIGURE 2.2. Mechanism of real-time PCR with an hydrolysis probe.

wavelength well separated from that of FAM and whose excitation wavelength overlaps the
FAM emission wavelength, such as TAMRATM (6-carboxytetramethylrhodamine), or a non-
fluorescent (“dark”) quencher, such as Black Hole QuencherTM (Biosearch Technologies,
Inc.) or DABCYL [7]. Dark quenchers absorb the light emission from the reporter dye
and release it as energy other than fluorescence. Consequently, the dark quenchers tend to
provide improved signal-to-noise ratios since they do not contribute to background signals
as the fluorescent quenchers do. These probe constructs rely on a form of fluorescence
resonance energy transfer (FRET) [8]. When hydrolysis probes are intact, the report dye
and quencher dye are in close proximity. The quencher dye absorbs the fluorescence emitted
by the reporter dye, which results in a non-fluorescent probe. During the PCR reaction, the
probe anneals specifically to the target template when it is present as shown in Figure 2.2. The
5’-exonuclease activity of Taq DNA polymerase displaces and hydrolyzes the probe while
it polymerizes a replicate of the template on which the probe is bound. The cleaved reporter
dye becomes separated from its quencher resulting in fluorescence emission. Accumulation
of the PCR product is detected by monitoring the increase in fluorescence emission from the
cleaved reporter dye at each cycle and is directly proportional to the amount of target present
in the sample as illustrated in Figure 2.3. A threshold fluorescence value is established within
the exponential amplification stage of the reaction. The PCR cycle number at which the
fluorescence emission is equal to the threshold value is termed the threshold cycle (CT). As
shown in Figure 2.4, the CT value is linearly correlated with the logarithm of the mass of
RNA added to the initial reaction mixture. Therefore, TaqMan real-time RT-PCR can be
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used as a quantitative assay for a specific RNA target in a complex background of other
sequences. TaqMan hydrolysis probes have been widely used in both research applications,
particularly genotyping and gene expression analysis and diagnostic applications, such as
HIV, HCV and other RNA viral load teststesting.
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Molecular Beacons Molecular beacon probes [9] differ from the hydrolysis probes
described above in both their structure and their mode of action. These oligonucleotide
probes are designed to form stem-loop structures when they are free in solution as shown
in the example in Figure 2.1B. The loop structure contains sequences complementary to
the target template while the stem portion consists of a self-complementary stretch of
approximately six bases (mainly C’s and G’s), which holds the probe in a hairpin like
configuration. A fluorescent dye is linked to one end of the molecule and a quencher dye
to the other end. In solution while the molecular beacon is in a hairpin structure, the stem
holds the fluorophore and quencher in close proximity allowing efficient quenching of
the fluorophore by FRET. During the PCR reaction, the molecular beacon encounters its
complementary sequence in the amplicon and the probe sequence in the loop anneals to the
complementary target sequence. A conformational change in the molecule results as the
hybridization linearizes the probe, FRET no longer occurs and an increase in fluorescence
emission is observed. The probe-target duplex is designed to be more thermodynamically
stable than the hairpin structure. Unlike the hydrolysis probes, the increase in fluorescence
with molecular beacons is reversible as the probe will dissociate from the target sequence
and close back to the hairpin structure if the temperature is increased (for example during the
denaturing cycle of PCR). Molecular beacon probes are particularly suitable for detecting
point mutations or polymorphisms in target sequences because the probe-target duplex will
not form at annealing temperature when a mismatch is present in the duplex.

ScorpionTM Primer/Probes Scorpions are fluorescent PCR primers with a sequence
in the hairpin loop structure at the 5’ end of the oligonucleotide that acts as a detection probe
[10, 11]. In this real-time PCR detection system, the PCR reaction is carried out using one
standard primer and a second Scorpion primer, which serves the dual functions of both
a primer and reporter probe. An example of a Scorpion probe structure and function can
be found in Figure 2.1C. The fundamental elements of Scorpion probes include (i) a PCR
primer in series with, (ii) a PCR “stopper” which prevents PCR read-through of the hairpin
loop probe structure, (iii) a specific detection probe sequence complementary to the target
held in a hairpin configuration by complementary stem sequences and (iv) a fluorescence
detection system consisting of a fluorophore and a quencher held in close proximity by the
stem structure. After extension of the Scorpion primer during PCR amplification, the probe
sequence located in the loop structure binds to the complementary sequence in the amplicon
within the same strand of DNA. This results in increased fluorescence emission because
the quencher is no longer in the vicinity of the fluorophore. Scorpions perform better under
fast cycling conditions [11] than hydrolysis (TaqMan) probes and molecular beacons. This
may result from the unimolecular hybridization mechanism, which is kinetically highly
favorable and not dependent on enzyme hydrolysis activity. Scorpion detection technology
has been used successfully in allelic discrimination [11] and in SNP genotyping [12].

2.2.1.3. Hybridization Probes This FRET-based real-time PCR reaction system re-
quires two primers and two probes. The two hybridization probes are designed to bind to
the target template adjacent to each other as shown in Figure 2.1D. One probe is labeled
with a donor fluorophore at its 5’ end and the second probe with an acceptor fluorophore
at its 3’ end. In the presence of target sequence, hybridization brings the two probes into
close proximity allowing energy transfer via FRET from the donor fluorophore emission
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to the acceptor fluorophore, which then emits the detected fluorescent signal. Fluorescence
emission increases during sequential PCR cycles in proportion to the quantity of amplicon
synthesized during the PCR reaction. This technology has been optimized and validated
using the LightCyclerTM instrument [13]. This detection strategy is particularly suitable
for multiplexing since a single donor molecule can be used to excite multiple acceptor
fluorophores.

More recently, another type of hybridization probe has been developed based on the
MGB EclipseTM (Epoch Biosciences) probe chemistry, namely the QuantiProbeTM as-
says (Qiagen). In this detection system, only one probe is required. QuantiProbe detection
reagents are dually labeled oligonucleotides with a fluorophore at the 3’ end of the probe
and a non-fluorescent quencher at the 5’ end (Dark QuencherTM, Epoch Biosciences). When
these probes are not bound to a target sequence, they form a random structure in solution
allowing the fluorophore and quencher to come into close enough proximity to prevent
fluorescence. During the annealing step of the PCR reaction, these probes hybridize to the
target sequence separating the fluorophore from the quencher and allowing fluorescence
emission. An example of this type of probe construct is shown in Figure 2.1E. The amount of
fluorescence measured in real time is proportional to the amount of target sequence. During
the extension step in PCR, the bound probe is displaced from the target sequence allowing
the fluorophore to be quenched during that phase of the reaction. QuantiProbes have both
minor groove binder (MGB) and SuperbaseTM nucleotide modifications designed to stabi-
lize their hybridization to target amplicons. The MGB moiety is a protein that associates
with DNA by either hydrogen bonding or hydrophobic interactions along the duplex minor
groove [14–17]. When the MGB moiety is attached to the 3’or 5’ end of a DNA probe, it
folds back into the minor groove formed by DNA hybridization and effectively increases
the Tm of the probe. This chemistry allows shorter probes to be used which increases speci-
ficity, especially for polymorphism discrimination assays. Modified nucleotides known as
Superbases are analogs of the corresponding natural bases [18]. Super ATM and Super TTM

form stronger bonds with their natural complements in the target sequence providing further
DNA duplex stabilization and allowing short, discriminating probes to be successfully used
in these assay formats.

2.2.2. Real-Time RT-PCR Data Analysis

One of two methods is commonly used to quantitatively analyze data obtained by
real-time PCR, either the standard curve method or the comparative threshold method.

2.2.2.1. Standard Curve Method This method requires using a standard template of
known concentration to generate a standard curve of threshold cycle (CT) values relative
to input target quantity as was illustrated in Figure 2.4. The quantity of RNA target in test
samples is calculated by comparing the threshold cycle value for the sample run under
the same conditions as the known standard and assigning the corresponding input copy
number from the standard curve. There are several different approaches to making standards
including synthesizing a single-stranded oligonucleotide of the amplicon sequence, making
in vitro transcribed RNA, or purifying plasmid DNA with the target sequence inserted. When
absolute quantitation of mRNA expression is required, for example when quantifying viral
load or analyzing gene expression, an in vitro transcribed RNA standard is preferred to



32 DOMINICK SINICROPI, MAUREEN CRONIN AND MEI-LAN LIU

control for variations that may be introduced by the reverse transcription reaction. This
involves constructing a cDNA clone with an RNA polymerase promoter sequence that
can serve as a template for in vitro transcribing copy RNA. One advantage of including a
standard curve in each RT- PCR run is having an internal process control measurement of
the PCR efficiency during that individual run.

2.2.2.2. Comparative Threshold Method The comparative threshold method for rel-
ative RT- PCR quantitation relates the fluorescence signal generated from a test sample
to that of an internal control template. Examples where this is particularly useful would
include study designs similar to those used in competitive hybridization on microarrays,
such as treated and untreated control samples or the time zero control sample in a time-
course study that must be compared to post treatment time point samples. Derivation and
validation of the arithmetic formula (2−��CT ) used for quantifying the relative change in
gene expression using real-time PCR have been described [19]. This method is valid under
the assumption that amplification efficiencies of the target gene and reference gene are
approximately equal. The �CT = (CT of the target gene −CT of the reference gene), and
the ��CT = (�CT (sample) −�CT (calibrator)). This equation represents the normalized
expression of the target gene in the test sample, relative to the normalized expression of the
calibrator sample.

The reference gene is used as an internal control for normalization of the amount of
RNA input for the RT-PCR reaction and the efficiency of each individual run. The reference
can be single or multiple genes; common examples include β-actin, glyceraldehydes-3-
phosphate dehydrogenase (GAPDH), or a ribosomal RNA sequence. Selecting a suitable
housekeeping gene is crucial to ensure the reliability of the experimental results. It is
important to verify that the expression level of the chosen reference gene(s) is not affected
by the treatment or tissue type of the experimental design.

2.2.3. Qualification of Gene Panels Using Real-Time RT-PCR

Here we describe a study performed in our laboratory to evaluate the analytical perfor-
mance of the RT-PCR assay for quantifying gene expression in RNA samples isolated from
human tumors. In this study, TaqMan technology was employed for quantitative RT-PCR
measured on the ABI Prism 7900HT SDS instrument (Applied Biosystems, Inc.). To obtain
sufficient RNA for the study, a pooled sample was prepared by combining equal amounts of
RNA extracts from 52 breast cancer tumors. The expression levels for sixteen target genes
and five reference genes in the pooled RNA sample were assessed. The real-time RT-PCR
assay was carried out for fifteen different RNA input levels, ranging from 0 to 8 ng of total
RNA per reaction. Assay performance characteristics were measured as described in the
next sections.

2.2.3.1. Amplification Efficiency As described previously, for reference normaliza-
tion to be valid and for panels of genes to be comparable with one another for relative
expression, the amplification efficiencies of the target gene(s) and reference gene(s) must
be very similar. Estimates of amplification efficiencies were obtained for each of sixteen
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FIGURE 2.5. Amplification plots for serial dilutions of GAPDH target.

target genes and five reference genes according to the formula:

Efficiency = 2
−1

/
slope − 1

where slope is estimated from the regression of CT measurements and log2 RNA concen-
tration.

The results showed that amplification efficiencies for the sixteen target genes was
96% while the average efficiency among the reference gene set was 88%. This indicates
consistent amplification and strong agreement among the target and reference genes.

2.2.3.2. Analytical Sensitivity and Dynamic Range The linearity of the CT value
relative to RNA concentration was evaluated for each individual gene. Data indicated that
for both target and reference genes CT measurements were proportional to input RNA
amounts over at least a 10 log2 range and generally were consistent over a range of nearly14
log2. A typical set of amplification curves from an input target dilution series is shown in
Figure 2.5.

The accuracy and precision of the assay were estimated from calibration curves. Re-
gression of calibration data (Figure 2.4 is an example) was used to calculate predictions
of input RNA concentration based upon observed CT measurements. Bias for each gene
and RNA concentration level was then calculated as the percent difference between the
predicted and input RNA concentrations.

%Bias = Predicted RNA Concentration − Input RNA Concentration

Input RNA Concentration
× 100%
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Similarly, for each gene and input RNA concentration level, precision was estimated as the
coefficient of variation (CV) in predicted RNA concentrations versus input RNA concen-
tration level.

CV = s (Predicted RNA Concentrations)

Mean (Predicted RNA Concentrations)
× 100%

Analytical sensitivity of the assay expressed in terms of the assay limit of detection (LOD)
and limit of quantitation (LOQ), were calculated for each individual gene in the panel under
standard assay conditions. Results were quite consistent across the full assay panel with the
sixteen test genes averaging a LOD CT of 40 and a LOQ CT of 38.4 while the five reference
genes gave an average LOD CT of 39.6 and a LOQ CT of 38.3.

The dynamic range of expression for each gene was defined by the maximum range of
CT measurements extending from the LOQ for the specific gene that maintained acceptable
amplification efficiency, accuracy and precision. If acceptance criteria are set to have a mean
bias within ± 20% and coefficient of variation less than 20%, the test genes in the panel
could be reliably measured over a dynamic range of about 0.1 to 8 ng of input RNA while
the reference genes had a range of 0.03 to 8 ng of input RNA. The dynamic range would
increased for most of these genes by another 2–3 log2 if acceptance criteria for accuracy
and precision were relaxed to mean bias within ± 30% and coefficient of variation less than
40%; a range often considered typical for microarray data.

2.2.3.3. Reproducibility and Precision Reproducibility for this RT-PCR assay was
evaluated at 2 ng of input RNA to measure how variable the RT and PCR reactions were
as different operators assembled and ran them on different instruments over time. Preci-
sion was assessed by estimating between-day, between-run (within day), and within-run
variability as well as total variability over the test period. Reproducibility was assessed by
estimating differences in mean CT’s separately for each gene over the duration of the test
period. Analyses were performed on both non-normalized and reference normalized CT

measurements. The combined largest variation ranged from 0.1 to 0.4 CT (average = 0.28
CT) and 0.1 to 0.4 CT (average = 0.26 CT) for the sixteen target genes and five reference
genes, respectively. Overall, the differences in non-normalized CT between instruments and
between operators across the entire gene panel were small. The variability in the reference
normalized CT measurements were even smaller than the variability in the non-normalized
CT measurements. These results indicate that real-time RT-PCR analysis can be highly
precise and reproducible.

2.2.4. Real-Time RT-PCR Summary

Based on these analyses, it can be concluded that quantitative RT-PCR is a fast, sensitive
and accurate assay with a broad quantitative range in total RNA samples. Although RT-
PCR is a very powerful and precise technique, achieving performance levels such as those
described here requires careful optimization. Factors that have to be taken into considera-
tion for RNA analysis include preventing co-amplification from genomic DNA, evaluating
and choosing the optimal primer and probe designs, and identifying appropriate reference
gene(s) for normalization. Co-amplifying genomic DNA in RT-PCR assays can be avoided
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in two ways. The first is to design primers and probes that generate amplicons spanning
more than one exon. In this case, the additional length of an intervening intron separates
PCR primers when they prime genomic DNA, which generally results in signal being de-
tected only from the RNA target. Alternatively, a reliable “no RT” control assay may be
developed for evaluating the contribution of residual genomic DNA in the RNA sample on
RT-PCR performance and indicate when DNase treatment is required.

It is generally useful to evaluate more than one primer and probe set for each intended
target to obtain one with optimal performance. Desirable characteristics include high am-
plification efficiency, absence of primer dimer or non-specific amplification products, high
target sensitivity. Finally, if reference normalization is used for data analysis, it is crucial to
confirm that the chosen reference gene(s) are stable in the experimental sample set. Once
the factors discussed here are verified and all parameters are optimized, real-time RT-PCR
is able to provide accurate, reproducible results while being capable of considerable sam-
ple throughput. The value of being able to fully characterize and optimize RT-PCR assay
performance should not be underestimated in clinical applications.

2.3. MICROARRAYS

2.3.1. Technology Platforms

Microarray technology is based on the principles of nucleic acid hybridization. Since
base pairing permits identification of complementary sequence within complex mixtures,
single stranded labeled “probes” of known sequence were used to detect the presence of their
complements in unknown samples. Adaptation of solution phase nucleic acid hybridization
to solid supports was the direct precursor to present microarray technologies [20]. Early
macroscopic hybridization methods used flexible, porous filters as the solid support to im-
mobilize detection probes. The advent of solid supports such as glass and the miniaturization
of immobilized nucleic acid features marked the arrival of the first microarrays. We will use
the terminology established with the publication of a special supplement on microarrays
[21] in which the immobilized strand of nucleic acid is referred to as the “probe” and the
complementary solution phase strand is termed the “target”.

Microarrays composed of three different types of probes are in common use: cDNA
(purified PCR products of cDNA clones), pre-synthesized oligonucleotides, and in situ
synthesized oligonucleotides. In the sections that follow, the properties of each of these
microarray types are presented separately.

2.3.1.1. cDNA Arrays cDNA arrays are typically made by “printing” PCR products
generated from cloned cDNA libraries,, on specially prepared glass microscope slides [22].
This process involves PCR amplification using primers modified to enable covalent coupling
of the amplicons to the derivatized substrate surface. These PCR products are generally
hundreds to thousands of bases long and are immobilized on individual array features
that are typically in the range of 80–200 µm in diameter. The number of features on an
array can vary from under one hundred to more than 20,000. Usually, there is a one-to-
one correspondence between features on the array and target molecules, i.e., each target
sequence is complementary to only a single probe sequence on the array. The immobilized
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probes are double-stranded when printed onto the array and are subsequently denatured;
therefore, they can be used for hybridization with either sense or antisense targets. The most
common strategy for preparing a sample for cDNA array analysis is to reverse transcribe
mRNA in the presence of one or more fluorescently labeled deoxynucleotide triphosphates
to produce a fluorescently labeled cDNA target.

Detailed methods for microscale printing of nucleic acid probes onto array substrates
have been published elsewhere [22–24]. Alternatively, cDNA arrays can be purchased from
a few commercial suppliers. cDNA arrays have proven difficult to quality control since PCR
products are often heterogeneous, are subject to contamination by other probes and often are
only inefficiently coupled to array substrates. Many, but not all, investigators have discon-
tinued use of cDNA arrays in favor of oligonucleotide arrays, which generally have a more
carefully and accurately characterized probe composition that perform more uniformly.
Among the reasons cDNA arrays continue to be popular, especially with academic investiga-
tors is that the technology and materials for making them is easily accessible and affordable.
In addition, since the investigator can easily customize cDNA arrays, they offer a degree of
flexibility that is not easily achieved with commercial arrays, particularly for investigators
studying organisms whose expressed genome is not represented on commercial arrays.

2.3.1.2. Printed Oligonucleotide Microarrays Oligonucleotide microarrays are
available with probes either “printed” or synthesized “in situ” on the array substrate surface.
The latter are synthesized directly on a glass surface using proprietary chemical methods
discussed in the next section. Printed oligonucleotide microarrays are made using tech-
niques similar to those used for cDNA microarrays. An important property of printed
oligonucleotide arrays is that the nucleic acid probes are pre-synthesized using standard
phosphoramidite chemistry including the addition of a reactive group to permit covalent
coupling to the array surface. An advantage that synthetic oligonucleotide probes have
over PCR products is they can be synthesized with great homogeneity and chemical purity.
Consequently, printed oligonucleotide probes are generally more uniform in length and
sequence composition as compared even with in-situ synthesized oligonucleotide probes.
The size and density of individual features is similar to that of cDNA arrays: up to 40,000
probe features per array that are 80–200 µm diameter. Probe sequences for oligonucleotide
arrays are typically designed for optimal target specificity and uniform hybridization per-
formance. Factors contributing to specificity and uniformity include the length of the probe
(see below), selection of a sequence that does not have significant homology with other
transcripts in the genome, similar probe length, and similar base composition. Therefore it
should be sufficient to print a single feature on the array for hybridization to each target.

The length and sequence orientation of printed oligonucleotide arrays are determined
by the manufacturer. Practical limits for oligonucleotide length are 25–80 bases. In the-
ory, probes 30–80 nucleotides in length provide greater hybridization specificity than ei-
ther cDNA [25]. or shorter oligonucleotide probes without compromising sensitivity. The
probes deposited on commercially available microarrays from Agilent and MWG Biotech
are single-stranded oligonucleotides, 50–70 bases in length, in the sense orientation and are
suitable for hybridization with antisense cDNA or aRNA (amplified RNA, defined below)
targets. Recently, Affymetrix, MWG Biotech, Agilent, and Applied Biosystems have an-
nounced the release of whole “human genome” microarrays for simultaneous monitoring
of 40,000–61,000 transcripts.
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2.3.1.3. In Situ Synthesized Oligonucleotide Microarrays Affymetrix, Inc. pioneered
the development of microarrays that contain oligonucleotide probes synthesized in situ on
the array surface. Alternative methods for in situ synthesis of oligonucleotides were devel-
oped subsequently [26–29]; however, Affymetrix microarrays are the predominant platform
in this category. Affymetrix GeneChip r© microarrays are manufactured by a proprietary
light-directed method [30]. The process is similar to the photolithographic method used for
mass production of semiconductor chips. Oligonucleotide probes are synthesized in situ by
a modification of the phosphoramidite method. The most recent generation of GeneChip
microarrays have square features, 11 µm on each side, and the oligonucleotide probes are
uniformly 25 bases in length. Twenty-two nucleic acid features are designated as a “probe
set” for analysis of each target transcript to be detected. Eleven features in each probe set,
called perfect match (or PM) features, are exact complements to the target sequence that hy-
bridize to distinct, albeit sometimes overlapping, sequences of the target nucleic acid. Each
PM feature has a paired mismatch (or MM) feature that is identical in sequence except for
the middle nucleotide base which is substituted to cause a homonucleotide mismatch (A:A,
C:C, G:G or T:T). Any signal generated from the MM feature is used in the computational
algorithms as a measure of nonspecific hybridization to its paired PM feature. The recently
released “Human Genome U133 Plus 2.0” array contains approximately 1,300,000 features
in more than 54,000 probe sets representing 47,400 human transcripts.

In contrast to many cDNA and printed oligonucleotide arrays, specialized Affymetrix
scanners are needed for analysis of GeneChip microarrays. The procedures for amplification
and labeling RNA are similar to the methods used for printed oligonucleotide arrays but
have been optimized for GeneChip arrays and scanners. The biggest difference in sample
processing for Affymetrix arrays as compared with most printed oligonucleotide arrays is
that only one sample is hybridized to each array; therefore, only one type of fluorophore
(ie., one color) is needed. Dual sample hybridization, with differentially labeled samples,
one serving as a reference and one as a test sample is a common approach used with
printed arrays to compensate for variability in feature probe content and quality. The target
amplification and labeling procedures for both types of experimental design are discussed
below.

2.3.2. Target Amplification and Labeling

There are a variety of different methods available for amplifying and labeling nucleic
acids that are to be hybridized to different types of microarrays. In addition, different
microarray platforms recommend a variety of different approaches to experimental design
and data analysis. In the sections that follow, we discuss the two general experimental
designs that use either one or two fluorophores for labeling nucleic acid targets.

2.3.2.1. Single Fluorophore Experimental Designs Affymetrix GeneChip microar-
rays were designed to be hybridized with an amplified mRNA (aRNA) target labeled with
a single fluorophore. Labeled RNA offers two advantages as a hybridization sample. First,
single stranded targets are more available for hybridization than denatured, double stranded
targets such as PCR products, which tend to self anneal rather than hybridize with array
probes. Secondly, RNA: DNA duplexes are more stable than DNA:DNA duplexes. Test
samples to be compared with one another are labeled separately and hybridized to different
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FIGURE 2.6. Single fluorophore experimental design.

microarrays as illustrated in Figure 2.6. The amplification procedure involves reverse tran-
scription of purified RNA followed by in vitro transcription of cDNA using a strategy
originally developed by Eberwine and coworkers [31,32]. Briefly, reverse transcription is
primed using an oligo-dT primer tailed with a T7 RNA polymerase recognition sequence
on the 3’ end. A second cDNA strand is then synthesized by the method of Gubler and
Hoffman [33]. In vitro transcription of the double stranded cDNA product with T7 RNA
polymerase in the presence of biotinylated UTP results in the production of 100–1000 copies
of amplified, biotin labeled RNA (aRNA) from each original mRNA target molecule. The
biotinylated targets are hybridized to the array followed by detection of RNA: DNA du-
plexes with the fluorophore phycoerythrin conjugated to streptavidin and biotinylated goat
anti-streptavidin antibody.

Affymetrix GeneChip microarrays require the use of a custom scanner that cannot scan
other types of microarrays. Several types of controls are used in the GeneChip design to
validate the various steps of a microarray experiment. Verification of microarray quality and
image orientation is are accomplished by hybridization of a biotinylated control oligonu-
cleotide to complementary probes on the microarray. Other biotinylated oligonucleotide
controls are added to the hybridization mixture to qualify the performance and sensitivity
of each microarray. Synthetic mRNA controls constructed from bacterial genes are added
to RNA samples to qualify the amplification and fluorescent labeling steps of the procedure.

The computational algorithms used for processing the raw fluorescence data is beyond
the scope of this review but is described in detail elsewhere (www.affymetrix.com). In
addition to the software provided by Affymetrix, alternative computational algorithms for
analyzing data from these arrays have been developed by independent investigators [34–36].
The most recent version of the software provided by Affymetrix computes both qualitative
and quantitative metrics of gene expression. The qualitative results classify each transcript as
either present, marginal, or absent in an individual sample and will not be considered further
here. The quantitative measure of gene expression, termed the signal value, is computed for
each transcript by combining the fluorescent intensity data obtained for the 22 probes in each
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probe set. Comparative analysis of the probe set data in different samples can also be done
to calculate the relative expression or fold-change in expression of that gene. A variety of
software packages are available from Affymetrix and other vendors for comparative analysis
of more than two samples.

Comparison of samples hybridized on different microarrays requires consistency in
the process for manufacturing the arrays as well as the use of the controls mentioned
above for GeneChip microarrays to normalize for variation in the immobilized probes,
target labeling reactions, and sample hybridization conditions. Similar controls are used
with printed cDNA and oligonucleotide microarrays. Many of these sources of variation in
printed microarray experiments are controlled by competitive hybridization of two samples
that have been labeled with different fluorescent dyes (see below). However, as the methods
for production of printed cDNA and oligonucleotide microarrays have improved it is also
possible to use them with a single fluorophore experimental design.

2.3.2.2. Two Fluorophore Experimental Designs Most experimenters employ dual
fluorophore experimental designs for use with cDNA and printed oligonucleotide microar-
rays. These designs involve competitive hybridization of two samples labeled separately
with different fluorophores as illustrated in Figure 2.7. In this example, two different samples
were amplified and labeled for co-hybridization to a cDNA microarray although the same
strategy applies to printed oligonucleotide microarrays. Each sample is reverse transcribed
and amplified independently following the “Eberwine” strategy discussed above for single
fluorophore experiments. A variety of methods have been published for fluorescent label-
ing of nucleic acid targets [37]. In our laboratory, we have made labeled cDNA by reverse
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FIGURE 2.7. Two fluorophore experimental design.
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transcribing amplified RNA in the presence of aminoallyl-nucleotide triphosphates using a
commercially available kit (Stratagene, Inc.; FairPlayTM Microarray Labeling Kit) followed
by reaction with N-hydroxysuccinimide esters of fluorescent dyes. Use of aminoallyl NTPs
in the labeling reaction eliminates bias that can arise if samples are labeled using different
fluorophore conjugated NTP’s with different efficiencies of incorporation. In the example
shown in Figure 2.2, the fluorophores are designated as green and red, the two colors that
are commonly used for labeling microarray targets. The samples are mixed and hybridized
to the microarray then the red and green fluorescence intensities are measured separately
for each feature on the array. The primary measure of relative gene expression between
the two samples is the ratio of fluorescence intensities at each array feature, sometimes
referred to as the fold-change or fold-difference. A more useful data transformation is the
base 2 logarithm of the intensity ratio, called the signal log ratio, which is symmetrical for
increases and decreases of gene expression in one sample versus another [38].

As mentioned above, competitive hybridization of two samples on the same microar-
ray controls for many potential sources of experimental variation. One drawback of dual
fluorophore experimental designs; however, is that the results from multiple samples can-
not be compared with one another unless they are all hybridized competitively against the
same reference sample. To address this need, “universal standards” have been proposed
and evaluated [39]. A commercially available mixture of RNA isolated from 10 human cell
lines has been widely adopted for this purpose (Stratagene, Inc.).

2.3.3. Applications

Numerous studies have been published over the past five years in which microarrays
have been used for gene expression profiling. The underlying theme of these studies is that
expression data from multiple genes provides much more informative power than can be
obtained from a single gene. A formidable challenge is the development of computational
and statistical methods to analyze the large datasets generated by such studies. Consequently,
the development of algorithms for “mining” data from microarray experiments has become a
field of specialization [40]. Despite the continuing evolution of data mining algorithms, gene
expression profiling has already revealed biological insights that have not been achieved by
other methods. Two recent examples of such studies are discussed below.

In a landmark study, Golub and coworkers [41] used Affymetrix microarrays to profile
the expression of 6817 genes in bone marrow samples from 38 patients with acute leukemia.
The expression of approximately 1100 genes was found to correlate with the leukemia clas-
sification (based on a combination of morphological, histochemical, immunohistochemical,
and cytogenetic analyses) as either acute lymphoblastic leukemia (ALL) or acute myeloid
leukemia (AML). From this set of 1100 genes, a “class predictor” set of 50 informative
genes was defined. The 50 gene class predictor was then tested on an independent group of
34 leukemia samples and was found to be 100% accurate in distinguishing between ALL
and AML. Further “class discovery” analysis was able to further subclassify ALL into B-
lineage ALL and T-lineage ALL. Although AML and ALL can be distinguished based on a
combination of histological and cytogenetic criteria (see above), this was the first study to
demonstrate that clinically relevant classifications were possible using only gene expression
profiles.

Another study demonstrated that gene expression profiles could be used to predict future
clinical outcome. Alizadeh and coworkers [42] designed a specialized cDNA microarray,
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named the “lymphochip”, containing 17,856 clones derived from a B-cell library as well as
other genes believed to be important in immunology or cancer. Lymphocyte samples were
obtained at biopsy from patients with diffuse large B-cell lymphoma (DLBCL) prior to a
regimen of standard multi-agent chemotherapy. Hierarchical clustering of the microarray
data identified two new subtypes of DLBCL that correlated with long-term (8–10 year)
patient survival, similar to the International Prognostic Indicator (an index that takes into
account patient age, disease severity, disease location as well as other clinical parameters).
Some patients defined as low risk based on the International Prognostic Indicator had
gene expression subtypes that predicted substantially worse survival. Thus, gene expression
profiling was able to predict poor prognosis in a subgroup that was not predicted by clinical
criteria alone. Identification of these high-risk patients by gene expression profiling may,
in the future, influence treatment decisions as well as patient selection in clinical trials of
new therapeutics.

2.4. COMPARISON OF GENE EXPRESSION PROFILING METHODS

Validation of gene expression profiles generated using microarrays presents a challenge
due to the high multiplicity of genes that are represented on a single array. It is not feasible to
validate the results obtained using microarrays for thousands of genes by comparison with
an independent method that measures expression only one gene at a time. Consequently,
most investigators have compared their microarray results with data obtained using other
technologies for only small numbers of genes.

Generalizations about the comparability of data obtained using different methods for
gene expression profiling are complicated due to the use of different technology platforms
and experimental design. It is generally accepted that RT-PCR is more sensitive, precise,
and able to resolve smaller differences in gene expression than DNA microarrays. However,
qualitative and quantitative comparisons of the same samples by different technology plat-
forms have yielded varying results. A recent review concludes that the results of microarray
experiments are only partially consistent with RT-PCR or Northern blot analyses in several
laboratories [43]. The discussion below cites additional examples of comparisons between
technology platforms as well as data generated in our laboratory.

2.4.1. Comparison of cDNA Arrays with Other Gene Expression Profiling Methods

In a study of the temporal response of fibroblasts to serum growth factors, Iyer and
coworkers [44] were among the first to verify expression differences determined using
microarrays by an independent method. Expression changes in five genes, determined using
custom cDNA microarrays, were qualitatively very similar to expression profiles measured
by real time RT-PCR. They found that fold-change values determined by real time RT-PCR
were quantitatively larger than fold-change values determined by microarrays for four of the
five genes; the fifth was a housekeeping gene whose expression was unchanged throughout
the study period. The larger dynamic range of expression profiles generated by RT-PCR
as compared with microarrays has been noted in subsequent studies. [45, 46] and may
reflect the exponential amplification inherent in the former method as compared with the
relatively compressed range of hybridization. In one study, expression changes measured
by microarrays were biased towards underestimation of the changes measured by real time
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FIGURE 2.8. Comparison of gene expression profiles determined by cDNA microarrays and TaqMan RT-PCR.

RT-PCR, although the degree of bias for 47 individual transcripts was not predictable
[46]. The Spearman rank correlation coefficient (our calculation from the supplemental
data supplied by Yuen and coworkers) between expression fold-changes for all 47 genes
measured by cDNA arrays and real time RT-PCR was 0.725.

Results obtained in our laboratory comparing cDNA microarray and TaqMan expres-
sion profiles were in general agreement with the studies cited above. The two samples
we analyzed were different mixtures of RNA from various human tissues that we refer
to as Human Reference RNA A and B. The relative expression ratio of 91 genes in the
samples was determined by TaqMan RT-PCR and was compared with the expression ratio
determined by Agilent cDNA microarrays as shown in Figure 2.8. Although the agreement
for individual transcripts can vary quantitatively, an excellent correlation was observed be-
tween the rank orders of expression profiles determined by these two technology platforms
(Spearman’s R = 0.943). Similar to the results of Yuen and coworkers, we observed a sys-
tematic bias in the magnitude of expression ratios measured by microarrays as compared
with RT-PCR. Overall, our results provide further support for the qualitative validity of
expression differences measured by cDNA microarrays.

2.4.2. Comparison of Oligonucleotide Arrays with Other
Gene Expression Profiling Methods

Published studies report varying degrees of correlation between expression profiles
determined by oligonucleotide arrays and RT-PCR. Yuen and coworkers reported qualita-
tively similar expression profiles using Affymetrix GeneChip arrays and real time RT-PCR.
However, as with cDNA microarrays, the magnitude of expression differences measured by
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oligonucleotide microarrays tended to underestimate the expression differences measured
by real time RT-PCR [46]. The Spearman rank correlation coefficient (our calculation from
the supplemental data supplied by Yuen and coworkers) between expression fold-changes
for all 47 genes measured by Affymetrix arrays and real time RT-PCR was 0.683. As noted
above for cDNA arrays, the degree of bias varied for individual genes. In another study, Van
den Boom and coworkers [47] studied the expression profiles of different grades of astro-
cytomas using Affymetrix microarrays and compared their results for 12 genes determined
by real-time RT-PCR. Eight pairs of gliomas were profiled by both methods. Correlation
coefficients calculated for each of the 12 genes were in the range of 0.48–0.98. In con-
trast, Baum and coworkers measured the expression profile of 56 genes induced by osmotic
shock in yeast [29] using a different in situ synthesized oligonucleotide microarray. They
observed a Spearman rank correlation coefficient of 0.972 when their microarray results
were compared with the expression profile for the same samples determined by real-time
RT-PCR.

In our laboratory, we compared the expression profiles of the Human Reference RNA
samples mentioned above as determined using Affymetrix microarrays and TaqMan real-
time RT-PCR. Prior to hybridization, the RNA samples were carried through two cycles
of amplification before labeling the final aRNA product. The original RNA samples were
evaluated by RT-PCR for 180 genes. Comparison of the expression differences determined
by the two methods produced a Spearman rank correlation coefficient of 0.911 although
disagreement between the methods was observed for several individual genes as seen in
Figure 2.9. In addition, the fold-change measured by microarrays was biased towards un-
derestimation of the fold-change measured by real time RT-PCR.
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FIGURE 2.9. Comparison of gene expression profiles determined by Affymetrix oligonucleotide microarrays and
TaqMan RT-PCR.
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2.4.3. Comparison of cDNA and Oligonucleotide Microarray Expression Profiles

Recently, Lee and coworkers [48] proposed a method for validation of thousands of
gene expression levels at a time by comparing results obtained with cDNA and oligonu-
cleotide microarrays that are subject to different artifacts. In their study, several thousand
transcripts were profiled in 60 human cancer cell lines (the NCI-60 panel) using both cDNA
and Affymetrix GeneChip microarrays. The investigators posit that agreement of results ob-
tained for a single transcript across many samples provides support for the validity of data
obtained using both technology platforms. On the other hand, disagreement for an individ-
ual transcript does not indicate which (or if either) of the technology platforms generated a
valid result. The correlation coefficients calculated for 2,344 Unigene-matched transcripts
on the two microarray platforms were broadly distributed between −0.5 and 1.0. A con-
sensus set of transcripts was identified that produced similar expression profiles on both
cDNA and Affymetrix GeneChip microarrays. The observation by Lee and coworkers that
expression profiles generated by cDNA and oligonucleotide microarrays are discordant for
many transcripts supports the view that inaccuracies can arise from cross-hybridization,
sequence variability of hybridization efficiency, as well as variability in the design, syn-
thesis, manufacture of probes and target labeling. Other investigators have reached similar
conclusions based on comparisons of expression profiles for the same samples generated
on different microarray platforms [46, 49]. These studies demonstrate that one cannot com-
pare expression differences identified using different microarray platforms without first
cross-validating the methods for the specific genes of interest.

2.5. SUMMARY

The advent of technologies for expression profiling of multiple genes has launched
a new era of biological research. Real time RT-PCR and DNA microarrays are among
the most widely adopted methods employed in this new era. As originally developed,
real-time RT-PCR and DNA microarrays were considered complementary technologies.
Real-time RT-PCR is ideal for studies involving moderate numbers of genes (up to several
hundred) in many biological specimens whereas DNA microarrays are better suited to
analysis of many genes (tens of thousands) in fewer biological specimens. Given these
characteristics DNA microarrays have more often been applied in the discovery phase of
biological research with the aim of identifying the most informative genes. A relatively small
number of genes, typically less than 50, can be identified whose differential expression is
sufficient for the biological inquiry [50]. Once identified, the expression profile of this
smaller set of informative genes can be screened with greater precision, better resolution,
and more economically in a larger number of specimens by real-time RT-PCR. Concordance
of results obtained from DNA microarray and real-time RT-PCR is critical if the former is
used to identify smaller gene sets that will be screened subsequently by the latter technology.
Existing data indicate that, although good overall correlations between technology platforms
are possible, substantially different results can occur for individual genes. Thus, expression
differences identified by microarrays must be verified if they are to be analyzed subsequently
by another technology platform.

Microarray and real-time RT-PCR technology continues to evolve and improve. In-
creasingly, so-called “low density” microarrays targeting a small number of selected genes
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are being adopted in formats suitable for analyzing large numbers of specimens. Conversely,
improvements in RT-PCR technology and instrumentation have enabled simultaneous anal-
ysis of larger gene sets. Thus, we expect that both of these technologies will be used in the
future for gene “discovery” as well as for quantitative analysis of gene expression profiles.
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In the past two decades, the biological and medical fields have seen great advances in
the development of biosensors and biochips capable of characterizing and quantifying
biomolecules. Biosensors incorporate a biological sensing element that converts a change
in an immediate environment to signals conducive for processing. Biosensors have been
implemented for a number of applications ranging from environmental pollutant detection
to defense monitoring. This chapter first provides an overview of the various types of
biosensors and biochips that have been developed for biological applications, along with
significant advances over the last several years in these technologies. It also describes the
various classification schemes that can be used for categorizing the different biosensors and
provides relevant examples of these classification schemes from recent literature. Finally
it elucidates a sensing scheme based on cell based sensors. This technique is based on
the development of single cell arrays that are used as biosensors that show parts per billion
sensitivity and have the capability of identifying specific chemical analytes based on unique
electrical identification tags also known as “Signature Patterns”. The reliability of this
technique is verified using conventional fluorescence based techniques.

3.1. INTRODUCTION

According to a recently proposed IUPAC definition [136], “A biosensor is a self-
contained integrated device which is capable of providing specific quantitative or
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semi-quantitative analytical information using a biological recognition element (biochemi-
cal receptor) which is in direct spatial contact with a transducer element. A biosensor should
be clearly distinguished from a bioanalytical system, which requires additional processing
steps, such as reagent addition. Furthermore, a biosensor should be distinguished from a
bioprobe which is either disposable after one measurement, i.e., single use, or unable to
continuously monitor the analyte concentration”. Biosensors that include transducers based
on integrated circuit microchips are known as biochips [139].

Specificity and sensitivity are the main properties of any proposed biosensor. The first
depends entirely on the inherent binding capabilities of the bioreceptor molecule whereas
sensitivity will depend on both the nature of the biological element and the type of transducer
used to detect this reaction [12]. In general, depending on the recognition properties of most
biological components, two biosensor categories are recognized [48, 83, 119].

The first class of biosensors is the catalytic biosensors. These are also known as
metabolism sensors and are kinetic devices based on the achievement of a steady-state
concentration of a transducer-detectable species. The progress of the biocatalyzed reac-
tion is related to the concentration of the analyte, which can be measured by monitoring
the rate of formation of a product, the disappearance of a reactant, or the inhibition of
the reaction. The biocatalyst can be an isolated enzyme, a microorganism, a sub cellu-
lar organelle, or a tissue slice. The second class of biosensors is the affinity biosensors.
In these the receptor molecule binds the analyte “irreversibly” and non-catalytically. The
binding event between the target molecule and the bioreceptor, for instance an antibody,
a nucleic acid, or a hormone receptor, is the origin of a physicochemical change that will
be measured by the transducer. Biosensor development is driven by the continuous need
for simple, rapid, and continuous in-situ monitoring techniques in a broad range of areas.
Biosensors can be classified according to either the nature of the bioreceptor element or the
principle of operation of the transducer. The main types of transducer used in the develop-
ment of biosensors can be divided into four groups [58] (1) optical, (2) electrochemical,
(3) mass-sensitive, and (4) thermometric. Each group can be further subdivided into differ-
ent categories, because of the broad spectrum of methods used to monitor analyte–receptor
interactions.

The bioreceptor component can be classified into five groups [114].

(1) Enzymes, proteins that catalyze specific chemical reactions. These can be used
in a purified form or be present in a microorganism or in a slice of intact tissue.
The mechanisms of operation of these bioreceptors can involve: (a) conversion of
the analyte into a sensor-detectable product, (b) detection of an analyte that acts
as enzyme inhibitor or activator, or (c) evaluation of the modification of enzyme
properties upon interaction with the analyte.

(2) Antibodies and antigens. An antigen is a molecule that triggers the immune response
of an organism to produce an antibody, a glycoprotein produced by lymphocyte B
cells which will specifically recognize the antigen that stimulated its production
(Aga 1997).

(3) Nucleic acids. The recognition process is based on the complementary nature of
the base pairs (adenine and thymine or cytosine and guanine) of adjacent strands
in the double helix of DNA. These sensors are usually known as genosensors.
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Alternatively, interaction of small pollutants with DNA can generate the recognition
signal [140].

(4) Cellular structures or whole cells. The whole microorganism or a specific cellular
component, for example a non-catalytic receptor protein, is used as the biorecog-
nition element.

(5) Biomimetic receptors. Recognition is achieved by use of receptors, for instance,
genetically engineered molecules [5, 10], artificial membranes [17], or molecularly
imprinted polymers (MIP), that mimic a bioreceptor. The most recent investigations
in artificial receptors include application of a combined approach of computer
(molecular) modeling and MIP and the application of combinatorial synthesis for
the development of new sensing layers.

Conventional methods for detecting environmental threats are primarily based on chem-
ical, antibody- or nucleic acid-based assays. Biosensors incorporate a biological sensing
element that converts a change in an immediate environment to signals conducive for pro-
cessing. They generally rely on chemical properties or molecular recognition to identify a
particular agent [98]. Modern approaches to biosensors can provide detection to a wide vari-
ety of analytes over a broad range of concentrations. However, as yet the current techniques
involved in assessing risks to humans in areas contaminated with pollutants, pathogens or
other agents are lacking technology. This is evidenced by our inability to: (1) simultane-
ously detect large numbers of possible threats, especially unknown or unanticipated ones;
(2) characterize the functionality of known agents or analytes that have been identified
using conventional techniques; and (3) predict human performance decrements caused by
low levels of agents or synergistic effects of environmental toxicants.

In the past ten years, substantial progress has been made in the functional characteriza-
tion of drugs, pathogens and toxicants using cultured biological cells. This has resulted due
to a growing interest in the use of biosensors in environmental [115], medical [145] toxi-
cological [2, 7] and defense applications [98]. For researchers involved in the development
of next generation sensors, biosensors have two intriguing characteristics. First, biosensor
recognition elements need to make use of sensing elements that have a naturally evolved
selectivity to biological or biologically active analytes. Second, biosensors need to have the
capacity to respond to analytes in a physiologically relevant manner. Biosensors have the
potential of providing rapid, sensitive, low-cost measurement technology for monitoring
bioavailable analyte concentrations. Major issues impeding the widespread acceptance of
biosensor technology have been previously identified as stability and reproducibility [84].
A desirable characteristic for any biosensor implementation is the capacity for continuous
monitoring or, at a minimum, multiple use ability with little sensor regeneration or renewal.
Associated, but not exclusive, features of ideal biosensors include rapid response times,
automation, and portability [98].

In all the classes of biosensors discussed so far with the exception of cellular and
tissue based biosensors there are many shortcomings the major one being that they are
highly specific to the recognition of a specific analyte. A certain degree of success in
terms of high selectivity and rapid response times have been achieved in the other biosensor
categories chiefly due to a series of revolutionary advances in cell and molecular biology and
technologies that have allowed for in-depth molecular interrogation. However, there is still
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a major gap between our ability to perform functional assays using cells in the laboratory
compared with in the field. This occurs due to the long response times associated with
the molecular recognition elements, non-reusability of the detector performing functional
assays and high specificity and excessive emphasis on ambient conditions for the accurate
functioning of the sensors.

Cellular and tissue-based biosensors on the other hand incorporate isolated cells or
tissue derived from a wide range of plant and animal sources. Also these biosensors use
the cell as both the sensing as well as the transduction element. Thus elaborate signal
transduction and coupling schemes can be eliminated and such sensors can be used in a
diverse range of applications. Another added advantage of this category of sensors is that it is
possible to monitor in-situ the physiological reaction to a particular chemical analayte along
with simultaneous sensing. We elaborate on the sensing schemes using the other previously
mentioned techniques of bioreceptor detection. We postulate the inherent drawbacks in each
scheme and finally we elaborate upon the sensing technique based on detection and analysis
of extra cellular potentials also known as “electrical sensing”.

3.2. ANTIBODY BASED BIOSENSORS

Antibody-based technology takes advantage of specific interactions with antigenic
regions of an analyte to achieve high selectivity. Antibody-based approaches that require
additional reagents for each measurement fall into the category of traditional immunoassays
such as enzyme linked immunosorbant assay (ELISA), colorimetric test strips, etc. There
are several approaches for detecting antigen: antibody binding ranging from conventional
optical and piezoelectric [129] to more complex methods involving antibody-modified ion
channel switches [21]. Fiber optic immunosensors detect binding of an analyte via mod-
ulation of evanescent wave properties yielding rapid and specific detection [131, 132].
Fiber optic sensors are particularly suited for applications where a low number of posi-
tive reactions are expected (drug screening or environmental sampling) since they can be
reused multiple times as long as antibody sites remain unoccupied. Once significant posi-
tive signals are measured, the consumable elements of the immunosensor must be replaced.
Challenges limiting the application of immunosensors include: antibody manufacturability,
inherent antibody instability, and limited reversibility of binding. Technologies exploiting
genetically engineered antibodies, e.g., phage display, [56] have demonstrated the most
promise in addressing limitations in traditional antibody production. In addition, specific
protein-binding nucleic acid sequences (aptamers) have been developed which may be
well suited for sensor applications that previously relied on antibodies [109]. Whereas an-
tibodies are raised in the circulation under in vivo conditions, aptamers can be evolved
in the actual test media of interest. With regard to reusability, successful regeneration of
immunosensors by chemical elution has been demonstrated as feasible, but not particu-
larly practical in high throughput applications. 109. Commercially available systems such
as a resonant mirror-based biosensor (Lab Systems) and a surface plasmon resonsance
biosensor (BIAcore) utilize an automated fluidic regeneration system to recycle binding
surfaces. There have been reports of exploiting the natural reversibility of antibodies for
“recycling” sensors; (Hanbury et al., 1997) however, most immunosensors cannot operate
continuously.
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3.3. NUCLEIC ACID BASED BIOSENSORS

Nucleic acid technology is based on the hybridization of known molecular DNA probes
or sequences with complementary strands ina sample under test. Developments in sensors
that exploit nucleic acid binding events (DNA sensors) have been generally limited to
the antibody-based technology. Nucleic acid analysis in general requires extensive sample
preparation, amplification, hybridization, and detection. In theory, nucleic acid analysis
provides a higher degree of certainty than traditional antibody technologies because anti-
bodies occasionally exhibit cross reactivity with antigens other than the analyte of interest.
Near real time detection of hybridization events has been demonstrated in numerous op-
tical [Pollard-Knight et al., 1997, 142] or electrochemical systems [24, 49, 85]. Further,
the feasibility of sensor regeneration and reuse has been demonstrated in several optical-
based systems, including both fiber optic [41, Piunno et al., 1992] and resonant mirror
applications [142]. In practice, however, development of nucleic acid sensor systems has
been hampered by the challenges presented in sample preparation. Nucleic acid isolation
remains the limiting step for all of the state-of-the-art molecular analyses. Typically, cells
must be mechanically or chemically disrupted and treated with enzymes to remove associ-
ated proteins before nucleic acid can be isolated for hybridization to specific probes. As a
result, rapid and automatable isolation of nucleic acid is an area of intense development at
present.

3.4. ION CHANNEL BIOSENSORS

Membrane ion channels are targets of a range of transmitters, toxins, and potential
pharmaceutical agentsThe fact that many ion channels and receptors can be purified and
reconstituted in black lipid membranes (BLMs) for studies of function and pharmacology
[86] has spurred initial interest in the development of channel/receptor-based biosensors.
[74, 96, 126] However, ion channels especially those pertaining to mammalian physiology,
cannot be considered robust in BLMs or isolated membrane patches due to the well-known
property of ion channel “rundown” or “washout” [116]. In the absence of integral intra-
cellular machinery provided by cells needed to maintain function, ion channels typical of
mammalian physiology presently do not constitute practical biosensors.

3.5. ENZYME BASED BIOSENSORS

Enzyme-based technology relies upon a natural specificity of given enzymatic pro-
tein to react biochemically with a target substrate or substrates. Like ion channels, there
are many enzymes that participate in cellular signaling and, in some cases, are targeted
by compounds associated with environmental toxicity. In the medical diagnostic field,
several manufacturers have marketed biosensors for measurement of common blood chem-
istry components including glucose, urea, lactate, and creatinine. ([64], Foch-Anderson
et al., 1997). In general, enzyme-based biosensors employ semipermeable membranes
through which target analytes diffuse toward a solid-phase immobilized enzyme compart-
ment. The major drawback with this type of sensors is that many enzymes are inherently
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unstable, thus necessitating packaging approaches to limit degradation of biosensor
performance.

3.6. CELL BASED BIOSENSORS

Cell based biosensors on the other hand offer a broad spectrum detection capability.
Moreover by using cells as the sensing elements provides the advantage of in-situ physio-
logical monitoring along with analyte sensing and detection. A cell by itself encapsulates
an array of molecular sensors. Receptors, channels, and enzymes that may be sensitive to
an analyte are maintained in a physiologically stable manner by native cellular machinery.
In contrast with antibody-based approaches, cell-based sensors are expected to respond
optimally to functional, biologically active analytes. Cell-based biosensors have been im-
plemented using microorganisms, particularly for environmental monitoring of pollutants.
Sensors incorporating mammalian cells have a distinct advantage of responding in a man-
ner that can offer insight into the physiological effect of an analyte. Several approaches for
transduction of cell sensor signals are available these approaches include measures of cell
fluorescence, metabolism, impedance, intracellular potentials, and extracellular potentials.
Finally the technique of using extracellular sensing on single mammalian cells to detect
specific chemical analytes is discussed in detail. The associated signal analyses that results
in a unique identification tag associated with each cell type for a specific chemical agent also
called “Signature Patterns” is described. The advantages of this technique in comparison
to other cell based techniques namely stems from speed of response as well as accuracy
and reliability in analyte identification. This is also verified with the conventional fluores-
cent techniques. The technique of chemical detection based on individually patterned cell’s
extracellular potential variations is also known as electrical sensing. The viability and the
reliability of this technique are discussed.

3.7. CELLULAR MICROORGANISM BASED SENSORS

Microorganism pathways are activated by some analytes, such as pollutants. These
pathways are involved in metabolism or nonspecific cell stress that result in the expres-
sion of one or more genes (Belkin et al., 1993) Immobilized yeast his one of the most
commonly used sensor. It has been used in the detection of formaldehyde [69] and tox-
icity measurements of cholanic acids [13]. The changes in metabolism indicative of the
analyte were detected via O2 electrode measurements or extracellular acidification rates.
One of the areas where microbial biosensors are widely used is in environmental treatment
processes. This is done by detecting the biochemical oxygen on demand (BOD) [65, 66,
73, 133]. Most of the BOD sensors consist of a synthetic membrane with immobilised
microorganisms as the biological recognition element. The bio-oxidation process is
registered in most cases by means of a dissolved O2 electrode. A wide variety of
microorganisms have been screened during the construction of BOD sensors. The mi-
crobial strains selected are chosen for their ability to assimilate a suitable spectrum of
substrates. BOD sensors based on a pure culture have the advantages of relatively good
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FIGURE 3.1. Schematic of the most commonly used cellular micro organism based sensor-Biochemical Oxygen
Demand (BOD) sensor. An immobilized mixed culture of microorganisms in combination with a Clark-type
oxygen electrode is used for analyzing the components of waste water. The BOD sensor is aimed at being highly
capable of analyzing a sample of complex constituents with relatively low selectivity. A Clark-type probe for
dissolved oxygen is used as the physical transducer, which consistsof a platinum cathode as the working electrode,
a silver anode as the reference electrode, and a 0.1 M potassium chloride (KCl) electrolyte. The Teflon side of the
synthetic microbial membrane is attached to the cathode of the oxygen probe. The electrolyte is filled in the space
between the synthetic biomembrane and those two electrodes [75].

stability and longer sensor lifetime, but are restricted by their limited detection capacity for
a wide spectrum of substrates. The general schematic of a microbial biosensor is shown
in figure 3.1 [75]. Modified bacteria have served as whole cell sensor elements for the
detection of napthalene and its metabolic product salicylate [68] benzene [2] toluene [10]
mercury [121] and middle chain alkanes such as octane.139. The touted advantage of the
microorganism based sensors is that generic detection is possible as any alteration of a
microorganism-based biosensor response is important and that insufficient selectivity ac-
tually offers the identification advantage [29]. The crux being that if generic detection is
the ultimate goal then cell-based sensors that can give physiologically relevant information
along with detection would offer a better advantage and capability.

3.8. FLUORESCENCE BASED CELL BIOSENSORS

Optical assays rely on absorbance, fluorescence or luminescence as read-outs. Instru-
ments are available that can conveniently and rapidly measure light from standard 56 and 384
well micro titer plates. More customized systems have been developed to detect signals from
very high density plates containing over a thousand individual wells. The migration to minia-
turized assays (10 µL volume or less) and higher density formats favor non-invasive assay
methods with the largest and brightest signals [72, 59]. Furthermore, genetically encoded
probes offer the possibility of custom engineered biosensors for intracellular biochemistry,
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specifically localized targets, and protein-protein interactions. Fluorescence imaging has
proven to be an invaluable tool for monitoring changes in the concentrations of ions and
protein expression related to cellular signaling [23, 138].

Recently, fluorescence based technologies have been implemented in high-throughput
screening [30]. New fluorescent reagents based on the combination of molecular biology,
fluorescent probe chemistry, and protein chemistry is being developed for cell-based
assays. Reporter gene constructs, such as green fluorescent protein, have been implemented
in genetically engineered mammalian and nonmammalian cell types [150] to achieve
measures of cell function rather than radioligand binding. (Giuliano et al., 1994). The
fluorescent detection is generally based on fluorescence resonance energy transfer (FRET).
The most basic use of fluorescent biosensors is the collection of photons from a cell or
tissue to detect the occurrence of a process with temporal resolution.

Spatial information expands the usability of biosensors by adding subcellular and
supracellular information. On the subcellular level, the read-out of the biosensor can be
sampled with spatio-temporal resolution, enabling the morphological dissection of the
studied process. An advantage of spatial resolution is the possibility to integrate data
from different biosensors or other cell-state parameters to gain additional information—
for example, on causal connections. The biological machinery inside cells can be inves-
tigated by various microscopic techniques and biosensors using fluorescent techniques
[143]. The idea behind fluorescence detection is largely related to FRET. Figure 3.2 gives
the concept of using FRET in a simple biosensor design consisting of a minimal protein

Protein Acceptor-labeled
protein

Sensitized
emission

GFP

Donor
emission

Donor
emission

FR
ET

Principle of fluorescence based cell biosensors

FIGURE 3.2. Fluorescence spectroscopy approaches, are progressively making their way into the field of cell
biology. This novel development adds an aspect other than spatial resolution to microscopy—detection of protein
activity in the cell. Due to the availability of an ever-increasing range of intrinsically fluorescent proteins that can
be genetically fused to virtually any protein of interest, the area of their application as fluorescent biosensors has
reached the inner workings of the living cell. The most basic use of fluorescent biosensors is the collection of
photons from a cell or tissue to detect the occurrence of a process with temporal resolution. This can be achieved
using fluorescence energy transfer techniques (FRET). The principle of FRET is shown in figure 3.2. FRET is a
photophysical phenomenon where energy is transferred non-radiatively from a donor fluorophore to an acceptor
fluorophore [147].
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domain fused to green-fluorescent protein (GFP) that interacts specifically with molecules
that are transiently generated at specific sites in cells. This allows monitoring of sec-
ond messenger generation by imaging translocation of the fluorescent protein molecule
[147]. In spite of the obvious utility of fluorescent techniques, there are three important
considerations:

First, in mammalian cell systems, the cells that are readily transfected are those be-
longing to the tumor derived type as a result the cell types that can be detected using this
technique is limited. Second, cell loading with fluorescent dyes is generally considered to
be a potentially invasive technique. Third, analytes of interest must be examined for aut-
ofluorescence to determine the feasibility of cellular fluorescent assays for the resolution
of small effects.

3.9. CELLULAR METABOLISM BASED BIOSENSORS

Another category of cellular biosensors relies on the measurement of energy
metabolism, a common feature of all living cells. This is especially useful in testing
drugs as in cancer research. The combined application of microfabrication technology
to microfluidics have aided in the development of portable sensors. The changes in the cell
metabolism due to the effect of a chemical reagent are transduced into electrical signals that
are read out and analyzed. McConnel et al. 1992, developed and described a microsensor-
based device, called the Cytosensor Microphysiometer [71] that was reported to be useful
in the assessment of chemosensitivity of different human tumor cell lines [20, 26]. The
instrument integrates up to eight channels, and detects sensitively and continuously the
rate of extracellular acidification of cellular specimens. According to published results, it
appears to be suited for clinical applications. Figure 3.3 shows the cross section of the

Principle of cellular metabolism based biosensor
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FIGURE 3.3. Two microsensor-based test systems for the dynamic analysis of cellular responses have been
developed by the Henning group based on the principle of Cytosensor Microphysiometer r©. One of them is
equipped with transparent glass chips (GC), the other one with silicon chips (SC). The systems accommodate both
adherent cell types and cell suspensions/tissue explants. The above schematic shows a cross-section of the chip
and culture area found in both prototype versions [53].
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general schematic of a morphological sensor used in cancer drug testing applications [53].
The disadvantage of this technique is that proper interpretation of data derived using this
approach requires parallel experiments in the presence of known receptor antagonists that
eliminate specific receptor responses.

3.10. IMPEDANCE BASED CELLULAR SENSORS

The membranes of biological materials including cells exhibit dielectric properties.
By culturing cells over one or more electrode contacts, changes in the effective electrode
impedance permits a noninvasive assay of cultured cell adhesion, spreading, and motility
41,98. By combining microfludics with microelectronics it has been shown that the physi-
ological and morphological changes in primary mammalian cell cultures can be monitored
[87]. It has been shown that cultures prepared from neonatal rat cerebral cortex were placed
in a confined channel containing a balanced salt solution, and the electrical resistance of
the channel was measured using an applied alternating current. If the volume of the cells
increases, then the volume of the solution within the channel available for current flow de-
creases by the same amount, resulting in an increase in the measured resistance through the
channel. If the volume of the cells decreases, a decrease in resistance would be recorded. This
method allows continuous measurements of volume changes in real time [94]. Figure 3.4
shows the schematic of an impedance sensor. Electric cell—substrate impedance sensing
(ECIS) is the technique that is used to monitor attachment and spreading of mammalian cells
quantitatively and in real time. The method is based on measuring changes in AC impedance

Principle of impedance based cellular biosensors
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FIGURE 3.4. The schematic of an impedance sensor. Electric cell–substrate impedance sensing (ECIS) is the
technique that is used to monitor attachment and spreading of mammalian cells quantitatively and in real time.
The method is based on measuring changes in AC impedance of small gold-film electrodes deposited on a culture
dish and used as growth substrate. The gold electrodes are immersed in the tissue culture medium. When cells
attach and spread on the electrode, the measured electrical impedance changes because the cells constrain the
current flow. This changing impedance is interpreted to reveal relevant information about cell behaviors, such as
spreading, locomotion and motility. They involve the coordination of many biochemical events [38].
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of small gold-film electrodes deposited on a culture dish and used as growth substrate. The
gold electrodes are immersed in the tissue culture medium. When cells attach and spread
on the electrode, the measured electrical impedance changes because the cells constrain the
current flow. This changing impedance is interpreted to reveal relevant information about
cell behaviors, such as spreading, locomotion and motility. They involve the coordination
of many biochemical events. They are extremely sensitive to most external parameters such
as temperature, pH, and a myriad of chemical compounds. The broad response to changes
in the environment allows for this method to be used as a biosensor. The measurements are
easily automated, and the general conditions of the cells can be monitored using a computer
controlling the necessary automation (Keese and Giaever, 1986). Impedance techniques
are theoretically capable of dynamic measurements of cellular movement at the nanome-
ter level, a resolution above that of conventional time lapse microscopy [38]. Impedance
measurements have been used to assess the effect of nitric oxide on endothelin-induced
migration of endothelial cells (Noiri et al., 1994). From standpoint of biosensors, changes
in cell migration or morphology tend to be somewhat slow; marked changes in impedance
in the presence of cadmium emerged only after 2–3 h of exposure [25]. Thus for real time
tracking and monitoring the effects of analytes a sensing technique based on impedance
measurements would be slow and cumbersome.

3.11. INTRACELLULAR POTENTIAL BASED BIOSENSORS

An important aspect of the information that can be derived from cell-based biosensors
relates to the functional or physiologic significance of the analyte to theorganism. To this end,
bioelectric phenomena, characteristic of excitable cells, have been used to relay functional
information concerning cell status [43] Membrane excitability plays a key physiologic role
in primary cells for the control of secretion and contraction, respectively. Thus, analytes
that affect membrane excitability in excitable cells are expected to have profound effects on
an organism. Furthermore, the nature of the changes in excitability can yield physiologic
implications for the organism response to analytes. Direct monitoring of cell membrane
potential can be achieved through the use of glass microelectrodes. Of particular interest was
whether or not cell-based sensors could be used to rapidly detect chemical warfare agents
such as VX and soman (GD). In bullfrog sympathetic ganglion neurons, both VX and soman
have been shown to increase membrane excitability in a manner consistent with voltage-
gated Ca2+channel blockade [54, 55]. The basic principle behind intracellular measurements
is that tissue slices are prepared and are exposed to chemical analytes under test and the
electrical activity from excitable cells are measured using patch clamp technique. In this
technique a giga ohm seal is created by inserting a microelectrode into the cell under study.
Figure 3.5 shows electrical activity being measured from striatal cholinergic interneurons in
young adult rats using recording pipettes. Figure 3.5A shows the control electrical activity,
whereas figure 3.5B shows the electrical activity recorded from cells exposed to Ca2+ ions
blockade agents [88]. This technique illustrates the utility of excitable cells as sensors
with sensitivity to chemical warfare agents; however, the invasive nature of intracellular
recording significantly limits the robustness of this approach for biosensor applications.
Another drawback is that excitable cells assemble into coupled networks rather than acting
as isolated elements; As a result, for certain sensing applications the ability to simultaneously
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Principle of intracellular potential based biosensors
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FIGURE 3.5. Measurement of extracellular potentials of striatial cholingeric internurons in young and adult
rats. 5(A) IR DIC images of cholingeric interneurons in the dorsolateral striatium obtained from P. . . .Aa.
and P. . . . . . rats. Ba. Recording pipettes were attached on the cell surface. Ab and Bb, membrane potential
recorded fro neuronsin Aa and BA, respectively in response to applied chemical reagents namely magne-
sium chloroide (MgCl2). 5(B) Voltage sags during hyperpolarization, characteristic of cholingeric neurons are
indicated [88].

monitor two or more cells is essential as it permits measurements of membrane excitability
and cell coupling. This is not possible using intracellular techniques. The advantage of the
technique is that the physiological state can be assessed. Due to the invasiveness of the
technique it is not possible to apply it for long term measurements. This can be rectified
by using the exrtracellular potential as the sensing indicator. Extracellular sensing from
excitable cells relies on microelectrode technology. This makes the technique non-invasive
and in cases where the sensing from a network of cells is required the microelectrodes
function as an array of sensing elements. Also long term sensing is possible using this
technique.

3.12. EXTRACELLULAR POTENTIAL BASED BIOSENSORS

In recent years, the use of microfabricated extracellular electrodes to monitor electrical
activity in cells has been used more frequently. Extracellular microelectrode arrays offer a
noninvasive and long-term approach to the measurement of biopotentials [19]. Multielec-
trode arrays, typically consisting of 16–64 recording sites, present a tremendous conduit for
data acquisition from networks of electrically active cells. The invasive nature of intracellular
recording, as well as voltage-sensitive dyes, limits the utility of standard electrophysiolog-
ical measurements and optical approaches. As a result, planar microelectrode arrays have
emerged as a powerful tool for long term recording of network dynamics. Extracellular
recordings have been achieved from dissociated cells as well; that is more useful in specific
chemical agent sensing applications. The current microelectrode technology comprises of
96 microelectrodes fabricated using standard lithography techniques as shown in figure 3.6A
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Principle of extra cellular potential based biosensors
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FIGURE 3.6(A). Extra cellular multiple-site recording probes. A: 6-shank, 96-site passive probe for 2-dimensional
imaging of field activity. Recording sites (16 each; 100 µm vertical spacing) are shown at higher magnification.
B: 8-shank, 64-site active probe. Two different recording site configurations (linear, B1 and staggered sites, B2)
are shown as insets. C : close-up of on-chip buffering circuitry. Three of the 64 amplifiers and associated circuits
are shown. D: circuit schematic of operational amplifier for buffering neural signals) [22].

[22]. More detailed work by Gross and colleagues at the University of North Texas over the
past 20 yr have demonstrated the feasibility of neuronal networks for biosensor applications
[43, 46]. In this work, transparent patterns of indium–tin–oxide conductors, 10 µm wide,
were photoetched and passivated with a polysiloxane resin [42, 44]. Laser de-insulation of
the resin resulted in 64 recording “craters” over an area of 1 mm2, suitable for sampling
the neuronal ensembles achieved in culture. Indeed, neurons cultured over microelectrode
arrays have shown regular electrophysiological behavior and stable pharmacological sensi-
tivity for over 9 months [45]. Figure 3.6B shows neuronal cultures on a 64 microelectrode
array [99]. In fact, their precise methodological approach generates a co culture of glial
support cells and randomly seeded neurons, resulting in spontaneous bioelectrical activity
ranging from stochastic neuronal spiking to organized bursting and long-term oscillatory
activity (Gross et al., 1994). Microelectrode arrays coupled with “turnkey” systems for
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Principle of extra cellular potential based biosensors

FIGURE 3.6(B). Neuronal cultures on a 64 microelectrode array. Laser de-insulation of the resin resulted in
64 recording “craters” over an area of 1 mm2, suitable for sampling the neuronal ensembles achieved in cul-
ture. neurons cultured over microelectrode arrays have shown regular electrophysiological behavior and stable
pharmacological sensitivity for over 9 months [99].

signal processing and data acquisition are now commercially available. In spite of the ob-
vious advantages of the microelectrode array technology for biosensing for determining
the effect of chemical analytes at the single cell level it becomes essential to pattern the
dissociated cells accurately over microelectrodes. Single cell sensing forms the basis for
determining cellular sensitivity to wide range of chemical analytes and determining the
cellular physiological changes. Also analyses of the extracellular electrical activity results
in unique identification tags associated with cellular response to each specific chemical
agent also known as “Signature Patterns”.

3.13. CELL PATTERNING TECHNIQUES

There are three cell patterning methods that are currently in use. The first is a to-
pographical method, which is based on the various microfabrication schemes involved in
developing microstructures that enable the isolation and long-term containment of cells on
the substrates [15, 76]. Other fabrication techniques used for cell patterning and the for-
mation of ordered networks involves the development of the bio-microelectronic circuits,
where the cell positioning sites function as field effect transistors (FET). This provides
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a non invasive interface between the cell and the microelectronic circuit [60, 95, 150].
These multi-electrode designs incorporating the topographical method have become in-
creasingly complex, as the efficiency of cell patterning, has improved and hence fabrication
has become more challenging and the devices are unsuitable for large-scale production.
The other drawback is the need for an additional measurement electrode for determining
the electrical activity from the electrically excitable cells. The second method is based
on micro-contact printing (µCP) where simple photolithography techniques are coupled
with the use of some growth permissive molecules (e.g., an aminosilane, laminin-derived
synthetic peptide, Methacrylate and acrylamide polymers or poly-L-Lysine) that favor cell
adhesion and growth and anti permissive molecules like fluorosilanes to form ordered cell
networks [117, 118, Scholl et al., 2002, Wyrat et al., 2002, 146]. The disadvantage of this
technique is the presence of multiple cells on a single patterned site that results in formation
of a dense network of cell processes along the patterned areas. This in turn results in dif-
ficulties in measurement as well as determination of the electrical activity associated with
a specific cell. The third method is based on using biocompatible silane elastomers like
polydimethylsiloxane (PDMS). Cell arrays are formed using microfluidic patterning and
cell growth is achieved through confinement within the PDMS structure. This technique
is hybrid in the sense that it also incorporates µCP for promoting cell adhesion [47, 137].
The drawback of this technique is its complexity. As of today no single technique has been
developed that (1) efficiently isolates and patterns individual cells onto single electrodes
(2) provides simultaneous electrical and optical monitoring (3) achieves reliable on-site
and non-invasive recordings using the same electrode array for both positioning as well as
recording.

3.14. DIELECTROPHORESIS FOR CELL PATTERNING

The method that satisfies the above mentioned requirements for trapping cells is the use
of dielectrophoretic forces [62, 80], it was determined that cells under the influence of low
AC fields can be manipulated based on the variance in their dielectric properties and this
process is termed as dielectrophoresis (DEP) [107]. Dielectrophoretic cell separation works
on the principle of dielectrophoretic forces that are created on cells when a non-uniform
electrical field interacts with the field induced electrical polarization on the cells. Depending
on the dielectric properties of the cells relative to the suspending medium, these forces can
be either positive or negative and can direct the cells toward strong or weak electrical fields
respectively. Next to the (frequency-dependent) electrical properties of particle and medium
the DEP force is determined by the particle dimensions and the gradient of the electric
field. Field strengths between two and several hundred kV/m are required for trapping
particles [35] shown that several types of living cells are capable to survive the rather
high electric fields over longer periods of time up to two days. This was shown for red
blood cells, mouse fibroblasts (3T3, L929), suspensor protoplast, bacteria, and yeast [3, 33,
80]. However, high temperatures, which can be caused by an electric field in a medium
of high conductivity, can be disastrous [3, 36]. Previous research in the field of DEP has
already shown that small particles and living cells can be manipulated by DEP [34, 80, 89,
104].
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3.15. BASIS OF DIELECTROPHORESIS

The basic dielectrophoretic effect is demonstrated in figure 3.7, in which electrodes
of spherical geometry are used to generate an inhomogeneous (non uniform) electric field.
Many different electrode geometries have been used in DEP applications, but the spherical
type is used generally as a model system because the non uniform field it generates can
be described by a simple formula. The dipole moment m induced in a particle can be
represented by the generation of equal and opposite charges +q and −q at the particle
boundary. The magnitude of the induced charge q is small and is equivalent to 0.1% of
the net surface charge normally carried by the cells and can be generated within a micro
second [104]. If the applied electric field is non-uniform as shown in figure 3.7, the local
electric field E1 and the resulting force (E1δq) on each side of the particle will be different.
Thus, depending on the relative polarizability of the particle with respect to the surrounding
medium, it will be induced to move towards the inner electrode (from figure 3.7) or the
region of high electric field (Positive DEP), or towards the outer electrode (from figure 3.7)
where the field is weaker (negative DEP).

Following established theory [101] the DEP force FDEP acting on a spherical particle
of radius r suspended in a fluid of absolute dielectric permittivity εm is given by equation 3.1

FDEP = 2πr3εmα∇E2 (3.1)

where α is a parameter defining the effective polarizability of the particle and the factor

FIGURE 3.7. Principle of generation of positive and negative dielectrophoretic traps. The dielectrophoretic force
is dependent on the polarizability of the particles and the surrounding medium and the applied root mean square
voltage. Particle a experiences positive dielectrophoretic force and is trapped over the electrode. Particle b expe-
riences negative dielectrophoretic force and is trapped in regions between the electrodes [102].
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∇E2 is proportional to the gradient of the applied electric field. The polarizability parameter
α varies as a function of the frequency of the applied electric field and depending on the
dielectric properties of the particle and the surrounding medium can theoretically have the
values between +1.5 and −0.5. The value of α at frequencies below 1 kHz is determined
largely by the polarizations associated with the particle surface charge, while with increas-
ing frequency first the effective conductivity, and then the effective dielectric permittivity
become the dominant contributing factors. A positive value of α leads to an induce dipole
moment aligned in the direction of the field as shown for particle a in figure 3.7 and to a
positive DEP force. A negative α results in an induced dipole moment aligned against the
field as for particle b and produces negative DEP. The fact that the field appears as ∇E2

in equation 3.1 also indicates that reversing the polarity of the applied voltage does not
reverse the DEP force. AC voltages can be employed for a wide range of applied frequen-
cies (typically varying from 500 Hz to 50 MHz), the dielectric properties of the particle are
encompassed in the parameter α and can be fully exploited. Equation 3.1 represents the
conventional dipole approximation of DEP, and is valid providing the field is not too inho-
mogeneous as can occur very close to the electrode edges. Also with some other electrode
geometries, regions of zero electric field are generated, in which the net dipole moment
induced must also therefore be zero. In such a case a general multipolar theory must be
used to describe the DEP force accurately [61].

3.16. MICROELECTRODES AND DIELECTROPHORESIS

In the early stages of the use of dielectrophoresis, the electrodes took the form of
metal sheets, wires, rods and pins [107]. The electrodes were considerably larger than the
bioparticles under study. With the advent of microelectrodes to this field of study [Jones et al.,
1995, 32, 81, 112], using photolithography and associated semiconductor microfabrication
technologies, dielectrophoresis has been easily integrated for cell separation and study
applications essentially suited for “lab-on-a-chip” devices (Ward, 1997).

By reducing the electrode dimension it can be demonstrated based on the mathematical
representation of the dielectrophoretic force that the values of the electric field strength and
∇E2 at the particle location increase as the electrode scale is reduced while maintaining the
applied voltage. Reducing the radius of curvature by 100 fold produces a 1000 fold increase
in∇E2. This can be explained by using dimensional analysis. The factor ∇E2 has units
V2m−3, thus from dimensional analysis, an n fold change in the electrode scale, for any
electrode design, results in an operating voltage change of n3/2. So for a 100 fold reduction
in electrode size, a 1000 fold reduction in the operating voltage will produce the same DEP
force on the particle in the same relative location. In addition to the advantage if using lower
operating voltages for a desired DEP force there is also a significant reduction in the electrical
heating and electrochemical effects. The energy deposition from the field is proportional to
σE2, where σ is the conductivity of the suspending fluid. Also as the size of the electrodes
decreases the surface area of the electrodes in contact with the fluid is decreases, surface
electrochemical process is also reduced. As particle radius is reduced below 0.1 µm, the
values for ∇E2 greater than 1017 V2 m−3 are required for the DEP force to be ten times
larger than the Brownian force. If the conductivity of the suspending medium is larger than
around 0.1Sm−1, such high field strengths have the capability of creating hydrodynamic
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effects as a result of localized heating of the fluid. Sub micron scale electrodes have been
used to achieve stable DEP levitation and trapping of particles as small as 14nm, but thermal
gradients and hydrodynamic effects were reported to influence this effect significantly [89].
Also, microelectrodes used for DEP separation of bioparticles often have a periodically
repeating interdigitated geometry. The value of ∇E2 decays exponentially with distance
from the electrode plane. The decay rate is inversely proportional to the characteristic
electrode periodicity.

3.17. DIELECTRIC PROPERTIES OF CELLS

Biological cells exhibit large induced dipole moments that are highly dependent on
the frequency of the applied field [101, 102]. This is caused by the fact that cells consist
of adjacent structures of materials that have very different electrical properties, leading to
large frequency-dependent interfacial polarizations at the boundaries between structures.
The cell membrane consists of the lipid bilayer that contains many protein structures. This
is not only thin but highly insulating. The inside of the cell is complex and can contain not
only membrane-covered particulates such as mitochondria, vacuoles and a nucleus, but also
many dissolved charged particles. Thus, whilst the conductivity of the membrane tends to be
around 10−7 S m−1, that of the interior is around 1 S m−1, a difference of around 107. On cell
death the membrane becomes more permeable and its conductivity increases by a factor of
104, with the cell contents freely exchanging material with the external medium. These large
changes in the dielectric properties on cell death shows up as a large change in the dielectric
polarizability. Small changes in membrane properties can also be detected using DEP and
has been used for selective separation of live or dead cells. As cells of different species,
stages of differentiation or physiological state can have different morphology, structure
and composition, this results in differences in the in polarizability and finally in the DEP
response.

3.18. EFFECT OF ELECTRIC FIELDS ON CELLS

When a cell is exposed to an electric field, it becomes electrically polarized. At low
frequencies, the cell interior is shielded from the applied field by the effective capacitance
of cytoplasmic membrane, and as a result the membrane sustains the full electric potential
applied to the cell [11]. The maximum value of the induced membrane potential occurs at the
two ‘poles’ of the cell, in a radial direction parallel to the field, and has a value of about 1.5
rE. Where r is the radius of the particle. If this induced membrane potential exceeds a value
of around 1V, the electrical stress on the membrane can be sufficient to facilitate the useful
effects of electroporation and electrifusion of cells [92]. For cells with radius of around
2.5 to 5 µm, the applied field required to produce such effects is 1 − 3 × 105 Vm−1. As
already described, a value for the factor ∇E2 of around 1013 V2m−3 is required to produce
significant DEP force, and by calculations it is determined that this can be achieved with
an applied field of less than 104 Vm−1.The dielectrophoretic manipulation of cells should
therefore not lead to any irreversible damage to the cells, and this has been confirmed in
practice [34, 79].
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In experiments to demonstrate the DEP separation of viable and unviable yeast, the
subsequent viability of the cells was checked by staining with methylene blue and plate
counts [79]. The viabilities of erythrocytes dielectrophoretically separated from leukemia
cells have also been confirmed with trypan blue dye (Becker et al., 1997), and CD34+
cells have been successfully cultured following DEP separation [127]. Fuhr et al. have also
demonstrated that fibroblasts can be successfully cultivated without any significant changes
to their viability, motility, anchorage, cell-cycle time, when exposed continuously over a
period of 3 days to fields generate by types of microelectrodes used in DEP [34]. Even
bacteria have shown no significant changes o their physiological characteristics after long
exposures to DEP forces [79].

Considering the effect of DEP and the use of microfabrication technology, it is possible
to integrate the two techniques to develop electrical sensors using mammalian cells as both
the sensing as well as the transduction elements. To develop the technique of electrical
sensing it first becomes essential to determine the parameters of DEP that are essential to
isolate and position the individual cell types and then expose them to the chemical agents
under test. The detection limit for a specific chemical associated with a specific cell type
can be determined using this technique. The variation in the extracellular electrical signal
is analyzed using fast fourier transformation (FFT) techniques that yield identification tags
also known as “Signature Patterns”. Finally the veracity of the technique is verified using
conventional fluorescent chemistry methods.

3.19. CELL TYPES AND THE PARAMETERS FOR
DIELECTROPHORETIC PATTERNING

In our experiments we have used two types of mammalian cells that have electrically
excitable cell membranes. The first are the rat hippocampal cells obtained from the H19-7
cell line from ATCC. The second is the primary rat osteoblast culture. The parameters for
DEP isolation and positioning are determined in each case and are summed up in table 3.1.
A gradient AC field is set up among the electrodes by adjusting the parameters of the
applied frequency, peak-to-peak voltage and conductivity of the separation buffer. Cells
under the absence of an electric field have a uniformly distributed negative charge along the
membrane surface. On applying the gradient AC field a dipole is induced based on the cell’s

TABLE 3.1. Parameters for positive and negative DEP for neurons and osteoblasts

Separation Conductivity of Positive DEP Negative DEP Cross over Vpp

Cell Type buffer for DEP buffer solution (m S/cm) frequency frequency frequency (Volts)

Neurons 250 m M Sucrose/ 1.2 4.6 MHz 300 kHz 500 kHz 8
1640 RPMI

Osteoblasts 250m M 6.07 1.2 MHz 75 kHz 120 kHz 2
Sucrose/
Dubecco’s
modified Eagele
Medium
(DMEM)
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FIGURE 3.8. Schematic diagram of the integrated recording/measurement system. Single cell arrays are formed
over the platinum electrodes/ sensing sites by setting up positive dielectrophoretic traps over the sensing sites.
Gradient electric fields are set up over the sensing platform using a function generator. The chemical analyte mixture
is circulated over the sensing platform via the microfluidic chamber using a pumping system. Electrical monitoring
of the sensing sites is achieved by connecting micromanipulator probes to the electrode leads emerging from each
sensing site. The extracellular electrical activity is measured with respect to a reference electrode denoted by R.
The electrical activity is monitored using an oscilloscope. The activity is recorded using LabVIEW. Simultaneous
optical monitoring is achieved through a CCD camera [111].

dielectric properties and due to the non uniform electric field distribution the electrically
excitable cells experience a positive dielectrophoretic force that causes their migration to
the electrodes, which are the regions of high electric fields [110]. In this manner neurons
and osteoblasts are isolated and positioned over electrodes.

3.20. BIOSENSING SYSTEM

The biosensing system comprises of a chip assembly and an environmental chamber
to maintain a stable local environment for accurate data acquisition. The biosensing system
is schematically represented in figure 3.8.

3.21. CHIP ASSEMBLY

The microelectrode array fabrication and cell patterning has been achieved using a
previous procedure [110] and is now briefly described. A 5 × 5 microelectrode array com-
prising of platinum electrodes (diameter: 80µm, center-to-center spacing: 200µm) spanning
a surface area of 0.88 × 0.88mm2 on a silicon/silicon nitride substrate with electrode leads
(6 µm thick) terminating at electrode pads (100 µm × 120 µm) is fabricated using standard
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lithography techniques. To achieve a stable local microenvironment the microelectrode ar-
ray is integrated with a silicone chamber (16mm × 16mm × 2.5mm) with a microfluidic
channel (50 µm, wide), to pump in the testing agent and pump out the test buffer once the
sensing process has been completed. The flow rate of the buffer is 40µL/min. The silicone
chamber is provided with an opening (8mm × 8mm × 2.5mm) and is covered by a glass
cover slip for in-situ monitoring. Simultaneous electrical and optical monitoring is achieved
by using a MicrozoomTM(Nyoptics Inc, Danville, CA) optical probe station under 8× and
25× magnification. The Electrical stimulation and measurements are achieved utilizing
micromanipulators (Signatone, Gilroy, CA).

3.22. ENVIRONMENTAL CHAMBER

The optical probe station along with the chip assembly is enclosed by an acrylic cham-
ber (S&W Plastics, Riverside, CA). The environment in the chamber is controlled so as to
maintain a constant temperature of 37◦C. A heat gun (McMaster, Santa Fe Springs, CA)
inside the chamber heats the air in the chamber and this is linked to a temperature controller
(Cole Parmer, Vernon Hills, Illinois) that stops the heat gun from functioning above the de-
sired temperature. A 6” fan (McMaster, Santa Fe Springs, CA) inside the chamber circulates
the hot air to maintain temperature uniformity throughout the chamber and is monitored
by a J-type thermocouple probe attached to the temperature controller. The carbon dioxide
concentration inside the chamber is maintained at 5% and is humidified to prevent excessive
evaporation of the medium. This chamber with all of its components will ensure cell viability
over long periods of time and stable cell physiology in the absence of the chemical agents.

3.23. EXPERIMENTAL MEASUREMENT SYSTEM

The measurement system comprises of extracellular positioning, stimulating and
recording units. The cells were isolated and positioned over single electrodes by setting
up a gradient AC field using an extracellular positioning system comprising of a pulse gen-
erator (HP 33120A) and micromanipulators (Signatone, Gilroy, CA). The signal from the
pulse generator was fed to the electrode pads of the selected electrodes using the microma-
nipulators. The extracellular recordings from the individual osteoblasts obtained from the
electrode pads were amplified and recorded on an oscilloscope (HP 54600B, 100 MHz).
The supply and measurement systems are integrated using general purpose interface bus
(GPIB) control and controlled through LabVIEW (National Instruments, Austin, TX).

3.24. CELL CULTURE

3.24.1. Neuron Culture

The H19-7 cell line is derived from hippocampi dissected from embryonic day 17
(E17) Holtzman rat embryos and immortalized by retroviral transduction of temperature
sensitive tsA58 SV40 large T antigen. H19-7 cells grow at the permissive temperature
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(34◦C) in epidermal growth factor or serum. They differentiate to a neuronal phenotype at
the nonpermissive temperature (39C) when induced by basic fibroblast growth factor (bFGF)
in N2 medium (DMEM-high glucose medium with supplements). H19-7/IGF-IR cells are
established by infecting H19-7 cells with a retroviral vector expressing the human type I
insulin-like growth factor receptor (IGF-IR). The cells are selected in medium containing
puromycin.H19-7/IGF-IR cells express the IGF-IR protein. IGF-IR is known to send two
seemingly contradictory signals inducing either cell proliferation or cell differentiation,
depending on cell type and/or conditions. At 39◦C, expression of the human IGF-IR in
H19-7 cells induces an insulin-like growth factor (IGF) I dependent differentiation. The
cells extend neuritis and show increased expression of NF68. This cell line does not express
detectable levels of the SV40 T antigen.Following spin at 100 × g for 10 minutes at room
temperature; cells were re-suspended in a separation buffer (see Table 3.1). The density
of the re-suspended cells (2500 cell/mL) ensured single cell positioning over individual
electrodes. Separation buffer used for neurons contained 250 mM sucrose/1640 RPMI
(Roswell Park Memorial Institute), with a conductivity of 1.2 mS/cm and a pH of 7.48. The
separation buffer was replaced by a buffer comprising of minimum essential medium/10%
Fetal Bovine Serum (FBS)/5% Phosphate buffer saline (PBS) of conductivity 2.48 mS/cm
and pH of 7.4 suitable for cell viability.

3.24.2. Primary Osteoblast Culture

Primary rat osteoblast cells are cultured to a concentration of 2,500 cells in 1mL for
sensing experiments. To achieve the patterning of a single cell over a single electrode, a 10 µL
of cell culture solution was mixed with 500 µL Dulbeco modified eagle medium (DMEM;
Gibco, Grand Island NY) supplemented with 10% fetal bovine serum (FBS; Gibco, Grand
Island NY), 100µg/mL penicillin, and 100gµg/mL streptomycin (P/S; Gibco, Grand Island
NY). The cells were centrifuged and re-suspended in 1mL of separation buffer consisting of
1:9 dilutions of Phosphate Buffer Saline/250mM Sucrose (Sigma, St Louis) and de-ionized
water (w/v). The conductivity of the separation buffer was 4.09mS/cm and with a pH of
7.5. The separation buffer is replaced with a test buffer ((DMEM)/ Fetal Bovine Serum
(FBS)/Phosphate Buffer Saline (PBS)) with conductivity of 2.5 mS/cm and a pH of 7.4.

3.25. SIGNAL PROCESSING

Changes in the extracellular potential shape have been used to monitor the cellular
response to the action of environmental agents and toxins. The extracellular electrical ac-
tivities of a single osteoblast cell are recorded both in the presence and absence of chemical
agents and the modulation in the electrical activity is determined. However, the complexity
of this signal makes interpretation of the cellular response to a specific chemical agent diffi-
cult to interpret. It is essential to characterize the signal both in time domain and frequency
domain for extracting the relevant functional information.

The use of power spectral density analysis as a tool for classifying the action of a
chemically active agent was investigated and found to offer a suitable technique for data
analysis. The power of the extracellular potential is a better indicator of general shape than
the peak-to-peak amplitude monitored in this work.
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Spatial and temporal modifications to the extracellular potential have been used to mon-
itor the cellular response to the action of chemical and biological analytes. The extracellular
electrical activity from single neurons and osteoblasts are recorded from the sensing sites
both in the presence and absence of the chemical analytes under study. The modulation
in the electrical activity is then determined in each case. However, the complexity of this
signal makes interpretation of the cellular physiological response to a specific chemical
analyte difficult to interpret. Hence there arises a requirement for signal characterization in
both the time domain and frequency domain for extracting the pertinent functional infor-
mation. Power spectral density analysis of the acquired data was found to be a suitable and
reliable tool for data analysis. The power of the extracellular potential is a better indicator
of general shape and variations due to the effect of the chemical analyte than the monitored
peak-to-peak amplitude of the signal. This is achieved by examining the RMS power in
different frequency bands.

Using Fast Fourier Transformation (FFT) analysis, the shifts in the signal’s power
spectrum are analyzed. The FFT analysis indicates the modulation in the frequency of
the extracellular potential burst rate and hence is termed as “frequency modulation” and
generates the signature pattern vector (SP) (Yang et al., 2003). This SP is unique to the
chemical analyte and the cell type.

3.26. SELECTION OF CHEMICAL AGENTS

To obtain the effect of a broad spectrum of chemical agents ranging from highly toxic
and physiologically damaging to relatively less toxic to determine and evaluate the time
window of response of a particular cell type for a specific known agent based on varying
concentrations and finally determines the limit of detection for a specific chemical agent.
All the experiments were conducted based on the hypothesis that a unique SP would be
generated for each cell type for a specific chemical. This was hypothesized as it has been
scientifically proven that different chemicals bind to different ion channel receptors thus,
modifying the electrical response of the cell in a unique manner. We present here the
responses of single excitable cells to the effect of the following chemical agents: ethanol,
hydrogen peroxide, ethylene diamene tetra acetic acid (EDTA), and pyrethroid.

3.26.1. Ethanol

Ethanol produces anesthetic effects but in a milder form as compared to pentobarbitone
and ketamine, though the mechanism of action is essentially assumed to be the same [123].
We hypothesized that determination of single cell ethanol sensitivity would help us iden-
tify the lowest threshold concentration, for the family of chemicals whose physiological
response mechanism would mimic that of ethanol.

3.26.2. Hydrogen Peroxide

It is one of the major metabolically active oxidants present in the body and leads to
apoptosis. Hydrogen peroxide also leads to the degradation of cells. As the behavior of
hydrogen peroxide in-vivo is similar to the behavioral responses obtained from exposure
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to carcinogenic chemicals like rotenone, we estimated that hydrogen peroxide would make
an ideal candidate for sensing studies [39].

3.26.3. Pyrethroid

They are active ingredients in most of the commercially used pesticides. The pyrethroid
share similar modes of action, resembling that of DDT. Pyrethroid is expected to produce a
“knock down” effect in-vivo; the exact in-vitro response at a cellular level has not yet been
understood. Hence they are ideal candidates for the analysis of this genre of chemicals.

3.26.4. Ethylene Diamene Tetra Acetic Acid (EDTA)

EDTA belongs to a class of synthetic, phosphate-alternative compounds that are not
readily biodegradable and once introduced into the general environment can re-dissolve
toxic heavy metals. Target specificity of EDTA in a single electrically excitable cell has not
been electrically analyzed to date.

3.27. CHEMICAL AGENT SENSING

3.27.1. Signature Pattern for Control Experiments

In order to determine the signature pattern vector corresponding to a specific chemical,
the initial activity pattern vector for each cell type was determined. Using the process
of Dielectrophoresis, a single cell was positioned over a single electrode and its initial
electrical activity was recorded. As the first stage, control experiments were performed in
which single osteoblasts and neurons were exposed to the sensing buffer in the absence
of chemical agents, and the extracellular signal was recorded and analyzed to generate
the initial (background) SP pertaining to osteoblast’s and neuron’s characteristic burst rate
depending on its physiological condition. FFT analysis extracted the characteristic burst
frequency from the firing pattern. The characteristic burst frequency was determined to be
at 668 Hz for a single osteoblast and 626 Hz for a single neuron. This corresponds with
neuronal electrical activity determined from other topographical methods [63, 76].

3.28. ELECTRICAL SENSING CYCLE

Chemical agents are first premixed individually with the sensing buffer and introduced
into the sensor system. The modified electrical activity due to presence of chemical agents
was recorded. Testing of a specific chemical agent was performed in a cyclic manner with
each cycle comprising of three phases. The time duration of each phase was on an average of
60 seconds. The data presented here is averaged over fifteen cycles (n = 15). The action of
each chemical agent at decrementing concentration ranges (step size in the higher concentra-
tion range: 500 ppm, lower concentration range (<1000 ppm): 50 ppm) was determined by
monitoring the electrical activity at 5 seconds intervals for the first 30 seconds and then at 30
seconds intervals over a period of 180 seconds. This constitutes a single sensing cycle. In the
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presence of each specific chemical agent (ethanol concentrations ranging from 5000 ppm to
5 ppm for neurons and 5000 ppm to 15 ppm for osteoblasts, hydrogen peroxide: 5000 ppm
to 10 ppm for neurons and 5000 ppm to 20 ppm for osteoblasts, pyrethroid: 5000 ppm
to 250 ppb for neurons and 5000 ppm to 850 ppb for osteoblasts, EDTA: 5000 ppm to
150 ppm for neurons and 5000 ppm to 250 ppm for osteoblasts), pronounced modifications
in the extracellular action potentials were observed. The detection limits for a single neuron
was—ethanol: 9 ppm, hydrogen peroxide: 19 ppm, pyrethroid: 280 ppb, and EDTA: 180
ppm. Similarly the detection limits for a single osteoblast was- ethanol: 19 ppm, hydrogen
peroxide: 25 ppm, pyrethroid: 890 ppb and EDTA: 280 ppm. The lowest single neuron sen-
sitivity as estimated theoretically by the existing methods of averaging and iteration indicate
the lowest concentrations determined that are—ethanol (MW = 46.07): 25 ppm (Maldve
et al., 2002) as compared to the experimentally obtained detection limit of 9ppm hydrogen
peroxide (MW = 34.01): 45 ppm as compared to 19 ppm [9], pyrethroid (MW = 38.3):
550 ppb as compared to 280 ppb [144], EDTA (MW = 292.2): 300 ppm to 180 M [130].

3.29. ETHANOL SENSING

3.29.1. Single Neuron Sensing

The initial concentration of ethanol used was 5000ppm and the modified electrical
activity was recorded. The concentration of ethanol was decremented in a stepwise manner
and in each case the modified electrical activity was recorded. The lowest concentration of
ethanol sensed by a single neuron was 9ppm.The SP corresponding to the response of a
single neuron to a specific agent in the frequency domain is represented in figure 3.9(A).
The obtained SP is unique to a specific chemical agent and remains unchanged for varying
concentrations of the specific agent. The SP obtained from a single neuron in the absence
of a chemical agent indicates the initial control characteristic burst rate of 626 Hz. Addition
of ethanol leads to its binding to M1 and M2 regions on the outside face of the GABAA and
Glycine receptor gated Cl− ion channels [77]. This increases the duration of the channel
openings causing a strong inhibitory ionic current associated with Cl− influx and decreased
the frequency of firing to 314 Hz (Fig 3.9(A)).

3.29.2. Single Osteoblast Sensing

Single osteoblast cells were positioned over individual electrodes. The sensing agent
was then introduced onto the microelectrode array using the microfluidic inlet channel.
The initial concentration of ethanol used was 5000ppm and the modified electrical activity
was recorded. The concentration of ethanol was decremented in a stepwise manner and in
each case the modified electrical activity was recorded. The lowest concentration of ethanol
sensed by a single osteoblast was 19 ppm. FFT analysis was performed on the acquired
data pertaining to the modified extracellular potential to yield the SP. The instant at which
the chemical is added to the chip system is denoted by t = 0sec. Figure 3.9(B) represents
the SP for a single osteoblast due to the action of ethanol at 19ppm. Osteoblasts have an
unmodulated firing rate of 668Hz. This corresponds to the frequency of firing of osteoblast
in the absence of a chemical agent. There are two eigen vectors (514Hz, and 722Hz) in the
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FIGURE 3.9(A). Signature pattern represented is obtained from a single neuron due to the action of ethanol at its
detection limit of 9 ppm. SP due to the action of ethanol produces an Eigen Vector at 314 Hz [111].

SP corresponding to the modulated firing rate of the osteoblast. During the first phase of
the sensing cycle (t = (0, 60) sec) the modulated firing rate is focused at 722Hz. During the
second phase of the sensing cycle (t = (60,120)sec) the modulated firing rate shifts towards
the lower frequency value (514Hz). During the third phase of the sensing cycle (t = (120,
180)sec), the modulated frequency shifts back to the original higher frequency bursting
(668Hz and 722Hz) as observed in the first phase. As the concentration of ethanol is very
low the cell quickly recovers and on re-introducing the chemical at t = 180sec the SP starts
to repeat itself (t = (180,240) sec).

3.30. HYDROGEN PEROXIDE SENSING

3.30.1. Single Neuron Sensing

Addition of hydrogen peroxide causes it’s binding to the α subunit of the APMA gated
Na+ ion channels which produce a rapid ionic depolarization current. It simultaneously acts
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FIGURE 3.9(B). Signature pattern represented is obtained from a single osteoblast due to the action of ethanol
at its detection limit of 19 ppm. SP due to the action of ethanol produces an Eigen Vectors at 514 Hz and 722 Hz
[149].

upon the NMDA gated channels which triggers the entry of Ca++ ions into the cell, which
causes the transmembrane release of glutamate and a steep increase of intracellular levels
of Ca++ [4] The low frequency Eigen Vectors (175 Hz, 227 Hz, and 349 Hz) indicates
the initial activation of APMA gated channels due to initial short binding transients of
hydrogen peroxide. The mid frequency Eigen Vector (453 Hz) corresponds to the activation
of NMDA gated channels and the longer duration of binding of hydrogen peroxide to
NMDA receptors. The high frequency Eigen Vectors (749 Hz and 975 Hz) correspond to
the induced excitotoxicity (Fig 3.10(a)) (Stout et al., 1998). The lowest concentration of
hydrogen peroxide detected by the neuronal cell membrane is 19ppm.

3.30.2. Single Osteoblast Sensing

The single osteoblast cells were isolated and positioned over individual electrodes in
a manner previously described. The initial concentration of hydrogen peroxide used was
5000ppm and the modified electrical activity was recorded. The concentration of hydrogen
peroxide was decremented in a stepwise manner and in each case the modified electrical
activity was recorded. The lowest concentration of hydrogen peroxide sensed by a single
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FIGURE 3.10(A). Signature pattern represented is obtained from a single neuron due to the action of hydrogen
peroxide at its detection limit of 19 ppm. SP due to the action of hydrogen peroxide produces low frequency Eigen
Vectors at 175 Hz, 227 Hz, and 349 Hz, mid frequency Eigen Vector at 453 Hz and high frequency Eigen Vectors
at 749 Hz and 975 Hz [111].

osteoblast was 25ppm. FFT analysis was performed on the acquired data pertaining to the
modified extracellular potential to yield the SP. The instant at which the chemical is added
to the chip system is denoted by t = 0sec. Figure 3.10(b) represents the signature pattern.
There are two eigen vectors (257Hz, and 873Hz) in the SP corresponding to the modulated
firing rate of the osteoblast. The frequency of 668Hz corresponds to the osteoblast firing
rate in the absence of a chemical agent. During the first half of the cycle, the low frequency
subsidiary peaks (129Hz, 334Hz, and 437Hz) are expressed. During the second half of the
cycle the high frequency subsidiary peak (565Hz) is expressed.

3.31. PYRETHROID SENSING

3.31.1. Single Neuron Sensing

Addition of pyrethroid results in the activation of the NMDA gated channels. The
negative charge along the membrane surface induces the binding of Mg++ ions causing the
clogging of the channels thus preventing the flow of Na+ and K+ ions [4]. These results in the
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FIGURE 3.10(B). Signature pattern represented is obtained from a single neuron due to the action of hydrogen
peroxide at its detection limit of 25 ppm. SP due to the action of hydrogen peroxide produces two Eigen Vectors
at 257Hz, and 873Hz [149].

reduction of the depolarizing ionic current reducing the firing rate to 514 Hz (Fig 3.11(A)).
SP due to the effect of pyrethroid produces an Eigen Vectors at 514 Hz and 576 Hz. The
initial concentration of pyrethroid sensed was 5000ppm and the detection limit for the single
cell was determined to be 280 ppb.

3.31.2. Single Osteoblast Sensing

The initial concentration of pyrethroid used was 5000ppm and the modified electrical
activity was recorded. The concentration of pyrethroid was decremented in a stepwise man-
ner and in each case the modified electrical activity was recorded. The lowest concentration
of pyrethroid sensed by a single osteoblast was 890ppm. FFT analysis was performed on the
acquired data pertaining to the modified extracellular potential to yield the SP. The instant
at which the chemical is added to the chip system is denoted by t = 0sec. Figure 3.11(b)
represents the signature pattern. There are two eigen vectors (129Hz, and 873Hz) in the
SP corresponding to the modulated firing rate of the osteoblast The frequency of 668Hz
corresponds to the osteoblast firing rate in the absence of a chemical agent. During the first
half of the cycle there is a high frequency subsidiary peak corresponding to 565Hz. During
the second half of the cycle there is a low frequency subsidiary peak of 257Hz.
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FIGURE 3.11(A). Signature pattern represented is obtained from a single neuron due to the action of pyrethroid
at its detection limit of 280 ppb. SP due to the action of pyrethroid produces Eigen Vectors at 514 Hz and 576 Hz
[111].

3.32. EDTA SENSING

3.32.1. Single Neuron Sensing

Addition of EDTA causes it’s binding to the GABAA as well as the NMDA receptor
gated Cl−and Na+ ion channels, respectively [130]. The GABAA activation produces a
hyperpolarizing current resulting in low frequency bursting at 227 Hz and NMDA activation
produces a high frequency burst of 873 Hz (Fig 3.12(a)). The initial concentration of EDTA
used is 5000ppm and the detection limit obtained for the single neuron is 180ppm.

3.32.2. Single Osteoblast Sensing

The initial concentration of EDTA used was 5000ppm and the modified electrical ac-
tivity was recorded. The concentration of EDTA was decremented in a stepwise manner
and in each case the modified electrical activity was recorded. The lowest concentration
of EDTA sensed by a single osteoblast was 280ppm. FFT analysis was performed on the
acquired data pertaining to the modified extracellular potential to yield the SPV. The instant
at which EDTA is added to the chip system is denoted by t = 0sec. Figure 3.12(b) represents
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FIGURE 3.11(B). Signature pattern represented is obtained from a single osteoblast due to the action of pyrethroid
at its detection limit of 890 ppb. SP due to the action of pyrethroid produces Eigen Vectors at 129 Hz and 873 Hz
[149].

the signature pattern. The initial peak in the frequency spectrum is observed at 514Hz corre-
sponding to the first eigen vector. This is obtained at t = 0, after the immediate application
of EDTA. Osteoblast cells then regain their control of the firing rate, corresponding to
667Hz. The next two eigen vectors of 258Hz and 872Hz are obtained in the time interval
(t = (60, 90) sec). Subsidiary low frequency peaks are observed at 129Hz, 334H, 437Hz
and high frequency peaks are observed at 514Hz and 565Hz.

3.33. IMMUNOHISTOCHEMISTRY

To verify the associated changes physiological changes related to the exposure to vary-
ing dosages of diesel and gasoline at the cellular level. The cells are first exposed to the
specific chemical agents for the sensing cycle period as described in detail elsewhere [110].
The cells are then fixed using standard immunohistochemistry procedures. Briefly the pat-
terned cells on the sensing platform were exposed to the specific chemical analytes namely
either diesel or gasoline for a period of 270 sec (or 4.5 minutes). This time period constitutes
to one sensing cycle which was determined previously from other sensing experiments per-
formed on single chemical analytes [Yang et al., 2003, 110]. The cell array is then washed
twice with Phosphate Buffered Saline (1X). The wash cycle duration was 3 minutes each.
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FIGURE 3.12(A). Signature pattern represented is obtained from a single neuron due to the action of EDTA at its
detection limit of 180 ppm. SP due to the action of EDTA produces a Eigen Vectors at 227Hz and 873 Hz [111].

After aspiration the cells are exposed to 1–3% formalin for a period of 20 minutes. After
aspiration the cells were exposed to 1% triton –X in the case of neurons and 10% triton
–X in case of osteoblasts for a period of 25 minutes. This functions as a cell permeating
agent that allows the easier penetration of the dye by increasing the permeability of the
cell membrane. The stain then is provided with an easier access to the locations of interest
namely the presence of caged calcium emissions which are the expected biological changes
at the cellular level. The cells were then aspirated with 1X PBS three times for a period of 3
minutes each. Cells were then stained with Fluo-3 (Molecular Probes, Eugene, OR) which
bind to the intracellular calcium channels that produce calcium emissions due to excitation
by the chemical analytes under analysis (Coward et al., 1999). Cells are incubated with
Fluo-3(1 mg/0.5 ml) at a 1:1000 dilution for a period of 30 min. The cells are then aspirated
with 1X PBS 3 times for a period of 2 minutes each. The cells are then imaged using Leica
SP2 UV confocal microscope (Leica Microsystems, Inc., Germany).

Similarly for staining the voltage sensitive sodium and potassium channels, the cells are
fixed with 1–3% formalin using the same procedure as described above. The stock solution
of the dye for cell loading is prepared by dissolving the material in anhydrous DMSO to a
concentration of 10 mM. The same procedure is followed for the sodium ion stain which is
the AM ester of SBFI (Molecular Probes, Eugene, OR) and the potassium ion stain which
is the AM ester of PBFI (Molecular Probes, Eugene, OR). The molecular weights of SBFI
AM and PBFI AM are 1127 and 1171, respectively. The use of Pluronic r© F-127 is essential
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FIGURE 3.12(B). Signature pattern represented is obtained from a single osteoblast due to the action of EDTA
at its detection limit of 280 ppm. SP due to the action of EDTA produces Eigen Vectors at 258Hz, 514Hz, and
872Hz. [149].

for optimal cell loading of both SBFI AM and PBFI AM due to the poor aqueous solubility
of the dyes. 1 mL of a 20% (w/v) solution of Pluronic F-127 in DMSO (P-3000) is used
in this case. The indicator stock solution in DMSO is mixed with an equal volume of 25%
w/v Pluronic F-127 solution immediately prior to its addition to the cell loading buffer
(Tsubokawa et al., 1999). The loading concentration used for both the indicators is 5 µM.
The cells are incubated with the indicators for a period of 40 minutes before washing them
twice with 1X PBS for a period of 2 minutes each. In the case of dual staining the cells
are first loaded with the sodium and potassium indicators and then loaded with the calcium
indicator.

Finally to verify the apoptotic state due to the effect of the chemical agents. The cells
after exposure to the chemical agent at the detection limit are stained with Hoechst dye. The
effect of the chemical induces apoptosis which can me imaged using the spectral shift that
is noted with the Hoechst dye. As mentioned in literature [27, 141] a simple interpretation
rests on the well-documented increased permeability of apoptotic cells to Hoescht, and if
more dye permeates then some concentration-dependent dye-dye interaction may result in
a red shift. This is consistent with the observation that the cells with redder emission appear
only as dye loading saturates. The dye concentration is the critical parameter controlling
the shift. Hence taking into account this effect 0.12 µg/ml of the stock solution is prepared
for ideal imaging of the DNA alteration which is the expected effect of the chemical agent
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on the nucleic material of the cell. The protocol for Hoechst is similar to the protocols
for calcium, sodium and potassium staining. The patterned cells after being exposed to
the chemical analyte for a period corresponding to the sensing cycle are fixed using 1.5%
formaldehyde for a period of 20 minutes. The cells are then aspirated twice using 1X PBS
for a period of 3 minutes each. The cells are then incubated with 100% methanol for a
period of 20 minutes. Methanol is a cell permeant and it allows the easy penetration of the
Hoechst dye into the cell nucleus. The function of the Hoechst dye is to bind to the diffused
chromatin that is formed due to the apoptosis of the cell due to the effect of the chemical
analyte. Approximately 5ml of 0.12 µg/ml Hoechst 33382 dye (Santa Cruz Biotechnology,
Santa Cruz, California) is prepared from a stock solution of 0.5 µg/ml dye. The cells are
incubated with the dye for a period of 30 minutes at 37˚C. The cells are then aspirated
thrice with 1X PBS for a period of 2 minutes each. Hoechst dye is visualized by exciting
the dye with UV (352 nm). The emission is in blue. The cells are imaged using a confocal
microscope (Leica, Germany).

3.34. VISUALIZATION OF PHYSIOLOGICAL CHANGES DUE
TO THE EFFECT OF THE CHEMICAL ANALYTES

3.34.1. Effect of Ethanol on Neurons

Addition of ethanol leads to its binding to M1 and M2 regions on the outside face of the
GABAA and Glycine receptor gated Cl− ion channels [77]. This increases the duration of the
channel openings causing a strong inhibitory ionic current associated with Cl− influx, which
in turn causes the intracellular release of calcium as it has been established that intoxicating
concentrations of ethanol inhibit N-methyl-d-aspartate (NMDA) receptor-dependent long-
term potentiation, an interaction thought to underlie a major component of the central
nervous system actions of ethanol [52]. At the cellular level this can be by fluo-3 that binds to
the intracellular calcium ions released into the cytoplasm close to the nucleus. The patterned
cells are exposed to 9 ppm concentration of ethanol before the immunohistochemistry
procedures. Figure 3.13(a) is a confocal image of the neuron stained with fluo-3 indicating
the intracellular calcium transients. Also shown in figure 3.13(b) is the three dimensional
contour vector representation of the confocal image. The z axis represents the intensity
profile. It shows that maximum intensity is obtained from the cytoplasm correlating to the
position of the intracellular calcium transients. The Hoecsht stain indicates the dissociation
of DNA associated with apoptotic state of the cells [28]. The cell death associated due to the
effect of ethanol results in clumping of chromatin. Hoechst binds to the dissociated nucleic
material and is visualized using confocal microscopy and is shown in figure 3.13(c).

3.34.2. Effect of Ethanol on Osteoblasts

In-vitro and in-vivo studies have shown the changes to the bone calcium density due
to long term exposure to ethanol [18]. At a cellular level this translates to the presence of
apoptotic bundles in the cytoplasm of the cells. The patterned cells are treated to 19ppm
ethanol and then after cell fixation is incubated with fluo-3 calcium indicator that binds
to free calcium ions. Figure 3.13(d) shows the location of free calcium imaged due to
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FIGURE 3.13(A). Physiological effect of ethanol at 9 ppm on individual neurons. The cells are stained with fluo-3
and visualized using FITC mode on Leica TCS SP2. Intracellular calcium transients are observed at the cytoplasm
near the nucleus.

(B)

FIGURE 3.13(B). Three dimensional vector representtion of the fluorescence intensity. The circled areas represent
the hight intensity peaks that correspond to the areas of localization of intracellular calcium transients.



(C)

1 µm

FIGURE 3.13(C). Hoechst staining reveals the dissociation of the nucleic matter due to apoptosis induced by
the exposure of the neurons to 9 ppm ethanol. The circled areas represented the dissociated nucleic matter due
to apoptosis.
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FIGURE 3.13(D). Physiological effect of ethanol at 19 ppm on individual osteoblasts. The cells are stained with
fluo-3 and visualized using FITC mode on Leica TCS SP2. Apoptotic bundles are seen distributed throughout the
cytoplasm.
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FIGURE 3.13(E). Three dimensional vector representation of the fluorescence intensity. The circled areas repre-
sent the high intensity peaks that correspond to the areas of localization of the apoptotic bundles.

the binding of fluo-3 to the ions. Figure 3.13(e) shows the three dimensional vector rep-
resentation of the fluorescence intensity. The intensity levels are indicated by the z axis.
The higher intensity peaks are associated with the apoptotic bundles. Figure 3.13(f) is the
confocal micrograph of the dissociated chromosomes due to the effect of ethanol. Ethanol
causes the differentiation of the bone matrix in large cell populations [134] but in single
cell level it can be visualized using Hoechst stain as dissociated nucleic matter.

3.34.3. Effect of Hydrogen Peroxide on Neurons

Addition of hydrogen peroxide causes it’s binding to the α subunit of the APMA gated
Na+ ion channels which produce a rapid ionic depolarization current. It simultaneously acts
upon the NMDA gated channels which triggers the entry of Ca++ ions into the cell, which
causes the transmembrane release of glutamate and a steep increase of intracellular levels
of Ca++ [4]. Previous research has shown that large populations of hippocampal neurons
are particularly vulnerable to hypoxia/ischaemia-induced damage, and free radicals are
thought to be prime mediators of this neuronal destruction. It has been shown that hydrogen
peroxide), through the production of free radicals, induces cell death by activation of a non-
selective cation channel, which leads to irreversible cell depolarization and unregulated
Ca2+ entry into the cell [124]. In single cells groups of free sodium potassium and calcium
ions are expected localized at different regions of the cell. The sodium and potassium
ions are expected to be localized near the cell membrane. The calcium ions are distributed
throughout the cytoplasm with higher concentrations near the nucleus and the pre-synaptic
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FIGURE 3.13(F). Hoechst staining reveals the dissociation of the nucleic matter due to apoptosis induced by the
exposure of the osteoblasts to 19 ppm ethanol. The circled areas represent the dissociated nucleic matter due to
apoptosis.

terminals. The cells are doubly stained for the three ion types. Based on the location of the
apoptotic bundles the ion type is determined. Figure 3.14(a) is a confocal optical micrograph
of neurons stained for the three ions after being exposed to hydrogen peroxide at 19ppm for
the period of one sensing cycle. Figure 3.14(b) is a three dimensional vector representation
of the fluorescence intensity of the apoptotic bundles. The z axis gives the various intensity
levels of fluorescence. Previous in-vivo studies have established the presence and attributes
of apoptosis and necrosis in the anatomically well-defined cortical region after exposure
to hydrogen peroxide at physiologically relevant concentrations. These were verified under
light microscopy with Hoechst 33342, staining [57]. Cells exhibiting apoptotic morphology
with chromatin condensation and apoptotic bodies and necrotic ghost appearance were
observed. In single cell in-vitro studies condensed chromatin is expected to be visualized
using confocal microscopy. This is verified by figure 3.14(c).

3.34.4. Effect of Hydrogen Peroxide on Osteoblasts

Previous research has established that the physiological activity of osteoblasts is known
to be closely related to increased intracellular Ca2+ activity ([Ca2+] i) in osteoblasts. The
cellular regulation of [Ca2+]i in osteoblasts is mediated by Ca2+ movements associated with
Ca2+ release from intracellular Ca2+ stores, and transmembrane Ca2+ influx via Na+−Ca2+

exchanger, and Ca2+ ATPase. Reactive oxygen species, such as hydrogen peroxide, play
an important role in the regulation of cellular functions, and act as signaling molecules or
toxins in cells. This behavior has been seen in-vivo and in-vitro in large cell populations
[91]. Similarly after exposure to 25 ppm of hydrogen peroxide for the period corresponding



Localization of sodium and potassium ions

Intracellular calcium transients

(A)

5 µmµ

FIGURE 3.14(A). Physiological effect of hydrogen peroxide at 19 ppm on individual neurons. The cells are
stained with SBFI and PBFI esters and fluo-3 for visualizing free sodium potassium and calcium ions respectively.
Double immunohistochemistry is performed after cell fixation. The sodium and potassium ions are localized near
the cell membrane and the pre-synaptic terminals where as the free calcium ions are localized near the nucleus.

FIGURE 3.14(B). Three dimensional vector representation of the fluorescence intensity. The circled areas rep-
resent the high intensity peaks. The peak with the maximum intensity corresponds to the localization of the
sodium and potassium ions at the pre-synaptic terminals. The intensity peaks around the nucleus correspond to
the localization of the calcium ions.
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FIGURE 3.14(C). Hoechst staining reveals the dissociation of the nucleic matter due to apoptosis induced by the
exposure of the individual neurons to 19 ppm hydrogen peroxide. The circleed areas represent the dissociated
nucleic matter due to apoptosis.

to one sensing cycle the fixed cells stained for free sodium and calcium ions show apoptotic
bundles throughout the cytoplasm. This corresponds to the expected physiological behavior
due to the effect of reactive species like hydrogen peroxide on excitable mammalian cells
like osteoblasts. This behavior is seen in figure 3.14(d) which is a confocal optical micro-
graph that identifies apoptotic bundles formed due to the localization sodium and calcium
ions. Figure 3.14(e) is the three dimensional vector representation of the fluorescence in-
tensity. The higher intensity levels correspond to the areas of localization of the apoptotic
bundles. Previous research indicates marked nuclear condensation and fragmentation of
chromatin due to exposure to reactive species like hydrogen peroxide at physiologically
relevant concentrations were observed by Hoechst 33382 stain, for large cell populations
[113]. Similarly condensed chromatin was observed in single osteoblasts after exposure to
hydrogen peroxide at 25 ppm concentration after exposure for a period of one sensing cycle.
Figure 3.14(f) is the confocal micrograph of osteoblasts after hydrogen peroxide exposure
and stained with Hoechst 33382.

3.34.5. Effect of Pyrethroid on Neurons

Addition of pyrethroid results in the activation of the NMDA gated channels. The
negative charge along the membrane surface induces the binding of Mg++ ions causing
the clogging of the channels thus preventing the flow of Na+ and K+ ions. Previous re-
search has shown that the treatment of mammalian cells in-vivo with pyrethroid results in
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FIGURE 3.14(D). Physiological effect of hydrogen peroxide at 25 ppm on individual osteoblasts. The cells
are stained with SBFI ester and fluo-3 for visualizing free sodium potassium and calcium ions respectively.
Double immunohistochemistry is performed after cell fixation. The sodium ions are localized throughout the
cytoplasm with a higher concentration away from the nucleus where as the free calcium ions are localized near the
nucleus.

mitochondrial damage. The mitochondrial swelling was accompanied by the accumulation
of electron dense granules. In addition, the neuropiles contained secondary lysosomes which
increased in size and number with the progress of poisoning and showed signs of depletion
of synaptic vesicles. This is imaged with free calcium binding stains. These stains show
uniform permeability throughout the cell thus indicating the slow onset of apoptosis [122].
Similar behavior is observed at the single cell level. The patterned hippocampal neurons
after exposure to pyrethroid at 280 ppb concentration for a period of one sensing cycle
are stained with fluo-3 after fixation. The dye permeates throughout the cytoplasm indicat-
ing the slow onset of apoptosis associated with the effect of pyrethroid. Figure 3.15(a) is
the confocal optical micrograph of patterned neurons undergoing fluorescence under FITC
mode stained with fluo-3. Figure 3.15(b) is the three dimensional vector representation of
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FIGURE 3.14(E). Three dimensional vector representation of the fluorescence intensity. The circled areas repre-
sent the high intensity peaks. The peak with the maximum intensity near the nucleus corresponds to the locallized
sodium ions whereas the intensity peaks near the nucleus.

the fluorescence intensity. The fluorescence peaks are evenly distributed throughout the cell
indicating the slow onsent of apoptosis due to the effect of pyrethroid. It has been shown
that Organophosphorus (OP) compounds have been shown to be cytotoxic to neuroblastoma
cell cultures. The mechanisms involved in OP compound-induced cell death (apoptosis ver-
sus necrosis) have been assessed morphologically by looking at nuclear fragmentation and
budding using the fluorescent stain Hoechst 33342 Hoechst staining revealed induced time-
dependent apoptosis. In many cells OP has also induced nuclear condensation with little
fragmentation or budding [16]. Similarly in individual neurons treated with pyrethroid also
show nuclear condensation in keeping with the previous results as shown by the confocal
optical micrograph in figure 3.15(c).

3.34.6. Effect of Pyrethroid on Osteoblasts

Previous research has shown that in in-vivo studies specific features of osteogenesis
under a toxic action of pesticide was observed in experiments with inbred albino rats. This
resulted in accumulation of potassium clusters that was visualized using autoradiography
with 3H-thymidine label [70]. Similarly exposure of the patterned osteoblast to 890 ppb
concentration of pyrethroid for the period of one sensing cycle and staining with PBFI ester
after cell fixation results in the identification of potassium ion bundles that are formed due



1 µm

FIGURE 3.14(F). Single osteoblasts stained with Hoechst 33382 stain after being exposed to hydrogen peroxide at
19 ppm concentration for a period of one sensing cycle. The circled areas indicate the regions where the chromatin
has condensed due to apoptosis.

to the effect of the pyrethroid. Figure 3.15(d) is the confocal optical micrograph that shows
the presence of potassium bundles after exposure to PBFI stain. Figure 3.15(e) is the three
dimensional vector representation of the fluorescence intensity. The high intensity peaks
correspond to the localization of the potassium ions. Based on previous research, in-vivo
administration of pyrethroid results in the development of bone lesions. This translates
cellularly to the development of nucleic material condensation [125]. Similar behavior is
seen in single osteoblasts after exposure to pyrethroid and stained with Hoechst 33382 and
this is shown in figure 3.15(f).

3.34.7. Effect of EDTA on Neurons

EDTA, a chelator of Zn and calcium (a modulator of AbetaP-mediated toxicity) in-
duced a reversible change in the Zn-mediated aggregation. Thus based on previous research
the effect of physiologically relevant amounts of EDTA causes the depolarization of the



90 MIHRIMAH OZKAN ET AL.

(A)
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FIGURE 3.15(A). Physiological effect of pyrethroid at 280 ppb on individual neurons. The cells are stained with
fluo-3 for visualizing free calcium ion transients. A uniform permeation of the fluo-3 stain is observed within
the cytoplasm of individual cells this establishes the onset of apoptosis. This behavior correlates to the in-vitro
behavior of large cell populations after exposure to organophosphates.

(B)

FIGURE 3.15(B). Three dimensional vector representation of the fluorescence intensity. The circled areas rep-
resent the high intensity peaks. The high intensity peaks are distributed throughout the cytoplasm of the cell
indicating the uniform distribution of free calcium ions throughout the cytoplasm that is associated with the onset
of apoptosis due to the effect of pyrethroid.
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FIGURE 3.15(C). Single neurons stained with Hoechst 33382 stain after being exposed to pyrethriod at 280 ppb
concentration for a period of one sensing cycle. The circled areas indicate the regions of nuclear condensation in
keeping with the previous results obtained from in-vitro studies with exposure to physiologically relevant amounts
of organophosphates.

membrane due to calcium emission. This results in excitotoxicity that eventually results in
cell death [100]. The patterned neurons are exposed to 180 ppm concentration of EDTA
over a period of one sensing cycle. The cells are then fixed and stained with fluo-3. This is
a calcium indicator and binds to the free calcium ions generated throughout the cytoplasm
due to the action of EDTA. Figure 3.16(a) is the confocal optical micrograph of patterned
neurons stained with fluo-3. Figure 3.16(b) is the three dimensional vector representation
of the fluorescence intensity. The z axis gives the intensity of fluorescence. The peaks
indicate the location of the accumulation of free calcium ions. Previous research shows that
nuclear spreads obtained from neurons of zebrafish indicate the formation of condensed
chromatin due to apoptosis caused by the exposure to EDTA [14] Figure 3.16(c) is the
confocal micrograph of neurons that show condensed chromation due to apoptosis caused
by exposure to 180 ppm EDTA.

3.34.8. Effect of EDTA on Osteoblasts

Previous in-vivo research indicated that timed immersion in buffered EDTA selectively
altered the mineral content at each level in the cortical bone structural hierarchy. This affected
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FIGURE 3.15(D). Physiological effect of pyrethroid at 890 ppb on osteoblasts. The cells are stained with PBFI
stain for visualizing free potassium ion transients. The confocal optical micrograph that shows the presence of
potassium bundles after exposure to PBFI stain. This behavior correlates to the in-vitro behavior of large cell
populations after exposure to organophosphates.

FIGURE 3.15(E). Three dimensional vector representation of the fluorescence intensity. The circled areas repre-
sent the high intensity peaks. The high intensity peaks are distributed uniformly near the cell membrane. These
areas correspond to the areas of localization of the free potassium ions released due to the exposure to pyrethroid.
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FIGURE 3.15(F). Single osteoblasts stained with Hoechst 33382 stain after being exposed to pyrethroid at 890
ppb concentration for a period of one sensing cycle. The circled areas indicate the regions where the nucleic matter
has condensed due to apoptosis. This behavior correlates to the in-vivo apoptotic behavior in osteoblasts after
exposure to organophosphates at physiologically relevant concentrations.

the mechanical behavior of the bone. The bone samples became less brittle as the time of
exposure to EDTA increased [8]. This translates into intracellular calcium emission after
exposure to EDTA. His can be imaged by using fluo-3. This is a calcium indicator that binds
to the generated free calcium ions. Figure 3.16(d) is the confocal optical micrograph that
shows the calcium transients due to cell exposure to EDTA at 280 ppb for a period of one
sensing cycle. Figure 3.16(e) is the three dimensional vector transformation of the confocal
optical micrograph. The z axis gives the intensity levels. The fluorescence intensity peaks
correspond to the locations of accumulation of calcium ions. EDTA also results in the DNA
ladder formation. This occurs due to the clumping of the nucleic matter that happens due
to the on-set of apoptosis [135]. Nucleic acid fragmentation is observed in the patterned
osteoblasts exposed to 280 ppm concentration EDTA and stained with Hoechst 33382.
Figure 3.16(f) is the confocal optical micrograph indicating this behavior.

3.35. DISCUSSION AND CONCLUSIONS

The past decade has seen great advancements in the field of bioanalysis along many
fronts. Among the most rapidly advancing of these fronts is the area of biosensing, whether
it is single analyte detection methods or multiarray-based biochip technology. The 1990s
have seen the development of biosensors for many different analyses, and even seen
them begin to advance to clinical and in some cases commercially available technologies
[78, 97].

This great interest in the field of biosensors and biochips has revealed a great deal of
information about the biology of all living things and may eventually provide an easy method
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FIGURE 3.16(A). Physiological effect of EDTA at 180 ppm on individual neurons. The cells are stained with
fluo-3 for visualizing free calcium ion transients. The calcium transients are localized in areas near the nucleus.

(B)

FIGURE 3.16(B). Three dimensional vector representation of the fluorescence intensity. The circled area repre-
sents the high intensity peaks. The high intensity peaks are distributed uniformly near the nucleus. These areas
correspond to the areas of localization of the free calcium ions released due to the exposure to EDTA.
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FIGURE 3.16(C). Single neurons stained with Hoechst 33382 stain after being exposed to EDTA at 180 ppm
concentration for a period of one sensing cycle. The circled areas indicate the regions where the chromatin has
condensed due to apoptosis.

for people to one day test themselves for certain illnesses at home or aid in the understanding
of genetically transmitted illnesses. For practical medical diagnostic applications, there is
currently a strong need for a truly integrated biochip system that comprises probes, samplers,
detector as well as amplifier and logic circuitry. Such a system will be useful in physician’s
offices and could be used by relatively unskilled personnel.

Biochip technologies offer a unique combination of performance capabilities and an-
alytical features of merit not available in any other bioanalytical system currently avail-
able. With its multichannel capability, biochip technology allows simultaneous detection
of multiple biotargets. Biochip systems have great promise to offer several advantages in
size, performance, fabrication, analysis and production cost due to their integrated optical
sensing microchip. The small sizes of the probes (microliter to nanoliter) minimize sample
requirement and reduce reagent and waste requirement. Highly integrated systems lead to
a reduction in noise and an increase in signal due to the improved efficiency of sample
collection and the reduction of interfaces. The capability of large-scale production using
low-cost integrated circuit (IC) technology is an important advantage. The assembly pro-
cess of various components is made simple by integration of several elements on a single
chip. For medical applications, this cost advantage will allow the development of extremely
low cost, disposable biochips that can be used for in-home medical diagnostics of diseases
without the need of sending samples to a laboratory for analysis.

Bioreceptors are the key to specificity for biosensor technologies. They are responsible
for binding the analyte of interest to the sensor for the measurement. These bioreceptors can
take many forms and the different bioreceptors that have been used are as numerous as the
different analytes that have been monitored using biosensors. Current receptor technology
based on enzyme-substrate interactions, nucleic acid methods, antibody-antigen interac-
tions are highly specific. Broad spectrum detection of analytes is not possible using these
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5 µm

FIGURE 3.16(D). Physiological effect of EDTA at 280 ppm on osteoblasts. The cells are stained with fluo-3 for
visualizing free calcium ion transients. The circled areas in the confocal optical micrograph show the presence of
calcium bundles in the cytoplasm after exposure to fluo-3.

techniques. Moreover these methods are laboratory bound making them difficult to com-
partmentalize and commercialize other than for very specific applications as mentioned in
previous sections. Thus there is a need for a different genre of sensors that have the broad
based identification capability along with the associated advantages of biochip technology.
Cell based biosensors offer this dual capability.

Cell-based biosensors constitute a promising field that has numerous applications rang-
ing from pharmaceutical screening to environmental monitoring. Cells provide an array of
naturally evolved receptors and pathways that can respond to an analyte in a physiologically
relevant manner. Enzymes, receptors, channels, and other signaling proteins that may be
targets of an analyte are maintained and, as necessary, regenerated by the molecular ma-
chinery present in cells. The array of signaling systems characteristic of cell-based sensors
yields generic sensitivity that is a distinguishing feature in comparison to other molecular
biosensor approaches. In addition, cell-based sensors offer an advantage of constituting a
function-based assay that can yield insight into the physiologic action of an analyte of in-
terest. Three important issues that constitute barriers for the use of cell-based sensors have
been presented and discussed. There are certainly other areas that will require attention,
as cell-based sensors move from the laboratory environment; namely, cell delivery and/or
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FIGURE 3.16(E). Three dimensional vector representation of the fluorescence intensity. The circled areas repre-
sent the high intensity peaks. The high intensity peaks are distributed uniformly throughout the cytoplasm. These
areas correspond to the areas of localization of the free calcium ions released into the osteoblast’s cytoplasm due
to the exposure to EDTA.

(F)

1 µm

FIGURE 3.16(F). Single osteoblasts stained with Hoechst 33382 stain after being exposed to EDTA at 280 ppm
concentration for a period of one sensing cycle. The circled areas indicate the regions of fragmentation of the
nucleic acid. This behavior correlates with the results obtained from large cell populations after exposure to EDTA.
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preservation technologies. As further progress is made to address fundamental challenges,
cell-based biosensors and related cellular function based assays will undoubtedly become
increasingly important and useful. It is of popular belief that such function-based assays will
become an indispensable tool for monitoring in environmental, medical, and defense appli-
cations. Strategies relying on a single population of excitable cells appear most well suited
for measurements of acute and direct effects of receptor agonist/antagonists. Compounds
that fall within this category include ion channel modulators, metals, ligand–receptor block-
ers, and neurotransmitters. In fact, the detection of acute and direct effects of compounds
may be sufficient and relevant for certain operational situations, such as a battlefield envi-
ronment or the floor of an assembly plant, where cognitive function is absolutely critical.
The prospect of detecting all physiologically active analytes using a single cell or tissue type
is improbable. It is possible that particular analytes may undergo biotransformation, result-
ing in a secondary or tertiary compound of substantial physiologic effect. In spite of that
drawback single cell based sensors are highly reliable. This has been shown by the newly
developed single cell based sensing technique. This technique functions on the principle
of integrating a fundamental biological tool like dielectrophoresis to biochip technology.
Single cell arrays of the same biological state and differentiation can be developed using
this method. Simultaneous sensing can be achieved, which reduces false alarms. Unique
identification tags have been generated for identifying specific chemical analytes using this
technique. These are known as Signature Patterns. The greatest advantage of this technique
is its high sensitivity and speed of response. Chemical analytes of concentrations in the
order of parts per billion have been detected. To determine the veracity and reliability of
the sensor simultaneous fluorescence detection techniques have also been implemented at
the detection limit obtained from the single cell based sensor. The physiological behav-
ior corroborates the sensing. This establishes the viability of this technique for potential
commercial implementation.

Finally, the threat of biological weapons has become a major concern to both the civilian
and military populations [51]. All of the present biological warfare and environmental agent
rapid detection systems, in field use or under prototype development, rely on structural
recognition approaches to identify anticipated agents. Cell based sensor technology utilizing
biochip capability can be thought to be one potentially reliable solution.
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Dielectrophoresis is a technique for moving cells and other particles using radio-
frequency electric fields. The usefulness of this method depends on the ability to gen-
erate highly non-uniform electric fields using microelectrodes, and also on the intrinsic
dielectric properties of the cells and their surrounding medium. Selective cell isolation or
concentration can be achieved without the need for biochemical labels, dyes or other mark-
ers and tags, and the cells remain viable after this process. Changes in cell state, such as
those associated with activation, apoptosis, differentiation, necrosis, as well as responses to
chemical and physical agents for example, can be monitored by observing changes in dielec-
trophoretic behavior. The basic theories and experimental techniques of dielectrophoresis
are described in this chapter, and a summary is given of our present understanding of how
the dielectrophoretic behavior of cells relate to their physiological and physico-chemical
properties.

4.1. INTRODUCTION

Although dielectrophoresis (DEP) can be considered to be a mature subject (with pub-
lications extending back more than 50 years), it has until recently mainly been a topic of
interest for a relatively small number of engineers and biophysicists. There is now, how-
ever, a growing interest in exploiting the modes of interaction of electrokinetic forces with
biological particles (such as cells, bacteria, viruses, proteins and DNA) with the objective
of addressing key opportunities in medical diagnostics, drug discovery, cell therapeutics
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and biothreat defence. It has been demonstrated that DEP is capable of selectively isolating,
concentrating, or purifying target bioparticles when present in complex mixtures. Exam-
ples include the isolation of stem cells, cancer cells and bacteria from blood for therapy
or further analysis. DEP also lends itself readily to miniaturization and automation, either
as stand-alone microdevices or as the means for rapid and efficient sample collection and
preparation.

The purpose of this chapter is to provide, for interdisciplinary biomedical scientists, a
top level description of how dielectrophoresis (DEP) can be used to manipulate and char-
acterize cells and other bioparticles. The term manipulate signifies the selective separation,
fractionation, enrichment, concentration, assembly or positioning of cells. Although the
method may be used as part of a process to achieve genetic manipulation (e.g., positioning
cells prior to electrofusion or electroporation) DEP acting alone cannot perform this func-
tion. The term characterize refers to those physico-chemical or physiological properties
of bioparticles that have so far been found amenable to DEP investigation. An objec-
tive here is to outline our understanding of how the DEP properties of cells may relate
to their cellular states of function, viability and differentiation, or serve as a means of
phenotyping.

In line with the objective to give a top level description, a comprehensive review
of dielectroophoresis is not attempted here. The relevant methodologies and theories are
stripped down to bare essentials. Readers interested in further details can usefully refer to
monographs [41, 47, 59, 66, 79] and recent reviews [25, 42, 68, 69]. The methods used in the
microfabrication of devices are not described at all here, but many of the referenced papers
contain such details. Finally, as the term dielectrophoresis implies, we are dealing with cells
being carried as a result of their dielectric properties. There is an extensive literature on
the dielectric properties of cells and other biological materials (e.g., tissue, axons, bacteria,
DNA, proteins, amino acids) extending back to the early 1900’s. The quickest way into this
literature is through the monographs of Cole [14], Hasted [31], Grant et al [28], Pethig [66],
Takashima [96] and Grimnes & Martinsen [29].

4.2. DIELECTROPHORESIS

Dielectrophoresis (DEP) is defined [78, 79] as the translational motion of neutral matter
caused by polarization effects in a nonuniform electric field. This effect was observed by
the ancient Greeks (e.g., Thales of Miletus, 600 B.C.) in the action of ‘animated’ amber
attracting small particles. Polishing a piece of amber with cloth creates electric charges on
its surface, and the resulting electric field can in turn polarize nearby dielectric particles
into small electrets. These electrified particles (characterized by an induced electric dipole
moment) can then be attracted to regions of high electric field strength on the amber surface.
This is analogous to magnetophoresis, commonly observed as the attraction of iron filings
to a magnet.

The dielectrophoretic collection of particles at electrode edges is shown in figure 4.1(a).
An effect not possible by magnetophoretic manipulation of iron filings, namely their re-
pulsion from a magnet followed by concentration in an aqueous medium, is shown in
figure 4.1(b). The ability to attract or repel particles from electrodes is an important aspect
of DEP. The translational forces producing these effects arise from the interaction of the
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(a)

(b)

FIGURE 4.1. Top (a): Yeast cells collecting at electrode edges under the influence of positive dielectrophoresis.
Bottom (b): Yeast cells directed away from electrode edges, into a field cage, under the action of negative dielec-
trophoresis. The polynomial microelectrodes used here [33] are based on isomotive electrodes used to characterize
macroscopic objects [80].

particle’s dipole moment m (permanent or induced) with the nonuniform electric field. This
force is given by:

F = (m.∇)E (4.1)

where ∇ is the grad vector operator defining the gradient of the local electric field E (rms
or D.C. value). The dipole moment m induced in a particle, of volume v, is given by:

m = pvE (4.2)

where p is the effective polarizability (per unit volume) of the particle, generally referred
to as the Clausius-Mosotti factor (e.g., [17, 90]).
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From (4.1) and (4.2) we can write the translational (DEP) force as:

F = pv(E .∇)E = 1

2
pv∇ |E |2 (4.3)

This well known result in electrostatics (e.g., [1], p. 91) can be interpreted as the energy
which must be expended to withdraw the particle from the local field E into a region where
there is no field. Eqn. 4.3 provides several important facts, namely that the DEP force is
zero if the field is uniform (i.e., for ∇E = 0), and the force depends on:

� The polarizability of the particle
� The effective volume of the particle
� The square of the applied electric field magnitude
� The geometry of the electrodes producing the nonuniform field

The polarizability of a particle is a sensitive function of its physico-chemical properties
and structure. This means that particles can be selectively manipulated as a result of their
own intrinsic properties, without the need for biochemical labels, beads, dyes or other
markers and tags. The dependence on particle volume indicates that we are dealing with
a ponderomotive effect—with all other factors remaining constant the larger the object
the greater will be the DEP force acting on it. Indeed, for objects the size of a pebble or
pencil, the DEP force can be measured using a conventional weighing balance [60, 80]. The
term effective volume reminds us that the dominant polarizabilities of small particles (e.g.,
proteins, DNA, viruses) are often dominated by relaxations of their electrical double layers
whose total volume can be comparable to or greater than the particle. The dependence on
the square of the field emphasizes that the DEP force is independent of the polarity of
the applied field—dielectrophoresis can thus be observed using either A.C. or D.C. fields.
The range of frequencies that can be employed is large, extending from around 100 Hz or
less, up through radio wave frequencies and well into the microwave region (100 MHz and
above).

The strong dependence on electrode geometry arises because the factor (E .∇)E in
eqn. 4.3 has dimensions of Volt2/m3. This instructs us that the same DEP force can be pro-
duced using a smaller applied field if the electrode dimensions are scaled down accordingly.
For example, a hundred-times smaller field can produce the same effect if the electrodes are
scaled down one thousand-fold (e.g., ten-fold reduction in size in each dimension). This has
important implications for minimizing Joule heating effects when using DEP to characterize
and manipulate cells and other biological particles in aqueous media. This was the reason,
in our laboratory, to explore the use of microelectrode arrays fabricated by photolithography
[81] and then excimer laser micromachining [72]. As discussed by Pethig and Markx [69]
a value for the factor (E .∇)E of around 1013 V2/m3 is required to produce a significant
DEP force, and this can be achieved using microelectrodes with applied voltages of less
than 10V, corresponding to an applied field of less than 10 kV/m.

Care has been taken above to emphasize the expression ‘applied field’ rather than
‘applied voltage’. Electrode polarization effects commonly influence dielectric experiments,
and are manifested as voltage drops across electrical double layers that form at electrode-
solution interfaces. Electrode polarization therefore reduces the effective field in the bulk
solution, and along with it a reduction of the DEP force. Electroosmotic fluid flow is



CELL PHYSIOMETRY TOOLS BASED ON DIELECTROPHORESIS 107

also induced at the electrode-solution interface, and this can either impede or enhance
the desired DEP manipulation of particles. The electrode polarization impedance has a
frequency dependence of ω−β, where β = 0.7 ∼0.9 (e.g., [4]) and so its effect increases with
decreasing frequency. As a rough working rule, for solutions of conductivity 100 mS/m and
lower, electrode polarization effects become apparent at frequencies below around 10 kHz.
This can either be corrected by determining the magnitude of the electrode polarization (e.g.,
[9]) or the effect can be reduced by the well known method of applying platinum black to the
electrodes (e.g., [37]). Electroosmotic fluid flow effects become increasingly important as
the dimensional scale of a DEP device is reduced below the micron range (e.g., [8, 59, 82]).

4.3. DIELECTRIC POLARIZABILITY OF BIOPARTICLES

Some biological particles (e.g., proteins, peptides) possess permanent dipole moments,
whereas others (e.g., DNA, RNA) do not, but can have large dipoles induced in them as a
result of counter-ion displacement effects [69]. Other bioparticles (e.g., viruses, bacteria,
cells, yeast, parasites) are assumed to possess no permanent dipole moment, and the accepted
method of understanding their dielectric and dielectrophoretic behavior is to treat them as
particles having a multilayered (multi-shell) structure. Each concentric layer represents a
constituent component, such as a membrane, cell wall, cytoplasm, nucleus, vacuole, etc.
[45, 47, 67, 86, 95].

When cells are subjected to an electric field, charges are induced to appear at the inter-
faces defining their gross structure. The induced charge density can be calculated [67] as
typically some three decade orders of magnitude smaller than the uniformly distributed net
surface charge that exists (∼ −1µC. cm−2) on the surface of cells and micro-organisms. The
important fact is that the induced charge is not uniformly distributed about the cell surface,
but is distributed so as to form an effective dipole moment. An alternative approach is to
quantify this effect in terms of the electromagnetic momentum balance via the Maxwell
stress tensor ([1], pp. 104–108; [87]). The effective dipole moment approach leads to the
same phenomenological results and is more ‘user friendly’. Jones [47] provides an excel-
lent treatment of the effective dipole moment method for understanding DEP and related
phenomena.

4.4. DYNAMICS OF INTERFACIAL POLARIZATION

One of the important factors controlling the frequency-dependent behavior of DEP is
related to the dynamics of the interfacial charging effect. This effect is known as Maxwell-
Wagner interfacial polarization, formulated by Maxwell [56] and Wagner [100]. The induced
charge is generated with a characteristic relaxation time τ given by:

τ = εp + 2εm

σp + 2σm
εo (4.4)

where εo is the permittivity of free space, and εm and σm are the relative permittivity
and conductivity of the suspending medium, respectively. The parameters εp and σp are the
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effective relative permittivity and conductivity of the particle, respectively. The term effective
is used to signify that a heterogeneous (multi-shell) particle may be replaced conceptually
with one having homogeneous smeared-out bulk properties, such that substitution of one
particle with the other would not alter the electric field in the surrounding medium. For red
blood cells, suspended in an aqueous electrolyte, eqn. 4.4 yields values for τ of about 0.1
µs, signifying the presence of a dielectric dispersion centered at a frequency (2πτ)−1 of
about 2 MHz.

Various formulations of the polarization dynamics are given in the literature, and one
that leads to simple insights into frequency-dependent behavior gives the following expres-
sion for the interfacial (Maxwell-Wagner) polarizability p(mw) of a spherical particle [44]:

p(mw) = εoεm

[
ω2τ 2

1 + ω2τ 2

(
εp − εm

εp + 2εm

)
+ 1

1 + ω2τ 2

(
σp − σm

σp + 2σm

)]
(4.5)

where ω is the radian frequency (2πf) of the applied field. For low values of the frequency
(ωτ � 1) eqn. 4.5 reduces to:

p(mw) ≈ εoεm

(
σp − σm

σp + 2σm

)
(4.6)

and at high frequencies (ωτ � 1) we have:

p(mw) ≈ εoεm

(
εp − εm

εp + 2εm

)
(4.7)

The low frequency DEP force arising from interfacial polarization thus depends on the
conductive properties of the particle and suspending medium, whilst at high frequencies
the permittivity values are important. At intermediate frequencies, both the conductive and
dielectric properties of the medium and particle dictate the magnitude and polarity of the
DEP force. The low frequency polarization stabilizes when continuity of electric current
densities are established across the various interfaces that define the particle structure and
its immediate environment. This involves the movement of free ions around and through
the particle, and thus the particle size and its effective surface area are important factors. At
a high frequency, which in the time-domain corresponds to the initial dielectric response of
the particle to an imposed electric field, the system strives to attain continuity of so-called
displacement flux densities. This involves perturbations of bound charges at the molecular
scale, and so is not controlled by the physical size of the particle. It is important to remember
that other polarizations (e.g., double layer relaxations, considered in the next section) can
contribute significantly to the low frequency DEP response of particles. Eqn. 4.5 does not
encompass such additional polarizations.

If the polarizability factor p(mw) is positive (i.e., the particle is more polarizable than
the surrounding medium) then the DEP force is positive and the particle is directed towards
high field regions at electrode edges (For the range of frequencies and electrode dimensions
commonly used in DEP applications, the field maxima are always located at electrode
surfaces). If p(mw) has a negative value, the DEP force is negative and the particle is
directed towards field minima away from the electrode edges. These two effects are shown in
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Figure 4.1. The concept shown in this figure, of directing and assembling colloidal particles
into field cages under the action of negative DEP, has been significantly extended using
3-D electrode arrays [19, 21, 61, 88]. The continuous separation of particle mixtures can be
achieved using synchronized pulses of fluid flow and electrode energization to selectively
move particles into and out of positive and negative DEP traps [71] or using DEP combined
with field flow fractionation [7, 37, 84] or electrokinesis [15]. Extruded quadrupolar traps
[99], ‘zipper electrodes’ [32], high-density electrode arrays [16] and cell manipulation on
a CMOS chip [51] have been described.

In DEP studies of mammalian cells (e.g., blood cells, cancer cells, stem cells) the
suspending medium commonly takes the form of a low conductivity (10∼180 mS/m) elec-
trolyte containing sufficient concentrations of sugars (e.g., mannitol, sucrose, dextrose) to
raise the osmolarity to the normal physiological level of around 280 mOs/kg. For viable
cells the plasma membrane acts as an electrical insulator to passive ion conduction, and
thus for frequencies below about 25 kHz the cell will appear as an insulating object sus-
pended in a conducting medium. This corresponds to the situation σp < σm, so that the
polarizability p(mw) given by eqn. 4.6 will be negative and viable cells will exhibit nega-
tive DEP at the lower frequencies. Physiological electrolytes typically have a conductivity
and relative permittivity of the order 1.4 S/m and 79, respectively. For frequencies below
around 1 MHz, the relative permittivity of the cytoplasm will be greater than 79 because of
the presence of solvated polar molecules (proteins, peptides, amino-acids) and interfacial
polarizations of membrane surfaces (e.g., endoplasmic reticulum, nucleus, mitochondria).
We therefore commonly have the condition εp > εm, so that p(mw) given by eqn. 4.7 will
be positive and the cells will exhibit positive DEP at frequencies above around 100 kHz.
Positive DEP is enhanced by the fact that for frequencies above 100 kHz the electrical
field penetrates into the cytoplasm. Electronic engineers will recognize this as capacitive
coupling between the suspending medium and cytoplasm, where the effective capacitance
of the plasma membrane shorts out the membrane resistance. The effective conductivity of
the cytoplasm will be less than that (∼1.4 S/m) of a pure physiological strength electrolyte
because of the presence of insulating bodies and structures (e.g., protein cytoskeleton, lipid
membranes). Values for σp in the range 0.1∼0.5 S/m are commonly deduced for viable cells
above 100 kHz, so that depending on the choice of suspending medium conductivity we
can achieve the condition σp > σm. From this we deduce that a transition from negative to
positive DEP may occur as the frequency is increased above 10 kHz. The frequency value,
commonly referred to as the DEP cross-over frequency fxo, of such a transition occurs when
p(mw) is zero. From eqn. 4.5 this frequency is given by:

fxo = 1

2πεo

√
(σm − σp)(σp + 2σm)

(εp − εm)(εp + 2εm)
(4.8)

The same result was derived by Jones & Kallio [46], using phasor notation to describe
the induced dipole moment, in their investigation of the cut-off frequency for DEP levitation
of particles. For viable cells with intact membranes of high electrical resistance the value
for fxo is given to a good approximation by:

fxo =
√

2

2πrCmem
σm (4.9)
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where r is the cell radius and Cmem is the membrane capacitance [74]. This dependence on the
cell radius r and medium conductivity σm reflects the fact that the interfacial polarization
at the lower frequencies is controlled by the movement of free ions around and through
the particle. The concept of a membrane capacitance Cmem is introduced to account for
the build-up of charge at the outer and inner membrane surfaces. We can think of the
membrane as a very thin dielectric material separating two conducting mediums—namely
the suspending electrolyte and the cytoplasm. This is somewhat similar to a conventional
electrical capacitor formed by a dielectric held between two metal plates. The way in which
the induced charges distribute themselves on the outer and inner membrane surfaces defines
the magnitude and polarity of the resultant induced dipole moment m given in equations (4.1)
and (4.2), and hence also the dielectrophoretic response of the cell. As for the case of a
conventional electrical capacitor, where the magnitude of the induced charge is proportional
to the electrode surface area, the effective surface area of the membrane will influence the
value of Cmem in equation (4.9). The presence of microvilli or membrane folds will therefore
influence the value of Cmem .

The situation for frequencies either side of fxo is shown in figure 4.2. At low frequencies
(f < fxo) a mammalian cell with an intact, viable, plasma membrane will appear as an
electrically insulating particle. The imposed electric field, and resulting ionic conduction
flow, will skirt around the cell membrane and seek more conductive paths in the surrounding

FIGURE 4.2. Top: At low frequencies a mammalian cell with an intact, viable, plasma membrane appears as
an electrically insulating particle. The applied electric field, and resulting ionic currents, skirt around the cell
membrane to seek more conductive paths in the surrounding electrolyte. Induced charges will appear at the
membrane-electrolyte interface to produce a dipole moment opposing the applied field. The cell will exhibit
negative DEP. Bottom: At high frequencies the cell appears as a more polarizable volume than the surrounding
electrolyte, the field will penetrate the cell interior, and the induced dipole moment will be oriented in the same
sense as the field. The cell will exhibit positive DEP.
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electrolyte. Induced charges will appear at the cell surface to produce a dipole moment m
opposing the applied field. The cell will exhibit negative DEP. At high frequencies (f > fxo)
the field will penetrate the cell interior and the cell will appear to be more polarizable than
the surrounding electrolyte. The induced dipole moment will be oriented in the same sense
as the field, and the cell will exhibit positive DEP.

At the cross-over frequency fxo the induced dipole moment is zero—in other words
the cell appears to be transparent to the applied field and no charges are induced on or
within the cell. A very small change in either the cell state or physico-chemical properties
of its membrane can result in a measurable change of fxo (e.g., [24]). (A dramatic change
will occur if the membrane becomes degraded and no longer acts as an insulting barrier to
passive ion flow. Ions will leak out of the cell and the condition σp > σm will no longer hold
at high frequencies). A PhysioNetics instrument has been developed [74, 77] to measure
such changes for individual cells in a cell suspension. This information can be used to refine
protocols for separating different cell types from each other, or to monitor the effects of
chemical agents added to a cell culture, for example. An early example of how knowledge of
the fxo values for different cell types can lead to their separation by DEP was demonstrated
by Gascoyne et al [23] for mixtures of erythrocytes and erythroleukeia cells. More recently,
Huang et al [40] have demonstrated that DEP separation significantly improves the accuracy
of gene expression profiling by purifying out cells of interest in a complex cell population.
Basically, by performing DEP at a frequency between the fxo values of two cell types, one
type will be repelled from the electrodes by negative DEP and the other type trapped at
the electrodes by positive DEP. Examples of this are shown in figures 4.3–4.5. Particles

FIGURE 4.3. Bacteria (Micrococcus lysodeikticus) separated from blood cells by dielectrophoresis. The bacteria
collect by positive DEP at the electrode, whilst erythrocytes are repelled under the action of negative DEP
(unpublished work, related to Wang et al [104]).
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FIGURE 4.4. DEP separation of viable and non-viable yeast cells using interdigitated, castellated, electrodes. The
viable cells collect at the electrode edges, whilst the non-viable cells collect in triangular aggregations between
the electrodes and also along the central axes of the electrodes [53].

can be moved or assembled in electrode arrays by sequentially or concurrently applying
one or more frequencies to vary the polarity and magnitude of the DEP force [70], and
an example of how this can be used to manipulate a cell on a matrix array is shown in
figure 4.6.

FIGURE 4.5. Separation of a mixture of Gram positive and Gram negative bacteria (B. subtilis and E. coli, respec-
tively). Under the same experimental conditions, Gram positive bacteria usually exhibit the higher polarizability
and can be trapped at the electrodes by positive DEP. Gram negative bacteria are forced away from the electrodes
by negative DEP. (unpublished work, related to Markx et al [54]).
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FIGURE 4.6. DEP manipulation of a single protoplast on a grid of transparent indium tin oxide (ITO) electrodes.
The electrodes have been artificially darkened in these pictures [92].

4.5. SURFACE CHARGE EFFECTS

Bioparticles generally carry a net negative charge at physiological pH associated with
the presence of charged polymers and acidic groups on their surfaces. This fixed charge
can influence the DEP behavior through electrophoresis, and counter-ion relaxations in the
double layer that forms around all charged particles when they are suspended in aqueous
media. Counter-ion relaxation processes involve both ionic diffusion and ionic conduction
around the particle surfaces. Valuable insights into the nature of dielectric relaxations as-
sociated with double layers and surface conductivity were obtained from electrorotation
measurements of latex beads [2], and a comprehensive review of such effects is given by
Lyklema [50]. (The electrode polarization effect described earlier represents an example
of double layer polarization.) These processes should manifest themselves as additional
polarizability terms to be added to eqn. 4.5, and thus contribute to the overall frequency-
dependent DEP behavior of a particle. In fact, polarizations associated with surface charge
effects can dominate over that given by eqn. 4.5, producing a so-called anomalous positive
DEP effect [25, 64, 65]. The term anomalous is probably unfortunate, as it implies that
the laws of physical chemistry are not being obeyed. Rather, it reflects more our incomplete
knowledge of how electrical double-layer and surface conduction effects contribute to the
total DEP polarizability of a particle.

A simple and rapid way to monitor the DEP response is shown in figure 4.7. In this
method, small changes are measured of the intensity of the light transmitted through a
suspension of particles held between two electrode arrays. The light output increases when
particles collect at the electrodes by positive DEP, but decreases when negative DEP pushes
the particles into a dense band in the centre of the chamber [9, 97]. Close inspection
of the signal shown in figure 4.7, for the case of a 1 Hz signal applied to a suspension of
bacteria (M. lysodeikticus), reveals an oscillatory pattern superimposed onto the absorbance
decay. This oscillation represents electrophoretic motion of the bacteria, an effect which
becomes insignificant (in this type of measurement at least) above 10 Hz. A simple analysis
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FIGURE 4.7. A simple method for monitoring the DEP behavior of cell suspensions involves measuring changes
in the intensity of a light beam passing through the DEP chamber. The light input decreases if cells are attracted
to the electrodes by positive DEP, and the rate of change of absorbance is proportional to the DEP force. The
absorbance trace shown here was made after application of a 1 Hz voltage signal to the electrode array, and exhibits
oscillations associated with electrophoresis effects [9].

demonstrated that this low-frequency electrophoretic response enhanced the DEP effect by
driving the bacteria nearer to the electrodes [9].

The DEP frequency response for Micrococcus lysodeikticus is shown in figure 4.8
alongside the dielectric spectrum for these bacteria [16]. The regions marked α and β

follow the conventional assignments of dielectric dispersions observed for biological ma-
terials [89]. The α-dispersion arises from ionic relaxations in electrical double-layers, and
membrane ionic conduction effects. The β-dispersion is the Maxwell-Wagner interfacial
polarization described by eqn. 4.5. It is of relevance to DEP studies to note the large mag-
nitude of the α-dispersion, and that it is sensitive to metabolic state—often disappearing
ahead of the β-dispersion on cell death [89]. It is also important to note, from figure 4.8,
that the intact cell wall of a bacteria contributes significantly to its low frequency dielectric
response. This strong dependence on the presence of an intact cell wall was also observed
in DEP measurements [44]. Gram positive and Gram negative bacteria have differences
in the structures of their outer cell walls and membranes, and this is reflected in their dif-
ferent DEP behavior [39, 53]. For example, Gram-positive bacteria synthesize a uniform
peptidoglycan-structured cell wall, whilst Gram-negative cells have a more complicated
wall structure which includes lipids and proteins forming an outer membrane covering a
layer of peptidoglycan. The cell walls of Gram-positive bacteria are also characterized by
the incorporation of covalently bound teichoic acid, teichuronic acid and proteins, forming
open networks with high charge densities comparable with ion-exchange materials. The
presence of such charged groups and the absence of an outer lipid membrane leads to the
tendency of Gram positive bacteria to exhibit higher polarizabilities than Gram negative
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FIGURE 4.8. The DEP response (top) of a suspension of Micrococcus lysodeikticus [9] exhibits two regions
of behavior reflected (bottom) in the dielectric properties [16]. The α-dispersion, arising from relaxation of the
electrical double-layer and ionic conduction in the cell wall, builds onto the β-dispersion arising from interfa-
cial polarizations. Removal of the cell wall significantly reduces the α-dispersion. The decade frequency shift
between these two sets of results reflects differences in the ionic strength and osmolarity of the suspending
media.

ones, and to their ready discrimination by DEP (e.g., figure 4.5). The cell walls of yeast
cells consist mainly of uncharged polysaccharides, and this leads to their having a lower
polarizability than bacteria [53].

We have noted above that the magnitude of the α-dispersion is sensitive to the metabolic
state of the cell, and during the process of cell death disappears before the β-dispersion.
We can expect similar behavior for bacteria. Apart from the degradation of charged groups,
the loss of the membrane’s ability to act as a barrier to passive ion flow will also influ-
ence the DEP behavior of a non-viable organism. DEP experiments are often performed
in low conductivity media, and so impairment of the membrane can lead to a signifi-
cant decrease in cytoplasmic conductivity as ions leak out of the cell. This process, rather
than surface charge degradation, appears to be relevant to the fact that yeast and bacteria
can be separated by DEP into viable and non-viable fractions (e.g., [48, 54, 93]). Selec-
tive separation and detection of bacteria by DEP can be enhanced using antigen-antibody
reactions [94].
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Mammalian cells do not possess a cell wall, so the α-dispersion should mainly arise
from surface conduction effects and relaxations of the electrical double layer associated
with fixed charges on their plasma membranes. This is supported by the finding that the
low frequency DEP response for erythrocytes and erythroleukemia cells is reduced follow-
ing neuraminidase-treatment to reduce cell membrane charge by 50∼60% [10, 24]. Most
mammalian cells have electrophoretic mobilities between 0.7 and 1.40 × 10−4 cm2/Vs [4].
Following standard theory [27] these mobility values can be calculated to represent mem-
brane surface charge densities ranging from −0.65 to −1.35 µC/cm2 for a suspending
medium of ionic strength 180 mM at 20◦C. Cell surface charge appears to be regulated by
cytokines which are predominantly produced during cell activation or differentiation [5].
From the studies of neuraminidase-treated cells, it would seem possible that such regulations
of surface charge are amenable to DEP investigation. Complications may arise from the
fact that, although the distribution of the negative charges associated with acidic groups on
mammalian cell surfaces is fairly uniform, the positive charges arising from basic groups in-
creases with increasing inward distance from the membrane-medium boundary [62]. How
such a complicated surface charge arrangement influences double layer relaxations and
surface conductance effects is as yet not fully understood.

DNA does not possess an intrinsic dipole moment, but it exhibits a large polarizability,
assumed to be associated with field-induced fluctuations and mobility of counterions along
the molecule’s axis [66, 92]. Recent dielectric measurements have supported and refined
this picture (e.g., [3, 85]). Washizu et al [108, 109] were the first to demonstrate that DNA
(and proteins) can be manipulated by DEP, and in doing so opened up DEP studies of
sub-micron particles. To date, DEP studies have been performed on enveloped and non-
enveloped viruses, proteins, DNA and nano-beads. Electrical double-layer polarizations
associated with surface charges dominate the DEP behavior of such particles. An excellent
review of such work on nanoparticles, including their own important contributions, is given
by Morgan and Green [59].

4.6. OTHER PHYSIOMETRIC EFFECTS

From considerations of the relevant dielectric and DEP studies, we can deduce that the
most important cell parameters influencing the DEP behaviour of cells include:

� The viability of the cell (e.g., chemical and physical integrity of its plasma membrane)
� The size and shape of the cell
� The surface morphology of the cell plasma membrane
� The ratio of lipid to other molecular components in the cell membrane
� The internal composition of the cell (e.g., volume of nucleus, endoplasmic reticulum)

These various physiometric properties that contribute to the DEP spectrum for a typical
mammalian cell (e.g., blood, cancer, stem cells) are summarized in figure 4.9. Different
structural, physico-chemical and cell state-related properties are probed as the applied
frequency is swept over a range from around 100 Hz to 500 MHz. Apart from the nature
of its heterogeneous structure and surface charge properties, the gross size and shape of a
cell, its fine membrane surface features, membrane composition and extent of cytoskeleton
development, are important factors influencing DEP behavior at frequencies below around
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FIGURE 4.9. A typical DEP characteristic is shown for a mammalian cell, together with the main controlling
physiometric parameters. The details of a DEP spectrum vary according to cell type and cell state, and with
the dielectric properties of the suspending medium. The DEP cross-over frequency fxo (given by eqn. 4.8) is an
important parameter for phenotyping and formulating protocols for cell separations.

10 MHz. The relative permittivity of bulk water is around 79 for frequencies below 1 GHz. It
is therefore interesting to note that values from 88 to 99 have been derived for the effective
permittivity of the interior of erythroleukaemia cells [35] and from 104 to 154 for the
interior of blood cells [110] using electrorotation measurements. Because electrorotation
and DEP basically reflect the same dielectric properties of cells [47, 67] we can expect
the DEP behavior of cells above 10 MHz to be influenced by their internal dielectric
properties. Permittivity values of the order 150 can arise from the dielectric increment effect
of solvated proteins, peptides and amino-acids [28, 66]. As the frequency is increased, so-
called dielectric decrement effects will cause the permittivity to fall well below a value of
79. At the highest frequencies it is then possible to achieve the condition εp < εm so that
the cells exhibit negative DEP. The resulting transition from positive to negative DEP at a
high frequency is depicted in figure 4.9. The nucleus-cytoplasm volume ratio and the extent
of the endoplasmic reticulum will also influence matters. Due to experimental difficulties
associated with generating the required voltages, very few DEP measurements for cells have
been reported above 50 MHz. The usefulness of determining the DEP cross-over frequency
in the upper MHz frequencies, as opposed to the lower frequency fxo (given by eqns. 4.8
& 9) has therefore yet to be determined.

Cells at various stages of differentiation (e.g. stem cells, fetal cells) possess different
forms of protein cytoskeleton. This will produce differences in the mechanical resilience of a
cell, and the extent to which the membrane surface morphology (and hence DEP behavior)
will change as a result of changes in medium osmolality or exposure to physical forces
(e.g., [104]). Additional information can be obtained by changing the ionic strength, pH,
and chemical composition of the suspending medium. Such DEP phenotyping can then be
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used to formulate protocols for selectively detecting and isolating cells or other bioparticles,
for additional biochemical, physical or genetic analysis. Important examples include the
separation and purification from blood or other biological fluids of cancer cells, fetal cells,
stem cells, leukocyte subpopulations, cells in different stages of life cycle, bacteria and
viruses.

The DEP cross-over frequency fxo determined for mammalian cells, under normal
experimental conditions, commonly falls in the frequency range from around 50 kHz to 500
kHz. At these frequencies effects associated with surface charge and surface conduction
can usually be neglected. Also, polarizations associated with solvated polar molecules or
organelles in the cytoplasm will contribute to the total effective value of the permittivity
εp for the cell. In this way, eqn. 4.5 can be used for the total polarizability value, and for
a fixed value of the medium conductivity, fxo is determined by the effective capacitance of
the cell. This in turn is influenced by the topography of the cell membrane surface, such
as the extent of microvilli, bleb and membrane folds and ruffles [36, 38, 104]. Huang et al
[38] observed that the fxo values for resting T lymphocytes decreased following mitogenic
stimulation from their normally resting Go phase into the cell division cycle. The largest
increase in fxo, corresponding to a 77% increase in membrane capacitance (and a probable
comparable increase in membrane surface ‘roughness’), occurred as the cells progressed
from the G1 phase through the S phase. These results were mirrored in later studies by
Pethig et al [74] where the membrane capacitance values of T lymphocytes were found to
decrease following a decrease in S phase and an increase in G1 cells. Changes in membrane
capacitance and conductivity that occur with time after inducement of apoptosis have been
determined by monitoring the fxo values for HL-60 cells [107] and T lymphocytes [75, 77].
Similar studies have been reported for detecting cellular and intracellular responses to
toxicants [83]. These various studies provide examples of how DEP can be used to monitor
physiological changes, such as those that accompany transmembrane signaling events or
gene-directed self-destruction, for example.

4.7. TRAVELING WAVE DIELECTROPHORESIS

The methods described so far for selectively trapping and fractionating bioparticles
utilize the flow of a fluid through the DEP chamber. An excellent example of this is the
DEP field-flow fractionation technique described by Gascoyne and co-workers [7, 37].
There are advantages for some applications of DEP to have a stationary fluid rather than
a flowing fluid, and to selectively translocate particles using traveling electric fields rather
than stationary fields.

Masuda et al [55] applied a traveling electric field, produced using poly-phase voltages
and a parallel array of electrodes, to an aqueous suspension of blood cells. They found that
they could control both translational and circular motions of the cells. The optimal frequency
range for such motions was found to be 0.1–10 Hz. We can expect, from our discussion here
and the effect shown in figure 4.7, that at such low frequencies these induced cell motions
were largely electrophoretic in origin and dependent on cell size and electrical charge carried
by the cells. Hagedorn et al [30] later demonstrated that quadrature-phase electric fields
of frequency between 10 kHz and 30 MHz could produce linear motions of pollen and
cellulose particles, and they coined the term traveling-wave dielectrophoresis (TWD) for
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FIGURE 4.10. Frequency dependencies of the real, in-phase, component Re(p) and imaginary, out-of-phase,
component Im(p) of the polarizability parameter of eqn. 4.5 for a simple model of a cell (based on [101]).
Movement of a cell by conventional traveling wave dielectrophoresis (TWD) can occur only in those narrow
frequency ranges where Re(p) is negative (so that the cell is levitated) and where Im(p) is of sufficient magnitude
to produce a translational force on the cell [34].

this motion. TWD was found to be restricted to a frequency range where the particles were
levitated above the electrodes under the influence of a negative DEP force. This finding was
confirmed by Huang et al [34] who further deduced that the TWD velocity is proportional
to the imaginary (out-of-phase) component of the Clausius-Mosotti polarizability factor
p (eqn. 4.2), whilst the DEP force acting to either trap or levitate the particles above the
electrode ‘tracks’ is proportional to the real (in-phase) component of p. This situation is
shown in figure 4.10, from which it can be seen that TWD is restricted to narrow frequency
ranges where the real component Re(p) of the DEP force is negative and where the imaginary
component Im(p) is of sufficient magnitude to produce a translational force.

Theoretical models of TWD have been refined [43, 58, 105] and various practical
devices have been developed for manipulating, separating and characterizing blood cells,
cancer cells, yeast, and parasites [11, 12, 26, 57, 72, 98, 106]. By employing TWD it is
possible to selectively move cells or other bioparticles along a channel in a stationary fluid.
Selective movement arises from the intrinsic physico-chemical properties of the bioparticle,
so that in many cases tagging the target particle with a biochemical label, bead, dye or other
bioengineered marker is not required to achieve selective isolation of the target from other
particle types. TWD electrodes can be fabricated in the form of spirals [26, 106], long tracks
[57] and, as depicted in figure 4.11, junctions [71]. By applying different frequencies to each
‘arm’ of a TWD junction, particles can either be separated into separate paths, or brought
together to engage in controlled particle-particle interactions [73]. Dense concentrations of
cells, as well as single cells, can be manipulated and sorted by TWD [11]. Provided that
sufficiently long TWD electrode tracks are used, a mixture of different particles can be
fractionated into ‘bands’ with a high degree of separation [11, 57].

As shown in figure 4.10 ‘conventional’ TWD motion is restricted to narrow frequency
ranges. This restricts the ability to explore the full range of physiometric parameters shown in
figure 4.9. This limitation can be overcome by employing the method of Superposition-TWD
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FIGURE 4.11. A TWD junction, fabricated by laser ablation, for separating or bringing together different particles.
The electrode elements are 10 µm in width [70, 73].

[75]. If a DEP or second TWD signal is added to a primary TWD signal, the resulting elec-
trostatic potential at the electrodes will be a superposition of the separate voltage functions.
As shown in figure 4.12, the method of superposition of signals can be used to open up TWD
to the full range of frequencies available to conventional DEP measurements. Basically, the
Superposition-TWD method provides control of the levitation height of the cells above
the electrode plane, and thus also of the range of frequencies over which TWD can occur.
The direction of motion of cells of different phenotype or physiological state can also be
controlled. The separation of T lymphocytes according to their cell cycle stage, as well as of
the separation of mixtures of T lymphocytes and monocytes, has been demonstrated [75].

4.8. CONTROLLING POSSIBLE DEP-INDUCED DAMAGE TO CELLS

The possibility that, during the process of DEP separation or manipulation, cells may
be irreversibly damaged is an important issue to address. The fact that mammalian cells can
sometimes ‘burst’ when exposed to DEP forces is well known to workers in the field, and
is sometimes reported (e.g., [24]). In figure 4.12, the frequency range is identified where
T cells can, under certain conditions, either suffer irreversible damage or be physically
destroyed when exposed to a TWD field. Selective cell bursting may be a desired objective
as a means, for example, to release proteins or DNA from a target cell. In other applications,
as for example in the purification of stem cells prior to cell therapy, damage is not acceptable.

DEP-induced cell damage can arise from at least three main sources, namely: effects
associated with the cells being suspended in a non-physiological medium; stress induced
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FIGURE 4.12. 3-D plot of the frequency variation of the TWD velocity for T cells, as a function of the magnitude
of a superimposed ‘stationary’ DEP signal applied at a fixed frequency of 10 kHz. The superimposed DEP signal
opens up the TWD ‘window’ to give access to the full frequency range available in normal DEP measurements.
Cell velocity mirrors the Im(p) characteristic shown in figure 4.10, so that both co- and anti-field movement is
available to facilitate cell separations. In frequency region ‘A’ cells experience a positive DEP force and can suffer
damage from large shear forces when they are retained close to the electrodes. In the TWD regions, the cells are
levitated off the electrodes and do not suffer from such shear forces [77].

by the applied electric field; shear stresses associated with fluid flow. Workers in the field
are now competent in their choice of cell suspending media and levels of applied DEP
forces. Under gentle DEP conditions, cell viability can be maintained. For example, the
viability of erythrocytes separated from leukemia cells has been verified using trypan blue
dye [6], and CD34+ cells have been successfully cultured following their DEP enrichment
from bone marrow and peripheral stem cell harvests [91]. Fuhr et al [20] demonstrated
that fibroblasts can be successfully cultivated, without significant change in their viability,
motility, anchorage or cell-cycle time, when exposed continuously over a period of three
days to DEP fields. Although very small increases were observed in the stress-related gene
c-fos expression levels for glioma and neuroblastoma cells separated by DEP, subsequent
culturing experiments demonstrated that there were no effects on cell growth [41]. Bacteria
and yeast cells are protected by strong cell walls and can survive more severe DEP manipu-
lations than mammalian cells. The viability of DEP-separated yeast cells has been checked
by staining with methylene blue and plate counts [54], and DEP damage of bacteria has not
been reported in the literature (or observed in our laboratories). The highest reported fluid
flow rate for DEP cell separation appears to be 2.5 mL/min [52]. Because of the relatively
small dimensions of a typical DEP separation chamber, this flow rate is well within the
limits for laminar flow and corresponds to a shear stress exerted on the cells of around
0.3 N/m2. This is well below the shear stress of 150 N/m2 required to damage erythrocytes
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[49] or of 20 N/m2 for T cells [13]. Plant cells, because of their comparatively large size
and the presence of large vacuoles, are more sensitive to shear stress (either from fluid flow
or DEP forces) than mammalian cells [52].

It is well known that cell membranes can be disrupted by forced oscillation at frequen-
cies greater than around 10 kHz, and this is the basis for using high-power sonication to
disintegrate cells. Cell-destruction by DEP is primarily related to a field-induced break-
down of the physical integrity of the plasma membrane, as evidenced by the fact that the
internal structure of the cell appears (under phase-contrast microscopy) to remain intact for
some time and is even manipulable by DEP (e.g., [24]). Controlling the reversible electrical
breakdown of membranes is an essential tool used in electroporation and electrofusion of
cells (e.g., [63]). Electroporation (also called electropermeabilization) is typically achieved
by subjecting the cells to a voltage pulse, where the field can range from around 5 MV/m
for microsecond pulses, down to 0.1 MV/m for millisecond pulses, depending on the cell
type. To obtain a significant DEP force, the factor (E .∇)E in eqn. 4.3 should be of the order
1013 V2/m3, which corresponds to an applied field less than 10 kV/m [69]. The reason a
relatively weak DEP field can cause an electrical breakdown of the plasma membrane is
because the field is ‘amplified’ in the form of a potential induced across the membrane.
For a model, spherical, cell the frequency dependence of the field Em acting across the
membrane is given ([67], and references cited therein) by:

Em(ω) = 1.5(r/d)E cos θ

(1 + ω2τ 2)1/2
(4.10)

In eqn. 4.10 the factor r /d is the ratio of the cell radius r to the membrane thickness d, and
τ is the relaxation time given by eqn. 4.4. Values for the membrane thickness are variously
cited in the literature as being in the range 3–10 nm, so that the factor r /d can have a
value of the order 103 and greater. Eqn. 4.10 therefore predicts that at low frequencies
the field Em acting across a mammalian cell membrane can exceed the applied field E
by a factor of at least 103. Polarizations associated with the electrical double layer at the
membrane surface are not included in eqn. 4.10, and so we can expect even larger values
for Em at the lowest frequencies. The greatest field stress is created across the membrane
region that lies in a radial direction parallel with the field (θ = 0). At high frequencies
(ωτ � 1) the value for Em falls to low values. The estimated frequency dependence of the
membrane field Em for T cells (Jurkat E6-1: ATCC, TIB-152) is shown in figure 4.13 for a
range of values of (E .∇)E commonly obtained in DEP experiments using microelectrodes
and applied voltages up to 20 V r.m.s. Also shown in figure 4.13 is the DEP spectrum
for the T cells and the fxo value obtained with a medium conductivity of 40 mS/m [74],
together with the frequency-field ‘window’ within which cell bursting has been observed
(unpublished work). These results, together with observations for other cells (e.g., human
blood cells; Bristol-8 B lymphoblastoid cells [ECACC 85011436]; HL-60 promyelocytic
leukemia cells [ECACC 98070106]; and BeWo trophoblasts [ECACC 86082803]) suggest
that the onset of irreversible damage (and cell bursting) can be induced using moderate
to high values of a positive DEP force at frequencies where the field stress across the
membrane approaches a value of 108 V/m or higher. Cancer cells appear to be more fragile
than normal cells, and this is probably related to the fact they tend to have larger r/d
values and therefore higher values of induced field stress Em . Under standard experimental
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FIGURE 4.13. The frequency range where bursting (of more than 5% of total cell population) of T cells (Jurkat
E6-1) occurs is plotted against the estimated induced membrane field stress Em, derived using eqn. 4.10, for
various values of the parameter (E .∇)E of eqn. 4.3. Also shown is the DEP spectrum for the cells, the spread of
fxo values, and the characteristic frequency corresponding to (2πτ )−1. (Talery, Lee & Pethig, unpublished)

conditions, the Em values experienced by cancer cells can also be larger because of their
larger membrane capacitance values, associated with ‘rougher’ membrane surfaces than
normal cells, which lowers the frequency where positive DEP occurs. The situation is more
complicated for TWD experiments, because the bursting of a few cells can often be observed
[77] at frequencies where the so-called FUN effect occurs [34]. This is characterized by
unstable motions that can include cell rotation as well as rapid reversals of a cell’s direction
of TWD motion. Significant shear forces can be exerted on some types of cells during such
behavior, and this will contribute to the onset of field-induced cell destruction.

CONCLUDING COMMENTS

DEP is worthy of being considered a competitive alternative to the more conventional
methods of cell concentration and separation, such as centrifugation, filtration, fluorescence
activated cell sorting, or optical tweezers. Because DEP can operate directly on native,
unlabeled cells, it eliminates the expense, labor and time of labeling and tagging, as well as
the development and validation of such labels and tags. The same basic DEP method has
the (probably unique) capability of isolating and analyzing a wide range of particle types
(cells, bacteria, viruses, DNA and proteins) using one basic procedure.

After their selective isolation and recovery by DEP, cells remain viable for further
analysis, processing or cell therapy. Multiple parameters on individual live cells can be
determined and, if desired, specific cell types can be collected. Because it utilizes electronic
signals, the technology is capable of extensive automation, is inexpensive and portable. DEP
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can operate under sterile conditions. Although the ability to selectively isolate cells without
harming them is important for many perceived applications, there are also advantages to
be gained by being able to destroy selected target cells. DEP appears capable of achieving
this objective. Just as there are limitations in the use of electrofusion and electroporation
(mainly associated with the fact that not all cell types can be treated with the same ease,
and with irreproducibility between different laboratories) we can expect that efficient and
reproducible protocols for selective cell destruction by DEP will not be so easily achieved
as the DEP isolation of viable target cells. But it is a worthwhile challenge.
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Hitting the Spot: The Promise
of Protein Microarrays

Joanna S. Albala
Biology & Biotechnology Research Program, Lawrence Livermore National Laboratory,
7000 East Avenue, L-448, Livermore, CA 94550

5.1. INTRODUCTION

With the thrust of scientific endeavor moving from genomics to proteomics, the protein
array provides a powerful means by which to examine hundreds to thousands of proteins
in parallel. A result of the many genome projects has been the advance of automation
and robotic procedures to manipulate biomolecules using a high-throughput, systematic
approach. The promise of the protein microarray is the ability to interrogate a large number of
proteins simultaneously in a high-density format for disease diagnosis, prognosis or efficacy
of therapeutic regime as well as for biochemical analysis. Similar to a DNA microarray, each
spot on a protein array can be identified based on its addressability on the planar surface.

Protein microarrays can be generally classified into two categories: 1) protein profiling
arrays and 2) functional protein arrays. Protein profiling arrays typically are arrays of
antibodies used to compare two different cell types or disease states for novel biomarker
identification, protein abundance or alteration [1] whereas functional protein arrays are
usually comprised of recombinant proteins used to identify protein-protein, protein-DNA,
or protein-small molecule interactions or other biochemical activities [2] and for review
see [3–5]. Protein arrays have been designed to encompass the protein equivalent of whole
organisms [6] and have been used for cell and tissue-based analyses as well [7, 8].

The concept of proteomic analysis by protein array has been emerging from both aca-
demic and industrial laboratories worldwide with increasing success. The generation of new
technologies to manipulate the diversity of cellular proteins for protein array applications
is advancing the ability to work with this diverse population of biomolecules as well as
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furthering a greater understanding of many different organisms and disease states. This re-
view aims to provide a progress report of protein microarray advances to date and provides
an example for the use of protein microarrays to identify protein-protein interactions in
homologous recombination and DNA repair pathways.

5.2. GENERATION OF PROTEIN MICROARRAYS

There are many variables to consider in developing a protein array. These include
content, surface chemistry, array production, and detection. Each of these will be discussed
in turn below.

5.2.1. Content

Content has proven to be the greatest bottleneck for the generation of protein and
antibody arrays. Although large collections of cDNAs are available from the I.M.A.G.E.
cDNA Consortium at Lawrence Livermore National Laboratory [9], Mammalian Gene
Collection from the National Cancer Institute [10] and the FLEXgene collection at the
Harvard Institute of Proteomics [11], it is still a large undertaking to produce proteins in
high-throughput.

5.2.1.1. Proteins Most efforts have focused on generating recombinant protein using
E. coli for its high productivity and ease of use [12]. High-throughput protein production
using E. coli has been successful for proteins of several species from bacteria to man
[13–16]. The majority of these studies have focused on the production of a 96-well plate of
recombinant proteins and have applied both traditional as well as cell-free expression from
bacteria [17–19]. Furthermore, several studies have successfully applied these techniques for
the production of large numbers of proteins for high-density protein arrays [20]. Synder and
co-workers have identified several novel kinases and lipid-binding proteins by generating
a functional protein array encompassing nearly the entire proteome of Saccharomeyces
cerevisiae [6]. Most recently, potential autoimmune disease-associated biomarkers were
identified using a high-density array of 2400 human proteins devised by robotic spotting
of the recombinant proteins onto glass microscope slides pretreated with a polyacrylamide
coating [21].

5.2.1.2. Antibodies The successful generation of protein arrays for protein profiling
in a manner similar to that of a DNA microarray requires a different type of content for the
generation of the array, the capture agent. Most protein arrays for this purpose have employed
monoclonal antibodies due to their high specificity and affinity for the target from which
they were generated; however, polyclonal antibodies have also been used successfully [22].
The development of monoclonal or polyclonal antibodies is a laborious and costly process.
As a result, several other capture agents have been described for use in the development
of protein microarrays. Fab/scFv fragments from phage display libraries have been used
for protein profiling [23]. Phage-display libraries may allow for the production of a large
and diverse population of capture agents on a proteomic scale more rapidly than is possible
by immunization-based methods of antibody production [24]. In addition, in vitro-based
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methods of ribosome or mRNA display that physically links the capture agent to its cognate
mRNA have been used successfully for protein microarray applications [25]. Aptamer
arrays have also been demonstrated [26]. Aptamers are short stretches of DNA or RNA that
are generated from an in vitro process termed “SELEX” for systematic evolution of ligands
by exponential enrichment. It is possible to use this process to generate aptamers with
high binding affinities to specific ligands including proteins [27]. It is noteworthy that the
high-throughput production of capture agents relies on the successful generation of target
proteins resulting in both the generation of the antibody arrays as well as for validation of
the affinity, specificity, and cross-reactivity of each capture agent on the array.

5.2.2. Surface Chemistry

Protein arrays have been generated on PVDF [28], nitrocellulose [20], plastic [2] or
more commonly on glass microscope slides [29] which are compatible with standard robotic
arrayers and detection instrumentation used for printing and analyzing DNA microarrays.
The surface to which proteins are bound is key in the development of protein microarrays
and certain criteria must be considered. First, the surface needs to be advantageous for
protein binding; second, it must be amenable to high-throughput production and applica-
tion; third, low auto fluorescence of the surface is required as fluorescence is the most
common means of detection using protein microarrays; and finally, the surface must strive
to provide an environment suitable to maintain the native structure of the proteins or cap-
ture agents [30]. Several different surface coatings have been used for generating protein
microarrays including glass slides activated with aldehyde [29], poly-lysine [31] or a ho-
mofunctional crosslinker [32], agarose [33], polyacrylamide gel pads [34], hydrogel [35].
Two recent reports have compared the use of standard surface chemistry with a hydrogel
polyacrylamide support and found the hydrogel surface to have better sensitivity with lower
background, thus proving to be a superior surface from which to produce protein arrays
[30, 35]. Nitrocellulose-coated slides have also been employed for several protein array
applications [20, 36].

Efforts have been made to orient proteins on the array to facilitate protein-protein
interactions. For example, nickel-coated slides have been used for the generation of protein
arrays of recombinant his-tagged proteins [6]. Protein G-coated and strepavidin-coated
slides have been utilized to orient antibodies for the generation of antibody microarrays
[37, 38], as have microfabricated pillars [39] and repeated application of the target and
capture agent to the same address on the array to direct the application of the protein
content onto the array surface [22].

5.2.3. Microarray Production

Protein microarray production requires careful preparation of samples and slides prior
to printing, and attention to the humidity, temperature, and dust levels in the printing envi-
ronment [5]. The implementation of automated protein array production includes deposition
by pin-based or microdispensing liquid-handling robots [40], photolithography [41, 42], or
ink-jet printing technology [43]. Piezoelectric dispensing of proteins from borosilicate glass
capillaries is a common method of protein array production that deposits samples onto a
planar surface by non-contact printing. It has been demonstrated that addition of bovine
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serum albumin (BSA) to a low ionic strength buffer can effectively minimize nonspecific
protein adsorption to the glass capillaries, a common drawback of this approach [44].

Another new approach is affinity contact printing whereby different proteins are at-
tached to three-dimensional features on an array that can then capture other proteins from
a complex mixture. These 3D features can then be used to stamp the captured proteins onto
another surface for further analysis by mass spectrometry [45].

5.2.4. Detection

There are several methods for detection of protein interactions using an array format.
The most common rely on fluorescently-labeled antibodies or proteins applied to the array. A
typical protein profiling experiment will employ an ELISA-based sandwich approach where
antibodies are arrayed onto the slide, sample is applied, followed by addition of another
capture antibody which is either directly labeled with a fluorochrome (direct detection) or a
labeled secondary (indirect detection) is applied [46]. Alternatively, the sample material can
be directly labeled and compared to a control sample population that has been labeled with a
different fluorophore [1]. Other detection methods less commonly used include SPR (surface
plasmon resonance) or RCA (rolling circle amplification). SPR relies on changes in the angle
of reflection when a protein interaction occurs on the surface of a gold-coated chip or array
and the light caused by the binding of the probe to the immobilized protein is measured. An
advantage of SPR is the use of unlabeled probes; however, this method is less sensitive than
methods using fluorescence, chemiluminescence or radioactivity for detection (for review
see [5]). RCA employs a sandwich immunoassay in which the detection antibodies are linked
to DNA sequences that can be amplified and hybridized with complimentary fluorescently-
labeled oligonucleotides to detect the interaction between the antibody and its target [47].
Schweitzer et al. in a study of 51 cytokines from cultured dendritic cells demonstrated the
differential regulation of several cytokines at biologically relevant concentrations [48].

5.3. PROTEIN ARRAYS FOR ANALYSIS OF PROTEINS INVOLVED
IN RECOMBINATION & DNA REPAIR

5.3.1. Protein Expression Microarrays

We have developed protein expression microarrays for the production of recombinant
human proteins using a baculovirus-based approach in a 96-well format. Heterologous
protein production of mammalian proteins in E. coli often results in improperly modified,
misfolded or insoluble protein [12]. For these reasons, we have focused our efforts on het-
erologous production of human protein using the baculovirus expression system [49]. Our
process of protein production begins with the selection of cDNA clones from the I.M.A.G.E.
collection. We produce recombinant baculoviruses with a PCR-based strategy into a custom
transfer vector modified to contain an N-terminal histidine tag for purification of recombi-
nant proteins. Automation is employed to set up the molecular biological reactions needed
for PCR amplification, cleanup and cloning. A database has been developed to track the
process of protein production. All reactions are performed in a 96-well plate format for
miniaturization of the baculovirus paradigm. A 1.5 ml, 96-well insect cell culture system
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has been devised for the expression and purification of microgram amounts of protein that
is ideal for protein microarray applications.

We have employed our miniaturized protein production strategy for the generation of
protein fragments for mapping interactions among domains of critical DNA repair proteins
in the homologous recombinational repair pathway [50] as well as for the development of
protein interaction microarrays [51]. Rad51 is a central protein in the process of homologous
recombinational repair (for review see [52, 53]). Several human proteins with homology to
Rad51 have been identified. These proteins are known as the Rad51 paralogs and include
Rad51B, Rad51C, Rad51D, Xrcc2 and Xrcc3 [54–57]. Recent studies have shown that
the Rad51 paralogs exist in two complexes in vivo independent of Rad51, BCDX2 and
CX3 [58–61]. We were interested in identifying the binding sites between the different
Rad51 paralogs in the BCDX2 complex. To this end, we used computational modeling
against the Pyroccocus furious crystal structure [62], to direct the generation of deletion
mutants for the individual paralog proteins. Recombinant proteins for the deletion mutants
of each of the Rad51 paralog proteins were produced using our miniaturized baculoviral
expression system (i.e., protein expression microarrays). A western blot of the deletion
mutant series is shown in Figure 5.1. These include the deletion mutants for Rad51B,
1–75 and 76–350, Rad51C, 1–79, 79–376, and Rad51D, 4–77, 77–379, as well as several
point mutants of the Rad51B, Rad51C and Rad51D proteins. Using yeast two-hybrid and co-
immunoprecipitation techniques, we have demonstrated that a deletion construct of Rad51B
containing amino acids residues 1–75 interacts with the C-terminus of Rad51C amino acids
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FIGURE 5.1. Rad51 paralog proteins produced using a miniaturized protein expression system in baculovirus
(protein expression microarrays). Lane 1: Full-length Rad51B, Lanes 2–3: Deletion mutants of Rad51B, Lanes
4–7: Point mutants in the ATP binding site of Rad51B, Lane 8: Full-length Rad51C, Lanes 9–10: Deletion mutants
of Rad51C; Lanes 11–12: Point mutants in the ATP binding site of Rad51C, Lane 13: Full-length Rad51D,
Lanes 14–15: Deletion mutants of Rad51D, Lanes 16–18: Point mutants in the ATP binding site of Rad51D.
Blots were incubated with a monoclonal antibody to an N-terminal his-tag (Sigma) and proteins were visualized
using enhanced chemiluminescence (ECL, Amersham). Protein standards are shown representing molecular weight
in kilodaltons (kDa).
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residues 79–376, and this region of Rad51C also interacts with Rad51D and Xrcc3. We
have also determined that the N-terminal domain of Rad51D, amino acid residues 4–77,
binds to Xrcc2 while the C-terminal domain of Rad51D, amino acid residues 77–328, binds
Rad51C [50].

5.3.2. Protein Interaction Arrays

We have generated protein interaction microarrays to examine protein-protein and
protein-DNA interactions for the Rad51 paralogs. Protein microarrays were generated to
contain various DNA repair proteins, histones, nucleosomes, various antibodies and DNA.
We applied these various proteins, antibodies and DNA to functionalized glass slides and in-
terrogated the slides with Rad51B and Rad51C to identify novel protein-protein interactions
for proteins involved in DNA double-strand break repair.

Standard microarray spotting techniques were used to attach proteins to glass slides
in a microarray format to analyze protein-protein interactions. Proteins were resuspended
in spotting buffer and arrayed in duplicate on aminopropyl triethoxysilane and/or poly-
lysine-coated glass slides using a robotic arrayer. Approximately two hundred proteins were
spotted on the array. Scanning and analysis of the arrays were performed on a ScanArray
5000 (488 nm laser for FITC scans and 543 nm laser for rhodamine) using QuantArray
software. All information regarding the construction and use of the protein arrays can be
found at http://bbrp.llnl.gov/microarrays/external/index.html.

We have shown that the DNA repair protein RAD51B, and not its cognate partner
RAD51C, interacts with histones and not nucleosomes (see Figure 5.2). Several proteins

A. B.

FIGURE 5.2. Protein interaction microarrays show that Rad51B interacts with histones and not nucleosomes.
Protein arrays were generated to contain a variety of DNA repair proteins, histones, nucleosomes and antibodies.
Proteins were generated in a miniaturized baculoviral expression system or as GFP fusion proteins by cell-free
expression in E. coli. Panel A: Protein interaction microarray incubated without recombinant Rad51B. Panel B:
Protein interaction microarray incubated with recombinant Rad51B protein. The two red spots indicate an inter-
action between Rad51B and histones on the array. No interaction is observed between Rad51B and the adjacent
nucleosome proteins. Green spots are GFP fusion proteins. Red spots in the top row are rhodamine-labeled DNA
markers for addressability of spots on the array. Two hundred and forty-two spots were robotically arrayed and
only a fraction of these are shown.
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on this array incorporated GFP into the final fusion protein [63]. Unique RAD51B-histone
interactions were corroborated using Far Western analysis [51]. This is the first demonstra-
tion of an interaction between RAD51B and histone proteins that may be important for the
successful repair of DNA double-strand breaks.

5.4. SUMMARY: PROTEIN ARRAYS-HOPE OR HYPE?

Protein microarrays hold great promise for accelerating basic biology, biomarker iden-
tification and drug discovery. Recent strides have been made in the use of protein arrays
for diagnosis of autoimmune disorders [21, 31, 64, 65] as well as for cancer biomarker
identification [66]. Of particular note is the use of reverse arrays pioneered by Petricion
and Liotta where subpopulations of cells from a given tissue were obtained by use of laser
capture microdissection, cell lysates were made, and the lysates interrogated for biomarker
detection on arrays [67]. Another approach relies on the identification of panel of protein
biomarkers or signatures for diagnosis or prognosis of disease [68].

There is still much to be learned in the protein array arena, particularly in standard-
ization of array production and content for comparative analysis of results between labs.
Future work will aim to utilize protein microarrays to understand complex subproteomes
and the characterization of posttranslational modification of proteins. Although the work
ahead is challenging, the payoff for miniaturized, high-throughput analysis for personalized
medicine is enormous. Progress has been made, but the best may yet be to come.
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Microelectronic arrays utilizing electric field transport have been developed for DNA di-
agnostics (including infectious and genetic disease and cancer detection), for short tandem
repeat (STR) forensics analysis, and for gene expression applications. In addition to these
bioresearch and clinical diagnostic applications, such devices also have the potential to carry
out the assisted assembly of a wide variety of molecular scale, nanoscale and microscale
components into higher order structures. These microelectronic array devices are able to
produce defined electric fields on their surfaces that allow molecules and other entities with
high fidelity recognition properties to be transported to or from any site on the surface
of the array. Such devices can utilize either DC electric fields which cause movement of
entities by their relative charge, or AC electric fields which allow entities to be selectively
positioned by their dielectric properties. An almost unlimited variety of molecules and
nanocomponents can be utilized with these devices, including: DNA, DNA constructs with
fluorescent, photonic or electronic transfer properties, RNA, RNA constructs, amino acids,
peptides, proteins (antibodies, enzymes), nanoparticles (quantum dots, carbon nanotubes,
nanowires), cells and even micron scale semiconductor components. Thus, electric field
devices can be used for developing a unique highly parallel “Pick & Place” fabrication
process by which a variety of heterogeneous molecules, nanocomponents and micron sized
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objects with intrinsic self-assembly properties can be organized into higher order 2D and
3D structures and devices. The process represents a unique synergy of combining the best
aspects of a “top-down” process with a “bottom-up” process. Finally, integration of optical
tweezers for manipulation of live cells and microspheres in a similar microarray setup is
demonstrated for the applications of biological delivery and invasive manipulation of these
species.

6.1. INTRODUCTION

Nanotechnology and nanoscience encompass a wide range of new concepts, ideas and
potential applications for nanoelectronics, novel materials, more efficient energy conversion
processes, and a new generation of sensors and biomedical devices [1]. Generally, molecu-
lar or nanoelectronic devices are envisioned as the more revolutionary outcome of this new
field. Presently, there are a numerous examples of novel nanocomponents (organic electron
transfer molecules, quantum dots, carbon nanotubes, nanowires, etc.), and some examples
of a first level assembly of these nanocomponents into simple structures with some higher
order properties [2–4]. Nevertheless, the larger issue of developing viable nanofabrication
techniques that allow billions of molecular/nanoscale components to be assembled and in-
terconnected into useful logic/memory devices still remains a considerable challenge. The
one exception to this is the present silicon/CMOS fabrication technology which continues
to shrink semiconductor feature sizes down to the nanoscale level, although it does appear
that this photolithographic based “top-down” technique is being pressed to it’s limit. In
addition to the nanoelectronic applications, other new nanodevices and nanomaterials with
higher order photonic, mechanical, mechanistic, sensory, chemical, catalytic, and therapeu-
tic properties are also envisioned [1]. Again, a key problem in enabling such new devices
and materials will most likely be in developing viable highly parallel fabrication tech-
nologies for organizing and integrating heterogeneous components of different sizes and
compositions into higher level structures and devices.

Biology provides some of the best examples of nanotechnology in action, and bio-
logical self-assembly or self-organization might be considered the primer for developing
so-called “bottom-up” processes for nanofabrication. Our present knowledge of the molec-
ular biology of living systems demonstrates many unique molecular scale nanostructures
and mechanisms which include efficient electron transfer and photonic transfer systems,
energy conversion systems, high information content molecules (DNA and RNA), preci-
sion structural components (proteins, fatty acids, etc) and a wide variety of highly efficient
chemomechanical (catalytic) molecules called enzymes. By way of example, in the pho-
tosynthetic energy conversion systems of plants and algae, the chloroplasts contain solid
state antenna structures (50–100 nanometers) that are composed of hundreds of highly or-
ganized chromophore molecules and other nanostructures. These nanoscale antennas are
able to collect photonic energy and transfer it to other structures with very high quantum
efficiency. The process is quite different than the way a man-made device, such as charged
coupled device (CCD) would capture photons and convert them into electrical energy (Fig-
ure 6.1). To date, it has not been possible to design a biomimetic model of these solid state
antenna structures that retains any of the efficient properties of the biological systems. In
some sense, the problem with enabling this type nanotechnology is like trying to implement
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FIGURE 6.1. Comparison of one of nature’s photonic conversion devices, a plant chloroplast, with a man-made
charged coupled device (CCD). The chloroplast is a highly efficient structure which contains organized antenna
structures that capture light energy and transfer it via the Forster resonant energy transfer process to one single
molecule, which then converts the resonant energy into chemical energy. The CCD device also captures photons
and converts them to an electrical signal. The overall efficiency of the chloroplast energy conversion process is
much higher than for any man made device.

the microelectronics revolution with a basic understanding of semiconductor properties,
but without the photolithography fabrication process being available to carry out the inte-
gration of components into the higher order structures. Living systems on the other hand
have developed the ultimate “bottom-up” processes that allows component molecules and
nanostructures with intrinsic self-assembly properties to be synthesized, and then further
organized into more intricate three dimensional nanostructures, organelles, cells and final
organisms.

Of all the biological based molecules available with high recognition and self-assembly
properties, the nucleic acids represent one of the more promising materials which may be
useful for creating molecular electronic/photonic circuits, organized nanostructures, and
even integrated microelectronic and photonic devices [5–7]. The nucleic acids, deoxyri-
bonucleic acid (DNA) and ribonucleic acid (RNA) are programmable molecules which,
via their base sequence, have intrinsic molecular recognition and self-assembly properties.
Short DNA sequences, called oligonucleotides, are easily synthesized and readily modified
with a variety of functional groups. The ability to functionalize synthetic DNA molecules
with fluorescent chromophore and charge transfer groups provides a means to incorporate
electronic and photonic properties directly into these molecules. DNA can also be used to
functionalize larger molecules, nanostructures (quantum dots, gold nanoparticles, carbon
nanotubes, etc.) or even micron size components which then can self-assemble or be selec-
tively attached to surfaces, including glass, silicon or other semiconductor materials. DNA
molecules, in particular synthetic oligonucleotides represent an ideal type of “molecular
legos” for self-assembly of nanocomponents into more complex two and three dimensional
higher order structures. At a first level, DNA can be used for a kind of template directed
assembly on solid surfaces. This technique involves taking complementary DNA strands
and using them as a selective glue to bind other organic or inorganic structures together, or to
surfaces. DNA molecules contain base moieties, cytosine, guanine, adenine, and thymine
(C,G,A,T) which will only bind to each other in specific pairs: C with G, and A with
T. This base pairing property allows single strands of DNA to recognize each other, and
bind together to form double-stranded DNA structures. Consequently, a 5’-ATTTGC-3’
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FIGURE 6.2. Shows two examples of DNA imprinting and patterning on a silicon substrate material. On the left,
the logo was created by covering the silicon substrate with a DNA capture probe sequence, and then patterned
using a mask and UV light to inactivate the exposed DNA sequences. The substrate was then hybridized with a
fluorescent complementary DNA sequence, creating the fluorescent logo. The jet logo on the right was created
by covering a silicon substrate with a DNA capture probe sequence and then patterned using a mask and UV
light to inactivate the exposed DNA sequences. The substrate was then hybridized with fluorescent 200 nanometer
nanospheres to which complementary DNA sequences were attached.

strand will only bind strongly with its complement 5’-GCAAAT-3” strand. DNA strands
can be attached to surfaces (glass, silicon, gold, etc.) and then patterned by UV light ex-
posure through a mask. Complementary DNA strands can be derivatized with fluorescent
molecules or attached to nanostructures (quantum dots, fluorescent nanoparticles, metal-
lic particles). When the specific fluorescent DNA or DNA nanostructures are hybridized
to the complementary patterned DNA on a solid support, the patterned substrate material
shows the fluorescent image. This DNA assembly method is best suited for the organization
of small nanostructures on surfaces, but can be extended to structures in the micron size
range. Figure 6.2 shows an example of UV patterned DNA silicon substrate hybridized
with complementary fluorescent DNA sequences and with 200 nanometer fluorescent DNA
nanospheres.

Active microelectronic arrays have been developed for a number of applications in
bioresearch and DNA clinical diagnostics [8–17]. These active microelectronic devices
have the ability to create almost any electric field transport geometry on the array surface,
which then allows charged reagent and analyte molecules (DNA, RNA, proteins, enzymes),
nanostructures, cells and micron-scale structures to be moved to or from any of the mi-
croscopic test sites on the device surface. When specific DNA hybridization reactions are
carried out on the array, the device is leveraging the electric fields to direct the self-assembly
of DNA molecules at the specified microlocation on the chip surface. Microelectronic ar-
rays have been used to demonstrate the organization of complex fluorescent DNA molecular
structures and mechanisms within selected microlocations on the array device. In principle
these active microelectronic array devices are serving as “motherboards or hostboards” that
can carry out the assisted self-assembly of DNA derivatized molecules, nanostructures or
microscale structures into more complex two and three dimensional structures [18–25].
This electric field assisted assembly technique is a type of “Pick & Place” process that has
potential applications from the nearer term heterogeneous integration of micron-scale pho-
tonic, microelectronic and MEMS devices; to the development of high density data storage
devices; to the longer term nanofabrication of true molecular and nanoelectronic circuits
and devices (Figure 6.3).
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FIGURE 6.3. Chart shows some of the potential advantages and applications for using electric field assisted
self-assembly to carry out the heterogeneous integration of molecular, nanoscale and microscale components into
higher order materials and devices. Electric field assisted heterogeneous integration technology has the hierarchical
logic of allowing one to control the organization and communication of structures and components from molecular
level —> nanoscale level —> “Highly Integrated 3-D Structures and Devices” <— micron scale components and
lift-off type devices.

6.2. ACTIVE MICROELECTRONIC ARRAY HYBRIDIZATION TECHNOLOGY

A variety of microelectronic arrays have been designed and fabricated by Nanogen,
primarily for DNA genotyping diagnostic applications (8–17). These includes an early
stage 25 test site microelectronic array device, and more advanced arrays with 100, 400
and 10,000 test sites or microlocations (Figure 6.4). The 100 test-site chip, which has

FIGURE 6.4. Shows Nanogen’s 100 test site microelectronic array, a silicon wafer of 400 test site microarrays
and a packaged 10,000 test site microarray. The 400 and 10,000 test site arrays have CMOS electronic control
elements incorporated into the chips underlying structure.
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FIGURE 6.5. A more advanced version of Nanogen’s microelectronic DNA chip device with 100 test-sites or
microlocations. The test sites are approximately 80 microns in diameter, with underlying platinum microelectrodes.
The outside ring of twenty micro-electrodes can be used as counter electrodes for the test-sites.

been commercialized, has an inner set of 80-micron diameter test sites with underlying
platinum microelectrodes, and an outside set of auxiliary microelectrodes (Figure 6.5).
The outer group of electrodes can be negatively biased, which allows DNA in the bulk
sample solution to be concentrated at the specific internal test-sites (positively biased).
Each microelectrode has an individual wire interconnect through which current and voltage
are applied and regulated. The 100 test-site DNA chip is about 7 millimeters square in size,
with an active test-site array area of about 2 millimeters. The chips are fabricated from
silicon wafers, with insulating layers of silicon dioxide, platinum microelectrodes and gold
connecting wires. Silicon dioxide/silicon nitride is used to cover and insulate the conducting
wires, but not the surface of the platinum microelectrodes. The whole surface of the array
is covered with several microns of hydrogel (agarose or polyacrylamide) which forms a
permeation layer. The permeation layer is impregnated with a coupling agent (streptavidin)
which allows attachment of biotinylated DNA probes or other entities [12–14, 17]. The
ability to use silicon and microlithrography for fabrication of the DNA chips allows a wide
variety of devices to be designed and tested (Figure 6.4). The higher density arrays (400 to
10,000) represent more sophisticated devices that have on-chip CMOS control elements for
regulating the current and voltages to the microelectrode at each test site [26]. These control
elements are located in the underlying silicon structure and are not exposed to the aqueous
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FIGURE 6.6. Shows the NanoChipTM Molecular Biology Workstation for bioresearch and DNA diagnostic appli-
cations. This system provides a chip loader component, fluorescent detection/reader component, computer control
interface and data display component. The probe loader component is used for automated DNA probe addressing
or spotting, and provides the end-user with “Make Your Own Chip” capabilities. Insert shows the NanoChipTM

cartridge device. A 100 test site microelectronic array incorporated into a cartridge package that provides the
electronic, optical, and fluidic interfacing.

samples that are applied to the chip surface when carrying out the DNA hybridization
reactions.

The 100 test-site microelectronic array device has been incorporated into a cartridge
package (NanoChipTM cartridge) which provides for the electronic, optical, and fluidic in-
terfacing. The NanoChipTM cartridge assembly is shown as the insert in Figure 6.6. The
chip itself is mounted (flip chip bonded) onto a ceramic plate and pinned out for electrical
connections. The chip/ceramic plate component is mounted into a plastic cartridge that
provides several fluidic input and output ports for addition and removal of DNA samples
and reagents. The area over the active test-site portion of the array is an enclosed sample
chamber covered with a quartz glass window. This window allows for fluorescent detection
to be carried out on the hybridization reactions that occur at the test sites on the array surface.
A complete instrument system (NanoChipTM Molecular Biology Workstation) provides a
chip loader component, a fluorescent detection/reader component, a computer control in-
terface and a data display screen component (Figure 6.6). The probe loading component
allows DNA probes or target sequences (DNA, RNA, PCR amplicons) to be selectively
addressed to the array test-sites, and provides a “make your own chip” capability. The au-
tomated probe loader system allows four 100 test-site NanoChipTM cartridges to be loaded
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FIGURE 6.7. Demonstration of checker-boarding of fluorescent DNA molecules on a microelectronic array.
Checker-boarding is achieved by DC biasing alternate test sites on the array positive and negative, and then
switching the DC electric field bias every 6 seconds.

with DNA probes or samples from a ninety-six or three hundred eighty four well microtiter
plates. Probes or target sequences are usually biotinylated, which allows them to become
bound to streptavidin within the permeation layer of the specified test-site. In the elec-
tronic addressing procedure the probe loader component deliverers the desired biotinylated
probe to specified test sites which are biased positive. The electric (electrophoretic) field
causes the negatively charged DNA molecules to concentrate onto the positively activated
test-sites, with subsequent binding via the biotin/streptavidin reaction. The ability of the
electric field to concentrate DNA molecules on to specific test sites on the array is shown
in Figure 6.7. The figure shows the controlled parallel movement (checker-boarding) of
negatively charged fluorescent DNA molecules between alternating positively and nega-
tively biased microlocations. The sample solution contains about 50 nM concentration of a
20-mer oligonucleotide sequence which is labeled in the 5’-terminal position with Bodipy
Texas Red fluorophore (Ex 590 nm, Em 620 nm), the microelectrodes are biased positive
and negative in a checkerboard fashion, and the field is reversed every six seconds. At about
3 volts DC the fluorescent DNA molecules (∼7 nm in length) are transported back and forth
a distance of 200 microns during the six second switching time. In actuality, when DNA
hybridization reactions are carried out on these active microelectronic arrays, controlled
DC electric fields are first used to transport and address (spot) specific DNA molecules to
the selected test-sites/microlocations on the array. Such oligonucleotide “capture” probes
or target DNA sequences are usually functionalized with biotin molecules, and become
strongly bound to streptavidin molecules which are cross-linked to the hydrogel layer cov-
ering the underlying microelectrode. In the next steps, electric fields are used to control
and direct the hybridization of the other DNA molecules to the DNA sequences attached
to the selected test sites. Electronic addressing also allows DNA probes to be spotted onto
the array in a highly reproducible manner. Microelectronic arrays can be formatted in a
variety of ways that include reverse dot blot format (capture/ identity sequences bound
to test-sites), sandwich format (capture sequences bound to test-sites) and dot blot format
(target sequences bound to test-sites). DNA hybridization assays involve the use of fluo-
rescent reporter probes or target DNA sequences. The reporter groups are usually organic
fluorophores that have been either attached to oligonucleotide probes or to the target/sample
DNA/RNA sequences. After electronic addressing and hybridization are carried out, the chip
is analyzed using the fluorescent detection system. The fluorescent detector has two differ-
ent laser excitation sources (excitation 532 nm and excitation 635 nm). The laser beams
are quickly scanned across the array using a confocal type optical system and the emis-
sions from the fluorescent labeled probes or targets (550–600 nm “green” and 660–720 nm
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FIGURE 6.8. Shows the separation of Listeria from whole blood by DEP on a microelectronic array (Before and
After DEP). Listeria cells become positioned on the high AC field (the microlocations), and the blood cells become
aggregated in the low AC field regions between the microlocations.

“red”) are detected. References [27–36] provide some examples of single nucleotide poly-
morphism (SNP) genotyping analysis that is carried out on these microelectronic arrays.
For genotyping analysis, the selection rules are simple and no complex image processing
is required for data analysis, match/mismatch calls are easy to make and results are highly
reliable.

Microelectronic arrays can also be used for a variety of cell separation applications.
Disease diagnostics frequently involve identifying a small number of specific bacteria or
viruses in a blood sample (infectious disease), fetal cells in maternal blood (genetic diseases)
or tumor cells in a background of normal cells (early cancer detection). While a number
of techniques are available, electric field based methods have been developed and which
can have considerable advantages. One basic electronic method for cell separation is called
dielectrophoresis (DEP). This process involves the application of an asymmetric alternating
current (AC) electric field to the cell population. Active microelectronic arrays have been
used to achieve the separation of bacteria from whole blood [37], and for the separation of
cervical carcinoma cells from blood [38] and for gene expression analysis [39]. Figure 6.8
shows a microelectronic array device utilizing high frequency AC fields to carry out the
DEP separation of Listeria bacterial cells (∼ 1 µm) from whole blood cells (∼ 10 µm) in a
highly parallel manner. At an AC frequency of about 10 kHz the Listeria bacterial cells are
positioned on the microlocations (high field region), and the blood cells are positioned in the
low field regions between the microelectrodes. The relative positioning of the cells between
the high and low field regions is based on dielectric differences between the cell types.
In Figure 6.8, the left panel shows microelectronic array with the mixed blood/bacteria
sample, and the right panel shows the cell separation pattern which occurs after a high
frequency AC electric field is applied. While maintaining the AC field, the microarray can
be washed with a buffer solution that removes the blood cells (low field regions) from the
more firmly bound bacteria (high field regions) near the microelectrodes. The bacteria can
then be released and collected or electronically lysed to release the genomic DNA or RNA
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for further manipulation and analysis [37]. DEP represents a particularly useful process
that allows difficult cell separation applications to be carried out rapidly and with high
selectivity. The DEP process can also be extremely useful for nanofabrication purposes.

6.3. ELECTRIC FIELD ASSISTED NANOFABRICATION PROCESS

Enabling Nanotechnology—Generally, molecular or nanoelectronic devices and sys-
tems are envisioned as the more revolutionary application of this new technology. Presently,
many examples of individual molecular components with appropriate basic properties exist
and include entities such as carbon nanotubes, nanowires and various organic molecules with
electronic switching capabilities. However, the larger issue with enabling molecular elec-
tronics is more likely to be the development of a viable technology which will allow billions
of molecular or nanoelectronic components to be assembled and interconnected into useful
logic/memory devices and systems. In addition to the electronic applications, nanodevices
and nanosystems with higher order photonic, mechanical, mechanistic, sensory, chemical,
catalytic, and therapeutic properties are also envisioned [1–4]. Again, key problems with
enabling such devices and systems will most likely occur at the stage of organizing compo-
nents for higher level functioning, rather than the availability of the molecular components.
By way of example, Figure 6.1 shows a comparison between a biological photonic energy
conversion system, “a plant chloroplast”, and a man-made charged coupled device (CCD).
The chloroplast is made by a self-assembly “bottom-up process, while the CCD device is
made by microlithography, a top-down process. In the chloroplast, hundreds of relatively
simple chromophore molecules are arranged into solid state antenna structures which col-
lect photonic energy and transfer it through the structure with high quantum efficiency.
The plant chloroplast (a few microns in size) represents a highly integrated light-capturing
device composed of numerous self-organized molecular and nanoscale structures. In the
man-made CCD device the feature size stops at about the micron-scale level. In addition to
the chloroplast being composed of nanoscale structures, the energy transfer mechanism used
within the structure is also very unique. The transfer of photonic energy through the antenna
structures is carried out by what is called the Forster resonant energy transfer mechanism
[40]. In some sense, this process might be thought of as the equivalent of molecular fiber
optics, but it is quite different than any man-made process or device for photonic energy
collection and transfer. Such a mechanism could potentially be very useful for commu-
nication between molecular and nanoscale components and devices. To date, it has been
difficult to design a synthetic model of this type of solid state photonic transfer structure
with any of the properties or efficiencies seen in the biological systems. Thus, a key prob-
lem with mimicking this type of bionanotechnology is the lack of a suitable “bottom-up”
fabrication process to carry out the precision integration of diverse molecular and nanoscale
components into viable higher order structures.

Electric Field Array Approach to Nanofabrication—As was stated earlier, microelec-
tronic array devices have been developed for applications in genomic research and DNA
diagnostics. These active microelectronic devices have the ability to create a variety of
re-configurable electric field geometries on the surface of the array device. This capability
allows almost any type of charged molecule or structure (DNA, RNA, protein, enzyme,
nanostructure, cell, or micron-scale device) to be electrophoretically transported to or from
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FIGURE 6.9. An electric field based “pick and place” process which uses a microelectronic “Mother Board” array
to carry out the heterogeneous integration of molecular, nanoscale and microscale components into higher order
devices and structures.

any of the microscopic sites (microlocations). When specific DNA hybridization reactions
are carried out on this type of active microarray, the device is actually using electric fields to
direct the self-assembly of DNA molecules at the specified test-site or microlocation on the
chip surface. Thus, in principle these active devices serve as a “mother-board or host board”
for the assisted assembly of DNA molecules into more complex structures. Since the DNA
molecule with its intrinsic programmable self-assembly properties can be derivatized with
electronic or photonic groups or attached to larger nanostructures (quantum dots, metallic
nanoparticles, nanotubes), or microstructures, we have a unique process for nanofabrica-
tion. In essence, these active microelectronic mother-board arrays allow one to carry out
a highly parallel electric field “pick & place” process for the heterogeneous integration of
molecular, nanoscale and micron-scale components into complex three dimensional struc-
tures within the defined perimeters of larger silicon or semiconductor structures (Figure 6.9).
The electric field assisted self-assembly technology is based on three key physical principles:
(1) the use of functionalized DNA structures as “Lego” blocks for nanofabrication; (2) the
use of DNA as a selective “glue” that provides intrinsic self-assembly properties to molecular
and nanoscale electronic components and structures (carbon nanotubes, organic molecular
electronic switches, etc.); and (3) the use of an active microelectronic array for electric
field assisted self-assembly of any modified electronic/photonic components and structures
into integrated structures [23–25]. Microelectronic arrays which are produced by the “top-
down” process of photolithography, thus have an intrinsic capability to direct the assembly
of molecular structures via a “bottom-up” process.

Microelectronic arrays have been used to direct the binding of derivatized nanospheres
and microspheres on to selected locations on the microarray surface. In this case, fluorescent
and non-fluorescent polystyrene nanospheres and microspheres derivatized with specific
DNA oligonucleotides are transported and bound to selected test sites or microlocations



148 MICHAEL J. HELLER, CENGIZ S. OZKAN AND MIHRIMAH OZKAN

A B C

D EEE

1 µm

10 µm 2 µm

5 µm

100 nm

FIGURE 6.10. Demonstrates the selective addressing of 10, 5, 2 and 1 micron microspheres and 100 nanometer
nanospheres (red arrows) using a 25 test site microelectronic array device. A. shows array before spheres are
added. B, C, show stages in addition of the various spheres; D shows all spheres addressed, and E show all sphere
spheres in dark field (nanospheres now visible).

derivatized with the specific complementary oligonucleotide sequences. Thus, microelec-
tronic array devices are not just limited to selective transport and binding of small molecules
such as fluorescent DNA, but also for selective transport and addressing of larger nanoparti-
cles and microspheres, and even objects as large as 20 micron light emitting diode structures
[21, 22, 24]. By way of example, Figure 6.10 shows a sequence of frames demonstrating the
addressing of derivatized negatively charged polystyrene microspheres and nanospheres to
selectively activated microlocations on a 25 test site microelectronic array. The address-
ing sequence is first, the one micron microspheres, second the two micron microspheres,
third the 100 nanometer nanospheres, fourth the five micron microspheres and finally the
ten micron microspheres. The addressing time for each group of spheres is about 10 to
15 seconds at about 3 volts DC. The final figure in the sequence shows a dark field con-
trast micrograph which allows the 100 nm nanospheres packed on the 80 µm diameter
microlocation to be better visualized. Thus, microelectronic array devices can serve as
“motherboards or hostboards” for the directed assembly of more complex nanostructures
and microscale structures on their surface. A further advantage of the active microarray
devices is that they can be operated in both DC and AC modes. In the DC electric field
mode the electrophoretic transport of charged molecules and nanostructures is carried out
between the positive and negative biased microlocations. The rate of transport is related
to the strength of the electric field and the charge/mass ratio of the molecule or structure.
When the microelectronic arrays are used to generate high frequency AC fields they can
carry out the process of dielectrophoresis (DEP). With high AC fields, nanostructures, cells
and other micron scale structures can be oriented and selectively positioned based on their
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FIGURE 6.11. Shows the electric field addressing of derivatized negatively charged one micron size polystyrene
microspheres to a selectively activated microlocation on a 25 test site microelectronic array, and then the addressing
of the larger five micron microspheres over the one micron microspheres. Red box in (f) shows a magnified view
of the packed five micron microsphere layer.

intrinsic dielectric properties. Figure 6.11 shows a sequence of frames demonstrating the
addressing of derivatized negatively charged one micron size polystyrene microspheres to a
selectively activated microlocation on a 25-site microelectronic array. After the microloca-
tion is layered with the one micron polystyrene microspheres, a second addressing sequence
is carried out in which larger five micron microspheres are now layered over the one micron
sized polystyrene microspheres. Thus, it is possible to use electric field addressing to layer
particles and other materials, allowing fabrication in the third dimension. In addition to
DNA assisted assembly, other chemical and biological entities can be used advantageously
for device forming, pick and place, as well as for micro and nanoactuation.

Present nanofabrication methods do not allow most nanostructures to be modified in
a controlled or precise manner. For example, Figure 6.12 (upper section) shows a present
scheme for modifying a nanoparticle with DNA or protein ligands using classical chemical
functionalization procedures. While such a process allows a higher-order structure to be
formed, there is little or no control as to how the DNA or protein ligands are arranged around
the core nanostructure. Furthermore, it is not a viable process for arranging “different” DNA,
protein or binding entities around the core nanostructure in a defined fashion. Microelec-
tronic array devices may offer the opportunity to development processes that will allow
core nanostructures to be selectively modified as show in Figures 6.12a & b. In this case,
the nanostructures are derivatized at specific positions around the core with specific DNA
sequences (oligonucleotides) proteins, or other ligands. Such modifications allow a given
nanostructure to be joined with another nanostructure in a more precise manner, i.e., leaving
other selected positions on the nanostructure available for binding different nanostructures
(Figure 6.12c & d). The ability to produce precision nanocomponents with selective ligands
as shown above is will be necessary in order to carry out further organization into more
complex “heterogeneous” three dimensional structures. The need for precision placement
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FIGURE 6.12. Upper figure section shows a classical scheme for the non-precision functionalization of
nanospheres. Sections a, b, c & d shows a precision nanosphere functionalization scheme; with c&d showing
the selective binding of two precision nanospheres. Final figure shows the type of heterogeneous 3D higher order
structure that can only be obtained using precision nanostructures.
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of ligands on nanostructures becomes even more important when one observes that even a
small amount of rotation around the axis of one ligand may disrupt the further formation of
a higher order 3D structure (Figure 6.12d).

The proposed microelectronic array techniques have the capability to carry out the
precision functionalization of nanostructures by processes which involve transporting and
orienting the nanostructures onto surfaces containing the selected ligand molecules which
are then reacted only with a selected portion of the nanostructure. By repeating the process
and reorienting the nanostructures it will be possible to functionalize the core structure
selectively with most biological and/or chemical groups. Such devices and processes allow
one to design and create functionalized nanostructures with binding groups arranged in
tetrahedral, hexagonal or other coordinate positions around the core nanostructure.

Microelectronic array devices may have the potential to carry out an electric field ori-
entation synthesis process for producing precision nanostructures or microstructures (e.g.,
quantum dots, nanospheres, nanoparticles, nanocrystals) with multiple DNA identities [23–
24]. These multiple identities can be in the form of specific DNA sequences which are
located at different coordinates on the particle surface. These coordinates can be tetrahedral
or hexagonal in their nature. Figure 6.13 shows the initial steps for producing a precision
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ElectrodeElectrode

ElectrodeElectrode
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and oligos (A/A') UV crosslinked

Nanosphere as
prepared in step 1

Nanosphere-oligo conjugate
in de-hybridized from array

FIGURE 6.13. Shows the first part of a scheme for the electric field based precision functionalization of
nanospheres with DNA oligonucleotide sequences [24].
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FIGURE 6.14. Shows the final part of a scheme for the electric field based precision functionalization of
nanospheres with DNA oligonucleotide sequences [24].

functionalized DNA nanostructure. In step 1, suitably functionalized nanospheres (with
primary amine groups) are reacted with aldehyde modified oligonucleotides with sequence
identity (A). Identity (A) refers to a unique sequence of bases in the DNA; for example a
20-mer oligonucleotide with a 5’-GCACCGATTCGAT-3’ sequence. In step 2, the oligonu-
cleotide (A) modified nanospheres are now hybridized to a microlocation which has the
complementary A’ sequence (5’-CTACGGTATCGAATCGGTGC-3’) attached. The (A’) se-
quence contains a crosslinker agent (such as psoralen) and extends into a secondary sequence
with the (B) identity (5’-TTCAGGCAATTGTCGTACA-3’), which was in turn hybridized
to a (B’) DNA sequence (5’-TGTACGATCAATTGCCTGAA-3’) covalently linked to the
surface. In step 3 the hybridized nanospheres are now given a short exposure of UV irradi-
ation which causes the psoralen moiety within the (A/A’) hybridized sequence to crosslink
the structure. The nanospheres are released from the surface by thermal denaturation, and
now have a (B) DNA sequence attached to a specific area of the nanostructure. Figure 6.14
now shows the continuation of the functionalization process. In steps 4 and 5, the (B) DNA
sequence of the functionalized nanospheres are now “partially hybridized” to a new mi-
crolocation which has a (C-A’) DNA sequence hybridized to a complementary C’ DNA
sequence which is covalently linked to the surface. The (C) sequence is different from the
(A) and the (B) DNA sequences. The (B) DNA sequence nanospheres now become partially
hybridized to the surface via the (A’) DNA sequences, however they are not oriented in any
particular fashion on the surface. Because the (B) DNA nanospheres have a non-uniform
or asymmetric negative charge distribution on their surface (due to the extra charge from
the (B) DNA), they can be oriented in an electric field. In step 6, a secondary electrode is
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FIGURE 6.15. Future electronic pick and place system for the heterogeneous integration of nanostructures into
higher order devices?

positioned above the lower electrode, and a DC electric field is applied which is just strong
enough to orient the nanospheres, but does not de-hybridize them from the surface. While
Figure 6.14 shows the functionalized nanospheres in a polar orientation, in terms of the
(B) and (C) sequences; the relative positioning of the electrodes can produce electric fields
which yield other angles for the relative position of the (B) and (C) DNA sequences. When
the nanospheres are in their correct alignment, they can be completely hybridized (A’-C/C’),
by lowering the temperature, and then exposed to UV irradiation to crosslink the (A/A’)
sequences. Upon de-hybridization, this process can produce nanospheres with (B) and (C)
DNA sequences in relatively polar (north and south) positions. Repeating the process two
more times should allow the production of nanospheres with specific (B), (C), (D), and (E)
DNA sequences in polar/equatorial, tetrahedral or hexagonal coordinate positions. Thus,
the electric field orientation process offers considerable promise for the manufacture of pre-
cision nanocomponents (quantum dots, photonic crystals, organic/metallic/semiconductor
nanoparticles, and nanotubes), which can subsequently be used for further self-assembly
into viable higher order heterogeneous structures and devices. Figure 6.15 shows a repre-
sentation of a future electronic pick and place system for the heterogeneous integration of
nanostructures into higher order devices.

6.4. INTEGRATION OF OPTICAL TWEEZERS FOR MANUPILATION
OF LIVE CELLS

Custom designed miniature optical tweezers with the use of Vertical Cavity Surface
Emitting Lasers (VCSEL) are integrated with the microelectrode array for the delivery
or manipulation of live cells. For this individually addressable 2 × 2 arrays of VCSEL is
focused through a series of lenses and directed onto the microarray chamber after a mag-
nification objective. Figure 6.16 depicts the optical setup. Since the microarray chamber is
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FIGURE 6.16. Schematic drawing of inverted VCSEL driven optical multi-beams setup. In-situ observations are
made through a CCD camera.

fabricated with a transparent material (indium tin oxide), penetration of the optical beam is
enabled. After optical trapping of the cells or other objects such as microspheres, precision
controlled translation stage offers transport or manipulation of these objects without jeop-
ardizing the sterility of the environment [41–43]. This remains to be the major issue with
the mechanical manipulators.

For biological applications, mouse 10 µm diameter 3T3 fibroblast cells are manipulated
with single Laguerre-Gaussian gradient VCSEL driven optical micro beam. The cells are
continuously monitored for a week after they were exposed to the laser beam. There was no
superficial evidence of cell damage from the laser beam, though we did not explicitly look
at stress response genes. When cultured, cells attached, spread and underwent mitosis. As
compared to microspheres made of polystyrene live fibroblast cell are held less strongly in
the trap. We speculate that this is due to its lower dielectric constant and irregular shape. A
5 µm cell is transported with a speed of 2 µm/sec, which is about 4 times slower compared to
the same size polystyrene sphere. The trapping force on the cell is estimated as ∼ 0.1 pN. In
this case since the refractive index of the surrounding medium, nm, is close to the refractive
index of cell, n, there is very limited force acting on the cell. Alternatively, when n is greater
than nm (polystyrene (1.58)-water (1.33) system), the sphere is always pushed out of the
laser beam, which is also observed experimentally. During velocity measurements the glass
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FIGURE 6.17. Primary rat hepatocyte in an electrically pre-patterned array is manipulated with 850 nm diode
laser and transported to the next neighbor cell within the array.

substrate surface is pre-treated with a non-adhesion-promoting chemical to prevent possible
measurement errors due to probable cell-substrate adhesion.

Since the index mismatch between cellular solution and the cover slip is more compared
to the index mismatch between deionized water and the cover slip, the losses in the trapping
force is more due to enhanced spherical aberration in the former case. This effect also
contributes to the reason why trapping force for cells is predicted as less than the polystyrene
model system with the same size.

Towards the practice of integrated system, electrically a pre-arrayed rat hepatocyte is
manipulated with 850 nm single VCSEL beam and is transported next to a neighbor cell
within the array. This experiment demonstrates ability of individual manipulation of cells
within the array and also depicts the possibility of sample retrieval after a chemical or
biological treatment in parallel. This experiment is summarized in Figure 6.17. In addition,
mouse fibroblasts that are initially fluorescent tagged green and red are optically manipulated
after patterning electrophoretically [44]. Red fluorescent labeled fibroblast is transported
to the next die by using Laguerre mode VCSEL at 850 nm. This experiment demonstrates
the first essential steps towards microscopic monitoring and micromanipulation of many
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live cells in real time in chip-based biosystems. This technology may find applications in
cell-based functional genomics, high throughput phenotyping.

CONCLUSIONS

Active microelectronic array technology provides a number of distinct advantages for
DNA hybridization diagnostics, DNA/protein/cell based affinity assays in molecular biol-
ogy research and for potential nanofabrication applications. Microelectronic arrays have
been designed and fabricated with 25 to 10,000 microscopic test sites. The higher den-
sity devices have CMOS elements incorporated into the underlying silicon structure that
provide on-board control of current and voltage to each of the test sites on the device.
Microelectronic chips are incorporated into a cartridge type device so as to be conveniently
used with a probe loading station and fluorescent detection system. Active microelectronic
arrays are differentiated from other DNA chip or array technologies by a number of impor-
tant attributes. Active microelectronic arrays allow DNA molecules (genomic DNA, RNA,
oligonucleotide probes, PCR amplicons), proteins, nanostructures, cells and microscale de-
vices to be rapidly transported and selectively addressed (spotted) to any of the test sites
on the microelectronic array surface. Microelectronic array devices have considerable po-
tential for nanofabrication applications, including the directed self-assembly of molecular,
nanoscale and microscale components into higher order mechanisms, structures, and de-
vices. Electric field assisted self-assembly using active microelectronic arrays is a type of
“Pick and Place” heterogeneous Integration process for the fabrication of 3D structures
within defined perimeters of larger silicon or semiconductor structures. This technology
provides the best aspects of a top-down and bottom-up process, and has the inherent hi-
erarchical logic of allowing one to control the organization and assembly of components
from molecular level —> to the nanoscale level —> to micro/macro scale 3D integrated
structures and devices.

ABBREVIATIONS

AC (Alternating Current)
CCD (Charge Coupled Device)
CMOS (Complementary metal-oxide-semiconductor field-effect transistors)
DEP (Dielectophoresis)
DC (Direct current)
DNA (Deoxyribonucleic acid)
FRET (Fluorescent resonant energy transfer)
MEMS (Micro-Electromechanical Systems)
PCR (Polymerase chain reaction)
SNP (Single Nucleotide Polymorphism)
STR (Short Tandem Repeats)
RNA (ribonucleic acid)
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7.1. INTRODUCTION

Array technology has become a powerful tool for today’s high throughput approaches
in biology and chemistry. These large-scale technologies emerged mainly from the ge-
nomics field driven by the human genome project and other species sequencing efforts. The
associated development of many new technologies led to the initiation of several additional
“omics” fields such as proteomics, lipidomics, glycomics and others. Scientists in these
fields subsequently demanded tools that allow rapid and reliable characterization of large
numbers of molecules of very different natures including nucleic acids, proteins, carbohy-
drates, peptides, and small molecules with very small amounts of biological or synthetic
material.

A paramount principle was the array technology emerging in the late 1980s with DNA
arrays. Initial developments involving peptide arrays began almost simultaneously. Protein
arrays arose later because several critical factors such as stability, native folding and activity
of the immobilized proteins had to be addressed. The main array technology characteristics
are spatially addressable immobilization of large numbers of different molecules (libraries),
simultaneous analysis with one or more purified or crude biological samples used to probe
the array, and a general tendency towards miniaturization, automated read out and integrated
data analysis. The benefits are an unprecedented number of data points, rapid generation of
data, and the extremely small biological sample volumes required per data point, provid-
ing opportunities for completely new insights within life sciences. This is reflected by an
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increasing market with an estimated market size for non-DNA biochips of about 200 million
US$ and an annual growth rate of 36%.

In 1991 two different technologies for the preparation of peptide arrays were pub-
lished (Section 7.2.3.1.). (1) Light-directed, spatially addressable parallel chemical syn-
thesis [151] is a synthesis technology permitting extreme miniaturization of array formats
but, conversely, involves sophisticated and rather tedious synthesis cycles. (2) The SPOT
synthesis concept developed by Ronald Frank is the stepwise synthesis of peptides on planar
supports (originally cellulose membranes) applying standard peptide chemistry [154, 155].
SPOT synthesis is technically very simple and flexible and does not require any expensive
laboratory automation or synthesis hardware. In contrast, the degree of miniaturization is
significantly lower. However, due to the simplicity of the technology more applications of
the SPOT concept by far were published since 1991 compared to light-directed, spatially
addressable parallel chemical synthesis (Section 7.6). In addition to these pioneering and
meanwhile well established technologies, the last few years have seen the introduction of
several other concepts for peptide array preparation accessing several new developments in
microarray technologies inspired by DNA as well as protein array approaches.

In Section 7.2 the technologies for peptide array generation are described in detail,
including coherent surfaces and surface modification, microstructured surfaces, peptide
array preparation and printing techniques for peptide array production. Thereafter, the
different types of peptide libraries such as protein sequence-derived and de novo approaches
are described in Section 7.3. Section 7.4 summarizes assay principles for peptide arrays.
This Section is divided into the subsections “screening” and “read-out” addressing either
the molecular recognition event such as ligand binding or enzymatic conversion, or how one
observes which peptide was bound and/or converted by an interaction partner or enzyme
(chemoluminescence, fluorescence, radioactivity, chromogenic or label-free read-out). The
different applications of peptide arrays such as antibody epitope and paratope mapping,
protein-protein interaction mapping, identification of enzyme substrates and inhibitors,
DNA and metal ion binding, chemical transformations, cell binding, and peptidomimetic
alterations, are covered in Section 7.5. Finally, in Section 7.6 we present an extensive
bibliography of publications describing peptide array applications (Table 7.4).

The scope of this review article is peptide arrays on planar supports. Thus, we do not
consider the following topics: peptide synthesis on polymeric pins, surfaces modified with
only one peptide rather than a peptide collection as often employed in material sciences,
read-out methods such as surface-enhanced laser desorption/ionization time-of-flight mass
spectrometry (SELDI-TOFMS) with peptides immobilized on the surface and surface plas-
mon resonance with immobilized peptides in standard throughput configurations (Biacore)
as well as small molecule and protein arrays.

7.2. GENERATION OF PEPTIDE ARRAYS

Materials used for the preparation of peptides arrays are flexible porous planar supports
such as cellulose [127, 153, 155], cotton [128, 492], polymeric films [34], disks [208, 337]
and membranes [97, 578, 592], or rigid, non-porous materials, such as glass, gold-coated
surfaces, titanium, aluminum oxide, silicon, and modified polymers such as polypropylene,
polyethylene or polyurethane.



PEPTIDE ARRAYS IN PROTEOMICS AND DRUG DISCOVERY 163

A planar support has to fulfill several requirements in order to be suitable for step
by step solid phase peptide synthesis: these include chemical stability against a variety of
solvents, reagents and reaction conditions as well as mechanical stability towards repetitive
steps of solvent deposition, washing and deprotection. Moreover, surface functional groups
must be accessible for chemical derivatization and the final surface properties should allow
the biochemical interaction of the immobilized peptides with a binding partner during solid
phase binding assays with limited non-specific interactions.

Cellulose-bound peptides paved the way in the field of peptide arrays. The SPOT
technology, a very rapid, robust and easy-to-use method for preparing peptide arrays in
a stepwise manner directly on cellulose or other membranes and its applications have
been reviewed extensively (Wenschuh et al., 2000; [160–162, 443, 454]). Apart from sev-
eral special applications these peptide arrays are mainly used for antibody epitope and
paratope mapping, mapping of protein-protein interactions in general, and investigation of
enzyme/substrate/inhibitor interactions (kinases, proteases, isomerases, and phosphatases).
Obviously, for biochemical assays impermeable, rigid materials, such as glass, have a num-
ber of practical advantages over porous supports. Binding partners interacting with the
immobilized peptides find immediate access to the ligands without diffusing into pores,
thereby accelerating the binding process. Washing steps following incubation are not lim-
ited by diffusion, leading to improved reproducibility. Finally, the flatness and transparency
of glass or plastic supports improve image acquisition due to the much better definition
of probes compared to flexible membranes. High image definition is a critical factor for
determining the final density that can be achieved on peptide microarrays. Additionally,
rigidity permits incorporation into flow cells necessary for automated processing during
high throughput analysis. Moreover, the interaction kinetics on peptide microarrays fixed
on impermeable supports is not complicated by solvent and interacting partner diffusion
into and/or out of pores (as described for DNA/DNA interactions [329]. The focus of this
review will be peptide arrays composed of peptides preferably bound covalently to planar
supports through one defined terminus.

7.2.1. Coherent Surfaces and Surface Modification

Polymer surface modification has been the subject of increased research in different
areas such as the development of biocompatible implants [228] or biosensors, for affinity
chromatography, and for immobilization of molecules in ELISA experiments.

Generally, the quality of peptide arrays is determined by surface properties such as
homogeneity, roughness, hydrophobicity, density of functional groups, spacing between
surface and biologically active compounds, and amenability to interaction with proteins
or enzymes. Surface-sensitive analytical methods used to characterize nonporous materials
such as silicon wafer, glass and titanium include goniometry (contact angle measurement),
variable angle spectral ellipsometry, X-ray photoelectron spectroscopy, attenuated total
reflection–Fourier transform infrared spectroscopy, secondary ion mass spectroscopy and
atomic force microscopy.

In most cases amino acids (step by step synthesis) or peptides (immobilization of pre-
synthesized peptides) cannot be coupled directly to the surface of the applied membranes or
rigid materials (metal, glass or plastic). It is therefore necessary to transform such surfaces
into amino functions or other appropriate reactive groups (hydroxy, mercapto, aldehyde,
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maleimide, epoxy) to allow either initiation of the solid phase peptide synthesis or immo-
bilization of pre-synthesized peptides. A further important factor is that the penultimate
amino acid linkage to the surface must have a chemical stability at least equal to that of the
peptide backbone. Moreover, it is desirable that the surface is optically transparent since
radioactivity has largely been replaced by spectroscopic, especially fluorescent detection
techniques.

Polymer surfaces can be modified by silylation, corona treatment, γ-radiation or graft
copolymerization (Figures 7.1, 7.2, 7.3, 7.19). Such treatments can enhance the polymer’s
reactivity and/or modify the hydrophobic/hydrophilic character of the surface. Polystyrene,
for example, may be surface activated by glow discharge and graft co-polymerized with
acrylic acid to provide a reactive surface for peptide immobilization. Polyurethane films can
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be modified by plasma deposition of 1,2-diaminocyclohexane followed by carbodiimide-
mediated grafting of carboxylated dextran onto the amino-modified polyurethane yielding
surface-bound carboxylic functions [513]. Polypropylene is readily aminated by plasma
discharge in the presence of anhydrous ammonia [354]. Polypropylene and polyethylene
can be functionalized by vapor phase photo-grafting of methyl methacrylate, acrylic acid
or methacrylic acid in the presence of sensitizers such as benzoin ethyl ester or ben-
zophenone [13, 383, 387]. The photochemical grafting of styrene onto polypropylene
using photosensitizers is described [313]. Additionally, the photo-induced graft copoly-
merization of polypropylene with acrylates was reported to be effective for the genera-
tion of chemically defined ultrafiltration membranes with a hydrophilic surface modifica-
tion [557]. Several different acrylates were used as monomers for the functionalization
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FIGURE 7.3. Functionalization of silicon wafers [308]. i = 90% H2SO4, 10% H2O2, 125◦C, 10 min; ii = 2%
hydrofluoric acid, 1 min; iii = potassium permanganate in concentrated H2SO4, 1.5 min; iv = 2-propanol/H2O/(3-
mercaptopropyl)trimethoxysilane 100:1:2.5 (v,v,v), reflux, 30 min, curing 115◦C.
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of polypropylene membranes (Figure 7.4) or Teflon membranes [130]. Acrylic acid and
acrylic acid methylester yielded carboxylic acid and methylester-modified polypropy-
lene membranes, respectively (Figures 7.4i, 7.ii), with loadings between 7.5 and 12.5
nmol/mm2 (Table 7.1) (Wenschuh et al., 2000). The acrylic acid modified membranes
were activated and amidated with 4,7,10-trioxa-1,13-tridecanediamine yielding amino-
functionalized polypropylene surfaces suitable for peptide synthesis (Figure 7.4iv). Al-
ternatively, the methylester-modified membrane was treated directly with 4,7,10-trioxa-
1,13-tridecanediamine resulting in an amino function linked to the membrane surface by a
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TABLE 7.1. Reported loadings of different surfaces with functional groups

surface surface loading
material function amount/mm2 reference

paracyclophane coated stainless steel foil isocyanate 7.6 pmol [283]
trioxa cellulose amino 1 nmol [591]
glycinester cellulose amino 12 nmol [591]
epoxypropylamine cellulose amino 5 nmol [591]
trioxa polypropylene amino 5 nmol [591]
acylic acid modified polypropylene carboxylic acid 12.5 nmol [591]
acylate modified polypropylene methylester 7 nmol [591]
modified polypropylene hydroxyl 3 nmol [591]
poly(aminoethylmethacrylamide) coated

polypropylene
amino 3–4 nmol [97]

aminopropyldiethoxymethylsilane treated glass amino 6 pmol [388]
aminopropylmonomethoxydimethylsilane treated

glass
amino 2 pmol [388]

aziridine treated aminosilylated glass amino 68 pmol [388]
glycidyloxipropylsilylated glass epoxide 5.7 pmol [412]
hexadecanethiol and glycidyloxipropylsilylated

glass
mercapto 5.5 pmol [412]

diamino PEG and glycidyloxipropylsilylated glass amino 1.1 pmol [412]
aminosilylated titanium amino 10 pmol [603]
aminosilylated glass amino <1 pmol [405]
RGD grafted polypyrrole on titanium pyrrole 30 pmol [100]
polypropylene amino 10 pmol [523]
aminosilylated glass amino 100 fmol [523]
self assembled monolayer on gold surfaces benzoquinone 100 fmol [218]
poly((D), L-lactide grafted with polyacylic acid carboxyl 3–5 nmol [525]
functionalized quartz surface amino 40–60 fmol [467]
3-(aminopropyl)diethoxymethylsilane treated

Si(100) wavers
amino 5.5 pmol [257]

3-(aminopropyl)dimethylethoxysilane treated
Si(100) wavers

amino 2.5 pmol [257]

aziridine treated aminosilylated Si(100) wavers amino 80–110 pmol [257]
glycidyloxipropylsilylated glass epoxy 34 fmol US-5474796
self-assembled monolayer of w-alkanethiol on gold

surfaces
mercapto 250 fmol [581]

hydrophilic spacer and a relatively stable amide bond (Figure 7.4iii). Moreover, acryloyl-
aminoethoxyethanol or polyethylene glycol methacrylates gave hydroxy-functionalized sur-
faces by means of a one step grafting procedure (Figure 7.4v, 7.4vi; [591]). The quality
of model peptides synthesized on these surfaces by SPOT synthesis was demonstrated
to be similar or even better than that obtained with cellulose under comparable condi-
tions [589]. In addition, it was shown that polypropylene membranes could be used to
assemble peptoids, peptide nucleic acids, glycopeptides, and triazinyl peptides [590] us-
ing the SPOT technique. Further modifications (useful for solid phase peptide synthesis)
of functionalized polypropylene (Figure 7.5; [97, 578]) and polypropylene coated with
crosslinked polyhydroxypropylacrylate (Figure 7.6; [97]) are reported. A variety of plastic
polymers can be functionalized directly by chemical treatment yielding carboxylic functions
(Figure 7.7; [241]) that are easily transformed into pentafluorophenylesters. Recently, it was
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demonstrated that the polycarbonate surface of a normal CD-ROM could be converted into
a chlorophosphate moiety that allows immobilization of biomolecules [282].

Glass, silicon dioxide, silica surfaces and transition metal oxides are readily functional-
ized by silanization with reactive silanes containing alkyl chains terminated with functional
groups (Figure 7.1). Coatings with aminopropyltriethoxysilane yielding primary amino
functions that can be easily modified are widely used (Figures 7.1v, 7.1vi, 7.8). Side re-
actions such as oligomerization and the formation of multiple layers normally prevent the
formation of ordered alkyl silane monolayers [527] and result in hydrophobic silanized
surfaces displaying strong unspecific adsorption [410]. This situation can be circumvented
by either using different aminosilanes, such as aminopropyldiethoxymonomethylsilane or
aminopropylmonoethoxydimethylsilane [388], or attaching ultra-thin layers of bifunctional
polyethylene glycols to the surfaces [375, 411, 412, 608].

Additionally, multistep functionalization of pretreated titan surfaces has been
described using aminopropyltriethoxysilane followed by reaction with N-succinimidyl-
3-maleimidylpropionate, N-succinimidyl-6-maleimidylhexanoate or N-succinimidyl
trans-4-(maleimidylmethyl)cyclohexane-1-carboxylate in acetonitrile (Figure 7.2; [603]).
The resulting maleinimide-modified surface enables the directed immobilization of
peptides containing cysteine by Michael addition. Moreover, the published modification
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of oxidized silicon wavers using (3-mercaptopropyl)trimethoxysilane in aqueous propanol
[308] or in a vacuum chamber [333], yielded mercapto functions suitable for the covalent
attachment of cysteinyl peptides via S-S-bond formation (Figure 7.3; [308]).

Functionalization of stainless steel foils or nickel/titanium alloys by chemical vapour
deposition polymerization of substituted [2.2]paracyclophanes resulting in poly(amino-p-
xylylene-co-p-xylylene) or poly(hydroxy methyl-p-xylylene-co-p-xylylene) coatings (Fig-
ure 7.9) was demonstrated by Lahann et al. [283, 284].
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FIGURE 7.9. Surface coatings on stainless steel foils or nickel/titanium alloy [283, 284]. i = chemical vapor de-
position polymerization of 4-amino[2.2]paracyclophane (X = NH) or 4-hydroxymethyl[2.2]paracyclophane (X =
CH2-O) yielding poly(amino-p-xylylene-co-p-xylylene) or poly(hydroxy methyl-p-xylylene-co-p-xylylene) coat-
ings, respectively; ii = chemical vapor deposition polymerization of [2.2]paracyclophane 4,5,12,13-tetracarboxylic
acid anhydride yielding poly(p-xylylene-2,3-dicarboxylic acid anhydride coatings; iii = hexamethylene diiso-
cyanate, diethylether.
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FIGURE 7.10. General principles of array architecture. The coherent chips represent the “standard” peptide
array. Micropattered arrays can be separated depending on the position of the immobilized peptides (A, B and C)
into feature top or down arrays.

In principle, peptide arrays show different architectures: besides the classical coher-
ent peptide array, structured arrays are also used (Figure 7.10). Two different types of
structured arrays can be distinguished depending on the position of the features: feature
top exemplified in gel pad arrays [136, 190, 367, 430, 565] or arrays of gold electrodes
[345] and feature down [88, 225, 230, 392, 502, 604]. The direct attachment of peptides
to the surface (Figure 7.11A) is only possible if the planar surface used is equipped with
functional groups per se, such as hydroxyl groups of natural polymer cellulose, allowing

peptide
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dendrimerpeptide

peptide

A

B

C

FIGURE 7.11. Different possible architectures of immobilized peptides. A = peptides directly attached to the
surface, B = immobilized peptide is anchored apart from the surface by a chemical moiety introduced as spacer
molecule, C = dendrimeric molecules inserted between the peptide and the surface enabling both appropriate
spacing and increased density of immobilized peptide: combinations of C and B are used.
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either the initiation of peptide synthesis or the immobilization of peptides. It was often
demonstrated that the surface-bound peptides’ accessibility to the proteins or enzymes used
in screening is a critical factor. Insertion of a spacer between the peptide and the sur-
face is an effective way to circumvent this drawback (Figure 7.11B). Generally, all linker
molecules introduced to transform a given surface function into a functional group suitable
for amino acid or peptide attachment can be considered as spacers. Such spacers can im-
prove the efficiency of peptide/ligand interaction on surfaces as demonstrated with FLAG
epitope peptides recognized by the monoclonal anti-FLAG M2 antibody [581]. The signal
increased with the length of spacer introduced between the epitope and the surface. Addi-
tionally, for protein tyrosine kinase p60c-src it was demonstrated that only incorporation of
the long and hydrophilic 1-amino-4,7,10-trioxa-13-tridecanamine succinimic acid building
block spacer allowed effective phosphorylation of the glass surface-bound peptides [143].
Moreover, insertion of hydrophilic dextran structures between the surface and the presented
peptides (Figures 7.12 and 7.13) was described as necessary for efficient enzyme substrate
interaction [337].

The loading of glass surfaces is too low for several biochemical reactions (Tables 7.1,
7.2). Several different approaches for generating dendrimeric spacers/linkers are used to
increase the density of immobilized peptides (Figure 7.11C, 7.12–7.16). Alternatively, the
effective surface per area can be increased by the use of porous silicon [306, 347, 462].
Examples for one-step generation of dendrimeric structures (Figure 7.11C) are represented
by poly-lysine coated glass slides (Table 7.2) or aziridine polymerization onto aminopropy-
lsilylated glass surfaces (Figure 7.16) [85, 257, 388]. An interesting approach for increasing
the density of reactive functions is surface modification by adsorption of structured α-helical
peptides [332] or proteins (bovine serum albumin, BSA; [338]) yielding amino modified
polymers. The BSA amino functions were transformed into active esters by treatment with
N,N-disuccinimidyl carbonate (Figure 7.15).

More sophisticated procedures for preparing multiple linker structures by multi-
step functionalization of glass surfaces have been reported (Figures 7.14, 7.17) [31,
33, 197, 242, 258, 302, 410]). Alternatively, surface loading could be improved by
coatings employing three-dimensional layers such as hydrogels (Rubina et al., 2003),
semi-wet gels [258], agarose films [5], acrylamide gel pads [367, 430, 565] or gelatine
pads [136].

7.2.2. Generation of Micro-Structured Surfaces

Micro-structured or micro-patterned surfaces represent an alternative way to achieve
spatially addressed deposition of molecules. This could be useful for generating micro-
reactors [604] or improving array regularity. Two major principles are used for micro-
patterning: contact printing techniques (see Section 7.2.4.1.) and photolithografic tech-
nologies. The use of micro-contact printing for micro-patterning [36, 107, 225, 226, 240,
283, 284, 349, 507] has been reviewed extensively [60, 365, 366, 512, 601, 602] and is
therefore not discussed in detail. Dip-Pen nanolithography/scanning probe lithography [51,
67, 249, 256, 302, 385, 519, 577, 580, 598] and microfluidic channel networks [83, 103,
105, 398] were used for nano- and micro-patterned immobilization of biomolecules such
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yl-anilines, R = 4-maleimidobutyryl residue [91, 442]; ii = Optodex treatment [71].

as proteins, but no applications for the creation of peptide arrays have been described
so far.

Surfaces modified by amino groups protected by photosensitive protection groups can
be used to generate microstructures simply by irradiation through a lithographic mask [480,
605]. A very similar approach [613] starts from the derivatization of glass surfaces with a
photolabile self-assembled monolayer (Figure 7.18). Irradiation led to release of hydropho-
bic moieties yielding hydrophilic, carboxy modified areas (B) within a hydrophobic (A)
environment.

Alternatively, photoresist coatings can be used in combination with photolitho-
graphic masks to create micro-patterns. Following irradiation, areas protected by
photoresist coatings will not undergo modification upon treatment with tridecafluoro-
1,1,2,2-tetrahydro)trichlorosilane in anhydrous toluene (Figure 7.19). After removal of the
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protecting layer the newly exposed glass surfaces can be transformed into hydrophilic areas
by aminopropylsilylation and acylation. Butler and coworkers produced so-called surface
tension arrays [70] for the on-chip synthesis of oligonucleotides using a similar principle
(Figure 7.20). The resulting hydrophilic areas (B), surrounded by hydrophobic areas (A)
with a very low surface tension, represent micro-reactors holding the reaction solvent in
area B due to differences in the wetting characteristics. The perfluorosilane modified ar-
eas A have wetting properties similar to Teflon. Alternatively, Brennan used a laser for
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ablation of fluorosiloxanes (Figure 7.21) to create micro-patterned surfaces starting from
a uniformly hydrophobic modified glass slide [61]. Furthermore, photolithographic tech-
niques have been reported for the micro-patterning of films ([188, 268, 381, 606]; reviewed
in [186, 305]). Micro-mirror mediated patterning of biomolecules has been reported [303,
304, 510].
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7.2.3. Peptide Array Preparation

Peptides are usually synthesized step by step using appropriate side chain (permanent
protecting group) and N-terminal protected (temporary protecting group) amino acid deriva-
tives (Figure 7.22). Generally, fluorenyl-oxy-carbonyl- (Fmoc), tert-butyl-oxy-carbonyl-
(Boc) and nitroveratryl-oxy-carbonyl (Nvoc) moieties are used as temporary protecting
groups (PG) while preparing peptide arrays. Subsequent to amino acylation of surface-
bound amino functions, the PG of the surface-bound amino acid derivative is removed by
base (Fmoc), acid (Boc) or light (Nvoc) treatment. Repeated amino acylation and deprotec-
tion reactions yield a surface-bound target peptide in the side chain protected state. Final
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removal of all the permanent protecting groups gives appropriate target peptides tethered to
the surface via the C-terminal carboxylic acid function. Incomplete coupling/deprotection
reactions during the peptide assembly result in a target peptide contaminated by a variety
of deletion and truncation sequences.

7.2.3.1. Stepwise Synthesis on Coherent Surfaces In principle, in situ synthesis has a
number of advantages compared to immobilization of pre-synthesized peptides. Normally,
yields of peptide synthesis on surfaces are high and consistent over the entire support surface
from one array region to another. It also permits combinatorial strategies for constructing
large arrays of peptides in a few coupling steps. Several approaches have been used to
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allow spatially addressed peptide synthesis on coherent surfaces and membranes for in situ
fabrication of arrays.

Fodor and coworkers described a method for synthesizing large numbers of peptides
bound to a planar, solid support by combining the techniques of solid phase peptide
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synthesis, photolabile protection, and photolithography, known as light-directed pep-
tide synthesis (LDPS) or Very Large Scale Immobilized Polymer Synthesis [84, 151,
168, 324].

Here, a fraction of sites on a planar support carrying photo-detachable protecting
groups, such as nitroveratryl-oxy-carbonyl (Figure 7.23), is exposed to light through a
photolithographic mask. The fraction of sites thus deprotected is acylated with a specific
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FIGURE 7.23. Chemical principle enabeling photolithografic patterning of aminosilylated glass sur-
faces. i = N-(nitroveratryl-oxy-carbonyl)-6-amino hexanoic acid N-hydroxysuccinimide ester; ii = UV-light
(365 nm).
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amino acid derivative or building block, itself carrying a photo-detachable protecting group
(Figure 7.24). The photo-deprotection is repeated with the mask in a different position,
or with a different mask, and a second amino acid derivative or building block is at-
tached either to the functionalized support and/or to the first amino acid residue. After
several cycles of acylation and deprotection, with careful attention to the pattern of mask-
ing, an array of peptides is built up on the planar support. The final peptide microarray
is completely deprotected and exposed to the ligand of interest. Additionally, this tech-
nology could be successfully used for the generation of arrays of peptidomimetics such
as oligocarbamates (Figure 7.24) [84]. However, this technology has some serious dis-
advantages. Light-directed peptide synthesis involves a novel set of chemistries, which
have to be optimized otherwise the final quality of the surface-bound peptides will cause
false positive (if an impurity is active) and/or false negative results (if the target peptide
sequence was not synthesized). An interesting alternative to circumvent this limitation
is the use of photo-generated acids in combination with Boc-chemistry [171, 265, 309,
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406]. Nevertheless, the use of photolithografic masks combined with solid phase peptide
synthesis is relatively labor intensive. Related techniques eliminating the mentioned dis-
advantages associated with photolithografic masks use LED-arrays [174], laser scanning
by mirror-arrays [514] or a computer controlled micro-mirror projector [171, 309]. This
latter method involves deprotecting part of a surface coated with an amino acid carrying
a photo-detachable protecting group by a laser printer beam such as a HeCd laser. Spatial
control of the laser beam is accomplished by reflecting the beam from a spinning mirror
and employing a shutter to exclude the beam if desired. This programmable laser-activated
parallel peptide synthesis permits automated synthesis of immobilized peptide libraries,
avoiding the physical scale limitations of photolithography, but does not circumvent the
disadvantage of using amino acids with photo-detachable protecting groups. Moreover,
there are 20 separate deprotection steps necessary for each position to be varied within a
peptide sequence. For example, the synthesis of all possible penta-peptides using the 20
natural amino acids (3.2 million peptides) requires 100 separate deprotection, washing and
acylation steps.

A further approach involves physically locating the activated monomer by contacting
a confined area of the functionalized surface with monomer solution using masks or phys-
ical barriers as demonstrated for the synthesis of oligonucleotides [351]. This allows the
synthesis of complex microarrays comprising many different but related sequences within
a few coupling steps by combinatorial methods. Flooding the activated monomers through
intersecting micro-channels yielded arrays of all sequences of a chosen length [352, 521] but
generating circular or diamond shaped reaction chambers by sealing an appropriate shaped
mask against a functionalized surface such as glass or aminated polypropylene mounted on
glass yielded so-called scanning or tiling-path arrays ([129]; reviewed in [522]).

A very elegant form of spatially addressed compound deposition makes use of modified
color laser printers. The cartridges are filled with a solvent/amino acid derivative mixture
(high melting point of the solvent yields toner-like powder) resulting in an activated amino
acid solution during the laser induced melting process [428].

The use of ink-jet or bubble-jet technologies for the drop-on-demand liquid handling
during stepwise oligonucleotide synthesis on glass microscope slides [46, 222, 541] or gen-
eration of combinatorial libraries on functionally graded ceramics [368, 369] is described.
Analogous ink-jet delivery of activated amino acids to appropriate functionalized surfaces,
such as membranes, microscope slides or spinning surfaces in a CD-format [4] for auto-
mated synthesis of peptides, have been developed by a number of companies, but is not yet
commercially available.

A very simple but extremely robust method for the highly parallel synthesis of pep-
tides on planar surfaces is the SPOT synthesis concept developed by R. Frank [153, 155]
and commercialized by the company Jerini AG (www.jerini.com). This method is very
flexible and economic relative to other techniques and was recently developed from a
semi-automatic procedure [157] to a fully automated system (www.jerini.com). The basic
principle involves the spatially addressed deposition of defined volumes of activated amino
acid derivatives (or oligopeptides) directly onto a planar surface such as functionalized cel-
lulose (Figures 7.25–7.27), aminated polypropylene or aminopropylsilylated glass slides.
The areas contacted by the droplets represent individual micro-reactors allowing the for-
mation of a covalent bond between the amino acid derivative and the surface function. The
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treatment.

resulting spot size is defined by the dispensed volume as well as the physical properties
of the surface used. This SPOT synthesis has been reviewed extensively [158, 160–162,
273, 274, 443, 453, 454, 592]. Recent developments such as the introduction of novel
polymeric surfaces [591], new linker and cleavage strategies [16, 320, 573] as well as
automation (allowing the fully automated synthesis of up to 25,000 peptides within one
run) have increased the value of this technique and led to the extension of SPOT synthesis
to other molecule classes such as protein domains [546–548], peptide nucleic acids [356,
583], peptomers [16, 617], peptoids [16, 591, 202] and small heterocyclic compounds [488,
490]; see Section 7.5.5). Normally, peptides or peptidomimetics on arrays prepared by
SPOT synthesis are assembled in a stepwise manner. For longer peptides this is a labo-
rious and time-consuming procedure. Toepert and coworkers synthesized an oligopeptide
array of several thousand triple-substituted variants of the human YAP-WW domain by a
combination of classical stepwise SPOT synthesis and native chemical ligation [546–548].
This is one example of how to extend the concept of peptide arrays to arrays of chemi-
cally synthesized protein domains. Additionally, SPOT synthesis allows the use of defined
amino acid mixtures for acylation reactions leading to the array of libraries concept. The
problem of equal amounts of each library member could be circumvented by using ei-
ther kinetically adjusted mixtures or sub-stoichiometric amounts of amino acid derivatives
[269].

It is generally difficult to assess the quality of the peptides made on and bound to a
planar surface. The amount of peptide is small for most materials used (Table 7.1). However,
analysis of peptides synthesized step by step on cleavable linkers suggests a relatively
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high quality (Wenschuh et al., 2000). Non-destructive measurements can be made by IR-
spectroscopy, ellipsometry or interferometry [183].

In contrast, pre-synthesized peptides can be assessed before they are attached onto the
surface, allowing for quality control. When large numbers of peptide arrays with the same
sequences are needed, deposition of pre-synthesized peptides is more economical than in
situ synthesis. Deposition is also the method of choice for long peptide sequences, which
normally have to be purified to obtain high quality products (see Section 7.2.3.3.).

7.2.3.2. Non-Selective Immobilization of Peptides Non-specific immobilization has
the advantage that no specific modification of the peptides is necessary. Additionally, the
immobilized peptides within one spot are displayed as a mixture of differently attached
molecules, reducing the probability of wrongly presented molecules. On the other hand,
non-selective immobilization could prevent effective interaction with the screening probe
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if the functional group of the peptide used for the immobilization chemistry also represents
a key residue.

Several non-selective chemistries have already been described for peptide array ap-
plications. In most cases the amino functions of the peptides (free N-terminus or lysine
side chains) are targeted by surfaces carrying acid halides, active esters, isocyanates, isoth-
iocyanates, activated double bonds, aldehydes or epoxides. Surface coatings with cyanuric
chloride as described for immobilization of synthetic polynucleotides (Lee et al., 2002)
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should also be an attractive method for peptide immobilization. Compared with standard
chemistry this method led to an approximately 35-fold higher biological signal subsequent
to spotting a 10 µM sample solution.

The epoxy function represents the most versatile moiety for non-specific immobiliza-
tion because it can react with nearly all possible side chain functionalities of the deposited
peptide (Figure 7.28). Examples of non-specific immobilization chemistries are given in
Figures 7.1i, 7.1ii, 7.1iii, 7.1v, 7.6i, 7.7v, 7.8iii, 7.9, 7.14, 7.15, 7.17i, 7.17iii, 7.17v, 7.29ii,
7.29iv, and 7.30i.

Another possibility for non-selective immobilization is the use of surface modifi-
cations that can be activated by light generating reactive surface functionalities. Treat-
ment of silicone wavers with 2-nitro-5-[11-(trimethoxysilyl)undecyl]oxybenzyl methoxy
poly(ethylene glycol) propanoate yielded surfaces covered with masked aldehyde function-
alities [384]. Irradiation with UV-light (330 nm) generates the aldehyde that allows immo-
bilization of amino-containing molecules. The light dependence of the reactive functions
allows the generation of photolithografically defined immobilization sites. Alternatively,
introduction of photoaffinity moieties such as benzoyl benzoic acid ([480]; Figure 7.8iv),
perfluorophenyl azides [25, 26, 553] or 4-[3-(trifluoromethyl)-3H -diaziridin-3-yl]benzoic
acid (Figure 7.13; [91, 82, 252, 442]) generates highly reactive species on the surfaces,
allowing addition to peptides or other molecules in close proximity upon irradiation with
UV-light.
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7.2.3.3. Chemoselective Immobilization of Peptides Chemoselective immobilization
reactions (Figure 7.31) are of particular interest in the preparation of peptide arrays because
they allow control over both the orientation of the attached peptide and the density of the
immobilized biomolecule. The ideal reaction is absolutely selective, avoiding any impair-
ment caused by amino, carboxyl, mercapto, guanidino or hydroxyl functionalities from
the peptides’ amino acid side chains. Additionally, the reaction has to be fast, minimizing
the problems related to solvent evaporation during peptide microarray preparation. Re-
combinant tags represent a frequently used principle for chemoselective immobilization
of proteins although they do not lead to the formation of a stable bond, for example via
the oligohistidine tag or glutathione S-transferase conjugates. Alternatively, peptide immo-
bilization using peptide tags (FLAG-tag, Myc-tag) or biotin moieties requires large and
sensitive mediator proteins (antibodies, streptavidin).

ligandsupport +

ligandsupport

chemoselective
immobilization

FIGURE 7.31. Principle of chemoselective immobilization.
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FIGURE 7.32. Reactivity purification during chemoselective immobilization. i = deposition of peptides mix-
tures and chemoselective immobilization: crude peptides normally contain truncated sequences resulting from
incomplete coupling steps; introduced acetylations subsequent to every coupling reaction yield non-reactive trun-
cated peptides together with the target peptide equipped with the reactivity tag; ii = washing steps subsequent to
chemoselective immobilization yield purified covalently immobilized peptide.

One intrinsic advantage using chemoselective reactions is the formation of a covalent
bond introduced as a result of reactivity purification (Figure 7.32). If the chemical moiety
mediating the chemoselective reaction with the appropriately modified surface is attached
to the N-terminus of the growing peptide, the peptide synthesis protocol can be modified to
yield the target peptide equipped with the reactivity tag together with truncated, acetylated
sequences resulting from incomplete coupling steps. Deposition of this mixture results in a
covalent bond forming exclusively between the target peptide derivative and the surface. The
chemically “inert” truncated sequences can be simply removed during subsequent washing
steps. Thus, chemoselective reactions allow the generation of peptide arrays containing
purified (free of truncated sequences) peptides.

Classical chemoselective immobilization reactions (Figure 7.33) are reviewed by
Lemieux and Bertozzi [307]. Chemoselective reactions used for the preparation of pep-
tide arrays or which are suited for the oriented immobilization of peptides are presented in
Table 7.3. Examples of maleimide-surface modifications of glass slides and titan [603] are
given in Figure 7.1vi and Figure 7.2, respectively. Figure 7.3 illustrates the transformation
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of silicon wafers into mercapto-modified surfaces [308] allowing immobilization of
maleimide-peptide conjugates. The formation of an oxime bond (Figure 7.29vi) using the
chemoselective reaction between an amino-oxy-modified peptide derivative and an aldehyde
surface has often been used in preparing peptide microarrays [143, 330, 395, 443, 484,



198 ULRICH REINEKE, JENS SCHNEIDER-MERGENER AND MIKE SCHUTKOWSKI

TA
B

L
E

7.
3.

C
he

m
os

el
ec

tiv
e

re
ac

tio
ns

us
ef

ul
fo

r
th

e
im

m
ob

ili
za

tio
n

of
pe

pt
id

es

ed
uc

t
ed

uc
t(

lig
an

d)
pr

od
uc

t
su

rf
ac

e
fu

nc
tio

n
fu

nc
tio

na
lg

ro
up

of
lig

an
d

al
lo

w
in

g
ch

em
os

el
ec

tiv
e

re
ac

tio
n

st
ru

ct
ur

e
ge

ne
ra

te
d

su
bs

eq
ue

nt
to

lig
at

io
n

or
im

m
ob

ili
za

tio
n

re
ac

tio
n

re
fe

re
nc

e

al
de

hy
de

/k
et

on
e

am
in

o-
ox

y-
al

ky
l

ox
im

e
[1

,1
43

,3
30

,3
95

,4
43

,4
84

,4
86

,5
03

]
al

de
hy

de
/k

et
on

e
ß-

am
in

o-
th

io
l

th
ia

zo
lid

in
e

[1
43

,3
25

]
ß-

am
in

o-
th

io
l

al
de

hy
de

th
ia

zo
lid

in
e

[1
89

]
hy

dr
az

id
e

al
de

hy
de

hy
dr

az
on

e
[1

67
]

m
al

ei
m

id
e

m
er

ca
pt

o
2-

al
ky

th
io

su
cc

in
ic

im
id

e
[6

03
]

α
-h

al
oc

ar
bo

ny
l

m
er

ca
pt

o
th

io
et

he
r

[1
34

]
m

er
ca

pt
o

m
al

ei
m

id
e

2-
al

ky
th

io
su

cc
in

ic
im

id
e

[6
7]

th
io

es
te

r
ß-

am
in

o-
th

io
l

am
id

e
[9

9,
31

0,
31

1,
33

5,
53

8,
55

8]
)

th
io

ca
rb

ox
yl

at
e

α
-h

al
oc

ar
bo

ny
l

th
io

es
te

r
[4

96
]

be
nz

oq
ui

no
ne

cy
cl

op
en

ta
di

en
e

D
ie

ls
-A

ld
er

-A
dd

uc
t

[6
07

,H
ou

se
m

an
,2

00
2]

Se
m

ic
ar

ba
zi

de
al

de
hy

de
se

m
ic

ar
ba

zo
ne

[3
61

,4
25

]
sa

lic
yl

hy
dr

ox
am

ic
ac

id
(S

H
A

)
ph

en
yl

bo
ro

ni
c

ac
id

(P
B

A
)

PB
A

*S
H

A
co

m
pl

ex
[5

30
]



PEPTIDE ARRAYS IN PROTEOMICS AND DRUG DISCOVERY 199

486, 503]. Alternatively, the reaction between aldehyde modified glass surfaces and pep-
tides containing an N-terminal cysteine (Figure 7.29v) was also used successfully in peptide
microarray preparation [143]. Melnyk and coworkers selected the reaction between semi-
carbazide glass slides and glyoxylyl peptide derivatives (Figure 7.30) to generate peptide
microarrays [361]. It could be demonstrated that the native chemical ligation, introduced by
Dawson et al. [99] is suited for effective attachment of peptides containing an N-terminal
cysteine residue to thioester modified glass slides [310, 311, 558]. Finally, a special case of
chemoselective immobilization of peptides is represented by the electrochemical copoly-
merization of pyrrole-modified peptides [200, 227, 328].

Recently, more sophisticated reactions have been introduced for oriented immobi-
lization of peptide derivatives. A Diels-Alder reaction between benzoquinone groups on
self-assembled monolayers and cyclopentadiene-peptide conjugates (Figure 7.34) led to
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FIGURE 7.34. Chemoselective immobilization of cyclopentadiene-peptide conjugates to surface bound ben-
zoquinone functions [218]. Diels-Alder reaction between self-assembled monolayers (prepared by reacting gold
coated glass coverslips with a mixture of hydroquinone-oligo(ethylene glycol) and penta(ethylene glycol)-omega-
mercaptoalkyl conjugates in methanol followed by oxidation to benzoquinones) and cyclopentadiene-peptide
conjugates in aqueous solution yielding chemoselectively immobilized ligands (peptides).
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efficient covalent attachment of peptides to the surface at a density of 100 fmol/mm2 [218].
The formation of a 1:1 complex between surface-bound salicylhydroxamic acids and phenyl-
boronic acid-conjugates was also used for chemoselective attachment of polypeptides to
surfaces [530]. Moreover, selective cyclo-addition between biomolecules modified with an
azido group and alkyne functions on the surface, resulting in the formation of a substi-
tuted 1H -[1,2,3]triazole [144], should be useful for peptide immobilization. A special case
of immobilization is the selective interaction between surface-bound DNA molecules and
peptide nucleic acid tags (PNA-tags). Schultz and coworkers used this interaction to as-
semble spatially addressed PNA-tagged peptidic protease inhibitors on an oligonucleotide
microarray [596, 597].

7.2.4. Techniques for Array Production with Pre-Synthesized Peptides

In general, the different technical solutions available for the production of peptide
arrays starting from pre-synthesized peptides can be divided into two classes: contact and
non-contact printing. During contact printing processes the sample is loaded onto the tip
of a pin (Contact Tip Deposition Printing and Pin-and-Ring Printing), a pen of an atomic
force microscope (dip-pen nanolithography (DPN), a small stamp (Micro Contact Printing,
µCP), or into the needle of a microsyringe (Spotting) and subsequently deposited to the
functionalized coherent surface by direct physical contact of the pin/pen/stamp/needle with
the surface (Figures 7.35, 7.36). A special case of contact printing techniques is the so-called
Micro-Wet-Printing (µWP) of the company Clondiag [137] useful for either immobilization
of pre-synthesized peptides or the stepwise in situ synthesis of peptide arrays (Figure
7.36C).

In contrast, during non-contact printing procedures small droplets generated by piezo-
electric or bubble-jet devices or by a microsyringe pump are sprayed with high speed onto a
functionalized coherent surface without direct contact with the dispenser (Figure 7.37). This

A

B

C

D

FIGURE 7.35. Different principles of pin or capillary contact printing. A = solid pin printing; B = split pin
printing, C = capillary printing; D = pin-and-ring printing.
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µCP

µFN

µWP

FIGURE 7.36. Different principles of contact printing. µCP = micro contact printing; µFN = micro fluidic
networks; µWP = micro wet printing.

is a clear advantage because it avoids possible mechanical damage to either the dispenser
or the sensitive surface.

7.2.4.1. Contact Printing The first step of Contact Tip Deposition Printing (Figure
7.35A) is dipping the tip of a solid pin into a sample solution. A defined amount of solution
(depending on the material and on the shape and the dimensions of the pin) is adsorbed on
the immersed tip. After moving to the appropriate printing position and establishing direct
contact between the pin tip and the surface, a small spot of sample solution is generated on
the surface (down to 50 µm spot size). If the same sample should be printed several times
the pin has to be loaded again. However, so-called split pins were developed to circumvent

A

B

C

FIGURE 7.37. Different principles of non-contact printing. A = bubble jet: local heating generates a small
bubble ejecting small droplets, B = piezoelectric device: compression of piezoelectric device generates a shock
pulse in the fluidic chamber yielding a droplet, C= top-spot-printing: a microstamper ejects droplets simultaneously
from array-like arranged micro-nozzles.
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this situation (Figure 7.35B). The small slot of the split pin represents a reservoir that is
loaded with sample solution by capillary forces. Contact of the split pin with the surface
deposits a defined part of the sample solution. After moving to another position of the
surface an additional defined amount of sample solution can be deposited without reloading
the pin.

Different devices for the production of arrays are on the market using up to 256 pins
in parallel (Biorobotics multiple printhead) for simultaneous loading with sample solutions
provided in 1536-well microtitre plates and sample deposition on a number of slides. Al-
ternatively, capillaries either alone or connected to microsyringe pumps [508] can be used
for the deposition of small sample droplets onto functionalized surfaces (Figure 7.35C). A
unique technology is so-called Pin-and-Ring Printing (Figure 7.35D; [479]) making use of
a small ring filled with spotting solution and a solid pin going through the sample solution,
thereby transporting a fraction of the sample to the surface in a multiple mode.

Microscale placement of samples on (even curved) surfaces with submicron preci-
sion is possible using inked stamps of structured elastomers such as polyurethans, poly-
imides and poly(dimethylsiloxan) [36, 105, 229, 240, 280, 285, 314, 315, 319, 437, 600,
613]. This µCP technology (Figure 7.36A) has been reviewed extensively [600, 601]. The
µCP technique has widespread application for printing of alkanethiols onto metal surfaces
to form micro-patterned self-assembling monolayers. Positive µCP using pentaerythritol-
tetrakis(3-mercaptopropionate) as an ink for wetting PDMS stamps was described recently
[106]. Closely related to µCP is the recently introduced nanotransfer printing (nTP) tech-
nique, enabling the generation of complex patterns on functional materials with nanometer
resolution in one step [333]. Alternatively, the µFN method is based on conformal contact
between the functionalized surface and a micro-machined PDMS substrate (Figure 7.36B)
forming a network of micro-channels, which can be filled with sample solution by capillary
forces. The geometry of the µFN and the limited amount of sample molecules flowing
inside the channels lead to a gradient of immobilized compounds.

Micro-structured masks are used for the synthesis of oligonucleotides by the µWP
method (Figure 7.36C; www.clondiag.com). This mask is positioned with extremely high
precision on the functionalized surface. The mask is connected to a channel system allowing
either the deposition of pre-synthesized biomolecules or stepwise synthesis directly on the
surfaces by application of appropriate activated building blocks. Squares of 1 µm size are
theoretically possible with this technology, allowing the immobilization (or synthesis) of
up to one million biomolecules per cm2.

A very special case of contact printing technologies is dip-pen nanolithography, making
use of an inked atomic force microscope pen [6, 214, 302, 413]. Deposition of spots with
diameters of around 50 nm onto gold or silicon oxide surfaces was demonstrated using this
technology, resulting in a final density of more than 100,000 samples in an area of 100 µm
by 100 µm [110].

7.2.4.2. Non-Contact Printing Several ink-jet modes of droplet generation have been
used for the controlled delivery of small volumes of liquid to surfaces such as piezoelec-
tric capillaries, piezoelectric cavities, nozzles with a thermal pressure transducer [14] and
the nozzleless acoustic jet [541]. Of particular interest from the biochemical application
standpoint is the acoustic jet method for droplet generation [132, 536] since the opportunity
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to eject extremely small droplets without possibly clogging a nozzle is unique. However,
acoustic jets enabling to handle many different solutions in parallel have yet to be developed.

The prototype of a piezoelectric device is a glass capillary surrounded by a cylindrical
piezoelectric device [3, 66, 509]. A control circuit sends a short pulse (typically 5 µs at
100 V) to the piezoelectric element, which causes compression of the piezoelectric device,
generating shock pulses in the fluid chamber and forcing droplets out of the nozzle (Figure
7.37B). The size of the droplet depends upon the diameter of the nozzle, the magnitude
of the pulse and the physical properties of the peptide solution. Micro-machined piezo or
thermal jets [15, 251, 296, 302, 404] generate precisely sized droplets due to the highly
defined orifice geometry, but unlike piezoelectric capillary jets these devices cannot be
loaded directly from a microtitre plate.

One disadvantage of the piezoelectric ink-jets is the relatively large amount of peptide
solution needed to generate reproducible droplets (typically 1–4 microliters). Therefore,
these jets are used if one wants to deposit a large number of spots of the same peptide
solution. Nevertheless, there are special piezoelectric micropipettes with extremely small
dead volume available (GeSIMmbH, Großerkmannsdorf, Germany; [148]).

A major advantage of the ink-jet approach is the speed of printing. In the case of
contact printing using pin tools the required close proximity of the reagent delivery tip and
the surface makes a vertical motion necessary. During this vertical motion, touching the
surface to deposit a droplet of the peptide solution, horizontal motion is stopped. Since
motion must be stopped for each contact event, the time required to generate a microarray
batch increases linearly with the number of peptide arrays in the batch. In contrast, with
non-contact printing in the “on the fly” mode (no stop of horizontal motion necessary for
delivering aliquots of peptide solution) total printing time increases much less rapidly with
batch size.

Special cases of non-contact printing are the parallel direct displacement of liquids using
an elastomer stamp [101] and the highly parallel top-spot-printing technology (Figure 7.37C;
[124]) developed by IMTEK (University of Freiburg, Germany) and the HSG-IMIT Institute
(Villingen-Schwenningen, Germany; www.hsg-imit.de). A pneumatic pulse to a specially
designed mini-microtitre plate ejects up to 96 different sample droplets simultaneously
onto a surface within one second. This high speed and the parallel mode makes top-spot-
printing perfectly suited for applications that require an extremely high number of similar
microarrays.

7.3. LIBRARY TYPES

A great variety of different library types has evolved, from the origin of multiple peptide
synthesis through to the huge peptide collections generated and applied nowadays either in
solution or immobilized as peptide arrays. In general, the design principles can be classified
into protein sequence-based approaches dissecting or modifying the primary structure of
a protein or peptide and de novo approaches exploring the entire or at least a significant
and sometimes biased part of the potential sequence space. Only in exceptional cases are
aspects of sequence-based and de novo strategies combined within one library (see 7.3.1.2.
and 7.3.1.8.). So far, most investigations applying peptide arrays (Table 7.4) are based on
the SPOT technology since it was the first generally amenable method suitable for even
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non-specialized laboratories. However, although many examples refer to publications us-
ing this technology, all library types described here can also be prepared by other newly
developed peptide array production technologies.

7.3.1. Protein Sequence-Derived Libraries

Protein sequence-derived libraries provide the basic tools to elucidate interactions
between a protein and a ligand, such as other proteins (enzymes), DNA, metal ions, cofactors
and lipids. This provides detailed information about the ligand binding site. In addition,
peptides derived from the binding site are often valuable starting compounds for peptide
inhibitor or substrate development.

7.3.1.1. Scans of Overlapping Peptides The standard library to identify a protein’s
ligand binding site is a scan of overlapping peptides, also called a peptide scan or simply
pepscan (Figure 7.38A; [176, 178]). The entire protein sequence, or a certain part of it
corresponding to a particular domain perhaps, is synthesized as short, overlapping, linear
peptides that are subsequently tested for ligand binding. Usually, this involves 6- to 15-mer
peptides since most linear binding sites (see 7.5.1.1.) do not exceed this range ([113, 415,
458, 562]). Furthermore, longer peptides result in raw products with rather limited puri-
ties, which cannot be used for array preparation without expensive purification procedures.
However, to identify discontinuous binding sites (see 7.5.1.2.) longer peptides are consid-
ered an advantage if the peptide covers a folding motif comparable to the native protein
structure (“domain scan” http://www.pepscan.nl/html/outframeset.html). In addition to the
peptide length, another important parameter of peptide scans is the number of overlapping
amino acids between two consecutive peptides. Usually, the peptides are shifted by one to
three positions along the protein sequence. With shorter overlaps important peptides may
be overlooked. In peptide scans derived from proteins containing disulfide bonds or free
cysteine residues, these residues are commonly exchanged by similar amino acids, such
as serine, to avoid dimerization and oligomerization of the peptides or covalent linkage to
thiols in the ligands [417].

7.3.1.2. Hybritope Scans The mapping of discontinuous (conformational) binding
sites (see 7.5.1.2.) necessitates analyzing peptide-ligand interactions with very low affinities.
This led to the introduction of the hybritope and duotope scan (see 7.3.1.3.). Discontinuous
epitopes are composed of two or more binding regions separated in the primary structure.
Upon folding they are brought together on the protein surface to form a composite epitope.
In the hybritope scan (Figure 7.38B) the peptides of a peptide scan (see 7.3.1.1.) are N-, C-
or N- and C-terminally flanked by randomized positions ([445]; for synthesis procedures
of randomized positions refer to [269]). The rationale is that a juxtaposed binding region
within the discontinuous binding site can be mimicked by the randomized positions or a
subset of peptides with the appropriate amino acid composition in the randomized sequence.
Deconvolution libraries (see 7.3.2.1.) must then be used to identify single peptides from
these peptide mixtures.

7.3.1.3. Duotope Scans and Matrix Scans Flanking randomized positions of the
hybritope scan may either contribute via sequence motifs homologous to binding regions
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FIGURE 7.38. Protein sequence-derived peptide libraries. The amino acid sequence of the protein under
investigation is used to generate short linear overlapping peptides. (A) Scan of overlapping peptides (peptide scan)
(see 7.3.1.1.), (B) hybritope scan (see 7.3.1.2.), and (C) duotope scan or matrix scan (see 7.3.1.3.).
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of the discontinuous binding site, mimicking sequences according to the “mimotope con-
cept” [177, 363] or detract via adverse effects, e.g., by unfavorable charged amino acid side
chains. The duotope scan (Figure 7.38C) was therefore introduced to provide a rational tool
to identify peptide mimics for discontinuous binding sites. The concept is that these binding
sites can only be mimicked adequately if two or more binding regions are connected in one
molecule by a linker moiety resembling their spacing in the protein’s three-dimensional
structure. This means synthesizing all possible combinations of two overlapping peptides
from a conventional peptide scan as one linear peptide for each combination, i.e., combi-
natorial chemistry with peptides as second level building blocks [451, 452]. This concept
was validated by mapping the discontinuous epitope of the anti-hen-egg white lysozyme
(HEL) antibody D1.3. A complete lysozyme duotope scan comprising all combinations of
HEL-derived 10-mer overlapping peptides (offset by thee amino acids) combined via two
β-alanine residues as a spacer moiety, synthesized by the SPOT method, resulted in an array
of 41 by 41 (1681) 22-mer peptides, a number recommending array-based techniques for
cost-effective experiments. Probing the array with mab D1.3 revealed a duotope peptide
composed of two binding regions that exactly matched the structural epitope known from
X-ray crystallography of the HEL-Fab D1.3 complex [40, 41]. The dissociation constant of
the duotope scan peptide in a complex with mab D1.3 was determined by ELISA as 27 µM,
a value significantly higher than that of the native HEL-D1.3 complex due to complete loss
of the conformational stability conferred by the protein fold. Nevertheless, the duotope pep-
tide clearly has a higher affinity compared to peptides spanning the single binding regions
[451, 452].

If information about the binding region is available, e.g., from site-directed mutage-
nesis studies, one can carry out a partial duotope scan covering only the protein-derived
sequences of interest. This strategy was applied to identify a mimic for a discontinuous
epitope recognized by a neutralizing anti-interleukin-10 (IL-10) antibody [448, 451, 452].
Disadvantages of the duotope scan include having to assess a relatively large number of
long peptides and possibly identifying false positives since hydrophobic residues that are
often buried in the three-dimensional structure of the protein become exposed by dissecting
the protein into duotope peptides and can cause unspecific interactions.

A concept analogous to the duotope approach called “matrix scan” has been developed
(http://www.pepscan.nl/html/outframeset.html; [364]). However, experimental details were
not available at the time of preparing this manuscript.

7.3.1.4. Amino Acid Substitution Scans The interaction of a peptide with a binding
partner usually relies upon a limited number of amino acid residues that are effectively
in contact with the binding partner. These amino acids contribute either to the binding
free energy or to the specificity of the interaction and are referred to as key residues. If the
peptide has to adopt a certain conformation upon or prior to binding, amino acids facilitating
these conformations can also be regarded as critical. The concept of “alanine scanning”
introduced to map protein-protein interactions by site-directed mutagenesis has been used
to identify these residues (Figure 7.39A; [95]). Here, residues that cannot be exchanged
by alanine without loss of binding and/or biological activity are regarded as key residues
for the interaction. Scans with other amino acids are similarly used for alanine residues
in the starting peptide itself or to explore the effect of charged residues, for example. It
has to be considered that this only reveals effects that depend on the amino acid side
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FIGURE 7.39. Libraries of substitution analogs. These peptide arrays of substitution analogs are used to identify
the key residues required for the interaction with a binding partner or a certain biological activity. (A) Amino
acid substitution scan (alanine scan) of a 9-mer peptide (see 7.3.1.4) and (B) complete substitutional analysis of
a 3-mer peptide (see 7.3.1.5).

chains unless one incorporates building blocks that lead to a modified backbone. Among the
naturally occurring amino acids proline plays a special role in amino acids substitution scans
(synonym: replacement scan) and is therefore often used as a substitute. It can influence
the pre-binding conformation by inducing a turn structure or preventing helical structures,
providing indirect information about binding modes.

7.3.1.5. Substitutional Analyses If, for example, the amino acid substitution scan-
ning approach employs all genetically encoded amino acids it is called (complete) substitu-
tional analysis (synonyms: mutational analysis as referred to in some former publications,
replacement analysis, analoguing). These experiments explore the effects of all possible sin-
gle site substitutions of the starting peptide (Figure 7.39B; [415]; Frank and Overwin, 1996;
[273, 447]). This identifies key residues that are those that cannot be substituted at all or only
by physicochemically similar amino acids (e.g., leucine/isoleucine). Usually, other posi-
tions are not sensitive to substitutions and some may even lead to increased binding activity.
Complete substitutional analyses are a rapid and effective way to delineate the structure-
activity relationship of peptides and to simultaneously optimize the starting sequences with
respect to the activity (binding, enzyme substrate properties, etc.) being screened for in
the assay. In addition to substitutional analyses using the genetically encoded amino acids,
D-amino acids [274], other unnatural amino acids [172, 265], or peptoidic building blocks
[16, 456] are used to increase the diversity of side chain functionalities or backbone mod-
ifications. This often results in identifying substitution analogs that are stabilized against
proteolytic degradation.
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FIGURE 7.40. Analysis and optimization of peptide length (see 7.3.1.6.). (A) Truncation library with N-
terminal, C-terminal and bi-directional stepwise truncations; (B) deletion library (one or more consecutive amino
acids deleted at all possible positions), (C) combinatorial deletion library comprising all peptides with two or more
positions omitted independently all over the starting sequence, and (D) progressive alanine substitution library.

7.3.1.6. Truncation, Deletion, and Combinatorial Deletion Libraries Biologically
active peptides identified, for example using a peptide scan or by other types of peptide
libraries, including chemical and biological approaches, often contain a well-defined core
of key residues. In addition, these peptides include other dispensable positions resulting
from the predefined peptide length used in the library design. In order to narrow down the
peptide to the “active principle” or to minimize the molecular weight to facilitate peptide-
based drug design, three different types of libraries are useful: (1) Truncation libraries
(synonyms: size scan, window scan) comprise peptides omitting one or more N-, C- or
N- and C-terminal amino acids (Figure 7.40A; Frank and Overwin, 1996). (2) Peptides
from libraries of deletion analogs (Figure 7.40B) have one or more consecutive amino acids
deleted at all possible positions. (3) Compared to deletion libraries, combinatorial deletion
libraries additionally cover peptides with two or more positions omitted independently all
over the sequence (Figure 7.40C). It should be noted that the number of peptide analogs
covered by a combinatorial deletion library rapidly increases depending on the number of
deleted positions and the peptide length.

As an alternative to truncation analyses, a few authors used progressive substitutions
by alanine while retaining the overall peptide length (Figure 7.40D). Such library types
were called progressive alanine substitution or progressive alanine fill-up libraries [75, 139,
140].

7.3.1.7. Cyclization Scans A widespread strategy to optimize the binding free energy
of a peptide interacting with a binding partner is to stabilize the binding conformation. This
is often achieved by cyclization, for example via disulfide bonds [191, 448]. However, the
binding conformation is usually unknown since structure determination experiments by
X-ray crystallography or NMR are time-consuming and laborious. Furthermore, docking
of peptides to binding partners in silico is one of the most complex modeling problems
due to the tremendous intrinsic flexibility. Therefore, a large number of cyclic peptide
analogs have to be synthesized and screened to seek out the proper conformation of a
biologically active peptide. A systematic approach is the “cyclization scan” comprising all
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FIGURE 7.41. Disulfide cyclization scan. The library covers all possible combinations of two cysteine residues
within the starting sequence that are subsequently oxidized for cyclization (see 7.3.1.7.).

possible combinations of two cysteine residues within the starting peptide (Figure 7.41).
An example of this approach is a library of 466 cyclic peptide analogs used to identify the
optimal disulfide cyclic derivative of a linear 32-mer mimicking a discontinuous interleukin-
10 (IL-10) epitope [448]. The affinity was increased by a factor of 10 although one disulfide
bond within a 32-mer peptide had only a limited impact on the overall conformational
freedom [587]. Cyclization of peptides by disulfide bonds via cysteine residues is the
most amenable strategy and often applied for peptide arrays especially for stepwise in situ
peptide array production. However, several other chemical cyclization strategies can be
similarly applied as shown for amide bonds [191] and the entire chemical repertoire for
peptide or peptidomimetic cyclization can be used for array production technologies with
pre-synthesized compounds.

7.3.1.8. Library Types: Miscellaneous The focus of this review article is the field of
peptide arrays. Protein arrays are extensively described in other Chapters of this volume.
However, arrays of protein domains inhabit the borderland between peptide and protein
arrays since their sequences lengths are still accessible to chemical synthesis, branding
them “peptide-like” from the technological point of view. On the other hand these domains
usually retain stable folding, a functional feature claimed by protein arrays. Only two protein
domain array publications, described in more detail in Section 7.5.2.2., should be mentioned
here: (1) a complete L-amino acid substitutional analysis of the human YAP WW domain
(44-mer) resulting in an array of more than 800 single site substitution variants, which was
used to identify the key residues for stable domain folding or WW domain ligand interaction
[546, 547] and (2) an array of 11859 tri-substituted variants of the human YAP WW domain
used to identify WW domains with novel binding specificities [548]. The substitutions were
introduced in a combinatorial manner at three different positions within the WW domain
sequence, in other words a combination of protein sequence-derived and combinatorial
library techniques.
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Another specialized library type was used to identify binding partners and characterize
the binding specificities of PDZ domains, which mainly occur in proteins of the cytoskeleton
and play a role in signal transduction. They predominantly interact via their binding partners’
C-termini where the carboxyl group is essential for binding. Hoffmüller et al. described a
SPOT synthesis peptide array of all known C-terminal peptides derived from the human
proteins listed so far in the SWISSPROT databank [211]. Since peptides produced by
standard SPOT synthesis protocols are attached to the solid support at their C-terminus, a
novel synthetic pathway had to be established to generate free C-termini.

The last specialized peptide library type described here was applied to elucidate evolu-
tionary transition pathways between three completely unrelated peptides recognized by the
anti-p24 (HIV-1) mab CB4-1 [212]. These different peptide ligands were identified previ-
ously using combinatorial and deconvolution libraries [272]. The question of whether the
different CB4-1 peptide ligands can be reciprocally converted into each other was answered
by synthesizing and analyzing all possible (7,620,480) single step transition pathways (i.e.
sequential conversion of one amino acid after the other) between the three ligands. The
library comprising all 2560 possible transition peptides was designed with the software
PepTrans. Complete L-amino acid substitutional analyses of all intermediates from the best
transition pathways were performed in order to better understand the structural mechanisms
involved in the sequence transformation. In this study the exceptional synthesis capacity of
the SPOT method was exploited to analyze the sequence space between functionally related
peptides with no sequence similarity.

7.3.2. De Novo Approaches

If a natural protein binding partner is not known, or if peptide ligands have to be
identified without any previous knowledge, for example due to an intellectual property
situation, one has to use combinatorial libraries with peptide mixtures or randomly generated
libraries of single individual sequences. These strategies are summarized in this Section
under “de novo” approaches. Although this review is restricted to approaches using peptide
arrays and peptide chips it should be mentioned that most of the library types described
in this Section were pioneered at the beginning of the combinatorial chemistry era and in
the field of chemical libraries on beads [166, 215, 247, 286] or by using biological display
techniques such as phage display [56, 118, 504]. Michal Lebl [299] has published a very
lively historical review, with personal comments by the authors, of “classical” papers form
the beginning of combinatorial chemistry.

The main problem for de novo identification of peptides is how to handle the im-
mense number of potential peptide sequences, referred to as “combinatorial explosion”.
Even if only using the genetically encoded amino acids the number of possible sequences
dramatically increases with the peptide length:

� dimers 202 = 400
� trimers 203 = 8,000
� tetramers 204 = 160,000
� pentamers 205 = 3,200,000
� hexamers 206 = 64,000,000
� heptamers 207 = 1,280,000,000
� octamers 208 = 25,600,000,000
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FIGURE 7.42. Peptide mixtures. Peptide mixtures with defined positions (B) and randomized position (X)
(see 7.3.2.).

This Section describes two principles for the de novo identification of peptides with a
predefined biological activity (mostly binding to another protein): (1) Using combinatorial
libraries the aim is to completely cover the potential sequence space (see 7.3.2.1.). Although
peptide arrays can be prepared with a high spot density (>40,000/cm2; [151]) there is no
technology yet available to synthesize and handle billions of different compounds indi-
vidually. The solution is to synthesize peptide mixtures with degenerated or randomized
positions by statistically incorporating amino acids of a certain set (Figure 7.42). Defined
amino acids are only used at a limited number of positions. This results in a manageable
number of peptide pools screened on the peptide arrays. The randomized positions of active
pools must then be deconvoluted iteratively using deconvolution libraries individually de-
signed for the project, ultimately selecting the active compounds. (2) Since deconvolution
is a time-consuming process, arrays of randomly generated peptides (see 7.3.2.2.) have also
been applied. Since such libraries only cover a small percentage of the potential sequence
space, initially selected peptides often have low affinities to the binding partner and must
subsequently be optimized, for example using substitutional analyses.

7.3.2.1. Combinatorial Libraries The five most critical parameters for identifying
peptide ligands from combinatorial library arrays are: (1) the number of peptide mixtures
tested, (2) the number of defined positions, (3) the ratio between defined and randomized
positions, (4) the appropriate spacing of the defined positions within the entire sequence
length, and (5) the overall length of the peptides. These parameters determine the ratio
between active and inactive compounds in the peptide mixtures and consequently the signal
to noise ratio and likelihood of identifying bioactive peptides.

The development of multiple peptide synthesis robots and devices for peptide array
preparation have enabled a continuous increase in peptide library complexity, which can
be extrapolated to the future based on novel developments in the field of high density
microarray production. The first arrays to be developed were hexamer libraries with two
defined positions (mostly abbreviated in the literature as “O” or “B”) and four randomized,
or mixed positions (X): e.g., XXO1O2XX [269]. Initially, these libraries were used to map
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FIGURE 7.43. Deconvolution of active peptide mixtures (see 7.3.2.1). (A) In the positional scanning approach
the most active amino acids at each position are identified from the initial library with peptide mixtures (X =
randomized position; O = defined position with an individual amino acid). The deconvolution library consists of
individual peptides representing all possible combinations of the most active amino acids. (B) In the dual positional
scanning approach two positions are defined interdependently in the starting library.

linear antibody epitopes, but several other applications also emerged (see Section 7.5.;
Table 7.4).

The randomized positions have to be deconvoluted to obtain single active peptides.
Two general procedures have been described: (1) In the positional scanning approach
(Figure 7.43A) the entire library is subdivided into a small number of peptide mixtures
that have single amino acids at certain positions: O1XXXXX, XO2XXXX, XXO3XXX,
XXXO4XX, XXXXO5X and XXXXXO6 (O and X as defined above). If the 20 natu-
rally encoded amino acids are used for the defined positions (O) this library comprises
6 × 20 = 120 separate mixtures that are screened for binding, e.g., to an antibody [414].
Subsequently, individual peptides representing all possible combinations of the most active
amino acids at each position are synthesized and screened. Alternatively, two (dual posi-
tional scanning approach) ([416]; Frank and Overwin, 1996; Figure 7.43B) or even more
positions are defined in the first library. Although two defined positions involve greater
synthesis efforts (202 = 400 peptide mixtures) the chance of successful primary screening
is significantly better due to interactions with higher affinity and specificity. All randomized
positions have to be deconvoluted in a second step based on the results with the starting
library. Whereas the initial library is not predefined for a given screening molecule and
can be applied universally, the follow-up libraries are tailor-made for specific purposes.
The positional scanning approach assumes that the contributions of preferred amino acids
at each position are additive or at least not interfering. However, this cannot be taken for
granted in every system. (2) In order to circumvent this limitation, the randomized positions
can be deconvoluted by an iterative process (Figure 7.44). Here, each deconvolution library
is designed based on screening results from the starting or precursor library [269, 270].
Finally, a re-evaluation is recommended since there might be other amino acids at positions
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FIGURE 7.44. Iterative deconvolution process of active peptide mixtures. A starting hexamer library of the
type XXOOXX (X = randomized position; O = defined position) is screened and the best dipeptide combination
OO is selected for the first deconvolution library (XODDOX; D = defined position identified from the preceding
library). Subsequently, the second deconvolution library ODDDDO is based on the best tetrapeptide motif ODDO
from the preceding library and leads to a single peptide (see 7.3.2.1.).

defined early in the process that have a more positive effect on those defined later in the
deconvolution.

A dramatic increase in the effectiveness of peptide and peptide mixture mul-
tiple automated syntheses paved the way for more complex libraries of the type
XXXXO1O2O3XXXX (8000 peptides mixtures) [496]. For example, the most complex li-
brary prepared by the SPOT technique described so far is of the type XXXX[3O3X]XXXX.
The internal core [3O3X] is an abbreviation for three defined and three random-
ized positions arranged in all possible combinations XXXX[O1O2O3XXX]XXXX;
XXXX[O1O2XO3XX]XXXX and so on [272]. This library comprised 68,000 spots and
was used to identify not only antibody epitopes but also other peptides that bind to
the antibody‘s paratope in a completely different way, referred to as mimotopes [177].
This was shown by structure determination of the peptide/antibody complexes by X-
ray crystallography [255]. In many cases such complex libraries are essential for iden-
tifying peptide ligands that may require a certain number of key residues in a distinct
pattern.

An alternative way to reduce the number of peptide mixtures that have to be pre-
pared, yet match as many defined positions as practicable uses so-called combinatorial
clustered amino acid peptide libraries [45, 271]. Each cluster contains physicochemically
similar amino acids. The rationale of this approach is based on the assumption that physic-
ochemically related amino acids contribute similarly to binding. For instance, grouping the
amino acids into six clusters would lower the number of peptide mixtures in a combina-
torial library containing four non-random positions from 204 (160,000, with four defined
positions) to 64 (1,296, with four cluster positions). Kramer et al. described the epitope
mapping of anti-transforming growth factor α (TGFα) mab Tab2 using a library of the type
XC1C2C3C4X (C = one of six amino acid clusters [APG], [DE], [HKR], [NQST], [FYW],
[ILVM]) in comparison to phage display techniques [271]. The peptide library array identi-
fied several motifs unrelated to the known TGFα-derived linear epitope sequence, whereas
the phage display technique only revealed peptide ligands closely related to the wild-type
epitope.

Several other combinatorial library techniques either as combinations or modifications
of the principles described above or with unrelated design strategies were introduced for
non-array technologies, but are similarly applicable for peptide arrays. A very interesting
technique worth mentioning here is the so-called orthogonal library concept [111, 421]. The
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principle is that the same compound is represented in two different mixtures. Comparative
activities of different mixtures observed after screening enables identification the compound
responsible for activity.

In contrast to biological display techniques or in vitro translation systems, chem-
ically prepared peptide arrays offer the opportunity to incorporate unnatural building
blocks, e.g., D-amino acids, peptoidic building blocks, 1,3,5-trisubstituted hydantoins,
1,3,5-trisubstituted triazines, etc. A more detailed description of peptidomimetic classes
applied so far is given in Section 7.5.5.

7.3.2.2. Random Libraries An alternative to protein sequence-derived or combinato-
rial peptide array libraries is to use sets of randomly generated peptide sequences. Recently, a
peptide array approach was described using a library of 5520 randomly generated individual
15-mer peptides sequences prepared by SPOT synthesis and incorporating all genetically
encoded amino acids except cysteine [458]. Of course, this only covers an extremely small
fraction of the potential sequence repertoire. However, the peptide library array was suc-
cessfully used to identify specifically binding peptide epitopes and mimotopes of three
different antibodies (anti-IL-10 mab CB/RS/13, anti-TGFα mab Tab2, anti-p24 (HIV-1)
mab CB4-1). Initially identified peptide ligands mostly had very low affinities for the an-
tibodies with dissociation constants around 10−4 M. However, subsequent substitutional
analyses revealed several analogs with dissociation constants in the low micromolar and
high nanomolar range in a one step process. In two other studies 4450 randomly generated
12-mer peptides prepared on 10 “mini-Pepscan cards” (455 peptides per card) as well as
a tripeptide library comprising the genetically encoded amino acids in all possible combi-
nations were used to identify peptides binding to monoclonal antibodies against protein-S
of transmissible gastroenteritis virus (TGEV) (mab 6A.A6 and 57.9), an EGF-like domain
of the surface protein pfs25 of P. falciparum (mab 32F81), and the FLAG-tag (mab M2).
Several peptides were identified as either homologous to the wild-type epitope sequence
[516] or completely unrelated mimotopes [517]. Later, this approach was theoretically dis-
cussed and an algorithm to extract the amino acids required for binding was described
[561].

In addition to randomly generated peptide library arrays, this approach was also used for
peptidomimetics. Heine et al. described an 8000 membered hexapeptoid and hexapeptomer
array used to identify peptidomimetics that bind the anti-TGFα mab Tab2 [202]. The best
compound had a dissociation constant of 2.7 µM. The same antibody was used to probe an
array of 8000 1,3,5-trisubstituted triazines, with the best hit having a dissociation constant
of approximately 400 µM [488].

7.4. ASSAYS FOR PEPTIDE ARRAYS

This Section describes the general aspects of assay systems to probe peptide arrays.
It is divided into the Sections “Screening” (4.1.) and “Read-out” (4.2.) addressing either
the molecular recognition event, or how one observes which peptide was bound and/or
converted by an interaction partner or enzyme. Of course, the quality of an assay system
depends on the proper combination of screening and read-out methods.
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FIGURE 7.45. Binding assays and detection methods to identify peptide-protein interactions (see 7.4.1.1.).
(A) Antibody epitope mapping with a directly labeled antibody; (B) antibody epitope mapping using a labeled
secondary antibody; (C) detection with a directly labeled protein; (D) immunological detection of peptide-protein
interactions using a directly labeled primary antibody; (E) immunological detection of peptide-protein interactions
using a primary antibody in combination with a labeled secondary antibody; (F) immunological detection of
peptide-protein interactions using a labeled antibody directed against an affinity purification tag or a fusion
moiety; and (G) immunological detection of peptide-protein interactions using an antibody directed against an
affinity purification tag or a fusion moiety in combination with a labeled secondary antibody.

7.4.1. Screening

Molecular recognition events on peptide arrays include either ligand binding
(see 7.4.1.1.) or enzymatic conversion (see 7.4.1.2.). Chemical transformations of peptides
on arrays (see 7.5.4.5.) or binding of intact cells (see 7.5.4.6.) are only described briefly.

7.4.1.1. Ligand Binding As shown in Table 7.4, peptide arrays are most frequently
applied to study peptide binding by polyclonal or monoclonal antibodies. This can be
achieved with directly labeled [593] primary antibodies (Figure 7.45A) or with labeled
secondary antibodies (Figure 7.45B). Proteins in general can also be labeled directly (Figure
7.45C). Alternatively, they are detected using an antibody against the protein itself (Figure
7.45D) or recognition of a purification tag (poly-His-tag, Strep-tag, etc.) or a fused region,
e.g., an Fc or GST fusion (Figure 7.45F). Similar to detection of peptide-antibody binding,
proteins and fusion proteins can be recognized with labeled primary as well as secondary
antibodies (Figures 7.45E, G). Generally, labeled protein A or G can be used as an alternative
to labeled secondary antibodies [578]. For all immunological detection systems it is critical
to rule out direct, nonspecific binding of the detection antibodies (or protein A/G) to the
peptides. Incubation procedures as well as control experiments for peptide arrays prepared
by SPOT synthesis have been described and are analogous in principal for all types of arrays
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FIGURE 7.46. Electrotransfer of peptide-bound proteins. (A) Protein binding to the peptide array; (B) Protein
electrotransfer onto a nitrocellulose or polyvinylene difluoride membrane; and (C) detection after immobilization
on the blotting membrane (see 7.4.1.1.).

[453]. In addition, false-positive results can occur when using fusion proteins, and this must
be checked by control incubations with the fusion moiety alone.

In most cases both screening and read-out are carried out directly on the peptide
arrays. Alternatively, peptide-bound antibodies or proteins can be electrotransferred onto
nitrocellulose or polyvinylene diflouride (PVDF) membranes (Figure 7.46; [453, 481]).
This procedure, which is only applicable for peptide arrays on porous membranes, results
in an exact mirror image of the ligands captured on the array. Subsequently, incubation
with detection antibodies for example, and read-out by any of the methods described below
are carried out on the blotting membrane. This procedure was extensively applied for
probing peptide arrays with chaperones (see 7.5.2.3.; [481]) and is especially well suited
for mapping protein homodimerization sites [205, 266]. Here, a peptide scan of the chosen
protein is incubated with the protein itself. Detection with an antibody against this protein
would usually lead to false-positives due to detection antibody interactions with protein
sequence-derived peptides on the array (i.e., antibody epitope mapping), a problem avoided
on the electrotransfer membrane. In addition, the electrotransfer procedure is extremely
useful for detecting low-affinity peptide-protein interactions. This is due to the binding
equilibrium shifting towards un-complexed detection antibody or protein during subsequent
array processing. The advantage of the electrotransfer procedure is that all incubation and
washing steps are carried out after transfer and immobilization of the primary incubation
molecule. Detailed experimental protocols are described elsewhere [453].
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FIGURE 7.47. Binding assays and detection of non-protein ligands binding to peptide arrays (see 7.4.1.1.).
(A) Binding of metal ions to peptide arrays is detected by radioactive isotopes; (B) detection via precipitating chro-
mogenic chelators; (C) chelators that are labeled e.g., with peroxidase; (D) insoluble metal sulfides; (E) fluorescence
dye labeled peptides. Other interactions identified on peptide arrays are (F) binding of labeled oligonucleotides;
(G) binding of dye- or peroxidase-labeled peptides; and (H) binding of heme to arrays of synthetic four helix
bundle mini-proteins.

Non-protein ligands used to probe peptide arrays include metal ions, DNA, peptides
and protein cofactors. Screening with metal ions is carried out with radioactive isotopes
detected by autoradiography (Figure 7.47A), employing precipitating chelators or insoluble
metal sulfides that are quantified by densitometry (Figure 7.47B and D), with chelators that
are coupled to enzymes (peroxidase) or other markers for detection (Figure 7.47C), or
with peptide coupled fluorescence labels like dansyl that show an increased fluorescence
intensity upon metal ion (Pb2+, As3+) binding (Figure 7.47E) [172, 265, 269, 270, 346,
494]. Oligonucleotide binding to peptides is detected using 32P-labeled DNA or RNA
(Figure 7.47F; [465, 466]). Peptide binding to protein domain arrays can be performed
with peroxidase labeled [546, 547] or dye coupled peptides [548] (Figure 7.47G). Cofactor
binding, for example heme binding to four-helix bundle protein arrays was carried out
spectroscopically (Figure 7.47H; [441, 495]).

7.4.1.2. Enzymatic Conversion Measuring the activity of enzymes that modify pep-
tides on arrays involves either enzymes adding something to the peptides (kinases, acetyl
transferases, glycosyltransferases, etc.) or releasing a peptide part (proteases, phosphatases,
etc.). In principle, all enzymes modifying peptides or proteins can be applied to screen pep-
tide arrays. However, so far only assays for proteases, kinases, phosphatases, esterases and
glycosyltransferases have been described, reflecting their respective importance in basic
research and drug discovery. The different types of assays are described in detail below:
kinases and phosphatases (7.5.3.1.; Figure 7.48) and proteases (7.5.3.2.; Figure 7.49). The
binding specificity of proteins that convert or bind to peptides or proteins without covalent
modifications, e.g., chaperones (see 7.5.2.3.) and isomerases (Table 7.4) is studied using
binding assays as described above (see 7.4.1.1.).
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FIGURE 7.48. Kinase assay on peptide arrays (see 7.5.3.1.). (A) The array is incubated with the kinase of
interest in the presence of [γ−32 or 33P]ATP and detection is performed by autoradiography. (B) Alternatively,
the phosphorylation is measured with a labeled anti-phospho-amino acid antibody.

FIGURE 7.49. Different types of protease assays (see 7.5.3.2.). (A) Assay with N-terminally labeled immobilized
peptides in the 96-well plate format [122]; (B) alternative assay with N-terminally labeled immobilized peptides
in the 96-well plate format [254, 455]; (C) protease assay with internally quenched peptides on arrays [101, 254,
450]; (D) detection of peptide cleavage after electrotransfer of the released N-terminal peptide fragment [275];
(E) protease assay with peptides having a fluorogenic group C-terminal to the scissile bond [486, 616]; and (F)
peptides with a fluorescence dye at the free terminus for array-based assays with decreasing signal upon cleavage.
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7.4.2. Read-Out

Quantification of peptide-bound ligands or enzymatic peptide conversion employs
chemoluminescent, fluorescent, radioactive, chromogenic, and label-free read-out meth-
ods such as surface plasmon resonance (SPR), mass spectrometry (MS), or atomic force
microscopy (AFM). The following Sections describe these principles and discuss their
advantages and drawbacks.

7.4.2.1. Chemoluminescence Detection of peptide-protein binding most often em-
ploys chemoluminescence read-out since a huge number of peroxidase-labeled monoclonal
and polyclonal antibodies are commercially available. Very high sensitivity is achieved
using a chemoluminescence substrate combined with either imaging systems or X-ray or
photographic films. Luminol-based substrates can be mixed very cheaply or purchased from
research reagent suppliers. In addition, ultra-high sensitivity substrates are commercially
available. Fortunately, peroxidase itself shows almost no detectable binding to the peptides,
and regeneration of peptide arrays, which is often done with SPOT synthesis-prepared ar-
rays, is rather easy since no precipitates accumulate on the array support as occurs with
chromogenic read-out methods (see 7.4.2.4.). Signal amplification and increased sensitivity
is achieved by coupling more than one enzyme to the analyte or detection molecule, e.g., a
second antibody or protein A or G.

7.4.2.2. Fluorescence The sensitivity of fluorescence read-out depends on the num-
ber of fluorescent moieties coupled per analyte molecule, the quantum yield of the fluores-
cent dye, the peptide loading, and the amplification achieved, for example by a sandwich
assay with primary and secondary antibody. Fortunately, many secondary antibodies labeled
with different fluorescence dyes are available. However, background fluorescence from the
array support can be a severe drawback. Such background signals could be almost com-
pletely suppressed using planar waveguide technology in combination with fluorescence-
based detection methods [400, 401, 584]. Glass chips usually have significantly lower
intrinsic background compared to the cellulose or polypropylene membranes commonly
used for arrays prepared by the SPOT technology. These porous membranes usually con-
tain traces of fluorescent substances left over from the production process. Another source
of background fluorescence can arise from the peptides, peptidomimetics or often side prod-
ucts from the synthesis process, e.g., side chain protecting groups. Generally, fluorescent
dyes with longer emission wavelengths, i.e., in the red range of the visible spectrum, such
as Texas Red r© are preferable to avoid interference with background fluorescence from
substances in complex mixtures such as cell lysates. If the peptides on the array are labeled
themselves, as required for some protease assays (see 7.5.3.2.; Figure 7.49), bulky and
often hydrophobic fluorescence labels with longer emission wavelengths can cause severe
problems by affecting the analyte’s interaction (e.g., a protease) with the peptides. In such
cases aminobenzoic acid, with a molecular weight in the average range of natural amino
acids, is often used in order to reduce assay and read-out artifacts [102, 254, 455].

7.4.2.3. Radioactivity Binding assays with radioactively labeled screening
molecules are often used due to their very high detection sensitivity. Generally, proteins can
be labeled with 125I [126, 582], 35S [44], 14C [377], or phosphorylated with [γ-32/33P]ATP
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[75, 139, 539]. The major advantage compared to immunological detection methods is that
no controls are needed to rule out false-positive results from detection antibodies binding
directly to the peptides. The drawback is that some proteins are denatured or modified in
their activity or binding properties by 125I-labeling or 32P/33P phosphorylation, necessitating
a control activity test with the radioactive protein.

Phosphorylation of peptides by kinases is the most important radioactivity-based assay
(Figure 7.48A). Peptide arrays with a phosphate acceptor amino acid are incubated with
the kinase of interest in the presence of [γ-32/33P]ATP (see 7.5.3.1.; [50, 143, 330, 338,
395, 484, 503, 539]). Incorporated radioactivity is measured using a phosphoimager or by
exposition to X-ray films.

7.4.2.4. Chromogenic Read-Out Several examples for chromogenic read-out and
densitometric quantification on peptide arrays are described. These are (1) precipitating sub-
strates, e.g., nitroblue tetrazolium (NBT)/bromochloroindolyl phosphate (BCIP) catalyzed
by alkaline phosphatase [269] or bromochloroindolyl-β-D-galactopyranoside catalyzed by
β-galactosidase [155]; (2) metal ion detection with chromogenic chelators such as nickel-
dimethylglyoxime or as metal sulfides [269, 270, 494]; (3) heme [441] or metal ion [495]
binding to four-helix bundle protein arrays; (4) binding of dye-coupled peptides to protein
domain arrays [548]; and (5) chemical transformation such as crosslinking of advanced gly-
cation end products (AGEs; [377]) or chemical ligation with dye-labeled aldehydes [538].
No expensive imager system is required for this type of read-out. Visual inspection is suf-
ficient for quantification and documentation only requires a normal scanner. However, the
dynamic range and sensitivity are far worse than, say, chemoluminescence or radioactivity.
Another disadvantage is that regeneration of arrays on porous membranes treated with pre-
cipitating substrates, for example alkaline phosphatase or reagents for metal ion detection,
is rather difficult since traces may be retained in the membrane structure.

7.4.2.5. Label-Free Read-Out Label-free read-out systems are the ultimate goal for
screening peptide arrays. The screening molecule needs not to be modified, which is usually
very tedious and may affect the biological activity of the analyte. Moreover, this excludes
artifacts associated with the detection molecule, e.g. secondary antibodies or fluorescent
markers, as discussed above. The most important label-free read-out systems are surface
plasmon resonance (SPR), which can record kinetic data of the binding event [218, 581],
mass spectrometry (MS), which can even identify a certain molecule out of a crude mixture,
e.g., a cell lysate, with high sensitivity [278, 532], and atomic force microscopy (AFM)
resulting in a three-dimensional image of the screening molecule bound to the array. So far,
these technologies have mostly been used for DNA, protein, or small molecule arrays but
it is just a question of time until they are used to a similar extend with peptide arrays.

Analysis of antibody-peptide interactions by SPR imaging using a peptide microar-
ray was shown for interactions of the FLAG epitope and several of its variants with the
anti-FLAG mab M2 [581]. First, a self-assembled monolayer (SAM) was prepared on a
gold film and chemically modified to immobilize peptides. The FLAG peptide, three sin-
gle substitution variants and an HA tag peptide as a negative control were tethered to
this SAM as a “peptide-line” array using a microfluidics system. A second perpendicular
microfluidics system was then used to deliver the analyte mab M2. In another study phos-
phorylation of a peptide substrate by the tyrosine kinase c-Src was measured by SPR [218].
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The peptide was chemically immobilized on a SAM chip and phosphorylated by c-Src. Sub-
sequently, phosphorylation was detected by SPR measurement of an anti-phospho-tyrosine
antibody. Although in these studies only a few peptides were analyzed simultaneously,
which does not really reach far beyond the capacity of standard SPR techniques as com-
mercially supplied by Biacore for example, this read-out method has a huge potential for
peptide microarrays.

Array-based read-out methods employing MS were first introduced as a robust method
in the ProteinChip r© Array Technology by the company Ciphergen [585]. Peptides or other
molecules are immobilized on carriers with eight different positions. Subsequently, the
chip is probed with either pure molecules or crude mixtures such as cell lysates, serum,
or urine. Molecules that bind to the peptides or other molecules immobilized on the chip
are retained during automated washing steps and are detected by surface-enhanced laser
desorption/ionization time-of-flight mass spectrometry (SELDI-TOFMS). This technol-
ogy is not reviewed further here because it does not fit the scope of peptide arrays with
respect to the number of peptides analyzed and the degree of potential miniaturization.
The combination of mass spectrometry and array techniques in the strict sense has already
been successfully applied in the field of protein arrays [54] and might similarly be used
for peptide arrays in the future. In preliminary studies Su and Mrksich immobilized the
peptide Ac-IYAAPKKKC-NH2 on self-assembled monolayers presenting ethylene glycol
chains with maleimide functions [532, 533]. However, only the success of immobiliza-
tion was shown by MALDI-TOF MS. No further assays or detection were carried out by
mass spectrometry. The application of mass spectrometry to identify binding partners from
peptide arrays is described in a patent application [278]. A peptide scan derived from the
intracellular domain of the erythropoietin (EPO) receptor was incubated with cell lysates
from EPO stimulated and unstimulated cells as well as different purified signal transduc-
tion proteins. Subsequently, tryptic digestion, mass spectrometry, and databank analysis
revealed the identity of the peptide-bound proteins.

Atomic force microscopy has not been used with peptide arrays so far, however proof-
of concept has been confirmed with protein arrays (e.g., [64, 245, 373]). AFM was used
as a read-out for peptide arrays in the broader sense in a study visualizing transmembrane
peptides in planar phosphatidylcholine bilayers that were prepared via fusion of vesicles
with a solid substrate [471]. However, there was no peptide sequence diversity and no
clear-cut spatial addressability.

A very elegant label-free read-out method uses conventional compact disc technology
[282]. Molecules, meaning also peptides, are immobilized on the polycarbonate surface of a
CD. Read-out of the reflective metalized layer underneath by a standard polarized infrared
laser as used in CD players is disrupted by binding of bulky ligands to the surface and
leads to errors in the binary signal. Proof-of-concept was shown for streptavidin binding to
immobilized biotin but the strategy should also be applicable for peptide arrays.

7.5. APPLICATIONS OF PEPTIDE ARRAYS

In this Section the main applications for peptide arrays are described in principal and
illustrated by selected outstanding examples. In most of these examples the peptide arrays
were prepared by the SPOT method. This is mainly because publications based on this
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technology dominate the literature, since the first full publication describing this synthesis
concept dates back more than a decade now and such array preparation is not only simple
but requires no specialized equipment. Most applications illustrated here can be applied
in principle to all types of peptide arrays described in Section 7.2. For a comprehensive
overview of most of the publications in the field please refer to Table 7.4 in Section 7.6.

7.5.1. Antibodies

The most frequent application of peptide arrays described so far is the mapping of
antibody epitopes. This can be ascribed to the fact that antibody-antigen interactions are
often used as model systems for the evaluation of novel peptide library techniques, for
several reasons: (1) usually antibodies bind to their antigens with high affinity and speci-
ficity (disregarding cross-reactivity). (2) Many antibodies raised against proteins bind to
linear epitopes, unlike other protein-protein interactions where this is only an exception
(see 7.5.2.2.). (3) Antibodies can be easily detected using commercially available enzyme-
or fluorescence dye-coupled secondary antibodies. (4) Antibodies are stable and easy to
handle, and (5) state-of-the-art techniques allow rapid and cheap preparation of sufficient
antibody amounts. Although antibody-antigen interactions are discussed separately in this
Section many characteristics described here are also valid for protein-protein interactions
in general (see 7.5.2.).

7.5.1.1. Monoclonal Antibody Epitope Mapping: Linear Epitopes In linear epitopes
(also referred to as continuous or contiguous epitopes) [24] the key amino acids mediating
antibody contacts are located within one part of the antigen’s primary structure, usually
a region not exceeding 15 amino acids in length. Peptides covering these sequences have
affinities to the antibody within the range shown by the entire antigen.

Three-dimensional structures of antibody-antigen complexes obtained from X-ray crys-
tallography reveal relatively large contact surfaces in a range between 500 and 1000 Å2

with more than 15 amino acids in contact with the binding partner. This led to the defini-
tion of the “structural epitope” comprising all contact residues as observed in the complex
structure without considering their energetic contribution. On the other hand, extensive site-
directed mutagenesis studies have shown that only a few residues effectively contribute to
the binding free energy. These residues are summarized as defining the “energetic epitope”
building or “hot spot of binding” [108]. Here, it should be pointed out that linear peptide
epitopes identified by protein sequence-derived peptide scans comprise the amino acids of
the energetic epitope, as well as a few linking residues, rather than the structural epitope.

Table 7.4 summarizes the publications describing mapping and characterization of lin-
ear antibody epitopes. The peptide arrays used include peptide scans, amino acids scans,
substitutional analyses, truncation libraries, deletion libraries, cyclization scans, all types of
combinatorial libraries, and randomly generated libraries of single peptides. Today, exper-
iments to identify and characterize linear antibody epitopes are standard techniques widely
applied even in non-specialized laboratories.

As listed in Table 7.4 most of the peptide array applications for mapping antibody epi-
topes are based on the SPOT synthesis technique due to its simplicity and robustness. How-
ever, the earliest publication describing antibody binding to arrays of short linear peptides,
in 1991, utilized light-directed spatially addressable peptide synthesis [151]. Furthermore,
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several papers have been published where microarrays were prepared by directed immo-
bilization of pre-synthesized peptides (e.g., [143, 395, 503, 511]) or co-polymerization of
pre-synthesized peptides [200, 328].

7.5.1.2. Monoclonal Antibody Epitope Mapping: Discontinuous Epitopes Compared
to linear epitopes, discontinuous epitopes are much more difficult to map. In discontinuous
(or conformational) binding sites the key residues are distributed over two or more binding
regions separated in the primary structure [24]. Upon folding, these binding regions are
brought together on the protein surface to form a composite epitope. Even if the complete
epitope mediates a high affinity interaction, peptides covering only one binding region, as
synthesized in a scan of overlapping peptides, have very low affinities, which often cannot be
measured by normal ELISA or surface plasmon resonance (SPR) experiments. Therefore,
very sensitive detection procedures have to be applied to map discontinuous epitopes using
conventional peptides scans (Figure 7.38). Peptide arrays on cellulose membranes prepared
by SPOT synthesis are especially suited for this purpose. This is mainly due to the extremely
high peptide loading (see Table 7.1, 7.2; [276]), which correlates with a concentration in the
millimolar range assuming an equal distribution of peptides over the membrane area. This
extremely high peptide density facilitates detection of even weakly binding peptides due
to avidity effects. These peptides often have dissociation constants in the high micromolar
or even millimolar range. Such sensitive read-out can of course lead to the detection of
unspecific peptide-protein interactions. This has to be ruled out by control incubations,
visual inspection of the three-dimensional antigen structure if available, competitive ELISA
experiments or SPR studies. These control experiments are described in detail elsewhere
[444, 447].

In addition to the sensitive detection methods, advanced protein sequence-derived pep-
tide scans for mapping or mimicking discontinuous antibody epitopes or protein-protein in-
teraction sites in general have been introduced. These include the domain scan (see 7.3.1.1.),
the hybritope scan (see 7.3.1.2.), and the duotope or matrix scan (see 7.3.1.3.) described in
detail in these Sections.

There are considerably less publications describing the mapping or mimicking of dis-
continuous epitopes due to the obstacles mentioned above. Here, three outstanding publi-
cations are worth mentioning in detail: (1) Korth et al. identified a three-segmented binding
site for mab 15B3, which specifically recognizes the disease form of bovine prion protein
[267]. (2) An interleukin-10 (IL-10)-derived peptide scan was used to identify a discontin-
uous epitope on IL-10 composed of two segmented binding regions. Connection of these
binding regions and further optimization by substitutional analyses followed by a disulfide
cyclization scan resulted in an IL-10 mimicking peptide with a dissociation constant in the
lower nanomolar range [448, 587]. (3) A special type of discontinuous epitope appears in
the hinge region of antibodies where the analogous sequences of the two heavy chains have
a parallel orientation with several disulfide bridges, depending on the origin species and
the antibody class and subclass. Welschof et al. were able to identify and mimic epitopes
of scFv antibodies that simultaneously bind to both heavy chains in the hinge region of hu-
man IgG antibodies [588]. These discontinuous binding sites were mimicked by branched
peptides with two identical hinge region-derived sequences coupled to the α- and ε-amino
group of a lysine residue immobilized on a cellulose membrane.
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7.5.1.3. Antibody Paratope Mapping Alternatively, epitope mapping approaches can
be applied to paratope mapping or to identify biologically active peptides from antibody
complementarity determining regions (CDRs). For example, three peptides with CD4-
binding capacity and HIV antiviral activity were identified using a scan of overlapping
peptides covering the VH and VL domains of the murine IgG1κ anti-CD4 mab ST40 [374].
The same group also described the expedient application of this approach to anti-idiotype
networks. The “paratope dissecting” approach was reviewed in detail recently [293].

7.5.1.4. Polyclonal Antibody Epitope Mapping Protein sequence-derived peptide
scans are similarly applied to mapping polyclonal antibody epitopes. The only difference
compared to monoclonal antibodies is that there is no way of distinguishing between linear
epitopes and single binding regions of discontinuous antigenic determinants. In an out-
standing publication Valle et al. described the epitope mapping of a polyclonal serum raised
against the Bacillus subtilis bacteriophage 
29 connector [559, 560]. Eleven immunodom-
inant regions were identified using the SPOT approach. The membrane-bound spots were
used to purify fractions of the serum specific for only one of the epitopes (for detailed exper-
imental protocols of this approach see: [342]). Since only a low resolution structure of the

29 connector is available, these epitope-specific polyclonal antibodies proved extremely
useful for topographical assignment of the epitope sequences using electron microscopy of

29 connector-antibody complexes. Several other studies using peptide arrays for epitope
mapping of polyclonal antibodies from human patients as well as other species are listed in
Table 7.4.

7.5.2. Protein-Protein Interactions

Most of the library types described in Section 7.3 have also been applied to protein-
protein interaction mapping. Some parameters for the interaction, such as complementarity
between the surfaces, size and shape of the binding site, and residue interface propensities
or segmentation adopt different values for antibody-antigen and other protein-protein inter-
actions [244]. However, the principles of the interaction are analogous. The overwhelming
majority of protein-protein interactions are mediated via discontinuous binding sites. On the
other hand, protein interaction domains (see 7.5.2.2.; [402, 403]) or chaperones (see 7.5.2.3.)
usually interact with short linear sequences in their ligands. These interactions are therefore
described separately.

7.5.2.1. Protein-Protein Interactions in General Among the first interactions to be
mapped using peptide arrays were cytokine or growth factor interactions with their recep-
tors: tumor necrosis factor (TNF)α/55-kDa TNF receptor [444], interleukin-6 (IL-6)/IL-
6 receptor [582], IL-10/IL-10 receptor α [446], and vascular endothelial growth factor
(VEGF)/VEGF receptor II [417]. Since then the interaction between many other protein
classes and their respective binding partners have been studied (structural proteins, surface
proteins of pathogens, etc., see Table 7.4). Interestingly, all these studies were based on
protein sequence-derived peptide libraries and not on de novo approaches.

7.5.2.2. Protein Interaction Domain—Ligand Interactions Protein modules and
other proteins involved in signal transduction often bind to short linear sequences [402, 403].
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Therefore, these interactions are well suited to investigation using protein sequence-derived
peptide scans and substitutional analyses. In fact, the binding specificity of many important
protein modules has been characterized using peptide arrays. These are: (1) WW domains
binding to proline-rich sequences with the consensus sequence Xaa-Pro-Pro-Xaa-Tyr (e.g.,
[323, 546–548]); (2) PDZ domains (named after the first letter of the proteins in which
they were first discovered: post synaptic density, disc large, zonula occludens) binding to
the C-terminal 4–5 residues of their target proteins, frequently transmembrane receptors or
ion channels [211, 501]; (3) SH2 (Src homology 2) domains of STATs (signal transducers
and activators of transcription) binding to phospho-tyrosine containing motifs [44]; (4) SH3
(Src-homology 3) domains binding to proline-rich peptides that form a left-handed polypro-
line type II helix with the minimal consensus motif Pro-Xaa-Pro [73]; (5) PTB domains
(phospho-tyrosine binding) interacting with Asn-Pro-Xaa-phospho-Tyr motifs [220]; (6)
EVH1 domains (Ena-VASP homology domain 1) binding to Phe-Pro-Xaa-Pro-Pro motifs
[19, 120, 121, 277, 382], and (7) TRAFs (tumor necrosis factor receptor associated factors)
binding to different motifs [434]. Most of these studies used target protein-derived peptide
scans as well as substitutional analyses.

Three publications are of particular interest here. The first is by Hoffmüller et al., who
identified two novel PDZ domain interaction partners by screening a peptide array of all
known C-termini derived from the human proteins listed so far in the SWISSPROT databank
[211]. The second is by Toepert et al. describing the preparation of an array including
more than 800 single substitution variants of the human YAP (Yes-associated protein) WW
protein domain spanning 44 amino acids, which was successfully employed in a parallel
ligand binding assay [546, 547]. This WW protein domain array was synthesized stepwise
by the SPOT technique. In contrast to the other publications mentioned here, this was the
first time that an array of natively folded protein modules was synthesized chemically.
The stepwise synthesis of complete protein domains is, of course, a laborious and time-
consuming procedure. Toepert et al. therefore synthesized an array of 11859 tri-substituted
human YAP WW domains by a combination of stepwise synthesis (SPOT technology)
and native chemical ligation [548]. The C-terminal part including the positions Leu30,
His32, and Gln35 which were combinatorially substituted by other proteinogenic as well
as unnatural amino acids was prepared by SPOT synthesis. The N-terminal portion was
synthesized in advance and ligated to the peptides on the cellulose array. The array was
incubated with 22 different dye-labeled peptide ligands (resulting in more than 250,000
binding experiments) to identify WW domains with novel binding specificities (Figure
7.47G). This is one example of how to extend the concept of peptide arrays to arrays of
chemically synthesized proteins.

7.5.2.3. Chaperones In contrast to the specific recognition described for antibody-
antigen, protein-protein, kinase and protease interactions, chaperones have only a degenerate
recognition motif and usually bind to a huge number of substrates. However, a preference
for certain motifs was identified for some chaperones such as DnaK, DnaJ, SecB and
the chaperone activity of Triggerfactor (which also has an isomerase activity), all from
Escherichia coli, using numerous peptide scans derived from substrate proteins as well as
combinatorial peptide libraries prepared by the SPOT method [260, 359, 399, 481–483].
An example outlined here for illustration is the recognition motif of SecB (Escherichia coli)
that was identified by screening 2688 peptides derived from 23 different substrate proteins.
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The results were used to define a working recognition motif that can predict SecB binding
peptides with up to 87% accuracy [260].

7.5.3. Enzyme-Substrate and Enzyme-Inhibitor Interactions

As well as being used for standard binding experiments as described so far in Sec-
tion 7.5., peptide arrays are also amenable to identifying, characterizing and optimizing
enzyme substrates and inhibitors. In principal, assays for all enzymes that modify peptides
are possible but so far only studies with kinases, phosphatases, proteases [140, 141, 397,
486, 549, 616], isomerases [336], glycosyltransferases [144, 217, 219] ribosyltransferases
[576], serine hydroxylases [80], epoxide hydrolases [616], and esterases [615] have been
described using peptide arrays or peptide microarrays. Here, kinases and phosphatases
(see 7.5.3.1.) and proteases (see 7.5.3.2.) are reviewed in detail.

7.5.3.1. Kinases and Phosphatases Kinase activity is detected by incubating arrays
of potential substrates with the enzyme in the presence of [γ-32/33P]ATP and subsequent au-
toradiography or phosphoimaging (Figure 7.48A). Experimental details have been described
for peptide arrays prepared by SPOT synthesis [540] and for peptide microarrays [338, 395,
503]. This approach was used to determine the substrate specificity of cAMP- and cGMP-
dependent kinases (PKA, PKG) [115, 539, 540, 550], calcium-dependent protein kinase
[334], histidine kinase enzyme I of the phosphotransferase system [376], protein tyrosine
kinase Lyn [534], protein kinase C [126], androgen receptor protein kinase [370], extracellu-
lar signal related kinase ERK-2 [140], and casein kinases I and II [550] using peptide arrays
generated by SPOT synthesis. Combinatorial and deconvolution libraries led to substrates
that are selectively phosphorylated by PKG [115]. Furthermore, a specific and similarly se-
lective substrate-derived inhibitor was created by substituting the phosphate acceptor residue
by alanine, resulting in a peptide with an inhibition constant of 7.5 µM for PKG and 750 µM
for PKA [115]. Similar analyses identified the recognition motif of the kinase DYRK1A,
which phosphorylates histone H3 [207]. The phosphate acceptor residue (threonine 45) was
determined by mass spectrometry and a substitution analogue library of peptides containing
this amino acid was synthesized and screened, revealing proline-directed substrate recogni-
tion. Recently, a very interesting approach introduced as the double peptide synthesis method
was used to detect weak but synergistically acting moieties in kinase or phosphatase sub-
strate proteins [141]. The authors used a modified SPOT synthesis protocol to prepare two
defined peptide sequences per cellulose membrane-bound spot. While the substrate peptide
was constant the second peptide was varied to detect weakly interacting but stimulating se-
quences. This approach allowed the efficient identification of so-called exo-sites in substrate
proteins.

Proof-of-concept experiments using radioactively labeled ATP derivatives were pub-
lished using peptide microarrays generated by immobilization of pre-synthesized peptides.
MacBeath and Schreiber were able to demonstrate that p42 MAP kinase, protein kinase A,
and casein kinase II recognize their substrates and transfer a phosphate moiety from the
ATP to the peptide side chain hydroxyl function if these substrates are covalently immo-
bilized on BSA coated surfaces (Figure 7.15; [338]). Falsey et al. used a chemoselective
immobilization reaction (Figure 7.29) to demonstrate that protein tyrosine kinase p60 c-src
is able to catalyze the phosphoryl-transfer to the microarray bound substrate EEIYGEFF,
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if a hydrophilic linker molecule is inserted between the surface and the peptide [143]. Al-
ternatively, Houseman et al. were able to show that the same enzyme phosphorylates the
substrate Ac-IYGEFKKKC selectively, if it is immobilized (Figure 7.34) and presented on
a self-assembled monolayer [218]. Recently, more sophisticated peptide microarrays were
used to profile different kinases using radioactive detection. Lizcano et al. investigated pro-
tein kinase NEK6 substrate specificity using a collection of 720 human phosphorylation
site-derived peptides, which were chemoselectively immobilized in three identical subar-
rays (2160 peptides) on a functionalized standard microscope slide [330]. Protein tyrosine
kinase Abl was analyzed using a similar peptide microarray [443] and a peptide microarray
containing 1433 randomly generated peptides in three identical subarrays (4299 peptides
per slide) [484]. Panse et al. analyzed casein kinase II substrate specificity using peptide
microarrays prepared by chemoselective immobilization of peptide derivatives that were
initially prepared by SPOT synthesis and cleaved off the original cellulose membrane. More
than 13,000 immobilized peptides derived from human proteins were presented to the kinase
in the presence of [γ-32P]ATP, followed by phosphoimaging [395]. Finally, Schutkowski
and coworkers were able to demonstrate that high-content peptide microarrays represent
useful tools for detecting autophosphorylation sites (peptide scans through kinases), priming
phosphorylation events (collections of kinase substrate peptides together with monophos-
phorylated derivatives, 2923 peptides) and potential downstream targets (activation loops
of human kinases, 1394 peptides; [503]).

An alternative to detecting phosphorylation using radioactivity is the use of either
fluorescence dye- or enzyme-labeled anti-phospho-amino acid antibodies [218, 310, 311,
350, 395, 443, 558] or phospho-specific fluorescence dyes [350] (Figure 7.48B). Unfor-
tunately, antibody-based detection is limited to tyrosine phosphorylation because com-
mercially available generic anti-phospho-serine or anti-phospho-threonine antibodies have
well-defined sub-site specificities [253, 395, 526]. This limitation could be circumvented
by the introduction of phospho-sensitive dyes [350]. Examples for successful profiling
of tyrosine kinases using fluoresceine-labeled anti-phospho-tyrosine antibodies are listed
in Table 7.4. Conversely, the recognition of cellulose membrane-bound phospho-peptides
by anti-phospho-tyrosine antibodies was also used to detect protein tyrosine phosphatase
activities [140, 141, 397].

7.5.3.2. Proteases Several different assay principles have been developed to mea-
sure protease activity on peptide arrays (Figure 7.49). Optimal assays lead to increased
signal intensity upon substrate cleavage. Five assays of this type have been described: (1)
the first assay was developed by Duan and Laursen and is based upon peptide arrays pre-
pared on polyaminoethylmethacrylamide membranes by the SPOT method (Figure 7.49A)
[122]. The array comprised all 400 possible dipeptides derived from genetically encoded
amino acids with an N-terminally coupled fluoresceinyl thiocarbamyl moiety. These pep-
tides were punched out and attached to pins in a microtiter plate lid. Subsequently, they
were suspended in wells of a 96-well microtiter plate filled with protease solution. After
specified reaction times, the spots were removed in order to quantify the fluorescence dye
coupled to the cleaved-off N-terminal peptide fragment. This method was evaluated us-
ing chymotrypsin and papain [122] and for porcine pancreatic elastase [295]. (2) To avoid
laborious pin attachment a modified assay involves immersing substrate spots (aminoben-
zoic acid as fluorescence dye) in wells filled with the protease solution (Figure 7.49B). At
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various times small aliquots are pipetted into new wells and cleavage is quantified using
a fluorescence microtiter plate reader. This assay was employed to identify and charac-
terize caspase-3 substrates using substitutional analyses of a known peptide substrate, a
peptide scan, combinatorial libraries and randomly generated sets of peptides [254, 455,
457]. The major disadvantage of these two assay principles is that the peptide array has
to be dissected, essentially abandoning the benefits of array technologies. (3) This led to
the introduction of peptides arrays with internally quenched peptides (Figure 7.49C). Com-
partmentalization of the cleavage reaction is not necessary and increasing signal intensity
is observed. This technique was evaluated using combinatorial peptide libraries and substi-
tutional analyses of substrate peptides incubated with trypsin [102, 450] and subsequently
employed to determine the substrate specificity of the integral membrane protease OmpT
of Escherichia coli [102]. (4) A sophisticated but rather tedious procedure involves pep-
tides coupled to cellulose membranes by their C-terminus and having an antibody epitope
tag with a biotinylated lysine residue at the N-terminus (Figure 7.49D). Cleavage releases
the N-terminal part of a substrate peptide including the epitope tag and the biotin moiety.
This fragment is affinity-blotted onto a streptavidin-coated PVDF membrane and detected
via an enzyme–conjugated antibody [275]. (5) Peptide derivatives containing a substituted
fluorogenic group C-terminal to the scissile bond are immobilized on glass slides resulting
in peptide microarrays (Figure 7.49E). In a proof-of-concept study it was demonstrated that
the protease trypsin cleaved the amino acyl-fluorophore bond [615]. A very similar assay
principle but using longer peptides successfully determined the substrate specificities of
trypsin, granzyme B and thrombin employing peptide microarrays on glass slides gener-
ated by chemoselective peptide immobilization [486]. (6) Peptides with a fluorescence dye
at the free terminus are applied for array-based protease assays with a decreasing signal
upon cleavage (Figure 7.49F).

Recently, a novel principle was described for profiling proteolytic activities using semi-
wet peptide microarrays and differences in the partition coefficients of peptide substrates
and released fluorophores [258]. Lysyl endopeptidase treatment released an environmentally
sensitive fluorophore resulting in a blue shift of the emission maximum from 540 nm to
508 nm, along with two-fold higher fluorescence intensity.

In a very elegant experiment, peptidic inhibitors tethered to fluorescence tagged peptide
nucleic acids were used to profile inhibitor specificity against different cysteine proteases
[596, 597]. The peptide nucleic acid tag encodes the structure of the attached peptide
derivative and therefore allows spatially addressed deconvolution after hybridization to a
GenFlex oligonucleotide microarray.

7.5.4. Application of Peptide Arrays: Miscellaneous

In addition to the broad fields of application described above, some very specific
experiments using peptide arrays have also been described and these are summarized in this
Section.

7.5.4.1. DNA Binding Peptides Reuter et al. identified the type II endonuclease
EcoRII DNA-substrate binding site by incubating an EcoRII-derived peptide scan with
32P-labeled oilgonucleotides ([465]; Figure 7.47F). An important part of this work ad-
dresses the problem of unspecific ionic interactions between oligonucleotides and peptides
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containing positively charged amino acids. Experimental protocols and procedures to rule
out unspecific binding are described in detail [466].

7.5.4.2. Metal Ion Binding Peptides Combinatorial peptide libraries on cellulose
membranes were utilized to study the interaction of peptides with different metal ions.
This included chromogenic detection of Ni2+ (Figure 7.47B, C), Pb2+ (Figure 7.47D)
and Ag1+ ions by reduction to the colloidal state as well as assays with radioactive iso-
topes, i.e., 45Ca2+, 55Fe3+ and technetium-99m ions (Figure 7.47A; [269, 270, 494]). Of
particular interest is the identification of technetium-99m binding hexapeptides using an
8000-membered combinatorial peptide library array of the type O1XO2XO3X [346]. These
peptides were intended for tumor imaging applications involving genetic fusion to an anti-
CEA single chain Fv antibody (CEA = carcinoembryonic antigen). Binding of Pb2+ and
As3+ to four different dansyl-labeled peptides prepared by light directed on-chip synthesis
was recently shown [172, 265]. Binding was monitored by fluorescence measurement.

7.5.4.3. Arrays of 4 α-Helix Bundle Mini-Proteins Two publications describe the
preparation of 4 α-helix bundle mini-protein arrays using a combination of the SPOT
method and the TASP (template-assembled synthetic protein) concept (Figure 7.47H). Rau
et al. prepared an array of 462 hemoproteins by attaching, in an anti-parallel manner, four
peptides from a small pre-synthesized library to a cyclic decapeptide that was coupled to
a cellulose membrane via a linker moiety [441]. This array was simply screened for heme
binding properties by spectroscopic methods. As an extension of this concept the same
group published the de novo identification of mono Cu2+ and Co2+ binding proteins using
the same approach [495].

7.5.4.4. Identification, Characterization, and Optimization of Peptidic Ligands Pep-
tide arrays have often been applied to identify peptide ligands for a predefined protein or
binding partner in general. As the initial hits are usually sub-optimal with respect to affinity,
specificity, or stability, substitutional analysis is an ideal tool to optimize these properties
and simultaneously gather information about structure-activity relationships. This was pub-
lished for the optimization of the Strep-tag II interacting with streptavidin [493] and for the
identification and optimization of peptides binding blood coagulation factor VIII (FVIII)
that could be used as affinity ligands in the purification process of FVIII, which is admin-
istered to treat hemophilia A patients [12].

Unnatural amino acids and especially D-amino acids can be incorporated into peptides
in order to stabilize them against proteolytic degradation. However, the optimal amino acids
required to retain the peptide’s activity cannot be predicted. Therefore, Kramer et al., de-
scribed a stepwise systematic transformation process starting from all-L-peptide epitopes
through to all-D-peptides [274]. A complete array-based D-amino acid substitutional anal-
ysis was performed in the first transformation cycle. One peptide (containing one D-amino
acid) with the same binding activity was selected and used for the next transformation
cycle to convert a second position into a D-amino acid. Finally, all-D-peptides with com-
pletely different side chain functionalities but retained antibody binding specificity and
affinity were identified. A similar procedure was described to optimize a vascular endothe-
lial growth factor (VEGF) inhibiting peptide derived from the VEGF receptor II sequence
[417] substituting four positions by D-amino acids [418].
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7.5.4.5. Chemical Tranformations Reactions of reducing sugars on the N-termini or
amino acid side chains of proteins are the most common non-enzymatic modifications of
proteins. Combinatorial dipeptide libraries prepared by the SPOT method were used to
elucidate how reactive the N-termini and amino acid side chains were to being modified by
reducing sugars [377]. Following rearrangements, oxidations, and dehydration this leads to
so-called advanced glycation end products (AGEs) or “Millard products” that are mostly
colored and fluorescent. AGEs lead to changes in protein conformation, loss of function,
and irreversible crosslinking and are mostly observed with long-lived proteins involved
in the pathogenesis of various age-related diseases such as Alzheimer’s. It was shown
that the sugars preferentially react with cysteine or tryptophan residues when the peptide
N-terminus was free, but cysteine, lysine and histidine residues were preferred with an
acetylated N-terminus. Reaction activities were monitored using 14C labeled sugars. In
addition, the reaction activities of side chains from dipeptides with an acetylated N-terminus
were assessed for crosslinking by bovine serum albumin (BSA)-AGE. Since the products
are colored, reaction activities were monitored visually or using a standard scanner.

In a similar approach Tam et al. analyzed a SPOT library of 400 dipeptides to assess their
suitability for the domain ligation strategy by incubating them with dye-labeled alanine-α-
formylmethyl, -β-formylmethyl, and -β,β,β-dimethyl and formylethyl esters. The extent
of the aldehyde reaction with the dipeptides was subsequently analyzed by image analysis
[538].

7.5.4.6. Cell Binding to Peptide Arrays Falsey et al. described a proof-of-concept for
an adhesion assay with intact cells on peptide microarrays [143]. This involved preparing
an array by directed immobilization of pre-synthesized peptides, based on an all-D-amino
acid 8-mer peptide previously selected to bind WEHI-231 murine lymphoma cells. Out
of six different cell lines WEHI-231 were the only cells that bound to the array. Binding
was observed by pre-staining the cells with Cell-Tracker Orange and measured using a
microarray scanner. Furthermore, the method was extended to measure adhesion-dependent
functional cell signaling. It was known that the above mentioned 8-mer peptide induces
tyrosine phosphorylation in WEHI-231 cells. This activity was confirmed for the peptide
immobilized on microarrays. Cells were fixed after the cell adhesion assay, and following
permeation with nonionic detergent, a FITC-labeled anti-phospho-tyrosine antibody was
added and the array was analyzed under a fluorescence microscope. In general, standard
light microscopy can also be applied, as shown for an anti-CD (cluster of differentiation)
antibody array used for immunophenotyping of different types of leukemia [32].

In another publication, Otvos et al. were able to show stimulated T-cell proliferation
upon binding to peptides prepared by SPOT synthesis [394]. This study was not carried
out using peptide arrays in the sense of this article since the membrane was cut into pieces
before the assay and placed in segmented reaction vessels. However, this demonstrated the
principle of cell binding to immobilized peptides and re-stimulated discussion about the
paradigm that says such a T-cell assay requires free peptides in solution [362].

Finally, binding of 3T3 fibroblasts to the peptide Gly-Arg-Gly-Asp-Ser immobilized
on a self assembled monolayer (SAM) was shown [609]. However, only one peptide was
immobilized because the goal was to create spatially addressable cell arrays.

7.5.4.7. Identification of Protein-Protein Interaction Partners Peptide arrays have
also been used to identify novel protein-protein interactions. Early in the development of
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peptide arrays Krönke and coworkers identified the novel WD-repeat protein FAN as a spe-
cific interaction partner of the tumor necrosis factor (TNF) 55 kDa receptor by a combination
of the yeast interaction trap system and a peptide scan probed with 35S-methionine-labeled
protein extract from Jurkat cells [2]. Hoffmüller et al. synthesized an array of all known
C-terminal peptides derived from the human proteins listed so far in the SWISSPROT data-
bank ([211]; Section 7.3.1.8.). Krause et al. submitted a patent describing the identification
of interaction partners for the intracellular domain of the erythropoietin (EPO) receptor
([278]; Section 7.4.2.5.). Very recently, a proof-of-concept for combining a phage display
library with a peptide array library approach was shown [42]. Three different peptide ligands
for protein domains and a negative control peptide were synthesized by SPOT synthesis.
The respective protein domains were displayed on phages, which were used to probe the
“array” in an optimized biopanning process. Peptide specific phage populations were eluted
from the array elements, propagated, their DNA labeled with Cy3 or Cy5 dyes, and finally
analyzed by hybridization to DNA microarrays. Although this was a relatively brief pre-
liminary study it might be extended in the future to screen, for example, phage displayed
cDNA libraries against peptide arrays representing a plethora of protein sequence-derived
peptides. The basic principles for biopanning of phage libraries on peptide arrays prepared
by SPOT synthesis were described previously [223]. In this study a pIII fusion library of
calmodulin variants generated by error prone PCR was screened against mastoparan. In
addition, a pIII fusion library of scFv fragments presenting the antibody repertoire of a
mouse immunized with the recombinant extracellular domain of the human C3a receptor
was screened against a partial peptide scan derived from the antigen used for immunization
[199, 223].

7.5.5. Peptidomimetics

Examples of peptidomimetics arrays prepared by SPOT synthesis have been published
for D-amino acids [272, 418], peptoids and peptomers [16, 202, 617], 1,3,5-trisubstituted hy-
dantoins [201], amino-substituted 1,3,5-triazines [488, 490], branched peptides [490, 588],
and non-disulfide bond cyclized peptides, e.g., N-terminus to side chain amide cyclizations
[191]. The repertoire of peptidomimetic modifications and unnatural building blocks appli-
cable for SPOT synthesis or stepwise in situ peptide array preparation in general is of course
limited to synthesis procedures that can be carried out on planar surfaces, with the spot areas
considered as open micro-reactors. On the other hand, all peptide/peptidomimetic microar-
ray technologies that apply pre-synthesized compounds are open to the entire synthetically
accessible diversity space.

7.6. BIBLIOGRAPHY

This Section gives an extensive list of publications where peptide arrays were used until
finalization of this manuscript in January 2004. Patents, conference abstracts, or posters
are only recorded when an important topic was not covered by an original publication or
review. Websites are only cited in the text of the relevant Sections and in Table 7.2. We
make no claims as to the comprehensiveness of Table 7.4 due to inherent difficulties in
searching for publications that used peptide arrays. Unfortunately, the nomenclature in the
field is not yet fully standardized and key words or abstracts sometimes do not cover the
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TABLE 7.4.

Screening Molecule Library Technology Reference

Antibodies
Antibody Epitope Mapping: Linear Epitopes
mab D32.39 and goat anti-mouse

IgG-FITC conjugate or mab
D32.39-FITC conjugate

deletions and truncations of
fLRRQFKVVT (1024 peptides)

LDPS [151]

mab 3E7 directed against ß-endorphin
and goat anti-mouse IgG-FITC
conjugate

alternating YGGFL and PGGFL

First publication on the SPOT synthesis technique for peptide array generation
and epitope mapping

SPOT [154]

anti-CMV26 rabbit polyclonal serum CMV26 peptide scan, truncation
analysis of a selected peptide,
alanine scan

SPOT [155]

mAb 3E7 and goat anti-mouse
IgG-FITC conjugate

deletions and truncations of
YGPAFWGFMNLS (4096 peptides)

LDPS [187]

rabbit antisera against bovine myelin
proteolipid protein (PLP) (Ab45)
and against PLP peptides (Ab32,
Ab34, Ab46)

selected PLP peptide SPOT [578]

mAb 20D6.3 recognizing
oligocarbamates and goat
anti-mouse IgG-FITC conjugate

256 oligocarbamates derived from
YKFL

LDPS [84]

anti-HIV-1 MN envelope mab 58.2 substitutional analysis of a peptide
identified by phage display library
panning against mab 58.2

SPOT [237]

anti-transforming growth factor (TGF)
mab Tab2; silver(I); dsDNA

combinatorial libraries of the type
XXB1B2XX and XB1XB2XX

SPOT [269]

anti-V3 loop (gp120 from HIV-1) mab
50.1

substitutional analysis of a V3
loop-derived peptide

SPOT [470]

anti-p60 (Listeria monocytogenes)
polyclonal serum

partial peptide scans of 2 regions
(PepA, PepD) of p60 of Listeria
monocytogenes and of the PepD
homologous region of Listeria
innocua

SPOT [65]

mabs against the coat protein of beet
necrotic yellow vein virus
(BNYVV)

peptide scans and alanine scans of the
BNYVV coat protein

SPOT [92]

mab 3E7 directed against ß-endorphin
and goat anti-mouse IgG-FITC
conjugate

alternating YGGFL and PGGFL LDPS [168]

technetium–99m; nickel(II);
anti-transforming growth factor α
(TGFα) mab Tab2

combinatorial with 2 defined positions
(linear, cyclic, L- and D- amino
acids) and deconvolution libraries

SPOT [270]

anti- potato mop-top virus (PMTV)
mabs SCR 76 and SCR 77

partial peptide scan of the PMTV coat
protein (CP)

SPOT [407]

anti-interleukin-4 (IL-4) mab peptide scan of IL-4 SPOT [464]
anti-p24 (HIV-1) mab CB4-1 substitutional analysis of the linear

p24-derived mab CB4-1 epitope
SPOT [572]

anti-porcine tubulin-tyrosine ligase
(TTL) mab 1D3

dual positional scanning combinatorial
libraries

SPOT [157]



PEPTIDE ARRAYS IN PROTEOMICS AND DRUG DISCOVERY 233

TABLE 7.4. Continued

Screening Molecule Library Technology Reference

8 anti-sIL-6R mabs partial peptide scans of the IL-6
receptor extracellular domain

SPOT [192]

anti-dynorphin B mab D32.39 and goat
anti-mouse IgG-FITC conjugate or
mab D32.39-FITC conjugate

deletions and truncations of
FLRRQFKVVT (1024 peptides)

LDPS [213]

anti-transforming growth factor α
(TGFα) mab Tab2

combinatorial clustered hexapeptide
library and deconvolution libraries

SPOT [271]

6 mabs against phosphoprotein
(P-protein) of morbillivirus strains
PDV and CDV

peptide scans of the P-proteins of
morbillivirus strains PDV and CDV

SPOT [348]

anti-protein-S of transmissible
gastroenteritis virus (TGEV) mabs
6A.A6 and 57.9; anti-EGF-like
domain of surface protein pfs25 of
Plasmodium falciparum mab 32F81

4450 randomly generated 12-mer
peptides; all 8000 tripeptides based
on the genetically encoded amino
acids

MPC [516]

anti-gp41 (HIV-1) mab 3D6 complete L- and D amino acid
substitutional analyses of the linear
epitope

SPOT [528]

6 anti-listeriolysin (Listeria
monocytogenes) mabs

peptide scans of listriolysin SPOT [98]

anti-porcine tubulin-tyrosine ligase
(TTL) mab 1D3

peptide scan of porcine
tubulin-tyrosine ligase (TTL),
substitutional and truncation
analysis of a selected peptide,
combinatorial library (XXB1B2XX)

SPOT [158]

anti-porcine tubulin-tyrosine ligase
(TTL) mab 1D3

substitutional and truncation analysis
of a TTL-derived peptide;
combinatorial library (XXB1B2XX)
and deconvolution libraries

SPOT [159]

streptavidin-alkaline phosphatase combinatorial library (XXB1B2XX)
and deconvolution libraries

cAMP-dependent protein kinase combinatorial library (XXB1B2XX)
and deconvolution libraries

5 polyclonal anti-U1 small nuclear
ribonucleoprotein complex (U1
snRNP-C) antibodies (rabbit); 5 sera
from patients with mixed connective
tissue disease (MCTD) or systemic
lupus erythematosus (SLE)

peptide scans of U1 snRNP-C SPOT [193]

rabbit serum against a peptide derived
from the β-antigen of the c protein
complex of group B streptococci

partial peptide scan of the β-antigen of
the c protein complex of group B
streptococci and truncation analysis
of a selected peptide

SPOT [239]

12 sera from patients with
autoantibodies against intestinal
alkaline phosphatase (IAP)

peptide scans of intestinal alkaline
phosphatase (IAP)

SPOT [264]

anti-gp41 (HIV-1) mab 2F5 complete L-amino acid substitutional
analysis of the epitope peptide

SPOT [436]

(cont.)
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Screening Molecule Library Technology Reference

anti-transforming growth factor α
(TGFα) mab Tab2; anti-p24
(HIV-1) mab CB4-1

substitutional analyses; combinatorial
library of the type
XXXXB1B2B3XXXX; positional
scanning combinatorial library

SPOT [494]

lead(II); calcium(II); iron(III);
silver(I); nickel(II); technetium-99m

combinatorial libraries of the type
XB1XB2XX; deconvolution
libraries; positional scanning library

2 anti-presenilin 1 (PS1) polyclonal
rabbit antisera

partial peptide scans of presenilin 1 SPOT [542]

human antiserum against pertussis
toxin

peptide scan of pertussis toxin SPOT [575]

3 anti-FcRIIb2 mabs peptide scans of FcRIIb2 SPOT [586]
pooled sera from 10 latex-sensitized

health care workers; pooled sera
from 10 patients with spina bifida

peptide scan of the latex allergy
associated allergen prohevin

SPOT [20]

pooled sera from latex-allergic
patients; serum from a single latex
allergic patient; high IgE control
sera; pooled anti-latex rabbit sera

peptide scans of prohevein SPOT [29]

anti-RhopH3 (Plasmodium
falciparum) mouse mabs 84, 85, 87,
and 91

partial peptide scan (aa 816-836) of
RhopH3

SPOT [119]

serum from a juvenile rheumatoid
arthritis (JRA) patient

partial peptide scan of the nucleosomal
high mobility group protein 2
(HMG-2) and a glycine walk of a
selected peptide

SPOT [248]

anti-p24 (HIV-1) mab CB4-1 positional scanning combinatorial L-
and D-amino acid libraries,
deconvolution libraries,
substitutional analyses

SPOT [272]

2 mabs against the heavy chain of
botulinum type E neurotoxin

peptide scans of two regions of
botulinum type E neurotoxin

SPOT [279]

9 sera from patients with
Goodpasture’s disease

peptide scan of the C-terminal
noncollagenous domain of the α3
chain of type VI collagen

SPOT [312]

anti-profilin mab 2H11 peptide scan of bovine profiling I SPOT [357]
anti-human thyroglobulin (hTg) mouse

mabs Tg2 and Tg8
partial peptide scan of the central part

of human thyroglobulin (hTg)
SPOT [372]

mAb 3E7 and goat anti-mouse
IgG-FITC conjugate

endorphin epitope derived peptides up
to 16-mers (65536 peptides)

LDPS [422]

anti-troponin I mabs peptide scans of sceletal troponin I SPOT [440]
HIV-1 positive sera peptide scans of the gp120 (HIV-1) V3

loop
SPOT [497]

anti-protein-S of transmissible
gastroenteritis virus (TGEV) mabs
6A.A6; anti-FLAG mab M2

4450 randomly generated 12-mer
peptides; all 8000 tripeptides based
on the genetically encoded amino
acids

MPC [517]

mab 755 against the α-chain of C3 peptide of the C-terminal region of the
C3 α-chain

SPOT [569]
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10 antibodies against ras proteins peptide scans of the human oncogene
products Ha-ras, K-ras, and N-ras;
truncation analyses and complete
L-amino acid substitutional analyses
of selected peptides

SPOT [579]

anti-elongation factor TU (EF-TU)
mab

peptide scan of EF-TU, truncation and
substitutional analysis of a selected
peptide

SPOT [18]

2 anti-centrosome scleroderma
autoimmune sera

peptide scans of the immunogenic
regions of the centrosome autoantigen
PCM-1

SPOT [23]

anti-lipoprotein lipase (LPL) mab
(discontinuos epitope possible)

peptide scan of LPL and substitutional
analyses of selected peptides

SPOT [74]

anti-glucoamylase
(thermoanaerobacterium
thermosaccharolyticum) polyclonal
antibody

partial peptide scan of glucoamylase SPOT [123]

anti-M2 acetylcholine receptor mab partial peptide scan of M2 acetylcholine
receptor

SPOT [131]

anti-cardiac troponin I monoclonal and
polyclonal antibodies

peptide scans of cardiac troponin I SPOT [145]

28 anti-cardiac troponin I (cTnI) mabs peptide scans of cTnI SPOT [150]
IgG fractions from 2 patients with

erythema multiforme major,
polyclonal serum from a rabbit
immunized containing the epitope
YSYSYS

partial peptide scan of the C-terminal
part of desmoplakin

SPOT [152]

3 anti-C3aR scFvs peptide scans of the second extracellular
loop of C3aR

SPOT [198]

anti-alanine dehydrogenase (AlaDH)
of Mycobacterium tubercolosis mab
HBT-10

peptide scan of AlaDH SPOT [224]

anti-transforming growth factor α
(TGFα) mab Tab2

peptide scan of TGFα, substitutional
analysis of a selectd peptide,
combinatorial library (XXB1B2XX)

SPOT [273]

anti-cholera toxin mab TE33; anti-p24
(HIV-1) mab CB4-1

D-amino acid substitutional analyses for
the transformation of linear
wt-epitopes into all-D peptide analogs

SPOT [274]

anti-cardiac troponin I monoclonal and
polyclonal antibodies

peptide scans of cardiac troponin I SPOT [289]

anti-β2 adrenergic receptor mabs peptide scans of the β2 adrenergic
receptor and alanine scans of selected
peptides

SPOT [297]

5 anti-glycoprotein G of HSV-2 (gG-2)
mabs; 8 anti-gG-2 antibodies
purified from patients sera

peptide scans of gG-2 SPOT [321]

biotinylated antibodies directed against
ACTH derived peptides and
strepavidin-phycoerythrin conjugate

pyrrole peptides (18–39) and (11–24) of
ACTH

CPPP [328]

(cont.)
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8 anti-gliadin polyclonal rabbit sera; 6
human sera positive for gliadin
antibodies

peptides identified by phage display
(panning against anti-gliadin rabbit
sera)

SPOT [389]

anti-eukaryotic initiation factor 4E
(eIF4E) mabs

peptide scans of eIF4E SPOT [431]

7 rabbit sera against coxsackievirus A9
and B3 and against echovirus 11

peptide scans of the capsid proteins
VP1, VP2 and VP3 from
coxsackievirus A9

SPOT [435]

interleukin 10 (IL-10), interleukin 10
receptor a (IL-10Rα), 3 anti-IL-10
mabs, 1 anti-IL-10Rα mab

peptide scans of IL-10 and IL-10Rα SPOT [446]

sera from insulin-dependent diabetes
mellitus (IDDM) patients

peptide scans of glutamic acid
decarboxylase 65 (GAD65) and
alanine scans of selected peptides

SPOT [468]

15 sera from systemic lupus
erythematosus (SLE) patients

peptide scans of the SLE autoantigen
SmD1

SPOT [469]

anti-interferon regulatory factor 1
(IRF-1) polyclonal antibody

peptide scan of interferon regulatory
factor 1 (IRF-1)

SPOT [487]

sera from patients with allergic
bronchopulmonary aspergillosis
(ABPA)

peptide scan of a major allergen (Asp f
2) of Aspergillus fumigatus;
truncation scans of selected peptides

SPOT [21]

sera from latex allergic patients and
sera of rabbits immunized with latex
proteins

peptide scans of the latex protein Hev
b 5 from Hevea brasiliensis

SPOT [30]

several sera from patients with primary
biliary cirrhosis containing
autoantibodies against nuclear
protein sp100

partial peptide scans of the nuclear
protein sp100

SPOT [47]

68 murine IgG mabs recognizing linear
epitopes

peptide scans, length analyses,
L-substitutional analyses

SPOT [113]

13 sera from multiple sclerosis patients
positive for human transaldolase
(TAL-H); 2 anti-TAL-H polyclonal
rabbit antibodies

peptide scans of TAL-H SPOT [142]

anti-pneumolysin mab PLY-5 peptide scan of pneumolysin (PLY) SPOT [231]
sera from parvovirus B19 infected

patients
peptide scans of the VP1 and VP2

parvovirus B19 capsid proteins;
truncation analyses; alanine and
glycine walks of selected peptides

SPOT [250]

3 mouse mabs and a polyclonal rabbit
serum against pVIII of filamenteous
bacteriophage fd

peptide scans of pVIII; truncation
analyses and glycine walks of
selected peptides

SPOT [259]

anti-pre-S1 and pre-S2 (hepatitis B
virus) mabs 1F6 and MA 18/7

peptide scan of the pre-S domain,
substitutional analyses of selected
peptides

SPOT [281]

anti-RNA polymerase II (Drosophila
melanogaster) scFv215

substitutional analysis of the RNA
polymerase II derived epitope

SPOT [326]

2 anti-interleukin 10 (IL-10) mabs peptide scans of IL-10 and
substitutional analyses of selected
peptides

SPOT [449]
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anti-midsize neurofilament NF-M
mab 155

peptide scan of neurofilament NF-M SPOT [500]

anti-colera toxin mab TE33 substitutional analyses of mab TE33
binding peptides

SPOT [529]

sera from patients receiving
streptokinase (SK) therapy

peptide scans of streptokinase SPOT [552]

polyclonal serum against
bacteriophage φ29 connector
protein

peptide scans of the bacteriophage
φ29 connector protein (p10)

SPOT [559]

polyclonal serum against
bacteriophage φ29 connector
protein

peptide scans of the bacteriophage
φ29 connector protein (p10)

SPOT [560]

anti-β-amyloid (Aβ) polyclonal
antibody

peptide scan of apolipoprotein E
(apoE) each peptide being flanked
by randomized positions
(hybritope scan)

SPOT [594]

sera from latex-sensitized health care
workers; sera from patients with
spina bifida

peptide scan of the latex allergy
associated proteins Hev b 1 and
Hev b 3

SPOT [22]

CD4; anti-gp17 polyclonal antibody peptide scan of gp17; alanine walks
of selected peptides

SPOT [28]

sera from patients with
polymyositis-scleroderma overlap
syndrome

partial peptide scan of the
polymyositis-scleroderma overlap
syndrome antigen PM/Scl-100;
length analysis, glycine-walk and
complete substitutional analysis of
a selected positive peptide from the
peptide scan

SPOT [48]

mab 2E11 against a peptide 38 from
the variable region of the Vb 6.2
T-cell receptor

truncation analysis of peptide 38 SPOT [52]

mab 3E12 against Kx blood group
antigen and spectrin β-chain

overlapping peptides derived from
epitope regions in Kx blood group
antigen and spectrin β-chain

SPOT [72]

2 anti-tubulin-tyrosine ligase (TTL)
mabs

peptide scan of pig TTL SPOT [135]

anti-cardiac troponin I mab 11E12 alanine walks of mab 11E12 binding
peptides

SPOT [147]

10 sera from patients with malaria peptide scan of block 17 of merozoite
surface glycoprotein-1 (MSP1) of
Plasmodium falciparum

SPOT [164]

anti-p24 (HIV-1) mab CB4-1 libraries with all possible single step
transition pathways between 3
sequentially and structually
unrelated mab CB4-1 binding
peptides; substitutional analyses of
peptides from selected transition
pathways

SPOT [212]

35S-labeled calmodulin mastpoparan
(Ac-INLKALAALAKKIL) and
truncation and deletion analogs

SPOT [223]

(cont.)
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pIII phage display library of
calmodulin variants

mastpoparan
(Ac-INLKALAALAKKIL) and
truncation and deletion analogs

pIII phage display scFv library
presenting the antibody repertoire of
a mouse immunized with the
recombinant extracellular domain of
the C3a receptor

partial peptide scan of the extracellular
domain of the C3a receptor

anti-amyloid β (Aβ) mouse mabs
WO-2, G2-10, and G2-11

peptide scans of residues 1-42 of
amyloid β (Aβ)

SPOT [238]

mouse and rabbit antisera against
capsid proteins VP0, VP3, and VP1
of human parechovirus 1 (HPEV 1)

peptide scans of the capsid proteins
VP0, VP3, and VP1 of HPEV 1

SPOT [243]

anti-porcine circovirus (PCV) sera
from pigs

partial peptide scans of ORF-1 and
complete peptide scans of ORF-2
and ORF-3 from PCV1 and PCV2

SPOT [339]

sera and affinity purified antibodies
from patients with systemic sclerosis

peptide scans of centromeric protein A
(CENP-A); length analyses of
selected antigenic regions

SPOT [340]

8 sera from anti-centromere
autoantibody positive patients

partial peptide scans of the centromere
protein CENP-A

SPOT [378]

sera from coeliac disease patients
containing anti-gliadin antibodies

peptide scans of α/β- and γ -gliadin;
substitution analogs of a selected
peptide

SPOT [390]

polyclonal mouse antibodies against a
protective epitope from measles
virus fusion protein

peptide scan of the peptide used for
immunization

SPOT [396]

14 mabs against human or Xenopus
p53

peptide scans of the N-terminal part of
p53; truncation analyses and alanine
walks of selected peptides

SPOT [426]

11 sera from Mycoplasma bovis
infected cows with symptoms of
mastitis or pneumonia; 3
anti-variable surface lipoproteins
(Vsps) mabs

peptides scans of Vsp; peptide
truncation analyses of the Vsp
repetitive regions

SPOT [485]

anti-p193 (from major vault protein,
MVP) mabs p193-4, p193-6, and
p193-10

partial peptide scan of amino acids
408–611 of the p193 protein

MPC [498]

pool of 10 sera from papilloma bearing
hamsters; pool of 19 sera from
hamster polyomavirus
(HaPV)-infected papilloma-free
hamsters; rabbit sera against against
intact SV40 virions and JCV-VP1
virus like particles

peptide scan of the hamster
polyomavirus (HaPV) major capsid
protein VP1

SPOT [515]

mab 26/9 against peptide HA175-110
of hemagglutinin of influenza
(X47:HA1)

4450 randomly generated cyclic 12-mer
peptides (XXCXXXXXXCXX),
4450 randomly generated linear
12-mer peptides and substitutional
analyses of selected hits from the
random libraries

MPC [518]
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phosphorylation specific anti-human
tau protein mab AD2

peptide scan of phosphorylated and
unphosphorylated tau protein and
alanine walks of selected peptides

SPOT [551]

anti-glycoprotein G-1 (gG-1)
antibodies purified from herpes
simplex virus 1 (HSV-1) patients

peptide scans of gG-1 (HSV-1) SPOT [554]

anti-p24 (HIV-1) scFv CB4-1 and 2
mutants thereof

substitutional analyses of the
p24-derived wt epitope and a
mimotope

SPOT [595]

mouse sera against peptides from Der
p2 (house dust mite
Dermatophogoides pteronyssinus)

alanine walks of peptides derived from
Der p2

SPOT [599]

anti-plastidic phosphorylase (Pho 1a)
from Solanum tuberosum L. mab

peptide scan of Pho 1a; complete
substitutional analysis of the Pho
1a-derived epitope peptide

SPOT [9]

anti-α-bungarotoxin scFv C12;
nicotinic acetylcholine receptor
nAchR

peptide scan of α-bungarotoxin SPOT [58]

sera from cow’s milk allergy patients
(IgG and IgE antibody detection)

peptide scans of αs1-casein SPOT [77]

polyclonal sera from mice, rabbits and
horses against a non-toxic protein
from the venom of the noxious
scorpion Tityus serrulatus (TsNTxP)

peptide scans of TsNTxP and alanine
substitution scans of selected
peptides; peptide scans of active
toxins from the venom of Tityus
serrulatus

SPOT [78]

anti-tobacco mosaic virus protein
(TMVP) Fab 57P

partial peptide scan of tobacco mosaic
virus protein (TMVP); substitutional
analysis, truncation analysis and
alanine walk of a selected peptide

SPOT [86]

anti-vascular endothelial cadherin
(VE-cadherin) mabs BV6 and Cad 5

peptide scans of the extracellular
domain of vascular endothelial
cadherin (VE-cadherin)

SPOT [93]

p60c-src protein tyrosine kinase and
γ 32P-ATP

Ttds-EEIYGEFF DIPP [143]

strepavidin-Cy3 conjugate; avidin-Cy5
conjugate

biotin, HPYPP and WSHPQFEK

anti-human insulin mab HB125 and
anti-mouse IgG-Cy5 conjugate

biotin, wGeyidvk, pqrGstG,
WSHPQFEK and YGGFL

WEHI-231 cells and negative control
cells

wGeyidvk

anti-genome-derived Ag 33 (GNA33)
mab 25; anti-loop 4 of porin A mab
P1.2

peptide scans of genome-derived Ag
33 (GNA33) of Neisseria
meningitidis and loop 4 of porin A

SPOT [182]

anti-transforming growth factor α
(TGFα) mab Tab2

5 substitutional analyses of linear and
cyclic (disulfide cyclization and
amide cyclization from the N-α to
the C-terminal glutamic acid side
chain) analogs of the epitope

SPOT [191]

scFv-phage library; anti-C3a receptor
2e loop scFvs E10 and E6

peptide scans of the 2e loop of C3a
receptor

SPOT [199]

(cont.)
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sera from children with cow’s milk
allergy

peptide scans of α-lactalbumin and
β-lactalbumin

SPOT [235]

anti-Ha-ras antibody mAb-10 peptide scan of the Ha-ras protein SPOT [294]
sera from patients with systemic

sclerosis, rheumatoid arthritis and
undefined connective tissue disease;
control sera

complete substitutional analyses of the
centromere-associated protein A
(CENP-A) epitope GPRRR;
combinatorial library of the type
GPB1RB2; libraries of mimotopes
and homologous epitopes from
potential autoantigens

SPOT [341]

mab R5 recognizing prolamins from
wheat (glidins), barley (hordeins)
and rye (secalins)

peptide scans from α- and γ -type
gliadin

SPOT [391]

sera from Trypanosoma cruzi infected
patients (Chagas’ disease) and sera
from experimentally infected mice
and rabbits

peptide scan of trans-sialidase from
Trypanosoma cruzi

SPOT [424]

anti-transforming growth factor α
(TGFα) mab Tab2

peptoidic building block substitutional
analyses of the mab Tab2 peptide
epitope VVSHFND and of
peptomers and peptoids derived
thereof

SPOT [456]

5 anti-CEA (carcinoembryonic
antigen) mabs, rabbit and goat
anti-CEA sera

peptide scan of CEA
(carcinoembryonic antigen)

SPOT [520]

monoclonal antibodies A, 32F81, B,
A6.6A

randomly generated libraries of 3640
or 4550 defined peptides

MPC [561]

10 sera from children who achieved
clinical tolerance against cow’s milk
allergens; 10 sera from patients with
persistent cow’s milk allergy (CMA)

6 selected peptides from αs1-casein
and β-casein

SPOT [566]

anti-β-Gal 14-3-3 fusion protein
polyclonal antibody

peptide scan of Chlamydomonas
reinhardtii 14-3-3- protein

SPOT [570]

anti-phosphotyrosine mabs 4G10,
PY20, pTyr100; anti-acetyl-lysine
polyclonal antibody

peptides containing phosphor-Tyr or
acetyl-Lys

DIPP [571]

2 rabbit sera against TsNTxP and TsIV
that are two components of the
venom of scorpion Tityus serrulatus)

peptide scans of TsNTxP and TsVI
from the venom of scorpion Tityus
serrulatus

SPOT [11]

several sera as well as pooled sera from
borna disease virus (BDV ) infected
mice, rats, horses, and humans; 1
anti-nucleoprotein (N) of BDV mab;
1 anti-phosphoprotein (P) of BDV
mab

peptide scans of BDV-N and BDV-P
proteins; length analysis of a
selected epitope

SPOT [43]

Practical protocols describing the prediction of structural features of peptides
using amino acid substitution scans, complete substitutional analyses and
double mutation (“dipeptide libraries”) exemplified by the PM/Scl-100 epitope

SPOT [49]
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Practical protocols to optimize the mapping of antibody epitopes and
protein-protein interactions with respect to protein concentrations, blocking
conditions, detection systems, and the efficiency of the regeneration procedures

SPOT [59]

sera from 13 cow’s milk allergic
children

peptide scan of αs2-casein SPOT [69]

anti-E6 oncoprotein (papillomvirus
type 16) mabs 1F1, 6F4, and scFv
1F4

partial E6 peptide scan; truncation
analyses, alanine substitution scans,
and complete L- amino acid
substitutional analses of selected
peptides

SPOT [87]

mixture of anti-phosphotyrosine
antibodies, POD-conjugated
anti-mouse antibody

phosphotyrosine-containing peptides
derived from human insulin
receptor; degenerate SPOT library of
general structure AABX1ZX2BAA
(Z = phosphotyrosine, B = mixture
of 20 natural amino acids, X defined
amino acids) and peptides derived
from human STAT 5A containing
both phosphotyrosine and
phosphothreonine residues

SPOT [140]

sera from older patients with persistent
cow’s milk allergy; sera from
younger children with decreasing
milk-specific IgE antibodies

25 peptides representing epitopes on
cow’s milk proteins: 5 epitopes on
αs1-casein, 5 on αs2-casein, 9 on
κ-casein, 1 on α-lactalbumin, and 5
on β-lactoglobulin)

SPOT [236]

Practical protocols for mapping monoclonal and polyclonal antibody epitopes
using peptide scans, length analyses, amino acid substitution scans and
complete substitutional analyses

SPOT [261]

anti-p53 mAb DO-1
fluorescence shift following Pb2+ or
As3+ binding

peptides SDLHKL, DSLGKL, and
SGLHKL
dns (dansyl)-ECEE, dns-CCCC,
dns-GGGG, EEEE

LDPS [265]

5 murine mabs against glycoprotein
G-2 (gG-2) of herpes simplex virus
type 2 (HSV-2)

peptide scans of gG-2 of HSV-2 SPOT [322]

Practical protocols for (a) affinity purification of subfractions from polyclonal
sera that are specific for a defined linear epitope and (b) competition assays on
peptide arrays

SPOT [342]

12 sera from a patient with systemic
sclerosis

peptide scans of centromeric protein A
(CENP-A) as well as several
mimotopes from potential
autoantigens

SPOT [343]

sera from HCV and EBV patients and
negative control sera

peptides from HCV core and NS4 and
EBV capsid, negative control
peptide

DIPP [361]

anti-SA-Le (tetrasaccharide) mab
NS19-9

L-substitutional analysis of the NS19-9
epitope DLWDWVVGKPAG

SPOT [386]

anti-p53 antibody (PAb240) substitutional analysis of the PAb240
peptide epitope including
proteinogenic amino acids and
unnatural building blocks; length
analysis of the epitope

LDPS [406]

(cont.)
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anti-IL-10 mab CB/RS/13;
anti-transforming growth factor α
(TGFα) mab Tab2; anti-p24
(HIV-1) mab CB4-1

5520-membered library of randomly
generated 15-mer L-peptides; 8
substitutional analyses of selected
antibody-binding peptides

SPOT [458]

different pooled sera from autoimmune
patients; 2 sera from single systemic
lupus erythematodes (SLE) patients;
negative control sera;

immunodominant peptides from
snRNP proteins, Sm proteins,
myelin basic protein (MBP), poly A
ribose polymerase (PARP), and
histones H1, H2A, H2B, H3, and H4

DIPP [472]

sera from mice immunized with
myelin oligodendrocyte
glycoprotein (MOG) p35–55,
proteolipid protein (PLP) p139–151,
and negative control serum

selected peptides derived from myelin
basis protein (MBP), proteolipid
protein (PLP), myelin
oligodendrocyte glycoprotein
(MOG), oligodendrocyte-specific
protein (OSP), αb crystalline and
other unspecified myelin proteins

DIPP [475]

incubation with blood sera followed by
incubation with biotinylated
anti-human IgE Ab and avidin-Cy3
conjugate

peptide scan through major peanut
allergens Ara h1, Ara h2 and Ara h3
(210 peptides)

DIPP [511]

anti-FVIII mab ESH8 ESH8 binding peptides identified by
phage display; peptide scan of the
C2 domain of blood coagulation
factor VIII

SPOT [567]

anti-FLAG mab M2 FLAG epitope; 3 single site alanine
substitutions of the FLAG epitope;
HA epitope

DIPP [581]

pooled sera from Parietaria judaica
allergic patients

peptide scans of the Par j 1 and 2
allergens from Parietaria judaica
pollen

SPOT [17]

sera from peanut allergy patients and
nonatopic control sera (detection of
IgE antibodies)

8 peptides representing the
immunodominant epitopes of the
peanut allergens Ara h 1, Ara h 2,
and Ara h 3

SPOT [39]

individual and pooled sea from cow’s
milk allergy (CMA) patients

truncation libraries and alanine
substitution scans of peptides from
the αs1-casein allergen

SPOT [89]

anti-CD30 mabs Ber-H2, Ki-2, Ki-4,
R4-4

peptide scans of the extracellular
domain of CD30 and substitutional
analyses of selected antibody
binding peptides

SPOT [114]

FITC-labeled anti-RHSVV pAb240 multiple substitutional analysis of
RHSVV epitop using 28 different
amino acids (2304 peptides)

LDPS [172]

individual and pooled sera form
patients with peach allergy

peptide scan of the peach allergen
Pru p 3 and alanine substituted
analogs of selected peptides

SPOT [173]

anti-transforming growth factor α
(TGFα) mab Tab2

randomly generated library of 8000
hexapeptoids and -peptomers

SPOT [202]
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Screening Molecule Library Technology Reference

anti-MIP mAb, POD-labeled
anti-mouse IgG antibody

peptide scan through MIP,
substitutional analysis of antigenic
MIP derived peptide
AYGPRSVGGPIGPNE

SPOT [203]

5 anti-Hantaan-G2 protein antibodies
from phage display panning against
native Hantaan virus

peptide scan of the Hantaan-G2
protein; alanine and glycine
substituted analogs of selected
peptides

SPOT [262]

human anti-hantaan virus (HNTV) G1
protein mab AH100IgG

peptide scan of G1 protein from
hantaan virus (HNTV, strain
76–118); glycine substitution scan
of a selected peptide

SPOT [318]

13 anti-ribosomal P protein human sera peptide scans of the human ribosomal
proteins P0, P1, and P2; truncation
analyses, alanine substitution scans
and complete L-amino acid
substitutional analyses of selected
peptides

SPOT [344]

sera from macaques vaccinated with 3
different DNA and/or recombinant
modified vaccinia virus Ankara
(rMVA) vaccines encoding Gag-Pol
or Gag-Pol-Env

430 proteins and overlapping peptides
spanning the simian-human
immunodeficiency virus (SHIV)
proteome

DIPP [380]

activating anti-p53 mabs HR231 and
Pab421; inhibition of antibody
binding by a p53 C-terminal peptide

peptide scans of p53 SPOT [427]

Detailed protocols for the synthesis of peptide arrays, library design, and
incubation procedures for antibody epitope mapping; experimental example
for the epitope mapping of anti-IL-10 mab CB/RS/3 using a peptide scan and a
substitutional analyis

SPOT [459]

4 human patient sera with neurological
diseases (2), Raynaud’s disease (1),
undifferentiated connective tissue
disease (1); anti-EEA1 murine mab

peptide scans of the early endosome
antigen 1 (EEA1)

SPOT [506]

anti-FVIII mab Bo2C11 mab Bo2C11 binding peptides
identified by phage display

SPOT [568]

7 anti-ribosomal P protein human sera,
2 anti-ribosomal P protein scFv
antibody fragments

complete L-amino acid substitutional
analyses of the C-10 peptide from
the C-terminal P protein sequence

SPOT [611]

anti-CD30 mab Ki-4 peptide scan of the extracellular
domains of CD30

SPOT [196]

tyrosine kinase Abl and CKII together
with FITC-labeled
anti-phospho-tyrosine antibody and
γ 32P-ATP, respectively

collection of more than 13 000
peptides (13meric) derived from
human proteins

DIPP [395]

FITC-labeled anti-phospho-tyrosine
antibody

2923 phospho-peptides (13-mers)
derived from human proteins

phospho-specific antibodies MPM2,
3F3/2, PY20

complete L-amino acid substitutional
analysis of
AXXXX[pS/pT]XXXXA and
AXXXX[pYT]XXXXA

SPOT [477]

(cont.)
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Screening Molecule Library Technology Reference

GST fusions of GRB-SH2,
SHP2-CSH2, GRB7-SH2, GRB
10-SH2

complete L-amino acid substitutional
analysis of AXXXX[pYT]XXXXA

protein kinase A (PKA), Cdc 15 complete L-amino acid substitutional
analysis of
AX1X1X1X1[S/T]X1X1X1X1A X =
L-amino acids exept for Cys, X1 =
L-amino Acids exept for Cys, Ser, Thr

Antibody Epitope Mapping: Discontinuous Epitopes
anti-β-factor XIIa mab 201/9 combinatorial starting library

XOXOXXXX and positional
scanning deconvolution libraries

SPOT [169]

3 anti-β-factor XIIa mabs peptide scan of β-factor XIIa, alanine
walks and truncation analyses of
selected peptides

SPOT [170]

anti-IL-10 mab; anti-TNFα mabs;
TNFα

peptide scans of IL-10; TNFα; 55-kDa
TNFα receptor

SPOT [444]

anti-prion protein (PrP) mabs 15B3
and 6H4

peptide scans of bovine PrP SPOT [267]

anti-complement receptor 2 (CR2)
mab FE8

peptide scan of the short consensus
repeats 1 and 2 (SCR-1, SCR-2) of
the complement receptor 2 (CR2)

SPOT [429]

anti-interleukin-10 (IL-10) mab
CB/RS/5

peptide scan and hybritope scan of IL-10 SPOT [445]

interleukin 10 (IL-10); interleukin 10
receptor a (IL-10Rα); 3 anti-IL-10
mabs; 1 anti-IL-10Rα mab

peptide scans of IL-10 and IL-10Rα SPOT [446]

anti-actin mab 2G2 partial peptide scan of actin SPOT [180]
anti-interleukin 10 (IL-10) mab
CB/RS/1

peptide scan of IL-10; substitutional
analyses; cyclization scan

SPOT [448]

2 anti-interleukin 10 (IL-10) mabs peptide scans of IL-10 and substitutional
analyses of selected peptides

SPOT [449]

2 anti-huIgG hinge region scFv substitutional analyses of dimeric
peptides derived from the hinge
regions of IgG1, IgG2, and IgG4

SPOT [588]

3 anti-thyroid peroxidase scFv peptide scans of thyroid peroxidase (no
binding observed indicating a
discontinuous epitope)

SPOT [76]

anti-interleukin 10 (IL-10) mab
CB/RS/1

peptide scan of IL-10; substitutional
analyses; cyclization scan

SPOT [451]

anti-hen-eg white lysozyme (HEL)
mab D1.3

duotope scan of hen-eg white lysozyme
(HEL)

anti-interleukin 10 (IL-10) mab
CB/RS/1

peptide scan of IL-10; substitutional
analyses; cyclization scan

SPOT [452]

4 mabs against Grapevine virus A peptide scans of the capsid protein of
Grapevine virus A

SPOT [109]

5 murine mabs against glycoprotein
G-2 (gG-2) of herpes simplex virus
type 2 (HSV-2)

peptide scans of gG-2 of HSV-2 SPOT [322]
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anti-FVIII mab ESH8 ESH8 binding peptides identified by
phage display; peptide scan of the
C2 domain of blood coagulation
factor VIII

SPOT [567]

anti-CD30 mabs Ber-H2, Ki-2, Ki-4,
R4-4

peptide scans of the extracellular
domain of CD30 and substitutional
analyses of selected antibody
binding peptides

SPOT [114]

Antibody Paratope Mapping
thyroglobulin; lysozyme; angiotensin

II
peptide scans of the variable regions of

the anti-thyroglobulin mab Tg10,
anti-lysozyme antibody HyHEL-5,
and anti-angiotensin II mab 4D8

SPOT [290]

hen egg-white lysozyme; anti-idiotypic
mab AI-10 (anti-thyroglobulin mab
Tg10)

peptide scan of the variable regions of
anti-lysozyme antibody HyHEL-5
and anti-thyroglobulin mab Tg10

SPOT [291]

CD4 peptide scan of the variable regions of
anti-CD4 mab ST40

SPOT [374]

anti-idiotypic mab AI-10
(anti-thyroglobulin mab Tg10)

peptide scan of the variable regions of
anti-thyroglobulin mab Tg10

SPOT [292]

CD4 alanine scans of 3 peptides derived
from the CDRs of anti-CD4 mab
ST40

SPOT [432]

angiotensin II peptide scan of the variable domain of
anti-angiotensin II mab 4D8

SPOT [90]

Review article describing the application of peptide arrays to identify critical
paratope residues for antigen binding and the identification of antigen binding
peptides thereof

SPOT [293]

CD4 alanine substitution scan of peptides
from the anti-CD4 Fab 13B8.2
paratope

SPOT [38]

Protein-Protein Interactions
Protein-Protein Interactions in General
procine transferrin (3 different

detection methods: (i)
immunologically, (ii) 59Fe-loaded
transferring, (iii) biotinylated
transferrin and streptavidin-alkaline
phosphatase)

peptide scan of TfbA of Actinobacillus
pleuropneumoniae

SPOT [531]

35S-Met-labeled protein extract from
Jurkat cells containing the novel
WD-repeat protein FAN

peptide scans of the TNFR-R55
cytoplasmic domain

SPOT [2]

calmodulin peptide scans of the cytoplasmic
domains of C-CAM1 and C-CAM2
(rat) and BGP (mouse) and Bgp
(man)

SPOT [125]

anti-IL-10 mab; anti-TNFα mabs;
TNFα

peptide scans of IL-10, TNFα, 55-kDa
TNFα receptor

SPOT [444]

S100C (EF-hand-type Ca2+ binding
protein)

peptide scan of the N-terminal region
of annexin I

SPOT [505]

(cont.)
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Screening Molecule Library Technology Reference

soluble interleukin 6 receptor
(sIL-6R); interleukin 6 (IL-6)

peptide scans of IL-6 and IL-6R;
substitutional analyses of IL-6
derived peptides

SPOT [582]

human transferrin (huTf) peptide scan of the
transferrin-binding protein B
(TbpB) from Neisseria
meningitidis (strain M982)

SPOT [461]

125I-calmodulin phosphorylated and
unphosphorylated peptides derived
from cell-cell adhesion molecule
(C-CAM) isoforms S and L and
single site substitution analogs

SPOT [126]

porcine protein kinase C β and
γ 32P-ATP

partial peptide scans of the C-CAM
isoforms S and L

32P-labeled CaBP1 and CaBP2;
peptides LEKDEL and
CYDDQKAVKDEL as
competitors

peptide scan of the erd2 receptor SPOT [234]

dimeric hepatitis B virus (HBV) core
protein variants c1-149 and c1-124

partial peptide scan of the HBV core
protein 1–161

SPOT [266]

plasma-derived factor VIII (FVIII)
and recombinant FVIII

partial peptide scan of von
Willebrand factor (vWF)

SPOT [379]

interleukin 10 (IL-10); interleukin 10
receptor a (IL-10Rα); 3 anti-IL-10
mabs; 1 anti-IL-10Rα mab

peptide scans of IL-10 and IL-10Rα SPOT [446]

cytosolic domains of the translocase
of the outer mitochondrial
membrane (Tom) 20, 22, and 70 (S.
cerevisiae)

peptide scans of the cytochrome c
oxidase subunit IV (CoxIV) and
phosphate carrier (Pi C) preproteins
(S. cerevisiae)

SPOT [62]

α−actinin peptide scan of zyxin SPOT [120]
p24 (HIV-1) peptide scan of p24 (HIV-1) SPOT [205]
tubulin; γ -tubulin peptide scans of α-, β-, and γ -tubulin SPOT [331]
125I vascular endothelial growth

factor (VEGF)
peptide scans of VEGF receptor II;

substitutional analysis of a selected
peptide

SPOT [417]

α−actinin peptide scan of zyxin SPOT [460]
N-lobe, C-lobe, and complete

transferrin binding protein B
(TbpB) from Neisseria
meningitidis; TbpB from
Moraxella catarrhalis

peptide scans of human transferrin
(hTf)

SPOT [463]

CD4; anti-gp17 polyclonal antibody peptide scan of gp17; alanine walks
of selected peptides

SPOT [28]

cytoplasmic and core domain of
mitochondrial import receptor
Tom70 from Saccaromyces
cerevisiae

peptide scan of the phosphate carrier
protein

SPOT [63]

cardiac troponin C scans of cardiac troponin I SPOT [146]
α2−macroglobulin peptide scan of β2-microglobulin SPOT [181]
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secretory immunogobulin A (SIgA)
and scretory component (SC)

peptide scans of the SIgA and SC
binding domain of Streptococcus
pneumoniae surface protein SpsA;
truncation analyses of selected
peptides

SPOT [194]

ActA (L. monocytogenes) and
p21-Arc

peptide scans of p21-Arc and ActA SPOT [423]

125I-PHF43 fragment of τ protein partial peptide scan of τ protein SPOT [574]
calmodulin partial peptide scan of human

Ca2+-calmodulin-dependent
protein kinase II β chain (CaM
kinase II); peptide scan of the rat
N-STOP protein

SPOT [55]

anti-α-bungarotoxin scFv C12;
nicotinic acetylcholine receptor
nAchR

peptide scan of α-bungarotoxin SPOT [58]

cpSRP, cpSRP54 and cpSRP43 from
Arabidopsis thaliana (cpSRP =
chloroplast signal recognition
particle)

peptide scans of cpSRP54 and
preLhcb1 from pea

SPOT [185]

8 kDa dynein light chain (LC8) (partial) peptide scans of cellular
(nNOS, Kid-1 renal transcription
factor, Bim, DNA cytosine methyl
transferase,
microtubule-associated protein,
dynein heavy chain, Drosophila
swallow, GKAP) and viral target
proteins from Mokola virus,
rabies virus and ASF virus; N-
and C-terminal extensions of the
consensus binding motif KSTQT

SPOT [478]

Lyn partial peptide scan of the
erythropoietin receptor (EPOR)

SPOT [543]

Practical protocols for the mapping of protein-protein interactions using
peptide arrays prepared by SPOT synthesis

SPOT [184]

Puumala virus nucleocapsid protein
(PUUV-N)

partial peptide scan of the
C-terminal 243 amino acids of the
human apoptosis enhancer Daxx

SPOT [315]

human islet amyloid polypeptide
(hIAPP) fused with maltose
binding protein (MBP)

peptide scan of hIAPP SPOT [358]

human fibrinogen alanine substitution scan and
complete L-amino acid
substitutional analysis of a
selected peptide from FbsA
(fibrinogen receptor from group B
Streptococcus); control peptides

SPOT [499]

(cont.)
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Screening Molecule Library Technology Reference

regulatory subunit RII from protein
kinase A

partial peptide scans of 10 different A
kinase anchoring proteins (AKAPs);
complete L-amino acid
substitutional analysis of an
AKAP-specific “position-dependent
scoring matrix” (PDSM) consensus
sequence derived from the AKAP
peptide scans

SPOT [10]

human plasminogen peptide scan of pneumococcal
α-enolase (Eno) and length analysis
of the human plasminogen biding
sequence

SPOT [35]

regulatory subunits RIα and RIIα of
protein kinase A

L-substitutional analysis of a 27-mer
peptide derived from the dual
specific A kinase anchoring protein
2 (D-AKAP2)

SPOT [68]

E. coli YoeB-GST fusion protein peptide scans of E. coli YefM and
single site substitution analogs of a
selected peptide

SPOT [81]

PSK (a protein-bound polysaccharide
from Basidiomycetes)

peptide scan of chicken gizzard
regulatory light chain (RLC) of
smooth muscle myosin

SPOT [165]

125I-human soluble urokinase-type
plasminogen activator receptor
suPAR

peptide scan of uPAR SPOT [317]

Cdc42-maltose binding protein (MBP)
fusion protein in the presence of a
non-hydrlyzable GTP analog
(GMPPMP)

peptide scan of the C-terminal half of
IQGAP1

SPOT [353]

125I vascular endothelial growth factor
(VEGF)

complete D-amino acid substitutional
analyses of VEGF receptor
II-derived peptides

SPOT [418]

N-terminal clathrin domain
(clathrin-TD); α-ear domain of
AP-2

partial peptide scans of auxilin SPOT [491]

soluble cytosolic domains of Tom20,
Tom22, Tom70

peptide scan of the inner membrane
mitochondrial protein BCS1

SPOT [524]

αMI-domain of integrin αMβ2 partial peptide scans of the P2 peptide
of the γC domain of fibrinogen

SPOT [556]

Tim9/Tim10 comlex peptide scans of Tim17, Tim22,
Tim23, Sc AAC2, FLX1, Hs UCP1,
and 11 control peptides

SPOT [564]

Protein Domain—Ligand Interactions
γ 32P-labeled GST-WW-domain of

human YAP
substitutional analysis (including

phospho amino acids) of WBP-1
derived peptide GTPPPPYTVG

SPOT [79]

WW domain of human Yes-Associated
Protein (hYAP)

substitutional analysis of a peptide
derived from the WW binding
protein WBP

SPOT [323]
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vasodilator-stimulated phosphoprotein
(VASP) and Mena (mammalian
homolog of Drosophila Ena) both
containing EVH1 domains
(Ena-VASP homology domain 1)

peptide scans of ActA (Listeria
monocytogenes) and truncation and
substitutional analyses of selected
peptides; a library of proline-rich
sequences from cytoskeletal
proteins; a library of SH3 and
WW/WWP ligands

SPOT [382]

syntrophin PDZ domain combinatorial library of the type
XXB1B2SXV; substitutional
analysis of a peptide ligand for the
syntrophin PDZ domain

SPOT [501]

SH3 domains of amphiphysin 1 and
endophilin 2

peptide scan of synaptojanin and
substitutional analyses of selected
peptides; peptides derived from
dynamins from Drosophila, rat,
humans

SPOT [73]

α−actinin peptide scan of zyxin SPOT [120]
32P-labeled GST-hYAP WW1 and

FE65 WW domain; several mutated
WW domains to switch the
specificity between hYAPWW1 and
FE65

PPPPXPAAAA and 19 L-amino acid
substitutions at position X

SPOT [138]

syntrophin PDZ domain library of C-terminal peptides from all
known human proteins (3514 spots);
substitutional analysis of a selected
peptide

SPOT [211]

phospho-tyrosine –binding domain
(PTB) of Dab1

amyloid precursor protein (APP)
derived peptides and known ligands
of PTB domains; substitutional
analyses of selected peptides

SPOT [220]

tumor necrois factor receptor
associated factors (TRAFs) 1, 2, 3,
and 6

L- and D-amino acid substitutional
analyses of peptides derived from
the cytoplasmatic portion of CD40

SPOT [434]

vasodilator-stimulated phosphoprotein
(VASP) EVH1 domain

substitutional analysis of an ActA
(Listeria monocytogenes) derived
peptide

SPOT [19]

STAT5a and a mutant STAT5a (STAT:
signal transducer and activator of
transcription)

peptide scan of the intracellular
domain of erythropoietin receptor
(EPOR)

SPOT [44]

32P-labeled GST, GST- RSP5-WW1,
GST- RSP5-WW2, GST-
RSP5-WW3; (RSP = reversion pf
Spt phenotype, Saccharomyces
cerevisiae)

truncation analyses, alanine
substitution scans, and phospho
amino acid analogs of
carboxy-terminal domain (CTD)
derived peptides of the RNA
polymerase II large subunit

SPOT [75]

Mena (mammalian homolog of
Drosophila Enabled (Ena) protein)

peptide scan of zyxin and Phe-Ala
substitution analogs of selected
peptides

SPOT [121]

vasodilator-stimulated phosphoprotein
(VASP)

peptide scans of Fyb/SLAP1 and 2
(Fyn- and SLP-76-associated
protein

SPOT [277]

(cont.)
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murine EVH1 domain of Vesl 2 partial peptide scan of mGluR5
(metabotropic glutamate receptor
5); length analysis and X-scan of a
selected peptide (X = degenerate
position)

SPOT [27]

C-terminal part of p53-binding
protein-2 GST fusion protein
(including SH3 domain) labeled
with 32P

peptide scan of hYAP (Yes-associated
protein); alanine scan and
progressive alanine substitutions of
a selected peptide

SPOT [139]

several mutated GST-Cterm. Variants peptide derived from the hYAP binding
site and 2 substitution analogs

32P-labeled GST-hYAP WW1 domain partial peptide scan of p53-BP-2;
alanine scan, progressive alanine
substituions, and phospho amino
acid and Glu and Asn substitution
analogs of a selected peptide

cell lysates from erythropoietin
stimulated and unstimulated cells;
JAK2, SHP1, PLCγ

peptide scan of the intracellular
domain of the EPO receptor

SPOT [278]

WW domain of human Yes-Associated
Protein (hYAP)

substitutional analyis and truncation
analysis of the peptide
GTPPPPYTVG

SPOT [419]

peptide ligand of the human
Yes-Associated Protein (hYAP)
WW domain

substitutional analysis human
Yes-Associated Protein (hYAP)
WW domain (44-mers)

SPOT [546, 547]

Gads C-SH3-GST fusion protein;
Grb2 C-SH3-GST fusion protein

partial peptide scan of SLP-76; alanine
substitution scan and complete
L-amino acid substitutional analysis
of a selected SLP-76-derived
peptide; peptides derived from the
Gads binding partners UBPY,
AMSH, BLNK;

SPOT [37]

human Yes-associated protein (hYAP)
WW domain, rFE65 WW domain,
and mMena EVH1 domain
displayed on phage

peptide ligands for hYAP WW
(GTPPPPYTVG), rFE65 WW
(PPPPPPPLPAPPPQP), and mMena
EVH1 (SFEFPPPPTDEELRL)
domains; negative control peptide

SPOT [42]

2 POD-labeled peptide ligands of WW
domains

arrays with 42 WW domains DIPP [393]

6 POD labeled WW domains 6 substitutional analyses of peptide
ligands

SPOT

5 POD labeled WW domains phospho-peptide analogs of the WW
ligand GPPPP-pAA-P

SPOT

SH3 domain of ScPex13p GST fusion
protein (peroxisomal protein import
machinery)

peptide scans of ScPex5p and
ScPex14p; L-amino acid
substitutional analysis and
truncation analysis of a selected
ScPex5P peptide

SPOT [420]
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22 different dye-labeled peptide
ligands (e.g., dye-GTPPPPYTVG)

11859 variants with combinatorially
designed substitutions by
proteinogenic and unnatural amino
acids at three positions of the hYAP
WW domain

SPOT [548]
Ch. Lig.

VASP-EVH1 domain GST fusion
protein

peptoid building block substitutional
analysis of a VASP-EVH1 peptide
ligand; combinatorial peptoid
building block library of two
positions within a VASP-EVH1
peptide ligand

SPOT [617]

phospho-specific antibodies MPM2,
3F3/2 and PY20

complete L-amino acid substitutional
analysis of
AXXXX[pS/pT]XXXXA and
AXXXX[pYT]XXXXA

SPOT [477]

GST fusions of GRB-SH2,
SHP2-CSH2, GRB7-SH2 and GRB
10-SH2

complete L-amino acid substitutional
analysis of AXXXX[pYT]XXXXA

protein kinase A (PKA), Cdc 15 complete L-amino acid substitutional
analysis of
AX1X1X1X1[S/T]X1X1X1X1A
X = L-amino acids exept for Cys,
X1 = L-amino acids exept for Cys,
Ser, Thr

Protein Domain Arrays
peptide ligand of the human

Yes-Associated Protein (hYAP)
WW domain

substitutional analysis human
Yes-Associated Protein (hYAP)
WW domain (44-mers)

SPOT [546, 547]

2 POD-labeled peptide ligands of WW
domains

arrays with 42 WW domains DIPP [393]

6 POD labeled WW domains 6 substitutional analyses of peptide
ligands

SPOT

5 POD labeled WW domains phospho-peptide analogs of the WW
ligand GPPPP-pAA-P

SPOT

22 different dye-labeled peptide
ligands (e.g., dye-GTPPPPYTVG)

11859 variants with combinatorially
designed substitutions by
proteinogenic and unnatural amino
acids at three positions of the hYAP
WW domain

SPOT [548]
Ch. Lig.

Chaperones
DnaK (Escherichia coli) peptide scan of the heat shock

transcription factor σ 32 (E. coli)
SPOT [359]

DnaK (Escherichia coli) peptide scans of 37 substrate proteins;
combinatorial peptide libraries with
two defined positions
(XXXXXBXBXXXXX,
XXXXXBXXBXXXX)

SPOT [481]

GroEL (Escherichia coli) peptide scan of Raf-1 protein kinase SPOT [209]
SecB (Escherichia coli) peptide scans of 23 substrate proteine SPOT [260]

(cont.)
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DnaK (Escherichia coli), 4 mutant
analogs and 1 truncation analog

peptide scans of the λ CI protein SPOT [482]

Triggerfactor (TF) (Escherichia coli)
and TF-fragments

peptide scans of E. coli proteins:
EF-Tu (elongation factor Tu), MetE
(methionine biosynthesis enzyme),
ICDH (isocitrate dehydrogenase)
GlnRS (glutamine-tRNA-
synthetase), alkaline phosphatase,
β-galactosidase, FtsZ (involved in
cell division), GBP (galactose
binding protein), L2 (a ribosomal
protein), lambda cI, pro OmpA
(pro-outer membrane protein A),
sigma 32, SecA (involved in
secretion and murine DHFR
(dehydrofolate reductase); yeast
cytochrome B2, F1β- and
Su9-ATPase subunits; Photinus
pyralis luciferase, RNaseT1 from
Aspergillus oryzae; human PrP
(prion protein)

SPOT [399]

DnaJ and DnaK (Escherichia coli) peptide scans of 14 substrate proteins SPOT [483]
Tim9p-Tim10p complex of the

mitochondrial intermembrane space
(Tim = translocase of inner
membrane)

peptide scan of the ADP/ATP carrier
(AAC) and Tim 23p

SPOT [96]

Hsc66 (E. coli); DnaK (E. coli); Hsc20
(E. coli) as competitor in the
presence of ADP

peptide scans of the Fe/S protein
E. coli IscU

SPOT [210]

Dnak (E. coli) peptide scans of human and mouse
interferon-γ

SPOT [563]

Trigger Factor and DnaK from E. coli peptides derived from Trigger Factor
and DnaK substrate proteins

SPOT [112]

Enzyme-Substrate and Enzyme-Inhibitor Interactions
Kinases and Phosphatases
protein kinase A (PKA); cytoplasmic

(kinase) domains of transforming
growth factor ß (TGFß) type I and II
receptors; γ32P-ATP

several combinatorial libraries with
fixed amino acids and randomized
positions (17 amino acids excludinf
Cys, Ser, Thr) at different positions

SODA [337]

protein tyrosine kinase Lyn;
anti-phoshpo-tyrosine antibody and
POD-labeled second antibody for
detection

panel of 23 PKCδ-derived 15-mer
peptides

SPOT [534]

catalytic subunit of protein kinase A or
cGMP activated protein kinase G
and γ32P-ATP

combinatorial library of the type
XXXO1O2XXX and iterative
deconvolution libraries

SPOT [539]

anti-porcine tubulin-tyrosine ligase
(TTL) mab 1D3

substitutional and truncation analysis
of a TTL-derived peptide;
combinatorial library (XXB1B2XX)
and deconvolution libraries

SPOT [159]
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streptavidin-alkaline phosphatase combinatorial library (XXB1B2XX)
and deconvolution libraries

cAMP-dependent protein kinase combinatorial library (XXB1B2XX)
and deconvolution libraries

casein kinase I (CKI) or II (CKII)
protein kinase C (PKC) catalytic
subunit of protein kinase A (PKA)
and γ 32P-ATP

peptides derived from the
phosphorylation sites RRASVA,
QKRPSQRAKYL,
DDDDEESITRR,
DDDSDDDAAAA

SPOT [549]

potato acid phosphatase RRASS*VA, QKRPS*QRAKYL,
DDDDEES*ITRR,
DDDS*DDDAAAA (S* =
phospho-serine)

protein kinase A (PKA), protein kinase
C (PKC), casein kinase I (CKI),
casein kinase II (CKII) and
γ 32P-ATP

panel of human phosphorylation sites SPOT [550]

125I-calmodulin phosphorylated and unphosphorylated
peptides derived from cell-cell
adhesion molecule (C-CAM)
isoforms S and L and single site
substitution analogs

SPOT [126]

porcine protein kinase C β and
γ 32P-ATP

partial peptide scans of the C-CAM
isoforms S and L

androgen receptor protein kinase and
γ 32P-ATP

panel of kinase substrates known from
literature

SPOT [370]

enzyme I of bacterial sugar
phosphotransferase system and
32P-phosphoenolpyruvate

combinatorial library of the type
XXXXXO1HO2XXXXX and
iterative deconvolution libraries

SPOT [376]

catalytic subunit of protein kinase A or
cGMP activated protein kinase G
and γ 32P-ATP

combinatorial libraries of the type
XXXO1O2XXX and
XXXRRO1O2X

SPOT [540]

catalytic subunit of protein kinase A or
cGMP activated protein kinase G
and γ 32P-ATP

combinatorial libraries of the type
O1KARKKSNO2,
O1O2TQAKRKKSLA,
O1O2KATQAKRKKSLA,
TQAKRKKSLAO1O2, and
TQAKRKKSLAMAO1O2

SPOT [115]

catalytic subunit of protein kinase A or
cGMP activated protein kinase G
and γ 32P-ATP

combinatorial library of the type
XXXO1O2XXX and deconvolution
libraries: XXXRKO1O2X,
XRKKKO1O2X, O1RKKKKKO2,
LRKKKKKHO1O2, and
O1O2LRKKKKKH

SPOT [116]

GST-Dyrk1A-�(500–763) and
γ 32P-ATP

partial substitutional analysis of
RRRFRPASPLRGPPK

SPOT [207]

maize Ca2+-dependent protein kinase
(CDPK-1) and γ 32P-ATP

partial substitutional analysis of
LARLHSVRER

SPOT [334]

protein kinase A (PKA), casein kinase
II (CKII), p42-MAP kinase (Erk2)
and γ 32P-ATP

kinase substrates Kemptide and Elk1;
protein kinase inhibitor 2

CLPP [338]

(cont.)
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p60c-src protein tyrosine kinase and
γ 32P-ATP

Ttds-EEIYGEFF DIPP [143]

strepavidin-Cy3 conjugate; avidin-Cy5
conjugate

biotin, HPYPP and WSHPQFEK

anti-human insulin mab HB125 and
anti-mouse IgG-Cy5 conjugate

biotin, wGeyidvk, pqrGstG,
WSHPQFEK and YGGFL

WEHI-231 cells and negative control
cells

wGeyidvk

Practical protocols to measure phosphorylation of peptides on peptide arrays
prepared by SPOT synthesis exemplified by the kinase CKII

SPOT [50]

cyclic GMP-dependent protein kinase
(phosphorylation γ 32P-ATP)

XXXRKB1B2X (deconvolution
libraries described but data not
shown)

SPOT [117]

32P-labeled cyclic GMP-dependent
protein kinase (binding)

B1RKKKKKB2 (preceding libraries
described but data not shown)

GST-protein tyrosine phosphatase 1B;
mixture of anti-phospho-tyrosine
antibodies, POD-conjugated
anti-mouse antibody

15-mer phospho-tyrosine-containing
peptides derived from human insulin
receptor; degenerate SPOT library of
general structure AABX1ZX2BAA
(Z = phospho-tyrosine, B =
mixture of 20 natural amino acids,
X defined amino acids) and peptides
derived from human STAT 5A
containing both phospho-tyrosine
and phospho-threonine residues

SPOT [140]

GST-protein tyrosine phosphatase ß;
mixture of anti-phospho-tyrosine
antibodies, POD-conjugated
anti-mouse antibody

15-mer phospho-tyrosine-containing
peptides derived from human Tie2
receptor containing additional
phospho-serine or
phospho-threonine residues

GST-fusion protein of substrate
trapping mutant of protein tyrosine
phosphatase 1B (D181A),
radioactively labeled by incubation
with protein kinase A in the
presence of γ 32P-ATP

15-mer phospho-tyrosine-containing
peptides derived from human insulin
receptor; degenerate SPOT library
of general structure
AABX1ZX2BAAA (Z =
phospho-tyrosine, B = mixture of
20 natural amino acids, X defined
amino acids), progressive alanine
substitution of
MTRDIYETDYZRKGG ( Z =
phospho-tyrosine), alanine scan of
TRDIYETDYZRKGGKGL,
substitutional analysis for X in
MTRDIYETDXZRKGG ( Z =
phospho-tyrosine)

c-Src and γ 32P-ATP or
anti-phospho-tyrosine antibody

panel of known kinase substrates DIPP [218]

c-Src and γ 32P-ATP c-Src substrate DIPP [219]
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p60 and FITC-labeled
anti-phospho-tyrosine antibody

YIYGSFK, ALRRASLG,
KGTGYIKTG and
monophosphorylated derivatives

DIPP [310]

PKA or p60 and FITC-labeled
anti-phospho-tyrosine or
anti-phospho-serine antibody

YIYGSFK, ALRRASLG, YIYGSFK
and monophosphorylated
derivatives

DIPP [311]

NEK6 kinase and γ 32P-ATP human annotated phosphorylation
sites and mutational analysis of
GLAKSFGSPNRAY

DIPP [330]

Protein tyrosine kinase ABL and
γ 32P-ATP or FITC-labeled
anti-phospho-tyrosine antibody

collection of 720 peptides (13-mers)
derived from human annotated
phosphorylation sites (databases
SwissProt and Phosphobase)

DIPP [443]

GST-ERK-2 or GST-MEK-EE,
anti-phospho-Elk-1 antibody, POD
labeled anti-rabbit antibody

double peptide synthesis of
ELK1-substrate peptide
FWSTLSPIAPR, D-loop peptide
KGRKPRDLELP and control
peptide MNGGAANGRIL

SPOT [141]

GST-fusion protein-protein tyrosine
phosphatase 1B;
anti-phospho-tyrosine antibody,
POD-conjugated anti-mouse
antibody

double peptide synthesized SPOTs
containing the PTP-1B substrate
IYETDYZRKGG (Z =
phospho-tyrosine) and on the
second site a scan of 11-mers
overlapping peptides derived from
the cytoplasmic domain of insulin
receptor

GST-fusion protein of substrate
trapping mutant of protein tyrosine
phosphatase 1B (D181A),
radioactively labeled by incubation
with protein kinase A in the
presence of γ 32P-ATP

double peptide synthesis of insulin
receptor derived substrate peptide
IYETDYZRKGG (Z =
phospho-tyrosine) and binding
motif for YAP WW1 domain and
p53 binding protein-2, respectively
(YPPYPPPPYPS)

PKA and Abl; Pro-Q Diamong
phospho-specific stain or
FITC-labeled
anti-phospho-tyrosine antibody for
detection

Kemptide, p60 c-src (521-533), delta
sleep inducing peptide (DSIP),
phosphoDSIP, CamKII peptide
(GS1-10), different proteins

DIPP [350]

GST-proteins of substrate trapping
mutants of tyrosine phosphatases
(PTP-H1, SAP-1, TC-PTP,
PTP-1B) radioactively labeled by
incubation with protein kinase A in
the presence of γ 32P-ATP

7 peptides (14-mers) derived from
human GHR together with the
appropriate
phospho-tyrosine-containing
derivatives

SPOT [397]

tyrosine kinase p60 c-scr and
FITC-labeled
anti-phospho-tyrosine antibody

deletion, alanine scanning, positional
scanning- and full combinatorial
mixture libraries of
CGG-YIYGSFK (p60 c-src
substrate)

DIPP [558]

(cont.)
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phospho-specific antibodies MPM2,
3F3/2, PY20

complete L-amino acid substitutional
analysis of AXXXX[pS/pT]XXXXA
and AXXXX[pYT]XXXXA

SPOT [477]
synthesis

GST fusions of GRB-SH2,
SHP2-CSH2, GRB7-SH2, GRB
10-SH2 protein kinase A (PKA),
Cdc 15

complete L-amino acid substitutional
analysis of AXXXX[pYT]XXXXA
complete L-amino acid substitutional
analysis of
AX1X1X1X1[S/T]X1X1X1X1A X =
L-amino acids exept for Cys, X1 =
L-amino Acids exept for Cys, Ser,
Thr

tyrosine kinase Abl and CKII together
with FITC-labeled
anti-phospho-tyrosine antibody and
γ 32P-ATP, respectively

collection of more than 13 000 peptides
(13-mers) derived from human
proteins

DIPP [395]

FITC-labeled anti-phospho-tyrosine
antibody

2923 phosphopeptides (13-mers)
derived from human proteins

tyrosine kinase Abl and γ 32P-ATP 1433 randomly generated 15-mers
peptides

DIPP [484]

kinases PDK1, Tie2, CKII, PKA
GSK3 and γ 32P-ATP

peptide scans trough MBP and Tie2,
720 human annotated
phosphorylation sites (13-mers
peptides, 2923 phosphopeptides
(13-mers) derived from human
proteins, 1394 peptides derived from
activation loops of human kinases

DIPP [503]

Proteases
chymotrysin, papain combinatorial dipeptide libraries (400

spots) for substrate identification
SPOT [122]

trypsin substitution libraries GGRBG and
GGKBG (B = 20 amino acids)

SPOT [275]

trypsin internally quenched libraries of the type
XXBXX and XXB1B2XX for
substrate identification

SPOT [450]

porcine pancreatic elastase subsitutional analyses and truncation
analyses of a peptide derived from
the 3rd domain of turkey ovomucoid
inhibitor (inhibitor identification)

SPOT [206]

trypsin; Escherichia coli outer
membrane protease T (OmpT)

internally quenched substitution analog
libraries of known substrates
(substrate specificity mapping)

SPOT [102]

porcine pancreatic elastase combinatorial library of all 400
dipeptide combinations
(N-terminally labeled with FTC)
from the genetically encoded amino
acids

SPOT [295]

caspase-3 complete L-amino acid substitutional
analysis of the caspase-3 substrate
Abz-VDQMDGW (Abz = amino
benzoic acid

SPOT [455]
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caspase-3 substitutional analysis of a known
substrate; protein sequence derived,
combinatorial, positional scanning,
and randomly generated peptide
libraries (data not shown) for
substrate identification

SPOT [457]

cathepsin C and cathepsin L peptidic cathepsin inhibitors tethered to
fluorescence-labeled peptide nucleic
acids

DIPP [596]

elastase, cathepsin G partial peptide scan and substitution
analogs of the transferrin receptor
stalk

SPOT [254]

trypsin, granzyme B and thrombin Ac-LGPL-U, Ac-Nle-TPK-U,
Ac-IEPD-U and 361 variants of
Ac-AOOK-U (Cys omitted); U =
alkoxyamino-substituted coumarin
derivative

DIPP [486]

caspase 3, granzyme B, Jurkat cell
lysates and granzyme B activated
apoptotic Jurkat cell lysates

peptide derivatives tethered to
fluoresceine-labeled peptide nucleic
acids

DIPP [597]

lysyl-endopeptidase (LEP),
chymotrypsin, V8 protease; BSA
and ConA as negative controls;
TLCK and Boc-glu as inhibitors

3 substrate peptides with LEP,
chymotrypsin or V8 protease
specificity

[258]

Isomerases
human peptidyl-prolyl cis/trans

isomerase Pin1, sequential
electo-blotting to
PVDF-membranes, incubation of
PVDV-membranes with anti-Pin1
antibody followed by secondary
antibody

peptide scan of human Cdc25C
including phosphorylated S/T-P
moieties

SPOT [336]

Triggerfactor (TF) (Escherichia coli)
and TF-fragments

peptide scans of E. coli proteins: EF-Tu
(elongation factor Tu), MetE
(methionine biosynthesis enzyme),
ICDH (isocitrate dehydrogenase),
GlnRS (glutamine-tRNA-
synthetase), alkaline phosphatase,
β-galactosidase, FtsZ (involved in
cell division), GBP (galactose
binding protein), L2 (a ribosomal
protein), lambda cI, pro OmpA
(pro-outer membrane protein A),
sigma 32, SecA (involved in
secretion) and murine DHFR
(dehydrofolate reductase), yeast
cytochrome B2, F1β- and
Su9-ATPase subunits, Photinus
pyralis luciferase, RNaseT1 from
Aspergillus oryzae, and human PrP
(prion protein)

SPOT [399]

(cont.)
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Trigger Factor and DnaK from E. coli peptides derived from Trigger Factor
and DnaK substrate proteins

SPOT [112]

Diverse Enzymes
pertussis toxin (Bordetella pertussis)

and ATP + 32P-NAD: ADP
ribosylation

5 to 25-mer C-terminal peptides of the
G-Protein α-subunits of Gi3, Gi, Gs,
Go1, Go2, GoX1, Trod, Gz, Gq/11 and
Gh, partial substitutional analysis of
the 16-mer C-terminal peptide of the
Gi3α-subunit

SPOT [576]

peptide detection by MALDI-TOF MS Ac-IYAAPKKKC-NH2 DIPP [532]
concanavalin A (lectin binding) α-mannose
β-1,4-galactosyltransferase N -acetylglucosamine
galactosidase N -acetyllactosamine
Rhodococcus rhodochrous epoxide

hydrolase, Electrophorus electricus
acetylcholine esterase, bovine
pancreas trypsin, bovine intestinal
mucosa alkaline phosphatase

5 substrates for the 4 hydrolases
among them being 2 peptidic
substrates for trypsin and caspases

DIPP [616]

Applications of Peptide Arrays: Miscellaneous
DNA Binding Peptides
oligonucleotide with an endonuclease

EcoRII specific recgnition site
peptide scan of EcoRII and

substitutional analyses of selected
peptides

SPOT [465]

Practical protocols for the analysis of DNA-protein and DNA-peptide interactions SPOT [466]

Metal Ion Binding Peptides
anti-transforming growth factor (TGF)

mab Tab2; silver(I); dsDNA
combinatorial libraries of the type

XXB1B2XX and XB1XB2XX
SPOT [269]

technetium–99m; nickel(II);
anti-transforming growth factor α
(TGFα) mab Tab2

combinatorial with 2 defined positions
(linear, cyclic, L- and D- amino
acids) and deconvolution libraries

SPOT [270]

technetium–99m combinatorial hexapeptide library
B1XB2XB3X (8000 peptide
mixtures) and deconvolution
libraries

SPOT [346]

anti-transforming growth factor α
(TGFα) mab Tab2; anti-p24
(HIV-1) mab CB4-1

substitutional analyses; combinatorial
library of the type
XXXXB1B2B3XXXX; positional
scanning combinatorial library

SPOT [494]

lead(II); calcium(II); iron(III);
silver(I); nickel(II); technetium-99m

combinatorial libraries of the type
XB1XB2XX; deconvolution
libraries; positional scanning library

anti-p53 mAb DO-1 peptides SDLHKL, DSLGKL, and
SGLHKL

LDPS [265]

fluorescence shift following Pb2+ or
As3+ binding

dns(dansyl)-ECEE, dns-CCCC,
dns-GGGG, dns-EEEE

fluorescence shift following
Pb2+binding

dns(dansyl)-ECEE, dns-CCCC,
dns-GGGG, dns-EEEE

LDPS [172]
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Arrays of 4 α-Helix Bundle Mini-Proteins
FeIII-protoporphyrin IX libraries of antiparallel 4-α-helix

bundle hemoproteins
SPOT [441]

copper(II), cobalt(II) libraries of antiparallel 4-α-helix
bundle metalloproteins

SPOT [495]

Identification, Characterization, and Optimization of Peptidic Ligands
anti-porcine tubulin-tyrosine ligase

(TTL) mab 1D3
substitutional and truncation analysis

of a TTL-derived peptide;
combinatorial library (XXB1B2XX)
and deconvolution libraries

SPOT [159]

streptavidin-alkaline phosphatase combinatorial library (XXB1B2XX)
and deconvolution libraries

cAMP-dependent protein kinase combinatorial library (XXB1B2XX)
and deconvolution libraries

streptavidin substitution analogs of Strep-tag II SPOT [493]
amyloid β-peptide (Aβ) peptide scan of amyloid β-peptide

(Aβ); truncation analysis and
alanine scan of a selected peptide

SPOT [544]

amyloid β-peptide (Aβ); Aβ-derived
peptide LBMP1620

peptide scans of amyloid β-peptide
(Aβ) and truncation analyses of
selected peptides

SPOT [545]

anti-cholera toxin mab TE33; anti-p24
(HIV-1) mab CB4-1

D-amino acid substitutional analyses
for the transformation of linear
wt-epitopes into all-D peptide
analogs

SPOT [274]

strepavidin-FITC conjugate 2888 O1O2-P/L-Q/F-F/L derived
peptides bound to functionalized
teflon membranes

SODA [298]

plasma-derived factor VIII (pdFVIII),
recombinant factor VIII (rFVIII)

dual position scanning library with the
sublibraries O1O2XXXXXX,
XXO1O2XXXX, XXXXO1O2XX,
XXXXXXO1O2; combination
library of hits from the dual position
sublibraries

SPOT [12]

anti-p24 (HIV-1) mab CB4-1 libraries with all possible single step
transition pathways between 3
sequentially and structually
unrelated mab CB4-1 binding
peptides; substitutional analyses of
peptides from selected transition
pathways

SPOT [212]

35S-labeled calmodulin mastpoparan
(Ac-INLKALAALAKKIL) and
truncation and deletion analogs

SPOT [223]

pIII phage display library of
calmodulin variants

mastpoparan
(Ac-INLKALAALAKKIL) and
truncation and deletion analogs

(cont.)
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pIII phage display scFv library
presenting the antibody repertoire of
a mouse immunized with the
recombinant extracellular domain of
the C3a receptor

partial peptide scan of the extracellular
domain of the C3a receptor

FeIII-meso-tetrakis(4-
carboxyphenyl)porphyrin
(FeIII-TCPP)

alanine walk, partial substitutional
anlaysis, and truncation analysis of
an anti-porphyrin mab CDR-derived
peptide

SPOT [535]

biotinylated α-bungarotoxin (snake
neurotoxin)

combinatorial 14-mer peptide library
with 5 invariant, 4 partially variant
and 5 totally variant positions

SPOT [57]

plasma-derived factor VIII (pdFVIII),
recombinant factor VIII (rFVIII)

complete substitutional analyses of the
factor VIII binding peptide
EYKSWEYC

[409]

125I vascular endothelial growth factor
(VEGF)

complete D-amino acid substitutional
analyses of VEGF receptor
II-derived peptides

SPOT [418]

α-thrombin peptide scans of clones T10-11 and
T10-39 identified by mRNA display
with α-thrombin as target;
L-substitutional analyses of T10-11
and T10-39

SPOT [439]

Chemical Transformations
Dpab-Ala-O-FM = Methyl Red

(2{[4-(dimethylamino)phanyl]azo}
benzoic acid)-labeled alanine
α-formylmethyl (FM) ester
aldehydes for the evaluation of
amide chemical ligation strategies

combinatorial libraries of all possible
dipeptide combinations

SPOT [538]

combinatorial dipeptide libraries were used to elucidate the reactivity of the
amino termini and amino acid side chains to be non-enzymatically modified by
reducing sugars leading to advanced glycation end products (AGEs) or
crosslinked by BSA-AGE

SPOT [377]

Cell Binding to Peptide Arrays
p60c-src protein tyrosine kinase and

γ 32P-ATP
Ttds-EEIYGEFF DIPP [143]

strepavidin-Cy3 conjugate; avidin-Cy5
conjugate

biotin, HPYPP, and WSHPQFEK

anti-human insulin mab HB125 and
anti-mouse IgG-Cy5 conjugate

biotin, wGeyidvk, pqrGstG,
WSHPQFEK, and YGGFL

WEHI-231 cells and negative control
cells

wGeyidvk

3T3 fibroblasts Gly-Arg-Gly-Asp-Ser DIPP [609]
Review for therapeutic cancer targeting peptides including a short peptide

microarray section and experimental data of an array with 42 different peptides
that was probed with Jurkat T-lymphoma cells

DIPP [8]
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T-cell Epitope Mapping
HLA-DR1 and HLA-DR4 molecules,

HLA-DR4 binding self peptide as
competitor, malaria-infected human
serum

partial peptide scans of the merozoite
surface glycoprotein 1 (MSP1) of
plasmodium falciparum

SPOT [163]

9C5.D8-H T-cell hybridoma peptide scan of rabies virus
nucleoprotein

SPOT [394]

Identification of protein-protein interaction partners
35S-Met-labeled protein extract from

Jukat cells containing the novel
WD-repeat protein FAN

peptide scans of the TNFR-R55
cytoplasmic domain

SPOT [2]

syntrophin PDZ domain library of C-terminal peptides from all
known human proteins (3514 spots);
substitutional analysis of a selected
peptide

SPOT [211]

cell lysates from erythropoietin
stimulated and unstimulated cells;
JAK2, SHP1, PLCγ

peptide scan of the intracellular
domain of the EPO receptor

SPOT [278]

human Yes-associated protein (hYAP)
WW domain, rFE65 WW domain,
and mMena EVH1 domain
displayed on phage

peptide ligands for hYAP WW
(GTPPPPYTVG), rFE65 WW
(PPPPPPPLPAPPPQP), and mMena
EVH1 (SFEFPPPPTDEELRL)
domains; negative control peptide

SPOT [42]

Peptidomimetics
synthesis of peptide nucleic acid (PNA) oligomer arrays on polymer membranes

and their hybridisation with DNA probes
SPOT [583]

simutaneous synthesis of peptides, peptomers and peptoids on continuous
surfaces; amino funtionalization of cellulose membranes with epibromohydrin
and 4,7,10-trioxa-1,13-tridecanediamine

SPOT [16]

fluorescent-labeled model DNA
oligonucletide

peptide nucleic acid (PNA) oligomer
arrays on cellulose, polypropylene
and PTFE membranes with different
spacer molecules

SPOT [355]

anti-transforming growth factor α
(TGFα) mab Tab2

amino and amino-oxy-substituted
1,3,5-triazine arrays (detailed
synthesis protocols

SPOT [488]

Synthesis of 1,3,5-triazines on continuous surfaces SPOT [489]
synthesis of 1,3,5-trisubstituted hydantoin arrays on cellulose membranes SPOT [201]
anti-transforming growth factor α

(TGFα) mab Tab2
peptoidic building block substitutional

analyses of the mab Tab2 peptide
epitope VVSHFND and of
peptomers and peptoids derived
thereof

SPOT [456]

Synthesis of macrocyclic peptidomimetics which incorporate heteroaromatic
building blocks such as 2,4,6-trichloro-[1,3,5]triazine,
2,4,6-trichloropyrimidine, 4,6-dichloro-5-nitropyrimidine,
2,6,8-tricloro-7-methylpurine

SPOT [490]

anti-transforming growth factor α
(TGFα) mab Tab2

randomly generated library of 8000
hexapeptoids and -peptomers

SPOT [202]

(cont.)
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VASP-EVH1 domain GST fusion
protein

peptoid building block substitutional
analysis of a VASP-EVH1 peptide
ligand; combinatorial peptoid
building block library of two
positions within a VASP-EVH1
peptide ligand

SPOT [617]

Review Articles
Description of the SPOT method in the context of other combinatorial library

techniques: practical approaches, library types, binding assays with
anti-porcine tubulin-tyrosine ligase (TTL) mab 1D3

SPOT [157]

Different types of combinatorial peptide libraries are described: XB1XB2XX
(400 spots), XXXXB1B2B3XXXX (8.000 spots) and a positional scanning
combinatorial library XXXX(3B3X)XXXX (68.000 spots) as well as
deconvolution libraries and substitutional analyses. These libraries were
applied for the identification of linear antibody epitopes (anti-TGFα mab Tab2
and anti-p24 (HIV-1) mab CB4-1) and metal ion binding peptides.

SPOT [494]

Review describing the technology and applications of peptides on pins,
macroscopic DNA arrays, light-directed synthesis (DNA and peptides),
peptides on paper (SPOTmethod), and inorganic combinatorial libraries

Diff. [422]

Solid-Phase synthesis on planar supports including synthesis on glass, cellulose,
cotton, and teflon membrane supports)

Diff. [298]

Personal comments on “classical” papers in combinatorial chemistry (e.g., R.
Frank on SPOT synthesis)

Diff. [299]

Describes the mapping of linear and discontinuous interactions of
antibody/antigen and protein/protein complexes using sequence-derived
peptide scans, substitutional analyses and combinatorial libraries prepared by
SPOT synthesis

SPOT [447]

Mapping of linear epitopes of 2 anti-interleukin-10 (IL-10) mabs with peptide
scans and substitutional analyses, mapping of the IL-10/IL-10R interaction
with peptide scans, identification of the anti-TGFα mab Tab2 by combinatorial
hexapeptide libraries, identification of the anti-p24 (HIV-1) mab CB4-1 with a
positional scanning combinatorial library

Summary of the SPOT synthesis technique particularly addressing small
molecule and peptidomimetic arrays

SPOT [53]

Review article describing peptide and protein arrays Diff. [133]
Synthesis and application of peptide and peptidomimetic/small molecule arrays

prepared by SPOT synthesis; brief description of peptide library types
SPOT [179]

Extensive review describing polymeric solid supports for SPOT synthesis
(cellulose and polypropylene) amino functionalization of membrane suports,
linker systems

SPOT [592]

peptide synthesis on solid supports, examples for product quality,
compatibility of polymer membranes for peptide-antibody binding assays (p24

(HIV-1) mab CB4-1 and anti-interleukin-10 mab CB/RS/3),
biological screening (types of peptide libraries, mapping of antibody epitopes and

protein-protein interactions, enzymatic modification of cellulose-bound
peptides, DNA and metal binding peptides, T-cell epitope mapping, and
cellular assays)

Detailed experimental assay protocols for the mapping of linear and
discontinuous antibody epitopes and protein-protein interactions

SPOT [453]
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Review article describing assay principles and the main applications of peptide
arrays prepared by SPOT synthesis

SPOT [454]

Review for therapeutic cancer targeting peptides including a short peptide
microarray section and experimental data of an array with 42 different peptides
that was probed with Jurkat T-lymphoma cells

DIPP [8]

Review of the history of peptide arrays prepared by SPOT synthesis (chemistry,
automation, analytical procedures) and comprehensive overview of library
types and applications

SPOT [160]

Short introduction into peptide arrays on membrane supports and a
comprehensive directory of peptide array applications

SPOT [161]

Extensive review of synthetic peptide arrays and microarrays as tools for
functional genomics and proteomics

Diff. [162]

Autoantibody profiling for the study and treatment of autoimmune disease
(B-cell responses). The main topic is protein arrays. Short comments on
peptide arrays are given

Diff. [221]

Review describing different types of microarrays (peptides, small molecules,
proteins, nucleic acids)

Diff. [287]

Update of the review article (Reineke, 2001b) describing applications of the
SPOT technology and novel developments in the field of microarrays with a
special focus and experimental data for kinase substrate micro arrays

SPOT [443]
DIPP,
CLPP

Protein and peptide array analysis of autoimmune diseases (peptides derived
from putative rheumatoid arthritis autoantigens and myelin basic protein)

DIPP [473]

Proteomics technologies for the study of autoimmune disease including protein
arrays and few examples for peptide arrays

Diff. [474]

Application of “one bead one compound” combinatorial libraries and chemical
microarrays (small molecules and peptides)

Diff. [288]

Review article describing combinatorial peptide library methods (array and
non-array approaches) for immunological research

Diff. [327]

Protein arrays for autoantibody profiling and fine-specificity mapping including
few peptide array examples

Diff. [476]

Peptide library review including a short peptide arrays section Diff. [555]
Protein array review including a short peptide arrays section Diff. [516]

Synthesis
First full paper describing the SPOT synthesis (principle, supports, synthesis,

assays, library types)
SPOT [155]

Brief desciption of SPOT synthesis SPOT [156]
Detailed description of synthetic procedures to generate peptide mixtures with

randmized positions by SPOT synthesis. The srategy is exemplified by
synthesis of combinatorial peptide libraries of the type XXB1B2XX and
XB1XB2XX and their screening with anti-transforming growth factor α
(TGFα) mab Tab2, silver(I), and dsDNA.

SPOT [269]

Detailed description of synthetic procedures to generate peptide mixtures with
randmized positions by SPOT synthesis. The srategy is exemplified by a
substitutional analysis of the linear epitope for anti-p24 (HIV-1) mab CB4-1.

SPOT [572]

Detailed laboratory manual for synthesis of SPOT arrays and binding studies
with antibodies (library types described: peptide scan, truncation analysis,
substitutional analysis, combinatorial library (XXB1B2XX) and deconvolution
libraries)

SPOT [158]

Development of a sequence design software, optimization of coupling methods
for SPOT synthesis, preparation of peptides up to 29 amino acids in length,
incubation of model peptides with their cognate mabs

SPOT [371]

(cont.)
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TABLE 7.4. Continued

Screening Molecule Library Technology Reference

Attachment of the p-hydroxymethyl-benzoic acid (HMB) linker to continuous
cellulose membranes

SPOT [573]

Detailed laboratory manual for synthesis of SPOT arrays and binding studies
with antibodies (library types described: peptide scan, truncation analysis,
substitutional analysis, combinatorial library (XXB1B2XX))

SPOT [273]

Description of the BioDisk-Synthesizer for synthesis on non-porous planar
surface (Compact Disk format) in a circular r/ϕ-array format

SPOT [4]

Optimization of side chain deprotection procedures, optimization of the peptide
density for screening purposes, correlation between signal intensity and
binding affinity for binding assays (3 different detection methods)

SPOT [276]

International patent application describing a method for manufacturing a carrier
for chemical or biochemical assays. The carrier of e.g., 2.5 × 7.5 cm is
structured as an array of e.g., 3, 1, or 0.1 µl wells that can be used to
synthesize or immobilize e.g., peptides

MPC [633]

Spatially addressed SPOT synthesis on polymeric membranes (synthesis and
application for antibody epitope mapping)

SPOT [590]

Detailed practical SPOT synthesis protocols (membrane functionalization;
peptides, peptidomimetics, and PNA synthesis)

SPOT [591]

SPOT synthesis protocols: synthesis on derivatized polypropylene membranes in
a 96-well plate format synthesis block to create distinct “microreactors” for
each spot; application of peptide arrays for epitope mapping of an anti-Ha-ras
mab using a Ha-ras-derived peptide scan

SPOT [294]

A fully automated SPOT synthesizer for oligmer synthesis of peptide nucleic
acids (PNAs) is described. The key feature is a synthesis block generating
reaction chambers on the synthesis membrane. The protocols are also
applicable for peptide synthesis.

SPOT [356]

Synthesis of macrocyclic peptidomimetics which incorporate heteroaromatic
building blocks such as 2,4,6-trichloro-[1,3,5]triazine;
2,4,6-trichloropyrimidine; 4,6-dichloro-5-nitropyrimidine;
2,6,8-tricloro-7-methylpurine

SPOT [490]

Automated synthesis of peptide arrays by SPOT synthesis SPOT [175]
Practical protocol for manual SPOT synthesis of peptide arrays SPOT [408]
Practical protocols for Fmoc peptide synthesis on membrane supports SPOT [612]
Combination of SPOT synthesis and native chemical ligation, application for the

synthesis of 11859 variants of the hYAP WW domain
SPOT [548]

Ch. Lig.
Synthesis and screening of a 8000-membered hexapeptoid and –peptomer libray SPOT [202]
Detailed protocols for the synthesis of peptide arrays, library design, and

incubation procedures for antibody epitope mapping
SPOT [459]

SPOT = spot synthesis of peptides
LDPS = light directed peptide synthesis
DIPP = directed immobilization of pre-synthesized peptides
CLPP = cross linking of pre-synthesized peptides
CPPP = co-polymerization of pre-synthesized peptides
SODA = synthesis on defined areas
MPC = mini-Pepscan cards
Ch. Lig. = chemical ligation
Diff. = different technologies
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technology employed. Therefore, the authors appreciate any additional information about
relevant publications in order to complete this bibliography and make it available to the
public domain, either in further publications or via the World Wide Web.

Overall, the entries in Table 7.4 are arranged according to Section 7.5 “Application
of peptide arrays”. The Table has some additional headings that do not reflect a particular
subsection in Section 7.5 because only a few examples are published. These are protein
domain arrays, isomerases, diverse enzymes, and T-cell epitope mapping. Two additional
Sections of Table 7.4 summarize review articles and publications describing synthesis pro-
cedures for stepwise in situ peptide array preparation technologies. Within any one part of
Table 7.4 the entries are arranged according to the publication year and then alphabetically
by author surnames. The Table lists screening molecules, library types, array preparation
technologies, and each publication citation. Publications relating to more than one category
are re-listed in each relevant part of the Table.
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[17] J.A. Asturias, N. Gómez-Bayón, J.L. Eseverri, and A. Martı́nez. Clin. Exp. Allergy, 33:518, 2003.
[18] M. Baensch, R. Frank, and J. Köhl. Microbiology, 144:2241, 1998.
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[260] N.T.M. Knoblauch, S. Rüdiger, H.-J. Schönfeld, A.J.M. Driessen, J. Schneider-Mergener, and B. Bukau. J.

Biol. Chem., 274:34219, 1999.
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Schneider-Mergener. J. Am. Chem. Soc., 117:11821, 1995.
[347] G. Marko-Varga, J. Nilsson, and T. Laurell. Electrophoresis, 24:3521, 2003.
[348] W. Martens, I. Greiser-Wilke, T.C. Harder, K. Dittmar, R. Frank, C. Örvell, V. Moennig, and B. Liess. Vet.
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[466] M. Reuter and E. Möncke-Buchner. In J. Koch and M. Mahler (eds.), Peptide Arrays on Membrane

Supports—Synthesis and Applications. Springer Verlag, Berlin, Heidelberg, p. 97, 2002.
[467] A. Rezania and K.E. Healy. Biotechnol. Prog., 15:19, 1999.
[468] F. Rharbaoui, C. Granier, M. Kellou, J.-C. Mani, P. van Endert, A.-M. Madec, C. Boitard, B. Pau, and M.

Bouanani. Immunol. Lett., 62:123, 1998.
[469] G. Riemekasten, J. Marell, G. Trebeljahr, R. Klein, G. Hausdorf, T. Häupl, J. Schneider-Mergener, G.R.
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8.1. INTRODUCTION

In 1984, Geysen et al. reported the synthesis of peptides on polyethylene pins in a
96-well foot-print (the multi-pin system) [45]. In 1992, Frank et al. described the synthesis
of multiple different peptides on cellulose paper [40]. The number of compounds prepared
by these parallel synthesis techniques is limited, but they represent the early development of
synthetic combinatorial chemistry and chemical arrays. Geysen et al. applied the multi-pin
system to synthesize peptide mixtures on individual pins, and applied iterative screening
(enzyme-linked immunoabsorbant assay) and synthesis approaches to elucidate the chemi-
cal structure of the biologically active peptides [46]. Fodor et al. first reported the minatur-
ization of the chemical arrays by using light-directed photolithographic chemical synthesis
techniques to construct 1042 peptides on a glass chip [38]. Such spatially-addressable
peptide microarrays were probed with fluorescent-labeled antibodies, and quantitated with
a fluorescent scanner. About the same time, we described the use of split-mix synthesis
method to generate millions of random peptide-beads such that each bead displayed only
one peptide entity [84]. These “one-bead one-compound” (OBOC) peptide libraries were
then screened with an enzyme-linked colorimetric assay, and positive peptide-beads were
physically isolated for structural analysis. Such bead libraries can be considered as chem-
ical microarrays that are not addressable but spatially separable. In this mini-review, the
development and applications of the OBOC combinatorial library methods and chemical
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microarray techniques will be reviewed. For chemical microarrays, we shall focus our atten-
tion on the various peptide and small molecule microarray techniques. Protein microarrays
will only be briefly addressed. Other combinatorial library methods, such as the phage-
displayed peptide libraries [24, 28, 148], positional scanning library methods [132], and
affinity column library methods [186] will not be discussed here.

8.2. OBOC PEPTIDE LIBRARIES

In 1991, we recognized that by using a “split-mix” synthesis method (Figure 8.1A),
we could generate huge peptide libraries on beads [84]. Since each bead is exposed to
only one building block at each coupling cycle and the reaction is driven to completion,
each bead displays only one peptide-entity. Each 80–100 µm bead contains approximately
100 pmole or 1013copies of the same peptide. The synthesis of such OBOC combinato-
rial libraries is highly efficient. For example, a heptapeptide bead library consisting of
20 amino acids can be synthesized within 2 to 4 days, which has 1.28 billion permutations
(Figure 8.1B). TentaGel resin (Rapp Polymere, Tubingen, Germany) is a good choice for
OBOC library. This resin consists of a cross-linked polystyrene core grafted with 3000–4000
Dalton amino-polyethyleneglycol (PEG) chains. These beads can be swollen in water as
well as a wide range of organic solvents such as dimethyl formamide, dichloromethane, and
toluene. Therefore, TentaGel resin is compatible with both organic synthesis and biological
screening. For peptide library construction, Fmoc/t-But (9-fluorenylmethoxycarbonyl/tert-
butyl) chemistry is preferred because unlike Boc/Bn (tert-butoxycarbonyl/benzyl)
chemistry, hydrofluoric acid (HF) is not needed. HF is highly toxic, requires a special
apparatus, and partially degrades the PEG chain on the resin.
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FIGURE 8.1. A: Synthetic scheme of the “split synthesis” method to generate a one-bead one-compound com-
binatorial library; B: Number of permutations for random peptide libraries constructed with 20 amino acids per
coupling cycle.
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                      A                                              B                                             C

FIGURE 8.2. Various approaches to screen OBOC combinatorial libraries: (A) enzyme-linked colorimetric assay
for target protein binding, (B) 33P phosphorylation functional assay for protein kinase substrates (autoradiogram,
low power), and (C) whole cell binding assay for cell surface binding ligands.

The well-established on-bead screening assays used in OBOC libraries are highly ef-
ficient. Literally millions of compounds can be screened in parallel for a specific acceptor
molecule (receptor, antibody, enzyme, virus, whole cell, etc) within a day or two. With vari-
ous screening techniques, compound-beads with a specific biological, chemical, or physical
property can be rapidly identified. We have employed an enzyme-linked colorimetric assay,
similar to Western blot, to identify ligands for an anti-β-endorphin antibody [77], strepta-
vidin [81] (Figure 8.2A), avidin [79], an anti-insulin monoclonal antibody that recognizes a
discontinuous epitope [78], surface idiotype of B-cell lymphoma cell lines [83], and MHC-
Class I molecules [153]. We reported the use of a 32P or 33P phosphorylation assay and
an autoradiographic method to identify specific and efficient peptide substrates for protein
kinases (Figure 8.2B) [85, 172, 173]. We have also described the use of a whole cell binding
assays in which bead-libraries are mixed with live cells (Figure 8.2C) to identify cell surface
binding peptide ligands specific for prostate cancer, non-small cell lung cancer, and lym-
phoma cells [27, 86, 124, 129]. Meldal et al. reported using a fluorogenic quench screening
method to identify protease substrates from an OBOC library [106]. Highly porous PEG-
based resin (PEGA beads) was used for the peptide library construction because it allowed
the enzyme to gain access to the bead interior. Those beads with the active substrates were
cleaved by specific protease, resulting in the removal of the quencher and therefore ap-
pearance of fluorescent signals. These fluorescent-labeled beads were detected and isolated
under a fluorescent microscope, or isolated by a fluorescent activated bead sorter (COPASTM

BIOBEAD, Union Biometrica, Inc, Somerville, MA). Edman sequence analysis of positive
beads reveals the substrate sequence, the cleavage point, and the degree of cleavage. This
method is a powerful tool to investigate the protease activity and specificity since it gives
a complete map of the substrate specificity and affinity for the cleavage site. Combining
the OBOC concept and fluorogenic quench screening strategy, Meldal et al. later reported
a so-called one-bead two-compounds approach to directly identify protease inhibitors. In
this method, each bead contains a putative protease inhibitor along with a fluorescence-
quenched substrate for the protease [50, 105]. Very recently, Juskowiak et al. employed a
novel on-bead screening method to identify short peptides that were capable of converting
to fluorgenic compounds under an ambient photooxidative condition [63]. In this method, a
random peptide bead library was illuminated with a tungsten-halogen lamp while the bead
mixture was agitated with a stream of air bubbles. After illumination at 40–50 ◦C for 2 days,
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the resulting fluorescent beads were detected under a fluorescent microscope. Kodadek and
co-workers recently reported the use of fluorescent-labeled proteins as probes to screen
OBOC diverse peptoid (N-substituted oligoglycine) libraries [4]. They also reported the
use of quantum dots, rather than organic fluorescent dye, as a fluorophor to label the target
protein [121]. The main advantage of this latter library screening approach is that the signal
to noise ratio is high.

Thus far, only a few groups have reported on the release of compounds from OBOC
libraries for solution phase assays. We have described the use of the OBOC combinatorial
libraries in a solution phase screening assay in which the compound-beads were immobilized
in a thin layer of soft agar together with cancer cells [145]. After cleavage from the linker,
compounds from each bead were released and diffused outward. A clear zone of growth
inhibition around the positive bead was detected by adding 3-(4,5-dimethylthazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) to the culture plate, in which only the live cells
were stained purple. Jayawickreme et al. reported a similar ultra-high throughput assay
approach termed “cell-based lawn format” utilizing an in situ photocleavage method to
release the compound [59, 60]. They first grew a confluent monolayer of indicator cells
(frog melanophore cells that had been transfected with a specific receptor) in a petri dish.
The cells were then covered with agarose that contained OBOC combinatorial peptide-
beads. In response to an agonist released from a specific bead, the frog cells surrounding
that bead would turn dark. Silen et al. has also reported the use of similar lawn-based in
situ photocleavage assay to screen an OBOC small molecule library (triazines) to identify
novel antimicrobial agents [151]. The sensitivity of this lawn-based screen method has been
modified to detect antibacterial compounds with modest potency. These in situ releasable
solution phase assays have great potential but will require further development before they
can be reliably used for drug screening. For instance, special solid supports need to be
developed such that all compounds will diffuse freely out of all beads into the surrounding
media. An alternative approach to using solution phase assays to screen OBOC library
is to release compounds from an individual or small collection of compound beads in a
microtiter plate. The released compounds were then subjected to standard solution phase
assays [144]. However, to retrieve minute amounts of soluble compounds (100 pmol) from
one single 80–100 µm bead is not easy, and often there is not enough material from one
single bead for biological assays. Schreiber and his co-workers expanded on the OBOC
library methods by developing releasable OBOC libraries in microtiter plates using bigger
beads (500 µm macrobeads) [14, 15, 22]. However, the capacity of these macrobeads is still
rather limited (<0.1 µmol/bead). Further increases in bead size leads to incomplete coupling
because reagent diffusion will become a limiting factor. We have addressed this problem
by developing a “one-aggregate one-compound” method [102]. The loading capacity of
each bead aggregate ranges between 1–10 µmol, i.e., 10–100 fold more than that of the
macrobeads used by Schreiber’s group. Bead aggregates were prepared by cross-linking
the TentaGel resin beads with glutaraldehyde. Each bead aggregate contains some colored
beads with an orthogonal protecting group that can be chemically encoded during the library
synthesis and retrieved for decoding after biological screening. Taking full advantage of the
OBOC concept, this “one-aggregate one-compound” method is highly efficient and much
more economical than the IRORI Nanokan r© system (Discovery Partners International Inc)
[116]. Such diverse solution phase libraries can be screened with the standard solution phase
assay or used to print multiple replicates of chemical microarrays (see below).
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As mentioned above, positive compound-beads from screening are physically isolated
under a microscope. For peptide libraries that consist of natural amino acids, the straightfor-
ward approach to determine the amino acid sequence of the positive bead is to use Edman
Chemistry with an automatic protein sequencer (e.g., Procise 494, Perkin-Elmer/Applied
Biosystems). The inclusion of unnatural amino acids in the construction of peptide libraries
not only greatly increase the diversity of the library but also renders some of the peptide
library members more resistant to proteolysis. We have developed methods to sequence
peptides containing many unnatural α-amino acids [93]. However, Edman sequencing is
time-consuming and expensive compared with mass spectrometry analysis. Youngquist
et al. introduced ‘ladder sequencing’ to determine the full peptide sequence of single beads
with matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF MS) [180]. Later, several groups have modified this method with either replacement of
the capping step by the partial incorporation of a methionine residue at each coupling stage
[26] or use of the dual capping groups and analysis of molecular ion redundancy to directly
elucidate the structure by mass spectrometry analysis [52]. Very recently, this method has
been further improved by using an isotope-labeling strategy to terminate the N terminus,
and analyzing the generated ladders with ion-extraction mass spectrometry [125].

8.3. ENCODED OBOC SMALL MOLECULE COMBINATORIAL LIBRARIES

Although peptides are useful for targeting extracellular macromolecules or cell surface
receptors, they often cannot penetrate cell membranes and therefore are not good drug
candidates for intracellular targets. Moreover, the diversity of peptides is limited by the
peptide backbone. Therefore, the major effort in combinatorial chemistry has been on small
molecule libraries. In OBOC small molecule combinatorial libraries, the chemical structure
of the compound on a positive bead has to be determined either directly or via an encoding
strategy. Currently, there is no reliable method to directly determine the chemical structure
of small molecule on one single bead (100 pmol) isolated from a huge diversity library
with, e.g., 150,000 members. Several research groups have developed various physical and
chemical encoding methods to encode OBOC small molecule libraries. This subject has
been reviewed [2, 8, 26, 80, 149, 175].

Chemical encoding is ideal for OBOC small molecule libraries. Chemical tags are
added to the bead during the synthetic steps so that the synthetic history of each compound
bead in the chemical library can be recorded. These chemical codes can then be decoded
by spectroscopic or chromatographic methods such as HPLC (high performance liquid
chromatography), GC (gas chromatography), MS, fluorescence, IR (infrared), NMR (nu-
clear magnetic resonance) spectroscopy, and electron capture. Several chemical encoding
methods have been reported, such as using oligonucleotide tags [19], fluorophenyl ether
tags [114, 119], secondary amine tags [37, 115], peptide tags [66, 118], and trityl-based
mass tags [150]. However, these methods suffer two disadvantages. First, the coding struc-
ture may interfere with the screening assay involving the testing compound. Second, these
chemical encoding methods require that the chemistry of adding the tag and synthesizing
the library be orthogonal, resulting in nearly doubling the number of synthetic steps. To
solve these two problems, we have recently developed a novel and robust peptide-based
encoding strategy for OBOC small molecule combinatorial libraries [94]. In this method,
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the testing molecule is on the bead surface, and the coding tag is in the interior of the beads.
Therefore, the coding tags will not interfere with screening (Figure 8.3). This encoding
method is highly efficient as each of the building blocks is incorporated into the testing arm
(bead surface) and coding peptide backbone (bead interior) simultaneously. Consequently,
no additional synthetic steps are needed. After screening, the positive beads can be isolated,
and the peptide coding tags, which consist of α-amino acids with side chains derivatized
by the building blocks, can be readily decoded by Edman microsequencing.

Recently, we have further improved our encoding method by incorporating triple or
quadruple cleavable coding arms in the bead interior so that mass spectrometry can be used
for the decoding process (Figure 8.4) [155]. Prior to library synthesis, the inner core of each
bead is derivatized with three or four different coding arms on a cleavable linker. Each of
these coding arms contains a functional group that is identical or related to the functional
groups on the scaffold of the testing compound to be synthesized. Similar to the above-
mentioned peptide-based encoding method, each building block will react with the testing
and encoding arms simultaneously, thus eliminating many synthetic steps. After screening,
the coding tags in the positive beads are released, followed by molecular mass determina-
tion using matrix-assisted laser desorption/ionization-Fourier transform mass spectrome-
try (MALDI-FTMS). This MS-decoding method may have broader applications than the
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peptide-based encoding method due to the following reasons: (i) MALDI mass spectrometer
is readily available in many chemical laboratories, (ii) MS offers rapid analysis (e.g., over
100 compounds per day), and (iii) MS requires minute quantity of material for analysis.

8.4. PEPTIDE AND CHEMICAL MICROARRAYS

As mentioned in the introduction, peptide microarrays [38, 40, 45] preceded DNA mi-
croarrays [134]. With the tremendous success of DNA microarrays in the field of genomics
in the last decade, the field of chemical microarrays has re-emerged and many researchers
have developed methods to prepare microarrays composed of proteins [69], peptides [31],
carbohydrates [68, 97, 107], small molecules and other biological molecules. These new
techniques enable investigators to rapidly analyze, in parallel, molecular interactions be-
tween immobilized molecules and complex biological mixtures. They have been widely
applied in the field of diagnostics and proteomics. The immobilized molecules on chemical
microarrays are generally addressable, which means that the chemical identity of each im-
mobilized molecule is known. The molecules can be immobilized by in situ synthesis [38,
40], chemical ligation, or non-specific adsorption. Proteins can be readily immobilized on
polystyrene surfaces, and nitrocellulose or PVDF membranes through non-specific adsorp-
tion. However, immobilization of small molecules, carbohydrates, or short peptides often
requires covalent ligation to the solid surface, unless these molecules are first ligated to a
macromolecule prior to adsorption onto the solid support [102, 178].

An OBOC combinatorial bead library, with one compound entity expressed on each
individual bead, can also be considered as a spatially separable but non-addressable chemical
microarray [84]. These compounds are synthesized in situ using a “split-mix synthesis”
approach. Various applications of such libraries have already been addressed in the earlier
section of this review.

For most of the peptide and small molecule chemical microarrays, the compounds
are synthesized as stock solutions prior to immobilization. In the past decade, several
combinatorial chemistry techniques have been developed for parallel synthesis of peptides
or small molecules. These include the Multipin system [45], the SynPhase lantern system
[72, 126, 174], multi-syringe system [73] and the 96 deep-well plate system [147]. These
methods are labor-intensive but can be facilitated by robotics. An alternative but more
efficient approach to synthesizing large number of compounds is to exploit the “split-mix”
synthesis method as described in the OBOC combinatorial library approach. In this case, one
may use the following solid supports to generate large amount of compounds: macrobeads
[15, 22] that contain up to 0.1 µmol per bead, bead aggregates with a loading capacity
of 1–10 µmol per aggregate [102], or the commercially available IRORI Nanokans [116]
ranging from 1–10 µmol. However, these “split-mix” synthesis approaches require a built-
in encoding system, so that the chemical structure of the compounds can be elucidated by
decoding.

8.4.1. Immobilization Methods for Pre-Synthesized Libraries

The most commonly used solid support for microarray printing is a standard microscope
glass slide, but other supports have also been used such as polystyrene [3], nitrocellulose
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membranes [44], PVDF membrane [102], Hybond ECL membranes [57, 58], gold surfaces
[54], and chemical vapor deposited diamond films [168]. For silicon oxide surfaces such as
glass slides, the surface is first cleaned with strong oxidizers (H2SO4/H2O2, oxygen plasma
or NH3/H2O2), followed by the coating of organosilane bearing the functionality that will be
used for the attachment of small molecules. It is also advantageous to include a hydrophilic
linker between the solid surface and the small molecule to minimize steric hinderance
caused by the solid support. In some applications, particularly in the drug discovery field
where many compounds will be evaluated against limited sets of immobilized molecules,
replicates of microarrays can be printed in the bottom of each well of the 96-well plate.

Many automatic arrayers have been developed to print DNA microarrays. Most of these
commercially available arrayers can also be used to print peptide and chemical microarrays.
The most common mechanical micro-spotting method involves surface contact between the
solid support and the tip of the needle or pin. The amount of liquid delivered of by this
method ranges between 50 pL–100 nL, resulting in spot size ranges between 75–500 µm.
The non-contact electrospraying technique in cone-jet mode can deposit minute but repro-
ducible amounts of enzyme solutions on solid surface, resulting in spots with 130–350 µm
in diameter [111]. Avseenko et al. described the further development of the electrospray
deposition method for fabricating protein microarrays [7]. They use an electrospray tech-
nique to deposit protein solution on an oxidized dextran-grafted surface to form a Shiff base
which was subsequently reduced by sodium cyanoborohydride solution. The deposited
spots were 30–40 µm in diameter. The laser-based printing method, or so called MAPLE
DW (matrix assisted pulsed laser evaporation direct writing) method, has been described
for efficient dispension of picoliter volumes of protein solutions and antibodies onto stan-
dard solid phase supports [138] to generate spots of 50 µm in diameter. Recently, Ouyang
et al. reported a protein microarray preparation method called “soft-landing of mass-selected
ions”. This method employs electrospray ionization (ESI) followed by individual selection in
modified quadruple mass spectrometer (according to mass charge ratio m/z) and subsequent
deposition onto solid support [122].

Large macromolecules such as proteins can be easily immobilized via non-specific
adsorption. This approach has been used in standard ELISA, dot blot, and Western blot for
many years [170]. Specific interactions between chemical tags and macromolecules can
also be used for immobilization of tagged proteins. For example, the biotin-streptavidin
system was used for immobilization of biotinylated proteins onto streptavidin coated sur-
faces [142]. The poly-His-Ni2+ specific interaction was used for immobilization of poly
His tagged proteins onto a Ni2+ chelating surface [181]. Anti GST antibody or glutathione
coated slides have been reported for GST-fusion proteins immobilization. Unlike plastic and
PVDF or nitrocellulose membranes, glass surfaces have low capacity for protein adsorption.
To immobilize proteins on glass slides, the glass surface needs to be activated. For example,
aldehyde derivatized glass slides have been used for covalent protein immobilization via
Shiff base formation of ε-lysine amine groups [100]. Glass surfaces coated with succin-
imidyl ester or isocyanate functionalized dendrimer have been used for immobilization of
proteins and nucleic acids [11], and bisulfosuccinimidyl suberate derivatized glass slides
have been used to immobilize proteins [91]. Recently, the use of photoinduced methods
for immobilization of proteins using an aryl nitrene [110] or aryl carbene [21] have also
been reported. Fang et al. described the fabrication of a novel membrane protein microarray
[32, 33]. They first derivatized the glass or gold-coated glass with γ-aminopropylsilane.
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Cell membrane preparation containing G-protein-coupled receptors was then spotted with
a quill-pin printer. Such microarrays can be use to analyze ligand binding to membrane
receptors.

Like proteins and large carbohydrates, native DNA macromolecules can adsorb onto
solid support [134]. However, shorter oligonucleotides, small molecules and short pep-
tides have to be immobilized by covalent attachment. We have recently reviewed the
methodologies for immobilization of peptides and small molecules on solid support [177].
Rogers et al. reported the use of disulfide bond formation to immobilize oligonucleotides
on thiol derivatized glass surface [140]. Using Cu-catalyzed [3 + 2] cycloaddition reac-
tion, azide-derivatized oligosaccharides were conjugated to alkynes that have been im-
mobilized to the solid support via the C14 hydrocarbon tail [34]. Houseman et al. de-
scribed the covalent attachment of carbohydrates to gold surface [53]. In this method,
the gold surface was first derivatized with thiol-polyoxyethylene-benzoquinone conju-
gate. The cyclopentadiene derivatized carbohydrate was then attached to the benzoquinone
group by Diels-Alder reaction. Park et al. reported the ligation of maleimide-modified
mono- and di-saccharides to glass surface that has been derivatized with thiol group [123].
Zhu et al. used TBTU/HOBt/DIEA [2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
tetrafluoroborate/N -hydroxybenzotriazole/ diisopropylethylamine] as the coupling reagent
to immobilize coumarin-4-carboxylic acid derivatives to the amine modified glass sur-
face and employed such arrays to profile enzyme activities [185]. The mild reaction of an
aminooxy group with ketone and aldehyde has been widely used for chemselective liga-
tion of various molecules or unprotected peptide fragments [101]. This chemistry has also
been applied to the preparation of chemical microarrays. We modified the glass surface
with a glyoxylyl group which could then react with peptides or small molecules bearing
an aminooxy moiety to form an oxime bond [31]. In principle, proteins with a N-terminal
cysteine can also be ligated, chemoselectively, to such surface to form a stable thiazoli-
dine ring [133]. We subsequently decribed a more efficient approach to prepare glyoxylyl
coated glass surfaces by first coupling acrylic acid to the amino glass surface, followed
by oxidation with NaIO4/OsO4 to form a glyoxylyl group [176]. Salisbury et al. used a
similar approach to immobilize aminooxy derivatized peptides to aldehyde modified glass
surface [143]. Similar method of immobilization of peptides or oligonucleotides involves
the formation of alpha-oxo semicarbazone has also been reported by Olivier et al. [121].
They first functionalized the glass surface with semicarbazide and then ligated the glyoxy-
lyl derivatized oligonucleotides or peptides to the semicarbazide group. Lesaicherre et al.
employed a different chemoselective ligation approach to immobilize C-terminal thioester
modified peptides onto an amino modified glass [89]. This microarray was subsequently
used for antibody based fluorescence detection of kinase activity [88]. The Staudineger
reaction has been recently used for immobilization of proteins and peptides. In this method,
Soellner et al. ligated the azide modified peptide to phospinothioester-functionalized glass
surface to form an amide bond [154]. Kohn et al. used Staudinger reaction to immobi-
lize small molecules onto a phosphane-decorated glass slide [71]. The formation of an
ether bond between chlorinated glass and a hydroxy group of small molecules has been
used for preparation of microarrays by Schreiber et al. [49, 73, 75]. The same group has
also reported the immobilization of thiol group containing small molecules by Michael
addition to maleimide-functionalized glass surface [99]. Recently, they reported the use of
diazobenzilidene-functionalized glass slides for immobilization of compounds containing
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acidic protons, such as phenols, carboxylic acids, and sulfonamides [9]. Kanoh et al. re-
cently reported a “non selective” immobilization method using the chemistry developed for
photoaffinity labeling [64]. In this method, they first functionalized the glass surface with a
photoreactive group, such as diazirine. A small molecule was then spotted and the coupling
reaction was initiated by UV irradiation. The chemistries of many of the above mentioned
immobilization methods are summarized in Table 8.1.

Macromolecules like proteins, native DNAs or high molecular weight carbohydrates
[68, 165] can be immobilized onto a surface, such as plastic and PVDF or nitrocellulose
membranes by simple adsorption. Hence, small molecules or peptides could first be con-
jugated to a macromolecule prior to spotting. Adams et al. reported the ligation of low
molecular weight carbohydrates to proteins followed by non-covalent immobilization of
the carbohydrate-protein conjugates onto solid support [1]. Fukui et al. conjugated car-
bohydrates to lipids, which were subsequently immobilized non-covalently to PVDF or
nitrocellulose membranes [41]. Such arrays have been used for studying protein carbohy-
drate interactions. We spotted peptides conjugated to human serum albumin on polystyrene
slides or PVDF membranes as a way to display these peptides on chemical microarrays
[178]. Another approach that has been widely used in our laboratory is to chemoselectively
conjugate small molecules or peptides bearing aminooxy groups to ketone-modified agarose
[102]. Agarose not only serves as a carrier for the small molecule or peptide ligand, but
it also provides a highly hydrophilic environment for the analyte to interact with the im-
mobilized compounds. This two-step approach has several advantages. First, the chemical
ligation reaction between ligand and polymer scaffold is site-specific and occurs in solu-
tion, therefore the yield is high. Second, the concentration of ligand bound to the scaffold is
identical among different samples, if excess ligands and the same batch of scaffold are used
in the coupling reaction. Third, once the ligand-scaffold conjugate is made, it can be stored
indefinitely and used for subsequent spotting. These unique features enable one to generate
highly reproducible chemical microarrays with uniform ligand concentration among spots
and between slides, which is often difficult with microarrays that are prepared by direct
chemical ligation of ligands to the functionalized surface of the solid support.

8.4.2. In Situ Synthesis of Microarrays

As indicated earlier, the synthesis of peptide arrays on paper or cellulose membrane was
first described by Frank et al. and this method was referred as SPOT synthesis [40]. However,
the array generated by this method is generally low density, even with the commercially
available automatic SPOT synthesizer [136]. Foder et al. [38] first described the high density
peptide microarray using the photolithographic light directed parallel synthesis method.
This method represents the basic technique that has been used for the generation of the
commercially available Affymetrix DNA chips. This method, however, requires building
blocks with photolabile protecting groups (e.g., NVoc, MeNPoc, NNeoc, DMBoc, NPPoc,
PYMoc, Figure 8.5) which need to be synthesized by the investigator because they are
not yet commercially available. To address this problem, Gao et al. [42, 43, 87] combined
light directed synthesis with microfluidics so that acid can be generated in situ (with light)
to remove the protecting groups of standard commercially available building blocks such
as Boc-protected amino acids [127, 128]. In addition, Gao and others described the use of
digital micromirror devices, consisting of 600 × 800 array of micromirrors to form a virtual
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FIGURE 8.5. Photolabile protecting groups used in light-directed parallel synthesis of microar-
rays Nvoc: 6-nitroveratryloxycarbonyl, MeNPoc: 5’-(α-methyl-2-nitropiperonyl)oxycarbonyl, Nneoc:
8-nitronaphtylethyloxycarbonyl, DMBoc: 5’-O-dimethoxybenzoincarbonyl, NPPoc: 2-(2-nitrophenyl)-
propylxycarbonyl, PYMoc: pyrenylmethyloxycarbonyl.

mask [152], to facilitate the in situ synthesis of peptide [128] or oligonucleotide [87, 42]
microarrays on glass surfaces.

8.4.3. CD, Microfluidics, Fiber Optic Microarray, Multiplex Beads

The compact disc-based microarray system was developed by Kido et al. and used for
immunoassays [67]. They used the piezoelectric inkjet applicator to deposit the proteins onto
a polycarbonate disc. Recently, Clair et al. reported the attachment of small molecules to a
polycarbonate compact disc (CD) surface via phosphodiester bond. Molecular interactions
between analyte and some of these molecules could be detected with a conventional CD
player [76]. Walt et al. developed the fiber-optic microarray biosensor technology that has
been commercialized, and is now referred as the Illumina BeadArray. This microarray is
composed of bundles of selectively etched glass fibers which are dipped into the OBOC
oligonucleotide library of microspheres (3 or 5 µm). For some reason, these microspheres
are captured randomly and spontaneously at the end of each optical fiber [29, 35, 108,
163]. The array is reusable, allows a rapid response, and has an extremely low detection
limits. However, because the microarray is spatially non-addressable, an encoding method
is needed. The earlier encoding method uses unique ratio of orthogonal fluorescent dyes to
encode the oligonucleotides on each bead [35, 108, 109]. An alternative decoding method
uses a unique sequence on each bead of the randomly formed microsphere array as an
address. To determine the structure, the microsphere bound oligonucleotide is hybridized
to a series of biotinylated complementary oligonucleotides and subsequently visualized by
interactions with labeled streptavidin [179]. Epstein et al. described a similar encoding
methodology using the displayed oligonucleotide itself to identify its sequence. But, to
determine the sequence, the arrays are hybridized to a series of combinatorial decoding
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libraries. Four orthogonally labeled decoding libraries are used for each position whereas
the screened position in the library is not randomized therefore the affinity of one library
to particular bead is higher hence the identity can be determined from level of fluorescence
[29]. Recently, encoded fiber-optic microsphere arrays of carbohydrates have been reported
[1]. The saccharides were prepared with thiol-terminated ethylenedioxy linker attached to
the anomeric center and chemoselectively ligated to commercially available maleimide-
activated bovine serum albumin (BSA). The saccharide-BSA conjugate was then coupled
to solid support by using water soluble carbodiimide. The BSA molecule serves here as a
spacer between the solid support and carbohydrates. The above-mentioned fluorescent dye
spectral signature method was used to encode such bead libraries.

8.5. DETECTION METHODS IN CHEMICAL MICROARRAYS

Several methods have been developed for the detection of interactions between the
immobilized molecules on the microarrays and the added complex biological mixtures,
or analytes. These methods can be broadly classified into two categories: (i) those that
involve the detection, identification and characterization of biomolecules (e.g., proteins)
present in the analytes that bind to or covalently link to individual chemical spots on the
microarrays, and (ii) those that involve the detection and identification of the individual
chemical spot that have been enzymatically modified by the enzyme(s), or chemically
modified by component(s) present in the analytes.

8.5.1. Identification and Characterization of Bound Proteins

Proteins can bind to peptides or small molecules either through covalent, or non-
covalent interactions such as hydrophobic interaction, Van der Waals forces, salt bridges, and
hydrogen bonds etc. Common detection methods for protein binding include enzyme-linked
colorimetric, fluorescence, luminescence, and radioisotope methods. The fluorescence
method is often preferred because it is simple, safe, extremely sensitive, and compatible with
the commercially available microarray scanners. The most widely used fluorescent tech-
niques include laser-induced fluorescence, fluorescence resonance energy transfer (FRET),
fluorescence polarization, homogenous time resolved fluorescence, and fluorescence cor-
relation spectroscopy [65]. In the standard fluorescence methods, analytes can be directly
labeled with fluorescent probe or indirectly with biotin, followed by fluorescent-labeled
streptavidin. However, most of the chemical derivatization methods are not site-specific
and there is always a concern that chemical labeling of a protein may negatively affect its
binding activity to the ligand. An alternative method to fluorescently label a protein is to
construct and express the protein as either a fluorophore-puromycin conjugate or red/green
fluorescent fusion protein, which can be detected by a conventional fluorescence slide scan-
ner [65, 74]. These methods, while useful, require additional steps, work in some assay
systems, but do not work in all proteins. Therefore, alternative methods to detect the bound
proteins in their native form are sometimes preferred. One approach is to use fluorescent
labeled-antibodies to detect specific proteins bound to the microarrays.

Label-free optical techniques for detecting bound proteins on microarrays have been
recently reviewed [23, 90, 162]. These methods include surface plasmon resonance (SPR)
[62], grating couplers [13, 112, 169] and reflectometry [18]. SPR has now matured as a
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versatile detection tool to analyze the kinetics of protein-ligand interactions over a wide
range of molecular weights, affinities, and binding rates [104, 113]. Houseman and Mrksich
reported the use of SPR as a detection method to profile carbohydrate-lectin interactions
on a carbohydrate arrays [54]. As an alternative detection method, Sapsford et al. used a
planar waveguide to develop an antibody array biosensor and studied the kinetics of antigen-
antibody interactions in parallel [146]. The use of atomic force microscopy (AFM) method
to detect the surface topological changes of the microarrays due to bound proteins has been
reported [61]. However, AFM is very slow, and the method is impractical unless the chip
can be scanned with a large array of AFM probes in parallel.

In recent years, various mass spectrometry technologies have evolved as the dominant
tools for identification and characterization of bound proteins [36]. Surface-enhanced laser
desorption/ionization (SELDI) mass spectrometry has been developed to detect proteins
captured by the very low-density affinity arrays [166]. In this method, captured proteins
bound to the metal surface (SELDI protein array) are vaporized using a laser beam, followed
by identification of these proteins by mass spectrometry. The detection of a minute amount
of bound proteins on high density microarrays by this approach, however, remain to be
developed.

8.5.2. Detection Methods to Identify Post-Translational Modification of Proteins
or to Quantitate Enzyme Activity in Analytes

Peptide microarrays have been used successfully to probe the activities of specific
post-translational modification of enzymes (e.g., proteases, protein kinases, esterases, gly-
cosyl transferases, and acetylase) present in an analyte. Modification of protein, peptide or
small molecule spots by these enzymes can be detected by lectins, antibodies, fluorescent
or radioactive probes [31, 141, 182]. Zhu et al. analyzed the kinase-substrate specificity
of almost all (119 of 122) yeast kinases using 17 different protein substrates [183]. The
substrates were first covalently immobilized on the surface of individual nanowells, and
individual protein kinases in kinase buffer with [γ33P] ATP were incubated with the sub-
strates. After washing, the nanowell chips were analyzed for 33P-labeled substrates using a
phosphoimager (Molecular Dynamics, Inc.) [183]. Recently, a small molecule fluorophore
phosphosensor technology referred as Pro-Q Diamond dye has been developed to detect
and quantitate phosphorylated amino acids of peptides and proteins in microarrays [103].
To determine the protease substrate specificity, several groups have developed fluorescent-
quenching methods [20, 143, 185]. These methods are very similar to the on-bead assay
for OBOC libraries developed by Meldal’s group described earlier [106]. In this method,
quenched fluorescent substrates were prepared by coupling the peptide substrate to coumarin
or 2-aminobenzoic acid. These peptide substrates were then spotted onto the solid support
and incubated with proteases such as caspase, MMP-2, and trypsin. Peptides that were
susceptible to proteolysis fluoresced while others did not.

8.6. APPLICATION OF CHEMICAL MICROARRAY

Chemical genomics is a highly interdisciplinary approach that integrates chemistry
and cell biology [157, 158]. Chemical microarray represents an important tool to ex-
ploit this emerging field. Chemical microarrays allow investigators to perform many
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different assays in parallel using minimal amounts of analytes. Large numbers of biomolec-
ular interactions like protein-protein, protein-ligand, protein-lipid, protein-carbohydrate,
and peptide/small molecule-DNA interactions and post-translational modifications can
be studied simultaneously by this approach. Information obtained from such studies
will facilitate our understanding of cell signaling and function. Like DNA microarrays,
the overall pattern of interactions between the analyte and a large number of chemical
spots is very informative. Such interaction profiles will allow the investigator to gen-
erate conclusions that otherwise would not be possible by only examining a limited
number of molecular interactions. Similar to DNA microarrays, bioinformatics and re-
lated analytical tools are needed to successfully analyze the data obtained from chemical
microarrays. Various aspects of protein microarray technology and antibody microarrays
have been recently reviewed, and will only be briefly discussed here [47, 98, 160, 182, 184].
Below is a description on the various biological applications of chemical microarrays, with
focus on peptide and small molecule microarrays.

8.6.1. Protein Binding Studies

Protein chips can be used to study protein-protein, protein-nucleic acid, protein-small
molecule, and protein-drug interactions [53]. However protein production, purification, and
stability are some of the major limiting factors in functional protein microarrays. Protein-
protein interactions often occur between specific protein domains that involve short peptides.
For example the SH2 domain binds to a phosphotyrosyl peptide, the SH3 domain binds to a
polyproline helix, and integrins bind short peptides such as Arg-Gly-Asp. Therefore, peptide
microarrays are useful tools to study protein-protein interactions. Peptides, unlike proteins,
are relatively stable and can be readily synthesized by standard solid phase peptide synthesis
methods [131]. Espejo et al. reported the development of peptide microarrays with peptide
ligands to various known regulatory domain of proteins, such as SH2, SH3, PH, EVHI, PZ
and WW. By incubating the peptide microarrays with whole cell lysates, they were able to
identify new signaling and associated proteins [6, 30].

Peptide arrays have been used successfully by many investigators for B-cell epitope
mapping. As early as 1984, Geysen used multipin technology (peptides immobilized on
pins in a 96-well footprint) to map epitopes for monoclonal antibodies [45]. Frank et al.
used SPOT synthesis method to prepare a peptide array on a cellulose membrane for epitope
mapping [40]. Similarly, the initial application of the first light-directed synthesis of a high-
density peptide microarray was to map the B-cell epitope of anti-β endorphin monoclonal
antibody [38].

Recently, Frank and his coworkers have proposed the use of low-density peptide mi-
croarrays, which are in situ synthesized on membrane by SPOT synthesis, to pan a phage-
display protein library that is derived from a randomly fragmented and cloned cDNA library
[12]. After affinity enrichment, peptide specific phage populations will be eluted, propa-
gated, labeled, and the identity of the displayed protein determined. This approach is similar
to the approach that we have used for studying interactions between OBOC combinatorial
small molecule libraries and whole cell extracts, in which a library of the immobilized
compounds were screened against a library of target proteins [82]. Reuter et al. reported
the use of a peptide array to identify the binding sites of DNA to endonuclease EcoRII. In
this study, [32P]-labeled DNA was used to probe a peptide array derived from endonuclease
EcoRII sequence [137].
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Although there are many reports on using peptide microarrays to probe interactions
between peptides and cellular proteins, there have been a limited number of reports on
the use of small molecule microarrays to probe cellular proteins. Barnes-Seeman et al.
described the identification of new calmodulin-binding small molecules by screening a
6336-member phenol containing fused heterocyclic molecule microarrays [9]. Winssinger
et al. used spatially addressable small molecule arrays to study the activity-based pro-
file of proteases in crude cell extracts. In this method a small molecule was covalently
tethered to a peptide nucleic acid (PNA) tag, whose sequence, when hybridized to an
oligonucleotide microarray, could be used to decode the chemical identity of the small
molecule. Using this method, they were able to isolate a small molecule that bound to
caspase-3 [171].

8.6.2. Post-Translational Modification, Enzyme-Substrate and Inhibitor Studies

Some of the most important post-translational modifications in cell regulations include
phosphorylation, glycosylation, acetylation, and proteolysis. Protein microarrays can be
used to identify native substrates for such post-translational modifications. As indicated
earlier, protein spots modified by the enzymes can be detected by a radiolabeled sub-
strate (e.g. [γ32P] ATP for protein kinases) and by antibodies or lectins against specific
post-translational sites. Zhu et al. analyzed the ability of 119 different yeast kinases to
phosphorylate 17 different proteins. They found that members of the yeast Ser-Thr family
protein kinases were capable of phosphorylating tyrosine residues of some their substrates
[183]. Peptide microarrays have also been a useful tool to study protein phosphorylation.
For example, about 10 years ago, we reported on the use of a random OBOC combinatorial
library to identify substrate motifs for protein kinase A and c-src protein tyrosine kinase
[85, 96, 172]. We have also developed peptide microarray methods to profile protein kinase
activities [31]. Peptide substrates were first immobilized on a glass slide through a long hy-
drophilic linker. After incubation with a protein kinase and [γ33P]-ATP, the phosphorylated
peptides were detected by autoradiography or phosphorimager. This functional approach
can be used to determine the substrate-specificity of a specific protein kinase, or to pro-
file protein kinase activities in a complex biological sample such as cell extract or serum.
Lizcano et al. studied the molecular basis for the substrate specificity of a human protein
kinase, Nek6, using peptide microarrays containing more than 1000 different peptides [95].
They observed that protein kinase Nek6 required presence of leucine at the third position
on the N-terminal side of the phosphorylation site. Recently, Houseman et al. and others
reported the development of a peptide chip that could be phosphorylated by c-src protein
kinase, and the level of phosphorylation could be determined by surface plasmon resonance,
fluorescence and phosphorimaging [53, 161].

Like phosphorylation and dephosphorylation processes for signaling cascades, glyco-
sylation of extracellular proteins and lipids are critical for the recognition of ligands and
cell-cell interactions [48, 92, 167]. Houseman developed monosaccharide arrays and demon-
strated that N-acetylglucosamine could be glycosylated by β-1,4-galactosyltransferase in
the presence of the donor substrate UDPgalactose [34, 55].

Peptide substrates can also be used to profile protease activities. Salisbury et al. de-
scribed a protease substrate microarray in which the carboxyl end of the peptide substrates
was conjugated to 7-amino-4-carbamoylmethyl coumarin, a fluorogenic compound [143].
The conjugate was non-fluorescent when the electron-donating group on the coumarin was
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attached to the peptide. Upon proteolysis, the peptide was released and the microarray spot
fluoresced. In principle, substrate microarrays consisting of peptides or small molecules
can be used as a valuable tool to profile many other enzymes. For example, Zhu et al.
demonstrated that the small molecule microarrays could be used to detect enzyme activities
of epoxide hydrolases and phosphatases [185].

8.6.3. Cell-Binding Studies

Protein or peptide microarrays can be used to profile the surface receptors or to study
the biological function of a live cell. Belov et al. immobilized a series of cell surface marker
specific antibodies to form an antibody microarrays, which was then used to profile cells
present in the peripheral blood [10]. We have used OBOC combinatorial library methods
to identify peptide ligands that bind the surface of intact cells [129]. We plan to develop
these cell surface binding peptides into targeting agents for cancer [3]. Peptide microarrays
can potentially be used as a diagnostic tool to profile patient cancer cells, allowing the
physician can tailor an appropriate peptide cocktail for targeted therapy [3, 31, 83]. To test
this concept, we immobilized 44 different cell-binding peptides onto polystyrene slides, and
used intact Jurkat human T-lymphoma cells to probe the peptide microarray. The bound cells
were stained with crystal violet. This micro cell adhesion assay enables us to identify those
ligands that bind to live cancer cells [3]. Furthermore, the cell-binding assay, when used
in conjunction with appropriate fluorescence labeled antibodies and confocal microscopy,
will enable us to detect cell signaling or morphological changes of cells at spots where the
cell attachment occurs [31].

8.6.4. Drug Discovery and Cell Signaling

The various approaches to prepare chemical libraries have been discussed in detail
earlier in this review. Often, a combination of combinatorial techniques, in conjunction
with standard medicinal chemistry, biophysical methods and molecular modeling methods
are needed to develop a drug. Chemical libraries can also be prepared in a microarray
format. Such libraries can be used for target validation and drug screening [16, 56, 159].
Although the number of chemical compounds one can generate in a chemical microarray
format is limited (e.g., 5–10,000 compounds per slide as compared to 100,000–1,000,000
compounds per OBOC chemical library), replicates of chemical microarrays can be prepared
and probed with a number of different target proteins. Schreiber et al. prepared OBOC
macrobead chemical libraries, released the compound from each bead into micro wells and
then printed chemical microarrays [15, 22]. In order to prepare enough compounds for a
large number of microarray replicates, we used encoded bead-aggregates to prepare a “one-
aggregate one-compound library” and released the compound from each aggregate into a
96-well plate, ligated the compound to agarose, and then printed the chemical microarray
[102]. Such microarrays can then be screened with any of the detection methods discussed
above.

Signal transduction in mammalian cells is mediated by complex networks of interacting
proteins. Elucidating these pathways requires methods to quantitate the activities of multiple
proteins in a rapid and accurate manner. Multiplex antibody microarrays have been used to
study the receptor tyrosine kinase signaling cascade in crude cell lysates [117]. Similarly,
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chemical microarrays have been used to identify the small molecule ligands that can affect
specific signaling proteins or pathways. For example, Schreiber and his co-workers reported
the use of high-density small molecule arrays of 1, 3 dioxane small molecule library to
identify the chemical ligands for the Ure2p transcriptional repressor in yeast [75]. The
identified ligand, Uretupamine, was capable of modulating Ure2p signaling function inside
the yeast cells. They also identified the small molecules that can interact directly to a
signaling protein calmodulin and a yeast transcriptional factor Hap3p and demonstrated that
the haptamide A inhibited the Hap3p functions in a dose dependent manner [70]. Housman
et al. reported the use of peptide microarrays as a screening tool to simultaneously evaluate
different substrates and inhibitors for c-src protein tyrosine kinase [54].

8.6.5. Diagnostic Studies

Diagnostic tests for determining serum antibody titers to a number of autoantigens,
infectious agents, or other exogenous molecules have been used in clinical medicine for
many years. Often these tests are performed in the clinical laboratory, one at a time, and
require a large quantity of serum and reagents. In principle, all these tests could be miniatur-
ized by immobilizing the antigens (proteins or peptides) in a microarray format. Similarly,
antibodies specific to cytokines or other biological molecules can be immobilized on chips,
which can be used either as diagnostic tools to evaluate serum levels of these biological
molecules in patients or as research tools in proteomics [17, 156]. It is conceivable that
within a decade, biochips will be available for clinical diagnosis, where hundreds to thou-
sands of blood tests can be performed simultaneously and economically on each patient
using only a minute amount of blood and analytes. Recent studies also suggest that peptide
or small molecule microarrays are useful in the discovery of biomarkers for various dis-
eases, such as autoimmune diseases and cancers [39, 130, 157]. Autoantibody profiles and
IgE reactivity profiles have been created by arraying hundreds of autoantigens, including
peptides, proteins, and other biomolecules and probing with normal and patients blood sam-
ples [51, 139]. Wang and co-workers used carbohydrate-based microarrays to analyze the
different types of anticarbohydrate antibodies in human and mammalian sera [164, 165].
Interestingly, many of the carbohydrates that react with the sera are normally present in
pathogenic microbes, suggesting that the individuals may have acquired these antibodies
during a microbial infection. Very recently Amano et al. prepared peptide antigens dec-
orated with various xenobiotics to evaluate their reactivities to sera derived from patients
with primary biliary cirrhosis [5].

8.6.6. Non-Biological Applications

The non-biological applications of chemical microarrays, similar to that of combi-
natorial chemistry, have been lacking behind biological applications. There have been
only a few reports on applying chemical microarrays to non-biological systems. Rakow
et al. reported the development of a low-density chemical microarray of a limited num-
ber of compounds that can detect selected organic molecules [135]. In this method,
a library of vapor-sensing metalloporphyrins dyes were immobilized on solid support.
Visual identification of color change was easily achieved while a ligand was bound to
the metalloporphyrins dyes. Using this method, a wide range of ligating vapor can be
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detected even weakly ligating vapor such as halocarbons and ketones. This type of sensing
array is of practical importance for general-purpose vapor dosimeters and analyte-specific
detectors.

8.7. FUTURE DIRECTIONS

Since the early 1990s, the field of combinatorial chemistry has progressed rapidly and
it has now become an indispensable tool for basic research and drug discovery. Microar-
rays, initially started as a form of a combinatorial peptide library, has evolved to DNA
microarrays, protein microarrays, small molecule microarrays, and microarrays of many
other biomolecules. These methods enable one to examine thousands of molecular interac-
tions simultaneously. As a result, biological systems can be studied globally and efficiently.
However, to fully exploit the potential of microarrays, more efficient and reproducible
methods for immobilizing a uniform amount of chemical compounds or biomolecules onto
solid surfaces need to be developed. Many effective detection systems for microarrays have
already been described. The next challenge will be to develop mass spectroscopic meth-
ods, so that bound biomolecules to each microarray spot can be efficiently identified and
quantified. DNA microarrays have already made a great impact in the field of genomics,
and have begun to provide prognostic information for cancer patients. Protein, peptide, car-
bohydrate, and small molecule microarrays will continue to play an increasingly important
role in the fields of proteomics, diagnostics, and drug development. We anticipate that in
a decade, blood tests will no longer be performed one at a time. Instead, biochips that can
perform hundreds to thousands of blood tests for each patient will become commonplace in
modern medicine. As more proteins are cloned and expressed, proteome chips containing
thousands of proteins will become available for probing protein-protein interactions, sig-
naling pathways, and drug target identification. Human sub-proteome arrays, such as tissue
specific and disease-specific protein collections, will enable researchers to rapidly charac-
terize disease pathways for identification and validation of drug targets and biomarkers, as
well as drug lead identification and global profiling of drug-protein interactions. Proteome
microarrays derived from pathogens is expected to contribute greatly to the development
of anti-infectious agents. Even though only a limited number of laboratories are currently
working on small molecule microarrays, we expect research activities on this area will grow
rapidly in the next few years. When probed with cell extracts obtained from normal and
diseased tissues, these small molecule microarrays have the potential of generating drug
leads, imaging agents, and drug targets at the same time. Furthermore, such microarrays
may enable the researcher to isolate and identify protein complexes that are very important
in cell signaling.

Combinatorial chemistry and chemical microarray techniques have already proven
to be invaluable tools for biomedical research. Other areas that have and will continue
to benefit from these new techniques are material science and sensor development. We
anticipate that sensor chips based on chemical microarrays that can detect large numbers
of environmental chemicals or biologicals will be developed. Material scientists will be
developing methods to combinatorially generate large arrays of new material for rapid
analysis. It is expected new materials will be discovered through this high-throughput
approach.



FROM ONE-BEAD ONE-COMPOUND COMBINATORIAL LIBRARIES 303

ACKNOWLEDGEMENTS

The authors would like to thank Amanda Enstrom for the assistance with the manuscript.
This work was supported by NSF Grant MCB9728399, NIH Grants R33CA-86364, R33CA-
89706, and R01CA-098116. Ruiwu Liu is supported in part by the University of California
System wide Biotechnology Research Program, grant number: 2001–07.

ABBREVIATIONS

AFM atomic force microscopy
ATP adenosine-5’- tri phosphate
Bn benzyl
Boc tert-butoxycarbonyl
BSA bovine serum albumin
t-But tert-butyl
DIEA N ,N -diisopropylethylamine
DNA deoxyribonucleic acid
ESI electrospray ionization
EVHI enabled/vasodilator-stimulated phosphoprotein homology I
Fmoc 9-fluorenylmethoxycarbonyl
FRET fluorescence resonance energy transfer
GC gas chromatography
HF hydrofluoric acid
HPLC high performance liquid chromatography
HTS high throughput screening
IR infrared
MALDI-FTMS matrix-assisted laser desorption/ionization-Fourier

transform mass spectrometry
MALDI-TOF MS matrix-assisted laser desorption/ionization time-of-flight

mass spectrometry
MMP-2 matrix Metalloproteinasese-2
MTT 3-(4,5-dimethylthazol-2-yl)-2,5-diphenyltetrazolium bromide
NMR nuclear magnetic resonance
OBOC one-bead one-compound
PEG polyethyleneglycol
PNA peptide nucleic acid
PVDF polyvinylidene fluoride
SELDI surface-enhanced laser desorption/ionization
SH2 the Src homology 2 domain
SH3 the Src homology 3 domain
SPR surface plasmon resonance
TBTU O-(benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium

tetrafluoroborate tetrafluoroborate
UDP-galactose uridine-5’-diphospho galactose
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9.1. INTRODUCTION

Microfluidics and integrated microsystems are the current focus of unusually intense
interest and activity on the part of academia, industry, and governmental agencies, an
assertion substantiated by the solid attendance at the 2003 International Conference on
Micro Total Analysis Systems (µTAS) [45] and by the recent publication of various books
on this topic [46], both at a time when the economy in general, and the technology sector
in particular, are at relative low points. Significant advances have been realized since the
concept of µTAS was developed more than a decade ago as a means to enhance versatility
and functionality relative to discrete chemical sensor devices [41]. Functional examples of
the µTAS concept include on-chip PCR (polymerase chain reaction) [28, 44, 72], DNA
analysis and sequencing [14, 58, 76], immunoassays [10, 19, 57], protein separations [23,
48, 64], and intra- and inter-cellular analysis [29, 53, 63]. Advantages of these µ-TAS
over bench-top instruments include low reagent consumption, small sample volumes, high
separation efficiencies, short reaction times, ease of automation, and potential for mass-
production with low cost [41].

9.1.1. Detection

In general, miniaturization of analytical instrumentation requires that detection
systems detect ever-decreasing numbers of molecules. A variety of detection methods have
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been incorporated or appended (“hyphenated”) to µTAS devices, including laser-induced
fluorescence [18], ultraviolet (UV) absorbance [30], electrochemistry [68, 54], and mass
spectrometry [9, 26]. Due to its sensitivity, laser-induced fluorescence (LIF) is most often
employed in applications with challenging limits of detection. Using confocal detection,
LIF now routinely enables detection of fluorescently labeled molecules at concentrations
around 10 pM; with sub-nanoliter detection volumes, the number of molecules detected
is in the hundreds to thousands ( , ∼1 zeptomol). This detection limit is acceptable
for most applications that require high sensitivity, such as DNA sequencing and many
immunoassays. Though less sensitive in absolute terms, electrochemical detection is low
in cost and readily integrated onto fluidic chips: Girault and colleagues integrated carbon
microband electrodes in the bottoms or sidewalls of rectangular microchannels in plastics,
demonstrating a detection limit of ∼1 fmol of ferrocenecarboxylic acid [54].

9.1.2. Materials

Several types of materials have been used for making µTAS devices, including silicon
[21, 72], glass [13, 25], and plastics [3, 51, 61]. The primary motivation for the construction
of µTAS from plastics is cost. While microfabrication of silicon, glass, and similar materials
can be accomplished cheaply when chip sizes are small (a few mm2 in area), fluidic devices
occupying many cm2 are often dictated by applications (vide infra). For diagnostic devices
and other contamination-sensitive applications, costs must often be low enough for single-
use disposability. In addition, the biocompatibility of various plastics is well documented,
allowing plastic devices to be adapted to a wide range of applications, including DNA and
protein analyses. For these reasons, this chapter focuses on plastic microfluidic systems.

9.2. ELECTROKINETIC PUMPING

Manipulation of fluids in a microfabricated device requires pumps that are compatible
with the typical flow rates used in the microfluidic system. Pumps using electronic and
mechanical means have been most often employed. Electronic pumps include electroki-
netic (vide infra), electrohydrodynamic [37], and dielectrophoretic [17], while mechanical
pumps include those using pneumatic pressure, syringe drive, bubble generation, thermal
expansion, osmotic pressure, and other transducer-induced motions/forces. Other pumping
mechanisms involve thermal gradients, magnetic force, and magnetohydrodynamic flow.
In this chapter, we will center on electrokinetic means to move and separate analytes.

Using electrokinetic phenomena as a means to pump and separate analytes was a major
catalyst for the rapid growth of µ-TAS during the 1990’s. Its utility was demonstrated by
Manz and Harrison early in the 1990’s [20, 40]. However, this seminal achievement came
more than a decade after the first realization of integrated components for miniaturized an-
alytical instrumentation, namely a microfabricated gas chromatography system on a single
silicon wafer [66]. The long time delay was due primarily to the lack of an appropriate
pumping mechanism suited to micro-scale devices.

The use of electrokinetic pumping was accompanied by widespread acceptance of
capillary electrophoresis (CE) as a chip-appropriate separation method. CE was largely
developed using fused silica capillaries, their diameter being in the same range as the
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FIGURE 9.1. (a) Formation of the double-layer at a channel wall/solution interface and the generation of elec-
troosmosis under an applied electric field; µeo is EO mobility. (b) The nearly flat electroosmotic flow profile. In
addition to EO, both cations and anions experience electrophoretic flow; µep is electrophoretic mobility. (c) A
generic electropherogram showing cations, neutral molecules, and anions.

microfabricated channels that are a principal feature of fluidic devices, making its adaptation
to chip-based separations straightforward.

The fundamentals of CE, found in textbooks [3] and reviews [12], are discussed briefly
here. When a glass channel or a fused silica capillary is filled with an appropriate solution, a
phenomenon called electroosmosis (EO) occurs when an electric field is applied to the ends.
The generation of EO is schematically illustrated in Figure 9.1a. The walls of the channel
or capillary are negatively charged in an aqueous solution at pH > 3 due to the ionization
of surface silanol groups [35]. The negative charges on the wall surface attract positive
ions from the buffer solution, thus giving a typical ionic double-layer structure. The mobile
positive ions in the diffuse layer carry several solvent molecules each and these solvated ions
are attracted to the cathode (negative electrode) by the electric field, thus moving parallel
to the channel or capillary walls. The movement of this sheath of solvated ions drags with
it the solution in the rest of the channel, and the resulting electroosmosis has a unique
feature: a nearly flat flow profile across the entire diameter of the capillary, as shown in
Figure 9.1b.

While electroosmosis moves both solutes and solvents in the same direction and at the
same speed, the separation of solutes results from electrophoresis, which occurs at the same
time as EO and is caused by the difference in ionic mobilities in the applied electric field.
Although electrophoresis simultaneously drives cations (positive ions) to the cathode and
anions (negative ions) to the anode, for glass channels it is often the case that electroosmotic
mobility is larger than electrophoretic mobility, hence both cations and anions exhibit net
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migration toward the cathode and are detected at one end of the channel or capillary. A
generic electropherogram is shown in Figure 9.1c, in which cations migrate first to the
detector, and then neutral molecules, with anions last. This pattern results from the fact that
cations experience both electrophoretic and electroosmotic movement in the same direction,
while anions experience them in opposite directions, and neutral molecules experience only
electroosmosis.

9.3. PLASTIC DEVICES

Although much of the work on microfluidic devices in the 1990’s utilized glass or
silicon substrates, plastics have been increasingly studied in the past few years. The plastic
materials investigated for microfabrication and microfluidics include polystyrene [51], poly-
methylmethacrylate (PMMA) [42, 49, 69], polycarbonate [32, 77], polydimethylsiloxane
(PDMS) [11, 43], polyolefins [7, 26], polyester [16], fluorinated ethylene propylene [55], and
poly(ethylene terephthalate) [51]. The scientists of ACLARA BioSciences, Inc. used several
of these plastics for a wide range of applications including DNA sequencing, pharmaceuti-
cal candidate screening, miniaturized PCR, and protein separations [27, 42, 56, 64, 78]. Part
of their work was recently reviewed [5, 7]. PDMS has been used by several research groups
to make microfluidic devices; some of this work was reviewed recently by Whitesides and
colleagues [43]. Very complicated devices with large-scale integration have also been fab-
ricated using PDMS for applications such as cell sorting and combinatorial synthesis [67].
Fabrication methods for making plastic microfluidic devices have been reviewed by Soper
et al. [61].

Plastic microfluidic devices range in size from that of a thumbnail to that of a mi-
crotiter plate (in excess of 100 cm2). The microchannels are typically tens to hundreds of
micrometers in depth and width while circuit-like channels can be centimeters in length.
Reagents are fed to these channels via reservoirs, which are typically 0.5–3 mm in diameter
and penetrate the depth of the device (∼ 0.5–2 mm), resulting in total reagent volumes of
0.1–15 µL per reservoir. Hundreds of reservoirs and meters of channels can be densely
packed into multiplexed designs that form an array of patterns on a single disposable
device.

Key differences between silicon, glass, and plastics are compiled in Table 9.1. Advan-
tages of plastics include vast experience in manufacturing low-cost, high-volume labware
items such as microcentrifuge tubes and microtiter plates, as well as many plastics’ compat-
ibility with biological and chemical reagents. While microfabrication of silicon or glass can
be accomplished quite cheaply when chip sizes are small (∼ 1 cm2), larger fluidic devices
(∼100 cm2) are often required for applications such as DNA sequencing [2] or the parallel
screening of large numbers of pharmaceutical candidates [7]. In addition, the drilling of
reservoirs and sealing of a large glass cover layer using high-temperature fusion bonding
are relatively cumbersome processes [2]. In contrast, plastic parts made by techniques such
as injection molding, casting, or embossing, followed by sealing using thermal or adhesive
bonding, can be quite inexpensive: the manufacturing cost of an injection-molded compact
disc, a two-layer structure made from acrylic or polycarbonate and containing micron-scale
features, is presently less than 20 
 c.
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TABLE 9.1. Materials of construction for electrokinetic microfluidic devicesa

Silicon Glass/fused silica Plasticsb

thermal conductivity
(cal/cm-s-◦C)

0.35 ∼2 × 10−3 4.5 × 10−4 c

bioassay compatibility fair (oxide/nitride
surface layer)

fair very good

optical detection visible/UV: strong
absorbance

IR: transparent

glass: very good
fused silica: excellent

poor–v. good (varies
according to polymer
choice and
wavelength)

microfabrication many well-developed
approaches

isotropic wet etching
only

Si or glass mastering
plus replication
techniques; direct
methods (ablation, dry
etching)

feature aspect ratio
(depth:width of
microchannels)

<0.1–40 <0.5 dependent on master for
replication methods

manufacturing methods well developed need development well developed
cost inexpensive (small

single devices) to
expensive (large-area
device arrays)

moderately expensive inexpensive

a Harrison, D. J.; Glavina, P. G.; Manz, A. Sensors and Actuators, 1993, B10, 107–116; Weast, R. C. CRC Handbook of Chemistry
and Physics, 59th edition, CRC Press, Florida, 1979.
b acrylics, polycarbonates, polyolefins, and polydimethylsiloxane have been most utilized and studied.
c value for polymethylmethacrylate.

Thus, plastic microfluidic devices might be made so cheaply as to be disposable after a
single use. This could have tremendous impact in applications where cross-contamination
of sequential samples is of concern. Point-of-care clinical diagnostics, high-throughput
screening of candidate pharmaceutical libraries, and genotyping for forensic identification
are three instances where contamination of one sample by another is most undesirable.

9.3.1. Pumping and Detection

With regard to electrokinetic pumping, most plastics, including PMMA, polycarbonate,
PDMS, and even Teflon r© exhibit a degree of EOF—typically a factor of five or so smaller
than silica /glass—which results from either a low level of fixed, negatively charged surface
functional groups, or ions adsorbed from the aqueous buffer in the channels [6, 35]. The
surface properties of plastics usually have no direct effect on electrophoretic separations
(so long as there is no unwanted nonspecific adsorption), which depend on the properties
of analytes and separation medium.

From a detection standpoint, the most obvious concern in working with plastic microflu-
idic devices is background fluorescence, especially using short-wavelength excitation. The
fluorescence of a plastic device depends not only on the bulk properties of the plastic but can
be influenced by the chip manufacturing process and/or adhesives used for bonding a cover
onto the device. An approach to increasing signal-to-noise ratio by rejecting background
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is confocal epifluorescence detection. The use of high numerical aperture objectives al-
lows efficient collection of light while a pinhole positioned in the image plane successfully
minimizes background fluorescence from the chip. An alternative strategy is to use red-
or near-infrared-absorbing fluorophores, since background fluorescence is typically much
reduced in this wavelength region. Experimental results indicate that, under conditions
of photobleaching, the background fluorescence from several plastic (e.g., PMMA) chips,
when excited by 488 nm laser light, is just a few times that of a glass microfluidic device
of similar thickness [7].

9.3.2. Device Fabrication

The numerous methods for manufacturing plastic devices can be divided into two
classes, direct fabrication and replication. Direct techniques such as mechanical machining
or laser ablation are usually not the most economical, since the fabrication operation must be
conducted on each and every part; in some cases, these methods produce surfaces too rough
for high-resolution electrophoresis [51]. Replication methods shift the burden of creating
a high-quality surface to the creation of the template, master, or mold tool from which the
polymer part is to be formed. Replication methods include injection molding, compression
molding, embossing, and casting; their definitions are given in Table 9.2. These techniques
are demonstrably economical when large volumes of identical plastic parts or devices are
formed using existing manufacturing methods and machinery.

One approach to mass production of plastic microfluidic devices, similar to that used
in the commercial manufacture of compact discs, involves two primary steps: (1) formation
of “open” microstructures such as channels and reservoirs on one surface of a base layer
of polymer, and (2) sealing of the features in the base layer by a plastic cover layer [7, 42].
The overall process is diagrammed in Figure 9.2. To form the base layer, fluidic features
are first microfabricated on a glass plate, fused silica plate, or silicon wafer using standard
photolithographic patterning and etching techniques; requirements for surface smoothness
(sub-micron) as well as lateral structure resolution (tens of microns) are readily attained with
such methods. Next, a metal mold or “master” is created by electroplating from aqueous
solution to deposit anywhere from a few hundred microns to a few millimeters of metal onto
the surface of the master, creating a precise replicate “electroform” with inverse topology:

TABLE 9.2. Glossary of plastics processinga

Injection Molding A molding procedure whereby a heat-softened plastic material is forced from a cylinder
into a cavity that gives the article the desired shape

Compression
Molding

A molding technique whereby molding compound is introduced into an open mold and
formed under heat and pressure

Extrusion Process of compacting and melting a plastic material and forcing it through an orifice in
a continuous fashion

Embossing Techniques used to create depressions of a specific pattern in plastic films or sheets
Electroforming Moldmaking method whereby a thin layer of metal is deposited onto a patterned substrate,

then removed for use as a tool

a Berins, M.L. Plastics Engineering Handbook, 5th edition, Van Nostrand Reinhold, NY, 1991.
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FIGURE 9.2. Process overview for mass manufacturing of plastic microfluidic systems. A microfluidic design is
patterned and etched on a glass or silicon substrate using standard micromachining techniques to form a positive
“master.” A metal mold or “electroform” is formed via electroplating onto the surface of the master, creating
a precise negative replica of the pattern. Thousands to millions of plastic parts with channeled structures are
thermally formed against the metal mold tool. Each molded device is then sealed with a plastic layer that encloses
the microchannels [7].

a channel in the silicon or glass becomes a ridge in the electroform. Such a metal tool can
be mounted as the molding tool on an embossing machine or an injection- or compression-
molding system. Polymer base layers are then formed in volume from melted or softened
polymer resin or sheet to create smooth and precise channels in the finished fluidic device
(Figure 9.2). A master or metal tool can also be used as the template for the casting of
in-situ-polymerized substrates.

The open microchannels and reservoirs of a molded or embossed fluidic base layer are
sealed to form closed channels by bonding to a smooth plaque of rigid polymer material
or a thin polymer film. In either case, the covering material can be sealed to the fluidic
base layer using an adhesive interlayer (e.g., films coated with pressure-sensitive adhesive)
or by thermal techniques that fuse the two layers to one another. The chemical, optical,
electrical, and mechanical properties of both the base material and the sealing layer must
be compatible with the chemical reagents and procedures, the chosen method of motivation
of solvent and solute through the microchannels, and the technology selected to detect the
analytical targets.
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9.4. DNA ANALYSES

The full utility of a microfabricated analysis system can be exploited by integrating
sample preparation steps as part of a complete assay. This has the potential to minimize
user intervention, automate all steps in a process, and reduce sample-to-answer times.
However, integration of operations such as sample extraction and sample amplification with
electrophoretic analysis poses significant challenges. For instance, samples need to remain
confined within specific zones on an integrated device to allow the necessary reactions and
chemistries to occur, but individual zones also need to be fluidically linked to allow transfer
of a sample from one processing step to the next. In addition, different sample preparation
steps may occur at different temperatures and therefore zones need to be thermally isolated
from one another. Elevated temperatures required in applications such as PCR complicate
the confinement of fluids to defined zones because of thermal-expansion-driven convection
and flow. The accurate metering and positioning of fluids are also critical in an integrated
device.

To date, there have been few published examples of the integration of sample processing
and analysis on a single device. We choose here a couple of examples that illustrate the
integration of microfluidic components and their application in DNA analyses.

9.4.1. Integrating PCR and DNA Fragment Separations

Anderson et al. showed nucleic acid extraction, PCR amplification or reverse tran-
scription, and hybridization analysis integrated onto a single microfluidic device fabricated
from polycarbonate or polypropylene [1]. This device had reactor volumes in the 5–20
µL range. Several groups have reported integrating PCR amplification and electrophore-
sis on silicon [8], glass [70], and silicon/glass hybrid microchips [74]. Soper et al. coupled
nanoliter-scale amplification in fused-silica capillaries with electrophoretic DNA separation
in PMMA microchips [62]. These examples represent impressive advances in integrating
sample preparation with other analyses on a single device.

Koh et al. recently designed and fabricated an integrated plastic microfluidic device
for bacterial detection and identification [27]. The device, made from poly (cyclic olefin)
with integrated graphite ink electrodes and photopatterned gel domains, accomplished DNA
amplification, microfluidic valving, sample injection, on-column labeling, and separation.
The layout of the device is shown in Figure 9.3. Wells 5 and 6 are for introducing a
sample into the PCR channel reactor between them. Well 7 is for the introduction of a
DNA sizing ladder, which serves as a calibration standard to accurately identify the am-
plicons according to their sizes. Wells 8 and 4 are for loading a sample plug into the
separation channel, while Wells 1 and 3 are for running the separation. Well 2 was not
used.

PCR was conducted in the channel reactor containing a volume of 84 nL; thermal
cycling utilized screen-printed graphite ink resistors. Integrated heaters provided rapid
thermal cycling due to localized heating combined with low thermal mass. The ink heater
was compared with a commercial thermal cycler, and the results showed that the temperature
ramp-up speed using the ink heater was roughly 4 times faster than that of the commercial
thermal cycler. The higher speed resulted in rapid analysis as well as fewer false positive
results due to less time for mismatching that can occur between primers and targets [73].
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FIGURE 9.3. (Top) Layout of a plastic microfluidic device; the heated region for PCR thermal cycling is indicated
by long dotted lines whereas the gel valve areas are designated by short dotted lines. (Bottom) Electropherograms
of (a) amplicons, (b) DNA sizing ladder, and (c) the mixture formed by simultaneously injecting amplicons and
the ladder. The separation medium consisted of 1.5% hydroxypropylcellulose, 0.4% hydroxyethylcellulose, 4 µM
thiazole orange in 1X TBE buffer, pH 8.4. The field strength was 193 V/cm and the effective separation distance,
from the injection point to the detection point was 3 cm. (Adapted from [27] published with permission.)

In-situ gel polymerization was employed to form local microfluidic valves that mini-
mize convective flow of the PCR mixture into other regions. To make a gel valve at a precise
location, acrylamide monomer solution containing a photosensitive initiator was first filled
into all channels and wells. After the device had been covered by a pre-defined photomask,
photopolymerization was conducted by exposure to UV irradiation. The solution in the
exposed regions polymerized to form plugs of gel. The solution in the regions blocked by
the photomask did not polymerize; non-polymerized solution was removed by flushing the
channels at the end of the process and the channels were then filled with the appropriate
reagents.

After PCR, amplicons (PCR products) were electrokinetically injected through the
gel valve (the gel readily passes charged ions under electrophoretic drive), followed by
on-chip electrophoretic separation. This is an excellent feature of the gel valve, which
is able to confine the PCR mixture during thermal cycling while allowing amplicons to
be transferred after PCR. To correctly size the amplicons, a DNA sizing ladder was mixed
with the sample during injection as in traditional slab-gel measurements. From the migration
times of the sizing ladder, the sizes of the amplicons were calculated by interpolation. To
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facilitate detection, an intercalating dye was admixed in the separation medium to label the
amplicons, which were then detected using LIF.

Two model bacteria, Escherichia coli O157 and Salmonella typhimurium, were chosen
to demonstrate bacterial detection and identification using this device. One primer set was
designed for E. coli according to the literature [50], resulting in one amplicon at 232 bp,
whereas two primer sets were designed for salmonella, producing two amplicons at 559
bp and 429 bp. Figure 9.3 shows the electropherograms obtained for amplicons from these
bacteria; all expected amplicons were produced with a gain ranging from 8.5 × 105 to
8.0 × 106. The limit of detection was measured to be about 6 copies of target DNA.

9.4.2. DNA Sequencing

The sequencing of the human genome was accomplished at a remarkable pace, due in
large part to the utilization of 96-capillary-array electrophoresis instruments, which provide
increased efficiency and reduced costs compared to slab-gel electrophoresis systems. Cap-
illary bundles filled with high-molecular-weight sieving polymers, such as linear polyacry-
lamide, allow rapid, high-resolution separations and automated capillary filling. Replacing
capillary arrays with an array of microchannels fabricated in planar substrates may, in the
future, lead to highly multiplexed microfabricated DNA sequencers [2, 33]. The potential to
integrate additional functionalities into such systems—such as on-chip means to purify the
sample prior to CE sequencing—offers the hope that many of the manual operations that
currently account for over half of the cost of obtaining a DNA sequence can be automated.

Fundamentally, sequencing separations in microchannels are quite similar to those in
CE. The speed and resolution of a separation is strongly influenced by the choice and
formulation of the separation matrix, separation temperature, electric field strength, and
separation length. However, there are also significant differences between the two tech-
niques. First, the method of sample introduction differs: in CE with gel-filled capillaries,
samples are electrokinetically injected directly into one end of the separation capillary. The
quantity of sample injected depends on the field strength and time of injection, as well as the
electrophoretic mobility of the DNA fragments, which varies according to their size, result-
ing in so-called “injection bias”: shorter fragments are injected in higher concentrations than
longer ones. By contrast, the microchannel format employs a intersecting-channels injection
format that allows a controlled, reproducible injection-plug size that is independent of in-
jection time [13, 25] and minimizes electrophoretic injection bias. Secondly, as the number
of capillaries in an array increases, the array becomes increasingly difficult to manufacture
and optical alignment for detection is more challenging. In contrast, planar microfluidic
channel arrays should be simpler to manufacture in large volumes, and channel-to-channel
alignment is fixed, making multiplexed detection strategies more robust.

There are several examples of DNA sequencing in microchannels etched in glass
[2, 33, 58, 75], including so-called four-color sequencing, in which all four base types
(A, C, G, and T) are analyzed simultaneously using a corresponding set of four spectrally
distinguishable dyes to label each DNA fragment according to its terminal base; 500 bases
can be sequenced in 20 minutes at 99.4% accuracy [34]. Because glass surfaces are charged
at sequencing buffer pH values, they must be derivatized prior to separation to suppress EO,
which otherwise would degrade the resolution of the electrophoretic separation process.
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FIGURE 9.4. DNA separation data obtained using plastic microfluidic devices. Four-color electrophoretic separa-
tion of single-stranded DNA sequencing fragments generated from a M13mp18 template using BigDyeTM-labeled
primers; the four colors black, red, green, and blue correspond to terminal bases G, T, A, and C, respectively. The
separation channel is filled with a linear polyacrylamide matrix to enhance resolution. The total electrophoresis
time is approximately 30 minutes for this particular run and base-calling accuracy is 98% up to a read length of
640 bases. (Adapted from [7].)

The stability and lifetime of covalently attached surface coatings has been an issue in CE
[39] and is likely to pose similar concerns in microchannel separations.

DNA sequencing separations in plastic (acrylic and polyolefin) microchannels has been
accomplished using devices produced via hot embossing from the sort of metal mold tool
described above [15]. Altering the substrate material (and therefore the chemical nature of
the channel surface) has implications in the choice and performance optimization of the
separation matrix, as well as requirements for surface modification. Figure 9.4 shows a
typical four-color DNA sequencing electropherogram of a sample run in an 18-cm-long
acrylic microchannel. These data correspond to the correct identification of 640 bases with
98% accuracy; such analyses require about 30 min [15].

9.4.3. DNA Sample Purification

As discussed above, integration of sample purification prior to DNA sequencing could
generate high-quality data while improving sequencing accuracy. There exists the potential
to integrate DNA sequencing with sample purification to take full advantage of the power of
microfluidics. Recently, Soper’s research group coupled a plastic device for sample purifi-
cation with a capillary for DNA sequencing [77]. Although the effort failed to implement
both procedures in a single planar device, it demonstrated the capability of solid-phase
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FIGURE 9.5. (a) Schematic diagram of the microfluidic device used for solid-phase reversible immobilization
prior to gel electrophoretic sorting of DNA fragments. The channel was 500 µm in width, 50 µm in depth, and
4.0 mm in length. Reservoirs were formed from 500-µm i.d. holes drilled through the chip. (b) Optical micrograph
of polycarbonate SPRI capture bed and its dimensions. Shown is the embossed piece in polycarbonate fabricated
using a metal master. (Adapted from [77]; published with permission.)

reversible immobilization (SPRI) in a microfabricated plastic device for purification of
dye-terminator-labeled DNA fragments prior to DNA sequencing.

In SPRI, DNA purification is achieved by an immobilization bed, which was produced
in Soper’s work by exposing a “posted” (see below) microchannel to UV irradiation. The
radiation induced a surface photooxidation of the polycarbonate (PC), resulting in the pro-
duction of carboxylate groups. The immobilization bed contained microposts to increase
the loading level of surface-captured DNA fragments to improve signal intensity without
the need for preconcentration. Figure 9.5 shows a schematic diagram of the microfluidic
device and a micrograph of the polycarbonate SPRI capture bed. When the sequencing
mixtures were mixed with an immobilization buffer in the bed, the DNA fragments demon-
strated a high affinity for the photo-activated carboxylated surface. The loading density of
DNA fragments on this activated surface was determined to be 3.9 pmol/cm2.

To release the captured DNA, deionized water was subsequently introduced to the
capture bed. After incubation, the released DNA fragments were pumped into a gel-filled
capillary or a slab-gel for DNA sequencing. It was found that SPRI cleanup of dye-terminator
DNA fragments using the photoactivated PC chip are comparable in terms of read length to
the conventional SPRI format utilizing carboxylated magnetic beads and a magnetic field
for capture. The read length for the SPRI chip format was found to be 620 bases with a
calling accuracy of 98.9%.

9.5. PROTEIN ANALYSES

Completion of the mapping of the human genome has prompted strong interest in
deciphering the human proteome. However, it is a daunting task to analyze the complete
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complement of proteins present in even a single type of cell or tissue and to study their
variation in space and time. Therefore, it is likely that microfluidics can be exploited for niche
applications to accelerate proteomic studies due to its unique features and advantages. The
examples below illustrate possible connections between microfluidics and protein analyses.

9.5.1. Isoelectric Focusing for Studying Protein Interactions

Among many approaches being developed for protein analysis, two-dimensional gel
electrophoresis (2-DE) and mass spectroscopy (MS) are becoming the primary tools for
proteomics [31, 79]. Traditional 2-DE consists of isoelectric focusing (IEF) as the first
dimension and slab-gel electrophoresis as the second dimension. However, efforts have
been made to interface directly capillary IEF (CIEF) with MS, so that the mass information
is obtained from MS without the second dimension of 2-D gel electrophoresis. Attempts by
a few research groups [60, 65] suggest that this approach is sufficient to generate protein
maps from microorganisms. CIEF maintains the high resolving power of traditional IEF,
and utilizes CE’s advantages such as rapid separation under high electric fields [52, 60, 65].

CIEF has also been explored in microfluidic devices by several research groups.
Santiago’s group investigated the possibility of having a portable CIEF system [22], while
Hofmann et al. evaluated three mobilization methods in conjunction with IEF in a glass
device [24]. Smith’s group developed a microfabricated IEF device as a direct interface to
electrospray MS [71] and Yager et al. electrochemically generated pH gradients for IEF in
a microchannel [38].

Tan et al. demonstrated miniaturized capillary isoelectric focusing (CIEF) in a plastic
microfluidic device [64]. Conventional CIEF techniques were adapted to the microfluidic
devices to separate proteins and to detect protein-protein interactions. Both acidic and basic
proteins with isoelectric point (pI) ranging from 5.4 to 11.0 were rapidly focused and
detected in a 1.2 cm-long channel with a total analysis time of 150 seconds. The work also
experimentally confirmed that IEF resolution is essentially independent of focusing channel
length when the applied voltage is kept the same and within a range that does not cause
Joule heating.

Understanding protein-protein interactions is one of the major tasks of deciphering
the human proteome, since most cellular processes involve the interaction of protein-to-
protein, protein-to-small molecule, and/or protein-to-nucleic acid [47]. Protein arrays, yeast-
two-hybrid systems, and other methods are poised to play a major role in this aspect of
proteomics. IEF makes a unique contribution to this field because of its ability to resolve a
wide range of proteins and protein complexes that have small differences in pI [52]. This
property becomes very useful when one studies protein-protein interactions and there is a
difference in pI between a protein-protein complex and its constituent proteins.

Tan et al. further demonstrated the use of miniaturized CIEF to study interactions
between proteins [64]. One pair of proteins studied was immunoglobulin G (IgG) and
protein G, which are known to interact with one another. Protein G binds to IgG’s Fc
region, hence protein G separation columns are often used to purify immunoglobulins.
MacBeath and Schreiber used this pair of proteins to demonstrate the concept of protein
arrays [36]. The detection of the interaction between these two proteins using miniaturized
CIEF was demonstrated, as shown in Figure 9.6. The experiment involved the comparison
of CIEF electropherograms of protein G only, and of a mixture of protein G and IgG.
Alexa-labeled protein G (APG) fluoresces upon excitation and thus was detected by LIF,



324 Z. HUGH FAN AND ANTONIO J. RICCO

2.0

1.5

1.0

0.5

0.0

F
lu

o
re

sc
en

ce
 In

te
n

si
ty

  (
A

.U
.)

600500400
Time (s) 

APG-IgG
Complex

APG

Control

25 pg/µL

250 pg/µL

75 pg/µL

FIGURE 9.6. Detection of protein-protein interactions using CIEF in a microfabricated plastic device. Alexa-
labeled protein G (APG) and IgG were incubated at room temperature for 30 minutes. The mixture was diluted in
1:20 with ampholyte buffer before being subjected to miniaturized CIEF. The concentration of IgG was fixed at
250 pg/µL and that of APG is shown next to the electropherograms. The control sample has APG only. (Adapted
from [64].)

whereas unlabeled IgG was not detectable. The IgG-APG complex was detectable as well.
When the concentration of APG was increased from 25 pg/µL to 250 pg/µL while IgG was
fixed at 250 pg/µL, the signal of the formed complex increased accordingly. The multiple
peaks were explained by the heterogeneity of the APG (which may result from multiple-dye
labeling). The results suggested APG was detectable at 25 pg/µL, corresponding to 50 fmol
(5 × 10−14 mol) of protein when a sample of 40 µL was prepared.

9.5.2. Enzymatic Digestion for Protein Mapping

To determine protein identity and post-translational modifications, protein digestion
with a proteolytic enzyme (e.g., trypsin) is typically carried out prior to mapping the masses
of peptides. This enzymatic digestion preferably takes place on a solid support to eliminate
the undesired autodigestion that would occur in solution. In addition, the solid support may
function as a pre-concentration step (e.g., solid-phase extraction), which is very useful for
those proteins present at very low concentrations.

A microfluidic device demonstrated recently contains both the functions of a
solid-phase extractor (SPE) and an enzymatic microreactor [48]. The device was fab-
ricated from a porous poly (butyl methacrylate-co-ethylene dimethacrylate) monolith
prepared within a capillary. Photografting with irradiation through a mask was then
used to selectively functionalize a portion of the monolith, introducing reactive poly
(2-vinyl-4,4-dimethylazlactone) chains to enable the subsequent attachment of trypsin,
thereby creating an enzymatic microreactor with high proteolytic activity. The remaining
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FIGURE 9.7. Scheme and fluorescence microscope image of the monolithic dual-function device used for the
digestion of labeled casein and capture of fluorescent peptides. When 5 µL of 10 µg/mL BODIPY-labeled casein
solution in 50 mM Tris buffer (pH 8.0) is pumped at a flow rate of 0.5 µL/min through the enzyme reactor on the
left, digestion takes place, producing peptides. The resulting peptides are collected in the hydrophobic SPE on the
right. After washing the monolith with 10 µL of Tris buffer to remove all unbound species, the enzyme reactor
(left) exhibits no fluorescence while the SPE (right) shows strong fluorescence, indicating successful digestion
and extraction. (Adapted from [48]; published with permission.)

unmodified hydrophobic monolith served as a micro SPE. Figure 9.7 shows schematically
the portion of the device containing a SPE and a microreactor with immobilized enzyme.

The dual function of the device was demonstrated using BODIPY-labeled casein.
Casein consists of intra-molecularly quenched fluorescing moieties that are unquenched
only by proteolytic digestion. When a casein solution was pumped through the enzyme
reactor on the left in Figure 9.7, digestion occurred, producing peptides. The resulting
peptides were collected in the hydrophobic SPE on the right. After washing the monolith
with a buffer solution to remove all unbound species, the left part of the monolith contain-
ing immobilized trypsin exhibited no fluorescence while the right portion containing SPE
with extracted, fluorescently labeled peptides showed strong fluorescence. The presence
of captured fluorescent species confirmed the digestive function of the device and the high
fluorescence of peptides retained in the hydrophobic part of the monolith. The dual function
of the device was further demonstrated by concentrating myoglobin, followed by elution
and digestion, prior to coupling with MS for peptide mass mapping [48].

In addition, several research groups reported using microfluidic devices to immobilize
enzymes for a variety of other applications. For instance, Crooks’ research group developed
a method for determining enzyme kinetics using a continuous-flow microfluidic system [59].
The method involves immobilizing the enzyme on microbeads, then packing the microbeads
into a chip-based microreactor. When the substrate flows over the packed bed, the signal is
collected and data are analyzed in a way similar to conventional measurements based on the
Michaelis-Menten equation. They studied the horseradish peroxidase-catalyzed reaction
between hydrogen peroxide and N -acetyl-3,7-dihydroxyphenoxazine to yield fluorescent
resorufin. The experimental results indicated the microfluidics-based method yielded the
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same result as conventional methods. The advantages of the continuous-flow microfluidic
system include rapid determination of enzyme kinetics and less consumption of reagents
and enzymes.

CONCLUDING REMARKS

The examples in this chapter exemplify the sort of DNA and protein analyses that can
be accomplished in plastic microfluidic devices. Sample preparation, including PCR, purifi-
cation of DNA fragments, and enzymatic digestion of proteins have been demonstrated in
custom-designed devices; some of them have been integrated with separations. In addition,
plastic microfluidic devices were illustrated to be capable of performing DNA sequencing
based on electrophoretic separation, and isoelectric focusing was shown as a means to study
protein-protein interactions. To realize the “lab-on-a-chip” vision articulated by Manz and
Harrison in the early 1990’s [20, 40], further integration of these devices with various hard-
ware and accessories must be achieved, in addition to addressing the challenges associated
with macro-micro interfaces.
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10.1. INTRODUCTION

Once it became apparent that individual chemical or biological sensors used in com-
plex samples would not attain the hoped for sensitivity or selectivity, wide commercial use
became severely hampered and sensor arrays and sensor instrumentation were proposed
instead. It was projected that by using orthogonal sensor array elements (e.g., in electronic
noses and tongues) selectivity would be improved dramatically [1]. Instrumentation—it
was envisioned—would reduce matrix complexities through filtration, separation, and con-
centration of the target compound, while, at the same time, ameliorating selectivity and
sensitivity of the overall system by frequent recalibration and washing of the sensors.
Through miniaturization of analytical equipment (using microfluidics), shortcomings as-
sociated with large and expensive instrumentation may potentially be overcome: reduction
in reagent volumes, favorable scaling properties of several important instrument processes
(basic theory of hydrodynamics and diffusion predicts faster heating and cooling and more
efficient chromatographic and electrophoretic separations in miniaturized equipment) and
batch-fabrication which may enable low cost, disposable instruments to be used once and
then thrown away to prevent sample contamination [2]. Micromachining (MEMS) might
also allow co-fabrication of many integrated functional instrument blocks. Tasks that are
now performed in a series of conventional bench top instruments could then be combined
into one unit, reducing labor and minimizing the risk of sample contamination.
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Today it appears that sensor array development in electronic noses and tongues has
slowed down because of the lack of highly stable chemical and biological sensors: too
frequent recalibration of the sensors and relearning of the pattern recognition software
is putting a damper on the original enthusiasm for this sensor approach. In the case of
miniaturization of instrumentation through the application of microfluidics, progress was
made in the development of platforms for high-throughput screening (HTS) as evidenced
by new products introduced, by, for example, Caliper and Tecan Boston [3, 4]. In contrast,
for sensing and diagnostic applications, not much progress was made using miniaturized
analytical equipment. There have been platforms developed for a limited amount of human
and veterinary diagnostic test that do not require complex fluidic design, for example,
Abaxis [5]. In this review paper we are, in a narrow sense, summarizing the state of the
art of compact disc (CD) based microfluidics and in a broader sense we are comparing the
technical barriers involved in applying microfluidics to sensing and diagnostics as opposed
to applying such techniques to high throughput screening (HTS). It will quickly become
apparent that the former poses the more severe technical challenges and as a result the
promise of lab-on-a-chip has not been fulfilled yet.

10.2. WHY CENTRIFUGE AS FLUID PROPULSION FORCE?

There are various technologies for moving small quantities of fluids or suspended par-
ticles from reservoirs to mixing and reaction sites, to detectors, and eventually to waste or
to a next instrument. Methods to accomplish this include syringe and peristaltic pumps,
electrochemical bubble generation, acoustics, magnetics, DC and AC electrokinetics, cen-
trifuge, etc. In Table 10.1 we compare four of the more important and promising fluid
propulsion means [6]. The pressure that mechanical pumps have to generate to propel flu-
ids through capillaries is higher the narrower the conduit. Pressure and centrifugal force
are both volume-dependent forces, which scale as L3(in this case L is the characteristic
length corresponding to the capillary diameter). Piezoelectric, electroosmotic, electrowet-
ting and electrohydrodynamic (EHD) pumping (the latter two are not shown in Table 10.1)
all scale as surface forces (L2), which represent more favorable scaling behavior in the
micro-domain (propulsion forces scaling with a lower power of the critical dimension be-
come more attractive in the micro-domain) and lend themselves better to pumping in smaller
and longer channels. In principle, this should make pressure- and centrifuge-based systems
less favorable but other factors turn out to be more decisive; despite better scaling of the
non-mechanical pumping approaches in Table 10.1, almost all biotechnology equipment
today remain based on traditional external syringe or peristaltic pumps. The advantages
of this approach are that it relies on well-developed, commercially available components
and that a very wide range of flow rates is attainable. Although integrated micromachined
pumps based on two one-way valves may achieve a precise flow control on the order of 1
µl/min with fast response, high sensitivity, and negligible dead volume, these pumps gen-
erate only modest flow rates and low pressures, and consume a large amount of chip area
and considerable power.

Acoustic streaming is a constant (DC) fluid motion induced by an oscillating sound
field at a solid/fluid boundary. A disposable fluidic manifold with capillary flow channels
can simply be laid on top of the acoustic pump network in the reader instrument. The method
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TABLE 10.1. Comparison of microfluidics propulsion techniques

Fluid Propulsion Mechanism

Comparison Centrifuge Pressure Acoustic Electrokinetic

Valving solved ? Yes for liquids no
for vapor

Yes for liquids and
vapor

No solution shown
yet for liquid or
vapor

Yes for liquids, no
for vapor

Maturity R&D stage Products available Research Products available
Propulsion force

influenced by
Density and

viscosity
Generic Generic pH, ionic strength

Power source Rotary motor Pump, Mechanical
roller

5 to 40 V 10 kV

Materials Plastics Plastics Piezoelectrics Glass, plastics
Scaling L3 L3 L2 L2

Flow rate From less than
1nL/sec to
greater than
100 µl/sec

Very wide range
(less than nL/sec
to L/sec)

20 µl/sec 0.001–1 µl/sec

General remarks Inexpensive CD
drive, mixing is
easy, most
samples possible
(including
cells). Better for
diagnostics.

Standard technique.
Difficult to
miniaturize and
multiplex.

Least mature of
the four
techniques.
Might be too
expensive.
Better for
smallest
samples.

Mixing difficult.
High voltage
source is
dangerous and
many parameters
influence
propulsion, better
for smallest
samples (HTS)

is considerably more complex to implement than electro-osmosis (described next) but the
insensitivity of acoustic streaming to the chemical nature of the fluids inside the fluidic
channels and its ability to mix fluids make it a potentially viable approach. A typical flow
rate measured for water in a small metal pipe lying on a piezoelectric plate is 0.02 cc/s at
40 V, peak to peak [7]. Today acoustic streaming as a propulsion mechanism remains in the
research stage.

Electro-osmotic pumping (DC electrokinetics) in a capillary does not involve any mov-
ing parts and is easily implemented. All that is needed is a metal electrode in some type
of a reservoir at each end of a small flow channel. Typical electro-osmotic flow velocities
are on the order of 1 mm/sec with a 1200 V/cm applied electric field. For example, in
free-flow capillary electrophoresis work by Jorgenson, electro-osmotic flow of 1.7 mm/sec
was reported [8]. This is fast enough for most analytical purposes. Harrison et al. achieved
electroosmotic pumping with flow rates up to 1 cm/sec in 20 µm capillaries that were
micromachined in glass [9]. They also demonstrated the injection, mixing and reaction
of fluids in a manifold of micromachined flow channels without the use of valves. The
key aspect for tight valving of liquids at intersecting capillaries in such a manifold is
the suppression of convective and diffusion effects. The authors demonstrated that these
effects can be controlled by the appropriate application of voltages to the intersecting chan-
nels simultaneously. Some disadvantages of electro-osmosis are the required high voltage
(1–30 kV power supply) and direct electrical-to-fluid contact with resulting sensitivity of
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LabCDTM Reader

LabCDTM Disc

Analysis Optics

Cuvette
Informatics

Drive motor

CD optics

Fluidics manifold

Spectrophotomeric
read cuvette

FIGURE 10.1. LabCDTM Instrument and disposable disc. Here, the analytical result is obtained through reflection
spectrophotometry.

flow rate to the charge of the capillary wall and to the ionic strength and pH of the solution.
It is consequently more difficult to make it into a generic propulsion method. For example,
liquids with high ionic strength cause excessive Joule heating; it is therefore difficult or
impossible to pump biological fluids such as blood and urine.

Using a rotating disc, centrifugal pumping provides flow rates ranging from less than
10 nL/s to greater than 100 µL/s depending on disc geometry, rotational rate (RPM), and
fluid properties (see Figure 10.1)[10]. Pumping is relatively insensitive to physicochemi-
cal properties such as pH, ionic strength, or chemical composition (in contrast to AC and
DC electrokinetic means of pumping). Aqueous solutions, solvents (e.g., DMSO), surfac-
tants, and biological fluids (blood, milk, and urine) have all been pumped successfully.
Fluid gating, as we will describe in more detail further below, is accomplished using “cap-
illary” valves in which capillary forces pin fluids at an enlargement in a channel until
rotationally induced pressure is sufficient to overcome the capillary pressure (at the so-
called burst frequency) or by hydrophobic methods. Since the types and the amounts of
fluids one can pump on a centrifugal platform spans a greater dynamic range than for elec-
trokinetic and acoustic pumps, this approach seems more amenable to sample preparation
tasks than electrokinetic and acoustic approaches. Moreover miniaturization and multi-
plexing are quite easily implemented. A whole range of fluidic functions including valving,
decanting, calibration, mixing, metering, sample splitting, and separation can be imple-
mented on this platform and analytical measurements may be electrochemical, fluorescent
or absorption based and informatics embedded on the same disc could provide test-specific
information.

A most important deciding factor in choosing a fluidic systems is the ease of implement-
ing valves; the method that most elegantly solves the valving issue is already commercially
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accepted, even if the scaling is not the most favorable namely in the use of traditional
pumps. In traditional pumps two one-way valves form a barrier for both liquids and vapors.
In the case of the micro-centrifuge, valving is accomplished by varying rotation speed and
capillary diameter. Thus, there is no real physical valve required for stopping water flow,
but as in the case of acoustic and electrokinetic pumping there is no simple means to stop
vapors from spreading over the whole fluidic platform. If liquids need to be stored for a long
time on the disposable, as often is the case for use in sensing and diagnostics, valves must
be barriers for both liquid and vapor. Some timid attempts at implementing vapor barriers
on the CD will be reported in this review.

From the preceding comparison of fluidic propulsion methods for sensing and diag-
nostic applications, centrifugation in fluidic channels and reservoirs crafted in a CD-like
plastic substrate as shown in Figure 10.1 constitutes an attractive fluidic platform.

10.3. COMPACT DISC OR MICRO-CENTRIFUGE FLUIDICS

10.3.1. How it Works

CD fluid propulsion is achieved through centrifugally induced pressure and depends on
rotation rate, geometry and location of channels and reservoirs, and fluid properties. Madou
et al [11] and Duffy et al [9] characterized the flow rate of aqueous solutions in fluidic CD
structures and compared the results to simple centrifuge theory. The average velocity of the
liquid (U) from centrifugal theory is given as:

U = D2
hρω2r�r/32µL , (10.1)

and the volumetric flow rate (Q) as:

Q = UA (10.2)

where Dh is the hydraulic diameter of the channel (defined as 4A/P, where A is the cross-
sectional area and P is the wetted perimeter of the channel), ρ is the density of the liquid, ω
is the angular velocity of the CD, r is the average distance of the liquid in the channels to the
center of the disc, �r is the radial extent of the fluid, µ is the viscosity of the solution, and L is
the length of the liquid in the capillary channel (see also Figure 10.2A). Flow rates, ranging
from 5nL/s to > 0.1mL/s, have been achieved by various combinations of rotational speeds
(from 400 to 1600rpm), channel widths (20–500µm), and channel depths (16–340µm).
The experimental flow rates were compared to rates predicted by the theoretical model
and exhibited an 18.5% coefficient of variation. The authors note that experimental errors
in measuring the highest and lowest flow rates made for the largest contribution to this
coefficient of variation. The absence of systematic deviation from theory validates the
model for describing flow in microfluidic channels under centripetal force. Duffy et al [10]
measured flow rates of water, plasma, bovine blood, three concentrations of hematocrit,
urine, dimethyl sulfoxide (DMSO), and PCR products and report that centrifugal pumping
is relatively insensitive to such physiochemical properties as ionic strength, pH, conductivity,
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FIGURE 10.2. Schematic illustrations for the description of CD microfluidics. (A.) Two reservoirs connected
by a microfluidic chamber. (B.) Hydrophobic valve made by a constriction in a chamber made of hydrophobic
material. (C.) Hydrophobic valve made by the application of hydrophobic material to a zone in the channel. (D.)
Hydrophobic channel made by the application of hydrophobic material to a zone in a channel made with structured
vertical walls (see inset). (E.) Capillary valve made by a sudden expansion in channel diameter such as when a
channel meets a reservoir.

and the presence of various analytes, noting good agreement between experiment and theory
for all the liquids.

10.4. SOME SIMPLE FLUIDIC FUNCTION DEMONSTRATED ON A CD

10.4.1. Mixing of Fluid

In the work by Madou et al [11] and Duffy et al [10], different means to mix liquids
were designed, implemented, and tested. Observations of flow velocities in narrow channels
on the CD enabled Reynolds numbers (Re) calculations establishing that the flow remained
laminar in all cases. Even in the largest fluidic channels tested Re was <100, well below
the transition regime from laminar to turbulent flow (Re ∼ 2300) [12]. The laminar flow
condition necessitates mixing by simple diffusion or by creating special features on the
CD that do enable advection or turbulence. In one scenario, fluidic diffusional mixing was
implemented by emptying two microfluidic channels together into a single long meandering
fluidic channel. Proper design of channel length and reagent reservoirs allowed for stoichio-
metric mixing in the meandering channel by maintaining equal flow rates of the two streams
joining into the mixing channel. Concentration profiles may be calculated from the diffu-
sion rates of the reagents and the time required for the liquids to flow through the tortuous
path. Mixing can also be achieved by chaotic advection [6]. Chaotic advection is a result
of the rapid distortion and elongation of the fluid/fluid interface, increasing the interfacial
area where diffusion occurs, which increases the mean values of the diffusion gradients that
drive the diffusion process, one may call this process an enhanced diffusional process. In
addition to simple and enhanced diffusional processes, one can create turbulence on the CD
by emptying two narrow streams to be mixed into a common chamber. The streams violently
splash against a common chamber wall causing their effective mixing (no continuity of the
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liquid columns is required on the CD as opposed to the case of electrokinetics platforms
where a broken up liquid column would cause a voltage overload).

10.4.2. Valving

Valving is a most important function in any type of fluidic platform. Both hydrophobic
and capillary valves have been integrated into the CD platform [10, 11, 13–23]. Hydropho-
bic valves feature an abrupt decrease in the hydrophobic channel cross-section, i.e., a
hydrophobic surface prevents further fluid flow (Figure 10.2B–D). In contrast, in capillary
valves (Figure 10.2E), liquid flow is stopped by a capillary pressure barrier at junctions
where the channel diameter suddenly expands.

10.4.2.1. Hydrophobic Valving The pressure drop in a channel with laminar flow is
given by the Hagen-Poiseuille equation [12]

�P = 12LµQ

wh3
(10.3)

where L is the microchannel length, µ is the dynamic viscosity, Q is the flow rate, and
w and h are the channel width and height. The required pressure to overcome a sudden
narrowing in a rectangular channel is given by [6]:

�P = 2σl cos(θc)
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(10.4)

where σ l is the liquid’s surface tension, θ c is the contact angle, w1 h1 are the width and height
of the channel before the restriction, and w2 h2 are the width and height after the restriction.
In hydrophobic valving, in order for liquid to move beyond these pressure barriers, the CD
must be rotated above a critical speed, at which point the centripetal forces exerted on the
liquid column overcome the pressure needed to move past the valve.

Ekstrand et al [13] used hydrophobic valving on a CD to control discrete sample
volumes in the nanoliter range with centripetal force. Capillary forces draw liquid into the
fluidic channel until there is a change in the surface properties at the hydrophobic valve
region. The valving was implemented as described schematically in figure 10.2C. Tiensuu
et al [14] introduced localized hydrophobic areas in CD microfluidic channels by ink-jet
printing of hydrophobic polymers onto hydrophilic channels. In this work, hydrophobic lines
were printed onto the bottom wall of channels with both un-structured (Figure 10.2C) and
structured (Figure 10.2D) vertical channel walls. Several channel width to depth ratios were
investigated. The CDs were made by injection molding of polycarbonate. The CDs were
subsequently rendered hydrophilic by oxygen plasma treatment, and then ink-jet printing
was used for the introduction of the hydrophobic polymeric material at the valve position.
The parts were capped with polydimethylsiloxane (PDMS) to form the fourth wall of the
channel. In testing of non-structured channels (without saw tooth pattern) there were no
valve failures for 300 and 500 µm wide channels but some failures for the 100 µm channels,
however, in structured vertical walls (with saw tooth patterns), there were no valve failures.
The authors attribute the better results of the structured vertical walls to both the favorable
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distribution of hydrophobic polymer within the channel and the sharper sidewall geometry
to be wetted (the side walls are hydrophilic since the printed hydrophobic material is only
on the bottom of the channel) compared to the non-structured vertical channel walls.

10.4.2.2. Capillary Valving Capillary valves have been implemented frequently on
CD fluidic platforms [10, 11, 15, 16, 17, 18, 21, 22]. The physical principle involved is based
on the surface tension, which develops when the cross section of a hydrophilic capillary
expands abruptly as illustrated in Figure 10.2E. As shown in this Figure, a capillary channel
connects two reservoirs, and the top reservoir (the one closest to the center of the CD) and the
connecting capillary is filled with liquid. For capillaries with axisymetric cross-sections, the
maximum pressure at the capillary barrier expressed in terms of the interfacial free energy
[16] is given by:

Pcb = 4γalsinθc/Dh (10.5)

where γal is the surface energy per unit area of the liquid-air interface, θc is the equilibrium
contact angle, and Dh is the hydraulic diameter. Assuming low liquid velocities, the flow
dynamics may be modeled by balancing the centrifugal force and the capillary barrier
pressure (see Equation 10.5). The liquid pressure at the meniscus, from the centripetal force
acting on the liquid, can be described as follows:

Pm = ρω2r�r, (10.6)

where, ρ is the density of the liquid, ω is the angular velocity, r is the average distance from
the liquid element to the center of the CD, and �r is the radial length of the liquid sample
(Figure 10.2A & 10.2E). Liquid will not pass a capillary valve as long as the pressure at
the meniscus (Pm) is less than or equal to the capillary barrier pressure (Pcb). Kellogg and
coworkers [16] named the point at which Pm equals Pcb, the critical burst condition and the
rotational frequency at which it occurs they called the burst frequency. Experimental values
of critical burst frequencies versus channel geometry, for rectangular cross-sections over
a range of channel sizes, show good agreement with simulation over the entire range of
diameters studied. Since these simulations did not assume an axisymetric capillary with a
circular contact line and a diameter Dh , the meniscus contact line may be a complex shape.
Burst frequencies were shown to be cross-section dependent for equal hydraulic diameters.
The theoretical burst frequency equation was modified as follows to account for variation
of channel cross section:

ρω2r�r < 4γalsinθc/(Dh)n, (10.7)

where n = 1.08 for an equilateral triangular cross section and, n = 1.14 for a rectangular
cross-section. For “pipe flow” (circular cross-section) an additional term is used in the burst
frequency expression:

ρω2r�r < 4γalsinθc/(Dh) + γalsinθc(1/Dh − 1/D0), (10.8)
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where the empirically determined constant D0 = 40µm. The physical reason for the addi-
tional “pipe flow” term, used to get a fit to the simulation results, is not well understood at
this time.

Duffy et al [10] modeled capillary valving by balancing the pressure induced by the
centripetal force (ρω2r�r ) at the exit of the capillary with the pressure inside the liquid
droplet being formed at the capillary outlet and the pressure required to wet the chamber
beyond the valve. The pressure inside a droplet is given by the Young-Laplace equation
[24];

�P = γ(1/R1 + 1/R2) (10.9)

where γ is the surface tension of the liquid and R1 & R2 are the meniscus radii of curvature
in the x and y dimensions of the capillary cross section. In the case of small circular capillary
cross sections with spherical droplet shapes, R1 = R2

∼= channel cross section radius and
equation (9) can be rewritten as:

�P = 4γ/Dh . (10.10)

On this basis Duffy et al [10] derived a simplified expression for the critical burst frequency
(ωc) as;

ρω2
cr�r = a(4γ /Dh) + b (10.11)

with the first term on the right representing the pressure inside the liquid droplet being
formed at the capillary outlet scaled by a factor a (for non spherical droplet shapes) and the
second term on the right, b, representing the pressure required to wet the chamber beyond
the valve. The b term depends on the geometry of the chamber to be filled and the wettability
of its walls.

A plot of the centripetal pressure (ρω2
cr�r ) at which the burst occurs verses 1/Dh was

linear, as expected from equation (10.11), with a 4.3% coefficient of variation. The authors
note a potential limitation with capillary valves due to the fact that liquids with low surface
tension tend to wet the walls of the chamber at the capillary valve opening resulting in the
inability to gate the flow. The b term in equation (10.11) is beneficial in gating flow unless
the surface walls at the abrupt enlargement of the capillary valve are so hydrophilic that the
liquid is drawn past the valve and into the reservoir.

Madou et al [17, 18] have designed a CD to sequentially valve fluids through a mono-
tonic increase of rotational rate with progressively higher “burst” frequencies. The CD ,
shown in Figure 10.3, was designed to carry out an assay for ions based on an optode-based
detection scheme. The CD design employed 5 serial capillary valves opening at different
times as actuated by rotational speed. Results show good agreement between the observed
and the calculated burst frequencies (see further below).

It is very important to realize that the valves we mentioned thus far constitute liquid
barriers and that they are not barriers for vapors. Vapor barriers must be implemented in
any fluidic platform where reagents need to be stored for long periods of time. This is
especially important for a disposable diagnostic assay platform. A multi-month, perhaps
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FIGURE 10.3. Schematic illustration of the microfluidic structure employed for the ion selective optode CD
platform. The fluidic structure contains five solution reservoirs (numbered 1–5), a detection chamber (6), and a
waste reservoir (7). Reservoir (1) and (3) contain the first and second calibrant respectively, reservoirs (2) and (4)
contain wash solutions, and reservoir (5) contains the sample. Upon increasing rotation rates, calibrant 1, wash
1, calibrant 2, rinse 2, and then sample were serially gated into the optical detection chamber. Absorption of the
calibrants and sample was measured.

multi-year, shelf life would require vapor locks in order to prevent reagent solutions from
drying or liquid evaporation and condensation in undesirable areas of the fluidic pathway.
Tecan-Boston did investigate vapor resistant valves made of wax that was melted to actuate
valve opening [25].

10.4.3. Volume Definition (Metering) and Common Distribution Channels

The CD centrifugal microfluidic platform enables very fine volume control (or me-
tering) of liquids. Precise volume definition is one of the important functions, necessary
in many analytical sample processing protocols, which has been added, for example, to
the fluidic design in the Gyrolab MALDI SP1 CD [20]. In this CD, developed for matrix
assisted laser desorption ionization (MALDI) sample preparation, a common distribution
channel feeds several parallel individual sample preparation fluidic structures (Figure 10.4).
Reagents are introduced by the capillary force exerted by the hydrophilic surfaces into the
common channel and defined volume (200nl) chambers until a hydrophobic valve stops the
flow. When all of the defined-volume-chambers are filled, the CD is spun at a velocity large
enough to move the excess liquid from the common channel into the waste. Although there
is sufficient g-force to empty the common channel, the velocity is not so high as to allow
liquid to move past the hydrophobic valve and the well-defined volume chambers remain
filled. These precisely defined volumes can be introduced into the subsequent fluidic struc-
tures by increasing the CD angular momentum until the centripetal force allows the liquid
to move past the hydrophobic barriers.
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FIGURE 10.4. Schematic illustration of liquid metering. (A) The common distribution channel and liquid metering
reservoirs are filled (by capillary forces) with a reagent to be metered. Liquid entering the reservoir does not pass
the hydrophobic zone (valve) because of surface tension forces. (B) The CD is rotated at a rate that supplies enough
centripetal force to empty the common distribution but not enough to force the liquid through the hydrophobic
zone. The volume of the fluid metered is determined by the volume of the reservoir. (C) A further increase in the
rotational speed provides enough force to move the well defined volume of solution past the hydrophobic valve.
(With kind permission; Application Report 101, Gyrolab MALDA SP1, Gyros AB, Uppsala, Sweden)

10.4.4. Packed Columns

Many commercial products are now available that use conventional centrifuges to
move liquid, in a controlled manner, through a chromatographic column. One example
is the Quick SpinTMprotein desalting column (Roche Diagnostics Corp, Indianapolis, IN),
based on the size exclusion principle. There is an obvious fit for this same type of separation
experiment to be carried out on a CD fluidic device (we sometimes refer to the CD platform
as a smart, miniaturized centrifuge). Affinity chromatography has been implemented in
the fluidic design of the Gyrolab MALDI SP1 CD [20]. A reverse phase chromatography
column material (SOURCETM15 RPC) is packed in a microfluidic channel and protein is
adsorbed on the column from an aqueous sample as it passes through the column under
centrifugally controlled flow rates. A rinse solution is subsequently passed through the
column and finally an elution buffer is flowed through to remove the protein and carry it
into the fluidic system for further processing. The complete Gyrolab MALDI SP1 CD is
discussed in a later section of this review.

10.5. CD APPLICATIONS

10.5.1. Two-Point Calibration of an Optode-Based Detection System

A CD based system with ion-selective optode detection and a two-point-calibration
structure for the accurate detection of a wide variety of ions was developed [15, 17, 18]. The
microfluidic architecture, depicted in Figure 10.3, is comprised of channels, five solution
reservoirs, a chamber for colorimetric measurement of the optode membrane, and a waste
reservoir, all manufactured onto a poly(methyl methacrylate) disc. Ion-selective optode
membranes, composed of plasticized poly(vinyl chloride) impregnated with an ionophore,
a chromoionophore, and a lipophilic anionic additive, were cast, with a spin-on device,
onto a support layer and then immobilized on the disc. With this system, it is possible to
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deliver calibrant solutions, washing buffers, and “unknown” solutions (e.g., saliva, blood,
urine, etc) to the measuring chamber where the optode membrane is located. Absorbance
measurements on a potassium optode indicate that optodes immobilized on the platform
exhibit the theoretical absorbance response. Samples of unknown concentration can be
quantified to within 3% error by fitting the response curve for a given optode membrane
using an acid (for measuring the signal for a fully protonated chromoionophore), a base (for
fully deprotonated chromoionophore), and two standard solutions. Further, the ability to
measure ion concentrations employing one standard solution in conjunction with acid and
base, and with two standards alone were studied to delineate whether the current architecture
could be simplified. Finally, the efficacy of incorporating washing steps into the calibration
protocol was investigated.

This work was further extended to include anion-selective optodes and fluorescence
rather than absorbance detection [17]. Furthermore, in addition to employing a standard
excitation source where a fiber optic probe is coupled to a lamp, LASER diodes were
evaluated as excitation sources to enhance the fluorescence signal.

10.5.2. CD Platform for Enzyme-Linked Immunosorbant Assays (ELISA)

The automation of immunoassays on microfluidic platforms presents multiple chal-
lenges because of the high number of fluidic processes and the many different liquid reagents
involved. Often there is also the need for highly accurate quantitative results at extremely
low concentration and care must be taken to prevent non-specific binding of reporter en-
zymes and to deliver well defined volumes of reagents consistently. An enzyme-linked
immunosorbant assay (i.e., ELISA) is one of the most common immunoassay methods and
is often carried out in microtiter plates using labor-intensive manual pippetting techniques.
Recently, Lee and et al [21] have implemented an automated enzyme-linked immunosor-
bant assay on the CD platform. This group used a five-step flow sequence in the same
CD design illustrated in Figure 10.3. A capture antibody (anti rat IgG) was applied to
the detection reservoir (reservoir 2 in Figure 10.3) by adsorption to the PMMA CD sur-
face, then the surface was blocked to prevent non-specific binding. Antigen/sample (rat
IgG), wash solution, 2nd antibody, and substrate solutions were loaded into reservoirs 3–7
(Figure 10.3) respectively. Using capillary valving techniques, the sample and reagents were
pumped, one at a time, through the detection chamber. First, the sample was introduced for
antibody antigen binding (reservoir 3), then a wash solution (reservoir 4), then an enzyme
labeled secondary antibody (reservoir 5), then another wash solution (reservoir 6), and fi-
nally the substrate was added (reservoir 7). The U-shaped bend in the fluidic path allows
the solutions to incubate in the capture zone/detection chamber until the next solution is
released into the chamber. Detection of the fluorescence is performed after the substrate is
introduced into the detection reservoir (reservoir 2). Endpoint measurements (completion
of enzyme-substrate reaction) were made and compared to conventional microtiter plate
methods using similar protocols. The CD ELISA platform was shown to have advantages
such as lower reagent consumption, and shorter assay times, explained in terms of larger
surface to volume ratio’s which favor diffusion limited processes. Since the reagents were
all loaded into the CD at the same time, there was no need for manual operator interventions
in between fluidic assay steps. The consistent control and repeatability of liquid propulsion
removes experimental errors associated with inconsistent manual pippetting methods, for



CENTRIFUGE BASED FLUIDIC PLATFORMS 341

example, rinsing/washing can be carried out not only with equal volumes, but equal flow
conditions.

10.5.3. Multiple Parallel Assays

The ability to obtain simultaneous and identical flow rates, incubation times, mixing
dynamics, and detection makes the CD an attractive platform for multiple parallel assays.
Kellogg et al [10] have reported on a CD system that performs multiple (48) enzymatic assays
simultaneously by combining centrifugal pumping in microfluidic channels with capillary
valving and colorimetric detection. The investigation of multiplexed parallel enzyme in-
hibitor assays are needed for high-throughput screening in diagnostics and in screening of
drug libraries. For example, enzymatic dephosphorylation of colorless p-nitrophenol phos-
phate by alkaline phosphatase results in the formation of the yellow colored p-nitrophenol
and inhibition of this reaction may be quantified by light absorption measurement. Theo-
phylline, a known inhibitor of the reaction, was used as the model inhibitory compound in
Kellogg et al’s [10] feasibility study. A single assay element on the CD contains 3 reser-
voirs: one for the enzyme, one for the inhibitor, and one for the substrate. Rotation of the
CD allows the enzyme and inhibitor to pass capillary valves, mix in a meandering 100-µm-
wide channel, and then move to a point where flow is stopped by another capillary valve. A
further increase in the rotational speed allows the enzyme/inhibitor mixture and substrate
to pass through the next set of capillary valves where they are mixed in a second meander-
ing channel and emptied into an on-disc planar cuvette. The CD is slowed and absorption
through each of the 48 parallel assay cuvettes is measured by reflectance, all in a period of
60s, the entire fluidic process including measurement took about 3 minutes. The CDs were
fabricated using PDMS replication techniques [26], with the addition of a white pigment to
the PDMS polymerization for enhanced reflectivity in the colorimetric measurements. The
flow rates and meandering channel widths were selected such that the diffusion rate would
allow 90% mixing of the solutions.

The variation in performance between the individual fluidic CD structures was quan-
tified by carrying out the same assay 45 times simultaneously on a CD. The background
corrected absorbance was measured and the coefficient of variation in the assay was ∼3.2%
and when the experiment was repeated on different discs the coefficient of variation ranged
from 3–3.5%. Furthermore, variation of absorption across a single cuvette was less than 1%,
confirming complete mixing. In experiments to show enzyme inhibition, 45 simultaneous
reactions were carried out on the CD using fixed concentrations of enzyme and substrate
and 15 concentrations of theophylline in triplicate and a complete isotherm was generated
for the inhibition of alkaline phosphatase. The 3 remaining structures were used for calibra-
tion with known concentrations of p-nitrophenol. A dose response was seen over 3 logs of
theophylline concentration in the range of 0.1mM to 100mM. The authors conclude that a
large number of identical assays, with applications in rapid, high-throughput screening, can
be carried out on the CD platform simultaneously because of the symmetric force acting on
the fluids in high-quality identical microfluidic structures and that detection was simplified
by rotating all the reaction mixtures under a fixed detector. In later work [22], the same
group has extended the number of assays to 96 per CD and has investigated fluorescent
enzymatic assays.
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FIGURE 10.5. Microfabricated cell culture CD. (A) The CD caries a number of cell growth chambers (1) radially
arranged around a common distribution channel (2) and is sealed with a silicone cover (10.3). (B) SEM close-up
of an individual cell growth chamber and microfluidic connections. (Micro Total Analysis Systems 2000 c©,
(2000) pp. 249–252, Nick Thomas, Anette Ocklind, Ingrid Blikstad, Suzanne Griffiths, Michael Kenrick, Helene
Derand, Gunnar Ekstrand, Christel Ellström, Anders Larsson and Per Anderson “Integrated Cell Based Assays in
Microfabricated Disposable CD Devices,” with kind permission of Kluwer Academic Publishers)

10.5.4. Cellular Based Assays on CD Platform

Cell based assays are often used in drug screening [27] and rely on labor intensive
microtiter plate technologies. Microtiter plate methods may be difficult to automate without
the use of large and expensive liquid handling systems and they present problems with
evaporation when scaled down to small volumes. Thomas and et al [23] have reported on
a CD platform-based automated adherent cell system. This adherent cell assays involved
introducing the compounds to be screened to a cell culture, then determining if the cells
were killed (cell viability assay).

Reagents for cell growth, rinsing and viability staining were serially loaded into an
annular common distribution chamber and centripetal force was used for reagent loading,
exchange, and rinsing of the cell growth chamber (Figure 10.5). Individual inlets are for the
addition of compounds to be screened. The plastic channels, Figure 10.5B, were capped
with a Polydimethylsiloxane (PDMS) sheet capable of fast gas transport in and out of the
culture reservoirs.

HeLA, L929, CHO-M1, and MRC-5 cell lines were cultivated on the CD device. Cell
viability assays were performed, on the CD, by removing the growth medium from the cells,
washing the cells with PBS, and introducing a solution of the fluorescence assay reagents into
the growth chamber. The LIVE/DEAD r© Viability Assay (Molecular Probes, Inc., Eugene,
OR) uses a mixture of calcein green-fluorescent nucleic acid stain and the red-fluorescent
nucleic acid stain, ethidium. The assay performance is based on the differing abilities of
the stains to penetrate healthy bacterial cells. The calcein green-fluorescent dye will label
all cells, live or dead. The red red-fluorescent ethidium stain will only label cells with
damaged membranes. The red stain causes a reduction in the green stain fluorescence when
both dyes are present. When the appropriate mixture of green and red stains is used, cells
with intact membranes will have a green fluorescence and cells with damaged membranes
will have a red fluorescence. The background remains almost completely non-fluorescent
(Figure 10.6). All liquid transfers were carried out using centripetal force from CD rotation
with angular frequencies between 200 and 600 rpm. Quantitative detection of multiple cell



CENTRIFUGE BASED FLUIDIC PLATFORMS 343

FIGURE 10.6. L929 fibroblasts cultured for 48 hours in CD growth chambers. (A) phase contrast (scale bar 100
µm), (B) epifluorescence image of calcein stained viable cells, (B) epifluorescence image of ethidium stained
non-viable cells. (Micro Total Analysis Systems 2000 c©, (2000) pp. 249–252, Nick Thomas, Anette Ocklind,
Ingrid Blikstad, Suzanne Griffiths, Michael Kenrick, Helene Derand, Gunnar Ekstrand, Christel Ellström, Anders
Larsson and Per Anderson “Integrated Cell Based Assays in Microfabricated Disposable CD Devices,” with kind
permission of Kluwer Academic Publishers)

viability assays, within 30 seconds, was carried out by measurement of calcien fluorescence
with a CCD based fluorescence imaging system. These experimental results show linear
fluorescence intensity across the range of 200–4000 cells and give an indication of the
potential of this platform for miniaturized quantitative cell based assays.

In the same work, the authors reported the results of experiments designed to investigate
the effect on cells of using centripetal force to move liquids. The cells tested were shown to
be compatible with centripetal forges of at least 600 × g, much larger than the 50–100 × g
needed for filling and emptying cell chambers. Furthermore, it was reported that cells grown
in such devices appear to show the same cell morphology as cells grown under standard
conditions.

In separate work done by our group in collaboration with NASA Ames et al [28] the
LIVE/DEAD r©BacLightTM Bacterial Viability Kit (Molecular Probes, Inc., Eugene, OR)
has been integrated to a completely automated process on CD. Disposable and reusable CD
structures, hardware, and software were developed for the LIVE/DEAD assay.

The CD design for assay automation must have the following functions or properties:
contain separate reservoirs for each dye and the sample, retain those solutions in the reservoir
until the disc is rotated at a certain velocity, evenly and completely mix the two dyes, evenly
and completely mix the dye-mixture with the sample containing the cells, collect this final
mixture in a reservoir with good optical properties. Two methods for quick fabrication
of prototype CDs were used. One method used molded PDMS structures. In a second
method, a dry film photoresist (DF 8130, Think & Tinker, Palmer Lake, CO) was laminated
onto a 1 mm thick polycarbonate disc with pre-drilled holes for sample introduction. The
microfluidic pattern was made using a photolithographic pattern on the negative photoresist.
The fluidic system was capped with a polycarbonate disc that had been laminated with an
optical quality pressure sensitive adhesive (3M 8142, 3M, Minneapolis, MN). Figure 10.7
shows the fluidic pattern for this assay. This pattern is based on the structure developed in
a similar approach used to demonstrate multiple enzymatic assays on CD [10].

The dyes and sample were introduced into reservoir chambers using a pipette. The dyes
fill the chamber stopping at a capillary valve (valve 1 in figure 10.7). Similarly, the sample
containing cells was introduced into the sample reservoir. Upon rotation, the dyes were
forced through the capillary valves and were mixed as they flowed through the switchback
turns of the microfluidic channels. Simultaneously, the sample passed from its reservoir
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FIGURE 10.7. Microfluidic pattern for LIVE/DEAD r©BacLightTM Bacterial Viability Assay. The dyes and sam-
ple are introduced into the reservoir chambers using a pipette. The dyes fill the chamber stopping at a capillary
valve (valve 1). Similarly, the sample containing cells is introduced into the sample reservoir. The disc is rotated to
a velocity of 800 rpm, the dyes are forced through the capillary valves and they are mixed as they flow through the
switchback turns of the microfluidic channels. Simultaneously, the sample passes from the reservoir into a fluid
channel where it meets the dye mixture at valve 2. The velocity of the disc is increased to 1600 rpm and the dye
mixture and sample combine and mix in the switchback microfluidic path leading to the optical viewing window.

into a fluid channel where it met the dye mixture at valve 2 of Figure 10.7. The velocity of
the disc was increased and the dye mixture and sample combine and mix in the switchback
microfluidic path leading to the optical viewing window. The dye-sample mixture is allowed
to incubate in the dark at room temperature for 5 minutes. The optical viewing chamber
was imaged twice, once with optics for the green signal and then with optics for the red
signal. A typical fluorescence microscopy image of an overlay of the red and green images
of stained E. coli is shown in Figure 10.8.

The instrument for disc rotation and fluorescence imaging (Figure 10.9) used a pro-
grammable rotational motor for various velocities and acceleration/deceleration rates. The
use of standard microscope objectives enabled the selection of magnification. An automatic
focusing system was used. The light source was a mercury lamp, which used standard
low-pass excitation filters for fluorescent excitation. A CCD camera was combined with
standard emission filter cubes for imaging.

10.5.5. Automated Cell Lysis on a CD

In work done by our group [29], cell lysis was demonstrated on a microfluidic CD
(Compact Disc) platform. In this purely mechanical lysis method, spherical particles (beads)
embedded in the CD cause shear-induced disruption of mammalian cells, E . coli, and yeast.
Interactions between beads and cells were generated in the rimming flow established inside
a partially filled annulus chamber in the CD rotating around a horizontal axis of rotation.
To maximize bead-cell interactions in the lysis chamber, the CD was spun forward and
backwards at high acceleration for up to 5 to 7 minutes. For this novel lysis method we
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FIGURE 10.8. Fluorescent microscopy over-laid images of red (circled cells) and green (un-circled cells) stained
E. coli on CD from LIVE/DEAD r©BacLightTM Bacterial Viability Assay.

investigated which of the parameters such as bead density, angular velocity, acceleration
rate, and solid volume fraction are the most important for efficient cell lysis. Cell disruption
was verified either through direct microscopic viewing or measurement of the DNA con-
centration extracted upon lysis using the PicoGreen dsDNA Quantitation Kit (Molecular
Probes, OR). Lysis efficiency was also compared with a conventional lysis protocol. In the
long term, this work is geared towards CD-based sample to answer nucleic acid analysis
which will perform cell lysis, DNA purification, DNA amplification, and detection.

Although extensive research on microfluidic devices[6] for biomedical and clinical
diagnostic applications has been conducted in the past decade, a majority of the miniaturized
devices developed has been limited to single purpose applications due to the complexity and
difficulty of integrating various microfluidic components into a single small unit. Compared
to other microfluidic technologies [2, 6, 12, 30] for moving small amounts of fluid or

FIGURE 10.9. Left: Optical disc drive/imager with cover removed. Size of unit is made to fit in specific cargo
bay of Space-Lab. Right: Zoom of microscope objectives and a disc loaded in the drive.
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suspended particles from site to site, a centrifuge-based system is well suited for various
crucial microfluidic functions such as flow sequencing, cascade mixing, capillary metering
and flow switching.[11, 31, 32] Those functions can be implemented through the exploitation
of (1) centrifugal and coriolis forces induced by spinning the CD for sample propulsion, (2)
capillary force due to interfacial tension for stopping the flow and (3) microfluidic designs.
In this regard, a polymer based microfluidic CD platform is a highly promising approach, not
only for the integration of multi-microfluidic functions for diagnostic applications but also
as a platform enabling the automated, multiple parallel processing needs in high-throughput
screening (HTS). In this paper, we investigate the achievability of mechanical cell lysis on
a CD platform and compare its performance with a traditional lysis protocol.

There are many types of cell lysis methods used today that are based on mechanical [33],
physico-chemical [34], chemical [35], and enzymatic [35] principles. The most commonly
used methods in biology research labs rely on chemical and enzymatic principles. The main
drawbacks of those procedures include intensive labor, adulteration of cell lysate, and the
need for additional purification steps. In order to minimize the required steps for cell lysis,
a rapid and reagentless cell lysis method [33] would be greatly appreciated especially in
sample preparation on a microfluidic CD. This would also help avoid the necessity of storing
chemicals in chambers and of intensive mixing which is generally considered difficult in
the micro domain. In this work, a purely mechanical lysis method was investigated based on
rapid granular shear flow [36, 37] in an annulus chamber which spins about a horizontal axis
of rotation alternating between the forward and reverse directions. When the CD is at rest,
spherical particles, such as glass beads, suspended in an aqueous medium containing the
cells, lie in a pool at the bottom of the chamber. However, during spinning all particles are
dragged up by the shear of the surrounding medium and uniformly coat the outer wall of the
chamber in response to both shear and centrifugal forces as shown in Figure 10.10. This flow
is often referred to as “rimming flow” [38, 39]. In order for a cell to be disrupted in a rapid
granular flow, the cell should be brought into physical contact with the colliding particles.
The bead interactions with the cells consist of two main types: impulsive contact (collision)

(a) (b)

FIGURE 10.10. Flow patterns for two rotational states (a) At rest: fluidized beads are sedimented at the bot-
tom of chamber (b) At spinning: two circumferential bands of beads and liquid are observed for a constant
velocity.
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FIGURE 10.11. Illustrative views of particle interactions (collision and friction) that are generated in colliding
particles in acceleration of a CD. A tangential velocity profile of fluid in the chamber is depicted on the right and
varies with radial locations and time. uT(t) represents tangential velocity of a particle and follows with the flow
passing around it. us(t) indicates settling velocity under a centrifugal field.

due to the beads responding to the centrifugal field and sustained contact (friction) due to
shearing.

We first discuss inter-particle forces involved in the rimming flow and identify those
parameters that may have the largest contribution to the inter-particle forces and the par-
ticle interaction frequency. The influence of these parameters on cell lysis is then verified
experimentally by microscopy or by measuring the double stranded DNA concentration
extracted from the cells upon cell lysis.

Rapid granular rimming flow in a horizontally rotating annulus chamber features two
types of particle interactions: collision and friction (grinding). In Fig. 10.11 we schemati-
cally depict these particle interactions generated during an acceleration period in a partially-
filled lysis chamber. Collisions occur when suspended particles are forced to move outwards
radially (vector us(t)) responding to the centrifugal force and impact upon particles closer
to the outer wall. Friction between particles is generated in the process of rearranging the
impacting particles into a homogeneous granule band along the outer wall. The impacting
particles (vector u1) travel slower than the particles close to the chamber outer wall (vector
u2) due to differential shear rates imposed on them. Particles accumulated against the cham-
ber outer wall move almost at the same tangential velocity (see UT(t)) as the outer chamber
wall as they more or less stick to it. It is actually the velocity differential between collid-
ing particles moving in the same tangential direction that leads to the friction (grinding)
between those particles.

The particles make a complete circle on a typical time scale of 0.1 sec at angular
velocities ranging from 10 to 20 rev/sec. This velocity (vector uT(t)) is approximately three
orders of magnitude larger than the rate of radial motion of particles (vector us(t)) i.e.,
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particle settling velocity (see also below). On the basis of this consideration, one can expect
that the suspended particles, upon spinning the CD, uniformly coat the chamber wall while
undergoing both collision and friction.

We discuss the grinding force here as a compressive pressure Pg exerted between the
particles in a shear flow. It was empirically found [40] that the compressive pressure is
proportional to a shear stress τ which has the following relation

τ ∝ ρp · D2
p · γ 2 · f (ν) (10.12)

where ρp is particle density, Dp is particle diameter, γ is shear rate, and f (ν) is a function
of the volumetric concentration of particles.

Frictional contact of particles depends on the shear stress τ which is proportional to the
density of particles ρp and the square of local shear rate γ. This is similar to a plane Couette
flow where the shear rate (dUT/dy) in steady-state is proportional to the angular velocity
of the CD. During the steady-state many particles will, however, have already reached the
mound of particles at the outer wall of the chamber, and therefore make no relative motions
contributing to lysing. Hence, an acceleration period is more contributive to the shear rate
than a steady state mode. Accordingly, higher acceleration rate will lead to larger magnitude
of frictional contact of particles.

Most of the theories on particle collisions [41, 42] in granular flow are based on models
describing the individual collisions of spheres such that the impact properties employed in
the theories should adequately describe the average properties of the flow. However, the
measurement of impact coefficients to test these theories is extremely challenging in the
current application and is beyond the scope of this treatise. Therefore, we have attempted
to evaluate the parameters associated with the particle collisions experimentally to predict
the magnitude of collisions qualitatively.

In the work by Batchelor [43] and Zenit [44], a collisional particle pressure in a solid-
liquid mixture is represented as

Pc = ν · ρp · ū2 · F(ν) (10.13)

where ν is solid volume fraction (SVF), ρpis particle density, and ū is local mean particle
velocity. Batchelor suggests the following relation for a function of solid volume fraction ν

F(ν) ≈ ν

νcp

(
1 − ν

νcp

)
(10.14)

where νcp is the closed-packed solid fraction (νcp ≈ 0.62) for a random packed bed of
uniform sized particles. Here, considering a solid-liquid suspension in a centrifugal field,
it is appropriate that we substitute terminal settling velocity ut with the local mean particle
velocity u in Eqn. (10.13). From a balance of the centrifugal, buoyancy and drag force, the
motion of a spherical particle is expressed as

m
du

dt
= mrω2 − m

ρ

ρp
rω2 − CD

2
u2 Apρ (10.15)
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which can be rewritten as

du

dt
= rω2 ρp − ρ

ρp
− CD Apρ

2m
u2 (10.16)

where ω is the angular frequency, r is distance of particle from the center of the disc, CD is
drag coefficient, and Ap is projected area of particle. In Eqn. (10.16), u is the velocity of the
particle relative to the fluid and is directed outwardly along a radius. As a particle travels, the
drag quadratically increases with the velocity. Therefore, the particle acceleration quickly
decreases and approaches zero. The particle then reaches a maximum constant velocity,
terminal settling velocity, which is represented as

ut =
√

4 · rω2 · Dp · (ρp − ρ)

3 · CD · ρ
(10.17)

Since the particle Reynolds number, Rep = (
Dputρ f

)/
η, is calculated to be slightly larger

than 1 for the current experiments, falling into a transition region very close to Stokes
regime, the drag coefficient [45] is found as

CD = 24

Rep
+ 3√

Rep
+ 0.34 (10.18)

Thus, the collisional pressure in Eqn. (10.13) can now be rewritten as

Pc =
{

4

3
· r Dp

CD

}
·
{
ρp

(
ρp

ρ
− 1

)
· ω2 · νF(ν)

}
(10.19)

From equations 10.12 and 10.19, the important parameters for lysis appear to be accel-
eration rate, particle density, angular velocity, and solid volume fraction. The particle size
is excluded from the important influencing parameters here because increasing particle size
conversely creates larger interparticle voids, which will reduce the number of particle col-
lisions with cells squeezed in-between (i.e., the effective impact frequency). The particle
size is expected to be more of an important parameter for the effective impact frequency.
Concerning the volume fraction of particles, it plays a binary role in both the magnitude of
particle interactions and the effective impact frequency. If only the collisional pressure in
Eqn. (10.13) is considered for the inter-particle force, the highest collisional pressure will
lie at the SVF of 0.4 as shown in Fig. 10.12.

The CDs were fabricated using the Polydimethylsiloxane (PDMS) replication tech-
niques described earlier [26]. For the purpose of mechanical cell disruption, an ultra-thick
SU-8 process was developed to fabricate a mold featuring extra high structures (thickness
of a 1mm) so that sufficiently high spaces could be formed in the PDMS for the interacting
beads. The rotating CD platform was completed by sandwiching the micromachined PDMS
sheet between two polycarbonate discs. Fig 10.13 shows a CD with an annulus chamber
designed for cell lysis.

As shown in Fig. 10.14, a custom CD spin-stand is equipped with a motor and an
amplifier/controller to allow for various rotational profiles such as RPM-specified rotation
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FIGURE 10.12. Plot of collisional pressure with respect to solid volume fraction.

and precise positioning. A centrifuge vision system was used to view a sequence of color
images of the area of interest on the CD in real time while it is running and store the captured
frames on a computer.

Periodic granular rimming flow is induced in a partially filled circular chamber by spin-
ning a CD around a horizontal axis of symmetry with high acceleration (e.g., 200 rev/sec2)
and changing rotational directions with a tiny rest period in between (e.g., 150 msec) to

1 mm 

FIGURE 10.13. Microfluidic view of a CD (a) CD with a circular chamber (1mL) (b) SEM photo showing the
side view of inner wall of the chamber.
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FIGURE 10.14. Spin-stand and centrifuge vision system. the CD spin-stand is equipped with a motor (Pacific
Scientific Servo Motor, 9000rpm) and an amplifier/controller (PAC SCI Programmable Servo Drive) to allow
for various rotational profiles such as RPM-specified rotation and precise positioning. The servo drive uses a
graphical user interface program, ToolPAC, to easily configure and program the motor to specific applications.
A microfluidic CD is placed on the aluminum saddle coupled with the motor shaft. The digital video recording
system is composed of: a camera (Basler A301bc, 640 × 480 pixels, 80 fps max., 10× zoom lens mounted), a
strobe light (PerkinElmer MVS-4200, 6µs duration), and a retro-reflective sensor (Banner D10 Expert Fiber-Optic
Sensor). The strobe light with a 100 Hz maximum repetition frequency is employed to reduce blurry images of a
fast moving object.

accumulate a solid-liquid mixture at the bottom of the chamber. The CD makes 3 or 4
revolutions depending on the chosen angular velocity (e.g., 10–20 rev/sec) and returns to
the original position with the same angular velocity and the same number of revolutions—a
typical cycle profile is shown in Fig. 10.15. The CD then runs for hundreds of such cycles
to ensure that a large number of effective particle collisions occur. The angular acceleration
rate is so high that a circumferential particle band begins to be observed in one revolution
corresponding to about 0.1 sec. Fig. 10.16 shows a sequence of flow patterns to illustrate
how a solid-liquid mixture forms into rimming flow.

CHO-K1 (Clontech, CA) was used as a model cell line for mammalian cell lysis. The cell
density was 100,000 cells/mL. Saccharomyces cerevisiae strain TMy16 (MATa trp1- �901
ura3-52 his3-�201 ade2-101 lys2-1 leu1-12 can1-100 GAL+) [46] and Escherichia coli
XL1-Blue (Stratagene, CA) were used for yeast and bacteria lysis. The cell concentration
was measured at O.D600with a spectrophotometer.
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FIGURE 10.15. Schematic rotational profiles for one cycle: A CD ramps up to 20 rev/sec with 200 rev/sec2

making 4 revolutions and spins back to the original position.

(a) (b)

(c) (d)

FIGURE 10.16. Sequential images of flow of a mixture of Zirconia-Silica beads and blue-dyed liquid forming
into circumferential bands (rimming flow): solid volume fraction of 1/3 and angular velocity of 20 rev/sec. The
frames are captured with a continuous pulses generation at a rate of 60 Hz without using the fiber optical sensor.
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The protocol we compared our CD based lysis with will now be described. A volume
of 0.3 mL of Yeast cells (O.D.600 = 2.0) was transferred to a microcentrifuge tube and
centrifuged for 1 minute to pellet the cells. The supernatant was discarded and 200µL of
lysis buffer (1%SDS, 1mM EDTA, 100mM NaCl, 10mM Tris (pH 8), 2% Triton X-100),
phenol-chloroform:isoamyl alcohol and 0.3g of glass beads were added. Using a vortex
placed in the refrigerator, we vortexed the microtube for 5 min. After vortexing we added
200µL of water, briefly mixed manually, spun the tube for 10 more minutes and finally
transferred the top aqueous layer to a new microcentrifuge tube to be analyzed.

CHO-K1 cells were observed by a microscope and photographed before and after CD
spinning to verify the cell disruption. For E. coli and yeast, the amount of DNA extracted
from lysis was measured by PicoGreen Quantitation Kit (Molecular Probes, Eugene, OR)
that exploits an affinity property of PicoGreen reagent to double stranded DNA and its
fluorescence intensity dependence on the dsDNA concentration. The samples were excited at
480 nm and the fluorescence emission intensity measured at 520 nm. The DNA concentration
of each sample was extrapolated from a standard curve of fluorescence emission intensity
versus DNA concentration.

A volume of 0.3 mL Chinese Hamster Ovary (CHO-K1) cells were loaded into a CD
lysis chamber along with 0.25 g of acid-washed glass beads (density of 2.5 g/cc). Two sizes
of glass beads were used, the first is around 106 µm in diameter and the second ranges
from 150 to 212 µm. In the test of the mammalian cells, the two types of beads were
mixed in a 7:3 ratio. A mixture of medium and beads approximately filled the lysis chamber
halfway with a solid volume fraction of 0.33. The CD was then spun up to 10 rev/sec for a
period of 300 cycles. Mammalian cells are, in general, easy to disrupt and thus may not be
the optimal choice to test the important parameters for lysis discussed before, so we only
checked mammalian cell lysing using simple microscopy. A microscope view before and
after spinning the CD in Fig. 10.17 shows that almost all the cells are lysed leaving large
amounts of cell debris.

For E . coli lysis tests, the same glass beads used in the mammalian test were exploited
to study the effect of parameters such as solid volume fractions (SVF) and angular velocity.
The two sizes of glass beads were also mixed at the same ratio (i.e., 7:3). The total volume

200µm0

FIGURE 10.17. Comparison of before (left) and after (right) spinning for mammalian cells. The large spheres
are glass beads and the small semicircular spot (∼10 µm) on the left are CHO-K1. The image on the right shows
cell debris from the lysis of the CHO-K1 cells.



354 JIM V. ZOVAL AND M.J. MADOU

4:1 (15,200)
GL 3:1 (15,200)

GL 2:1 (15,200)
GL

Test #1

Test #2

Test #3

0

5

10

15

20

25

Solid Volume Fraction

D
N

A
(u

g
//m

L
)

E. coli Lysis (OD=2.0)

Test #1
Test #2
Test #3

FIGURE 10.18. Plot of dsDNA concentrations of E . coli lysis with respect to volumetric ratio of solution to glass
beads. The numbers separated by a comma in parenthesis represent angular velocity (rev/sec) and acceleration rate
(rev/sec2). All CDs were spun for a period of 600 cycles. The concentrations for each column were extrapolated
from a standard dsDNA calibration curve.

of a mixture was fixed to 0.45 mL for each volumetric ratio of solution to beads of 2:1,
3:1, and 4:1. A CD was ramped up to 15 rev/sec for the intended spin profile and continued
for 600 cycles. As shown in Fig. 10.18, a higher solid volume fraction resulted in larger
amount of DNA extracted, reaching a maximum at a ratio of 2:1. Above the 2:1 ratio, no
more rimming flow was observed, but the bulk of accumulated beads rotated at the same
speed of the disc, e.g., a solid body rotation resulted instead. We also tested a control CD
containing sample only to determine the contribution of the beads for lysis and verified that
very little DNA was extracted from the control CD.

Yeast constitutes the hardest cell to disrupt among our choice of test cells and was tested
for all specified control parameters to find the contribution of each parameter. For the solid
volume fraction (SVF) test Zirconia-Silica beads (density of 3.7 g/cc) with a particle size
ranging from 150 to 250 µm were exploited at an angular velocity of 20 rev/sec for a period
of 500 cycles. As shown in Fig 10.19(a), the amount of extracted dsDNA increases with
higher solid volume fraction, reaching a peak at 2:1 ratio—the same trend we observed in
the E . coli tests. Additional yeast tests with the 2:1 ratio were performed while varying other
parameters such as acceleration rate, angular velocity, and material density of beads. From
these test sets, those control parameters were compared, in terms of DNA concentration
extracted from lysis, to find the factors contributing the most to cell lysis efficiency. The use
of different beads but of the same size (e.g., glass bead and Zirconia-Silica bead) resulted in
the largest difference in DNA concentration as shown in Fig 10.19(b). Therefore the bead
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FIGURE 10.19. Plot of dsDNA concentrations of yeast lysis (a) With respect to volumetric ratio of solution to
Zirconia-Silica beads and from a common lysis protocol with amount of 0.3 mL (b) For the control parameters
(from left): bead material (density), angular velocity, and acceleration rate. GL and ZS stand for glass bead and
Zirconia-Silica bead, respectively and are of the same size ranging 150 ∼ 250 µm. The numbers separated by a
comma in parenthesis represent angular velocity (rev/sec) and acceleration rate (rev/sec2). A period of 500 cycles
was applied to all test sets for yeast lysis.
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density was concluded to contribute the most to the magnitude of interactions in the present
model followed by angular velocity as the second most important parameter. In practice, the
actual impact velocity is thought to be slower than the terminal settling velocity in Eqn.10.17
due to the fact that a majority of particle impacts may occur within the acceleration period
and thus the particles could not fully developed to their terminal settling velocities for a
intended angular velocity. A common yeast lysis method (see above) used in biological
laboratories was also compared with our model, and its efficiency was found to be a little
higher than our optimally conditioned model as shown in Figure 10.19(a).

We have investigated a mechanical method for rapid cell lysis in the rimming flow
established inside a partially solid-liquid mixture-filled annulus chamber in a microfluidic
CD which rotates around a horizontal axis of rotation. Two types of inter-particle forces are
at play i.e., collision and friction (grinding). These forces simultaneously apply to enhance
the disruption of biological cells in the rapid granular shear flow.

Our experiments identified the relative importance of control parameters such as bead
density, angular frequency, acceleration rate, and solid volume fraction. We concluded
that the most important parameter among them was the bead density followed by angular
velocity. In addition, the experiments showed the dependence of lysis yield on acceleration
rate of a disc, indicating that higher acceleration rate would lead to larger magnitude of
frictional contact of particles. For higher particle concentrations, more cells were disrupted
due to larger inter-particle force as well as increased number of effective impacts. In practice,
a SVF of 0.33 (e.g., 2:1 ratio) was found to be a peak for the maximum lysis efficiency
since the rimming flow was hardly observed beyond it. Moreover, compared to a yeast lysis
method frequently used in biological laboratory, our novel design demonstrated almost
comparable lysis capability without the use of any chemical lysis agent.

We conclude this section with a brief comment that our experiments successfully
demonstrated cell lysis on a CD platform through a mechanical method, and this work
will be an integral part for our long-term goal—automated CD-based sample preparation
platform.

10.5.6. Integrated Nucleic Acid Sample Preparation and PCR Amplification

Nucleic acid analysis is often facilitated by Polymerase Chain Reaction (PCR) and
requires substantial sample preparation that, unless automated, is labor extensive. After
the initial sample preparation step of cell lyses to release the DNA/RNA, a step must be
taken to prevent PCR inhibitors, usually certain proteins such as hemoglobin, from enter-
ing into the PCR thermocyle reaction. This can be done by further purification methods
such as precipitation and centrifugation, solid phase extraction, or by denaturing the in-
hibitory proteins. Finally, the sample must be mixed with the PCR reagents followed by
thermocyling, a process that presents difficulty in a microfluidic environment because of the
relatively high temperatures (up to 95C) required. In a small volume microfluidic reaction
chamber, the liquid will be easily evaporated unless care is taken to prevent vapor from
escaping.

Kellogg et al [22] combine sample preparation with PCR on the CD. The protocol
involves the following steps: (1) mixing raw sample (5 µL of dilute whole bovine blood
or E. coli suspension) with 5µL of 10mM NaOH; (2) heating to 95C for 1–2 minutes (cell
lyses and inhibitory protein denaturization); (3) neutralization of basic lysate by mixing
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FIGURE 10.20. Schematic illustration of the CD microfluidic PCR structure. The center of the disc is above the
figure. The elements are (a) sample, (b) NaOH, (c) tris-HCL, (d) capillary valves, (e) mixing channels, (f) lysis
chamber, (g) tris-HCl holding chamber, (h) neutralization lysate holding chamber, (i) PCR reagents, (j) thermal
cycling chamber, (k) air gap. Fluids loaded in (a), (b), and (c) are driven at a first RPM into reservoirs (g) and (f),
at which time (g) is heated to 95C. The RPM is increased and the fluids are driven into (h). The RPM is increased
and fluids in (h) and (i) flow into (j). On the right, the cross-section shows the disc body (m), air gap (k), sealing
layers (n), heat sink (l), thermoelectric (p), PC-board (q) and thermistor (o). (Micro Total Analysis Systems 2000
c©, Gregory J. Kellogg, Todd E. Arnold, Bruce L. Carvalho, David C. Duffy, Norman F. Sheppard, “Centrifugal

Microfluidics: Applications,” (2000) pp. 239-242, with kind permission of Kluwer Academic Publishers)

with 5µL of 16mM tris-HCl (pH = 7.5); (4) neutralized lysate is mixed with 8–10µL of
liquid PCR reagents and primers of interest; and (5) thermal cycling. The CD fluidic de-
sign is shown schematically in Figure 10.20. Three mixing channels are used in series to
mix small volumes. A spinning “platen” allows control of the temperature by positioning
thermoelectric devices against the appropriate fluidic chambers. The CD contacts the PC
board platen on the spindle of a rotary motor, with the correct angular alignment, which is
connected by a slip ring to stationary power supplies and a temperature controller. Thermo-
couples are used for closed-loop temperature control and air sockets are used as insulators
to isolate heating to reservoirs of interest. The thermoelectric at the PCR chamber both
heats and cools and since the PCR reaction chamber is thin, 0.5mm, fast thermocyling is
achieved. Slew rates of ±2Cs−1 with fluid volumes of 25µL and thermal gradients across
the liquid of 0.5C are reported. It is important to note here that the PCR chambers were
not sealed, vapor generated inside the PCR chamber is condensed on the cooler surfaces of
the connecting microfluidic chamber and since the CD is rotating, the condensed drops are
centrifuged back into the hot PCR chamber. This micro condensation apparatus is unique
for the centrifugal CD platform. Details of the experimental parameters used can be found in
the original reference [22], but to summarized, sample preparation and PCR amplification
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for two types of samples, whole blood and E. coli, was demonstrated on the CD platform
and shown to be comparable to conventional methods.

10.5.7. Sample Preparation for MALDI MS Analysis

MALDI MS peptide mapping is a commonly used method for protein identification.
Correct identification and highly sensitive MS analysis require careful sample preparation.
Manual sample preparation is quite tedious, time consuming, and can introduce errors
common to multi-step pippetting. MALDI MS sample preparation protocols employ a
protein digest followed by sample concentration, purification, and recrystallization with
minimal loss of protein. Automation of the sample preparation process, without sample
loss or contamination, has been enabled on the CD platform by the Gyrolab MALDI SP1
CD and the Gyrolab Workstation (Gyros AB, Sweden) [20].

The Gyrolab MALDI SP1 sample preparation CD will process up to 96 samples si-
multaneously using separate microfluidic structures. Protein digest from gels or solutions
are concentrated, desalted, and eluted with matrix onto a MALDI target area. The CD is
then transferred to a MALDI instrument for analysis without the need for further transfer
to a separate target plate. The CD fluidic structure contains functions for common reagent
distribution, volume definition (metering), valving, reverse phase column (RPC) for con-
centration and desalting, washing, and target areas for external calibrants. Figure 10.21

Common Channel

Volume definition, wash
and eluent solutions

Hydrophobic Break

Sample Chamber

RPC Column

Conductive MALDI Target
External Calibrant Area

Inlet

FIGURE 10.21. Image of Gyrolab MALDI SP1 sample preparation CD. The protein digest samples are loaded
into the sample reservoir (see inset) by capillary action. Upon rotation, the sample passes through the RPC column.
The peptides are bound to the column and the liquid goes out of the system into the waste. A wash buffer is loaded
into the common distribution channel and volume definition chamber. The disc is rotated at a PRM that will empty
the common distribution channel but not allow the wash solution to pass through the hydrophobic zone. A further
increase of the RPM allows the well defined volume of wash solution to pass the hydrophobic break and wash the
RPC column then be discarded as waste. Next, a well defined volume of the elution/matrix solution is loaded and
passed through the column, taking the peptides to the MALDI target zone. The flow rate is controlled to optimize
the evaporation of the solvent crystallization of the protein and matrix at the target zone. (With kind permission;
Application Report 101, Gyrolab MALDA SP1, Gyros AB, Uppsala, Sweden)
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shows the Gyrolab MALDI SP1 sample preparation CD. The CDs are loaded with reagents
and processed in a completely automated, custom workstation capable of holding up to
5 microtiter plates containing samples and reagents and up to 5 CD micro-laboratories.
The reagents are taken from the microplates to the CD inlets using a precision robotic arm
fitted with multiple needles, the liquid is drawn into specific inlets by capillary forces, and
then the needles are cleaned by rinsing at a wash station. Samples are applied in aliquots
from 200nl up to 5µl sequentially to each channel where it is contained using hydrophobic
surface valves. The CD is then rotated, at an optimized rate, causing the sample to flow
through an imbedded reverse phase chromatography column and liquid that passes through
the column is collected in a waste container. Controlling the angular velocity dependent
liquid flow rate maximizes protein binding to the column. A wash solution is introduced, by
capillary action, into common distribution channels connected to groups of microstructures.
The wash solution fills a volume definition chamber (200nl) until it reaches a hydrophobic
valve and the CD is rotated to clear the excess liquid in the distribution channel. Not until
the rotational velocity is further increased is the defined wash volume able to pass through
the hydrophobic valve and into the RPC column (SOURCETM15 RPC). The peptides are
eluted from the column and directly on to the MALDI target area using a solution that
contains α-cyano-4-hydroxycinnamic acid and acetonitrile using the same common distri-
bution channel and defined volume as the previous wash step. Optimization of rotational
velocity during elution enables maximum recovery and balances the rate of elution with the
rate of solvent evaporation from the target surface. Areas in and around the targets are gold
plated to prevent charging of the surface that would cause spectral mass shift and ensures
uniform field strength. Well-defined matrix/peptide crystals form in the CD MALDI tar-
get area. Gyros reports high reproducibility, high sensitivity, and improved performances
when compared to conventional pipette tip technologies. Data was shown that includes:
comparison of 23 identical samples, processed in parallel on the same CD, from a BSA
tryptic digest and analysis of identical samples processed on different CDs, run on different
days. Sensitivities were shown in the attomole to femtomole range indicating the ability for
identification of low abundance proteins. The report attributed the superior performance of
this platform to pretreatment of the CD surface to minimized non-specific adsorption of
peptides, reproducible wash volume and flow, and reproducible elution (volume, flow, and
evaporation) and crystallization.

10.5.8. Modified Commercial CD/DVD Drives in Analytical Measurements

The commercial CD/DVD drive, commonly used for data storage and retrieval, can be
thought of as a laser scanning imager. The CD drive retrieves optically generated electrical
signals from the reflection of a highly focused laser light (spot size: full width at half
maximum ∼1µm), from a 1.2 mm thick polycarbonate disc that contains a spiral optical
track feature. The track is fabricated by injection molding and is composed of a series of
pits that are 1–4 µm long, 0.15 µm deep, and about 0.5 µm wide. The upper surface of a
CD is made reflective by gold or aluminum metallization and protected with a thin plastic
coating. Information is generated, as the focused laser follows the spiral track, by converting
the reflected light signal into digital information. A flat surface gives a value of zero, an
edge of a pit gives a value of one. The data is retrieved at a constant acquisition rate and the
serial values (0/1) are converted to data of different kinds for various applications (music,



360 JIM V. ZOVAL AND M.J. MADOU

data, etc . . .). In addition to the code generated by the spacing of the pits, optical signals
necessary for focusing, laser tracking of the spiral track, and radial position determination
of the read head are monitored and used in feedback loops for proper CD operation. The
laser is scanned in a radial direction toward the outer diameter of the disc with an elaborate
servo that maintains both lateral tracking and vertical focusing.

Researchers [47, 48] have taken advantage of this low-cost, high-resolution optical
platform in analytical DNA array applications. Barathur et al [47] from Burstein Technolo-
gies (Irvine, CA), for example, have modified the normal CD drive for use as a sophisticated
laser-scanning microscope for analysis of a Bio Compact DiskTMassay, where all analysis
is carried out in microfluidic chambers on the CD. The assay is carried out concurrently
with the normal optical scanning capabilities of a regular CD drive. The authors report on
the application of this device for DNA micro spot-array hybridization assays and comment
on its use in other diagnostic and clinical research applications. For the DNA spot-array
application, arrays of capture probes for specific DNA sequences are immobilized on the
surface of the CD in microfluidic chambers. Sample preparation and multiplexed PCR,
using biotinylated primers, are carried out off-disc, then the biotinylated amplicons are
introduced into the array chamber and hybridization occurs if amplicons with the correct
sequence are present. Hybridization detection is achieved by monitoring the optical sig-
nal from the CD photo detector, while the CD is rotating. To generate an optical signal
when hybridization has occurred a reporter is used, for the Bio Compact DiskTMassay the
reporter is a streptavidin labeled microsphere that will bind only to the array spots which
have successfully captured biotinylated amplicons. The unbound microsphere reporters are
removed from the array using simple centrifugation and no further rinsing is needed. As the
laser is scanned across the CD surface, the microparticle scatters light that would have nor-
mally been reflected to the photodetector resulting in less light on the detector (bright field
microscopy) and a distinctive electronic signal is generated. The electronic signal intensity
data can be stored in memory then de-convoluted into an image. A 1 cm2 micro-array can
be scanned in 20–30 seconds with a data reduction time of 5 minutes and custom algo-
rithms that perform the interpretations in real time. Data was shown for identification of
three different species of the Brucella coccobacilli on the CD platform. Human infection
occurs by transmission from animals by ingestion of infected food products, contact with
an infected animal, or inhalation of aerosols. Multiplex PCR-amplified DNA from all three
species (common forward primers and specific reverse primers resulting in amplicons of
different length for various species, were used for verification of PCR on external gels) were
incubated on arrays with species-specific capture probes. Removal of one of the species in
the sample resulted in no probes present on that specific array spot verifying the specificity
of the assay.

Alexandre et al [48] at Advanced Array Technology (Namur, Belgium), utilize the inner
diameter area of a CD and standard servo optics for numerical information and operational
control and employ a second scanning laser system to image DNA arrays on transparent
surfaces at the outer perimeter of a CD. The second laser system, consisting of a laser diode
module that illuminates a 50 micron spot on the CD surface, is scanned radially at a constant
linear velocity of 20mm/min while the CD is rotating. Each CD contains 15 arrays arranged
in a single ring on the CD perimeter that extends in the radial direction for 15mm. The
arrays are rectangular and consist of 4 rows and 11 columns of 300µm spots. The normal
CD servo optics are located below the disc and the added imaging optics are above the
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disc. A photodiode head follows the imaging laser and the refracted light intensity is stored
digitally at a high sampling rate. An image of each array on the disc is reconstructed by de-
convolution of the light intensity data. The entire CD can be scanned in less than one minute
producing a total of 6 MB of information. Sample preparation and PCR amplification was
carried out off-disc. Specific DNA capture probes were spotted on the surface of the CD
using a custom arrayer that transfers the probes from a multi-well plate on to the surface of
up to 12 discs using a robotic arm. Biotinylated amplicons are introduced on to the array
chambers (one chamber for each array) and hybridization occurs if amplicons with the
correct sequence are present. In order to get an optical signal that can be detected, after a
rinse step, a solution of streptavidin labeled colloidal gold particles is applied to the array
followed by a Silver Blue solution (AAT, Namur, Belgium). The silver solution causes silver
metal to grow on the gold particles thereby making the hybridization-positive micro array
spots refractive to the incident laser light. Results were shown for the detection of the 5
most common species of Staphylococci and an antibiotic resistant strain. The fem A and mec
A genes of the various species of Staphylococci were amplified by primers common to all
Staphylococci species then hybridized to a micro array containing spots with probes specific
for the different Staphylococci species. The array also included a capture probe for the genus
Staphylococci and a probe for the mec A gene that is associated with methicillin resistance
of the Staphylococci species. The results were digitized and quantified with software that
is part of the custom Bio-CDTMworkstation. Signal to noise ratios were above 50 for all
positive signals.

CONCLUSION

In comparing miniaturized centrifugal fluidic platforms to other available micro fluid
propulsion methods we have demonstrated how CD based centrifugal methods are advanta-
geous in many analytical situations because of their versatility in handling a wide variety of
sample types, ability to gate the flow of liquids (valving), simple rotational motor require-
ments, ease and economic fabrication methods, and large range of flow rates attainable.
Most analytical functions required for a lab-on-a-disc, including; metering, dilution, mix-
ing, calibration, separation, etc. have all been successfully demonstrated in the laboratory.
Moreover, the possibility of maintaining simultaneous and identical flow rates, to perform
identical volume additions, to establish identical incubation times, mixing dynamics, and
detection in a multitude of parallel CD assay elements makes the CD an attractive platform
for multiple parallel assays. The platform has been commercialized by Tecan Boston for
high throughput screening (HTS) [4], by Gyros AB for sample preparation techniques for
MALDI [20] and by Abaxis (in a somewhat larger and less integrated rotor format com-
pared to the CD format) for human and veterinary diagnostic blood analysis [5]. The Abaxis
system for human and veterinary medicine uses only dry reagents, but for many diagnostic
assays, requiring more fluidic steps, there are severe limitations in progressing toward the
“lab-on-a-disc” goal as liquid storage on the disc becomes necessary. In high throughput
screening (HTS) situations, the CD platform is being coupled to automated liquid reagent
loading systems and no liquids/reagents need to be stored on the disc. The latter made the
commercial introduction of the CD platform for HTS somewhat simpler [4, 20, 48]. There
is an urgent need though for the development of methods for long term reagent storage
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that incorporate both liquid and vapor barriers to enable the introduction of lab-on-a-disc
platforms for a wide variety of fast diagnostic tests. One possible solution to this problem
involves the use of lyophilized reagents with common hydration reservoir feeds, but the
issue in this situation becomes the speed of the test as the time required for re-dissolving
the lyophilized reagents is often substantial.

The CD platform is easily adapted to optical detection methods because it is manufac-
tured with high optical quality plastics enabling absorption, fluorescence, and microscopy
techniques. Additionally, the technology developed by the optical disc industry is being
used to image the CD at the micron resolution and move to DVD and HD DVD will allow
sub micron resolution. The latter evolution will continue to open up new applications for the
CD based fluid platform. Whereas today the CD fluidic platform may be considered a smart
micro-centrifuge, we believe that in the future the integration of fluidics and informatics on
the DVD and high definition (HD) DVD may lead to a merging of informatics and fluidics
on the same disc. One can then envision making very sharp images of the bacteria under
test and correlate both test and images with library data on the disc.
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Sequencing the Human Genome:
A Historical Perspective on
Challenges for Systems Integration

Lee Rowen
Multimegabase Sequencing Center, Institute for Systems Biology, 1441 N. 34th Street,
Seattle WA 98103

11.1. OVERVIEW

The sequence of the human genome was declared finished on April 14, 20031. Analyses
have been published in the journal Nature for chromosomes 6, 7, 14, 20, 21, 22 and Y, with the
other chromosomes to follow in 2004. Although the Human Genome Project officially began
in 1990, most of the publicly accessible sequence data were produced by 20 genome centers
in six countries between 1999 and 2002. This group of centers, called the International
Human Genome Sequencing Consortium, coordinated their mapping and sequencing efforts
and freely shared materials, data and procedures [23]. The International Consortium in turn
was supported by a network of funding agency program directors, database managers,
resource providers, instrumentation/protocol developers, and conference organizers. In all,
several thousand people made sure that the human genome got sequenced, and the world is
rightly celebrating their accomplishment.

This being said, it is unlikely that anyone would claim that the effort to obtain a
complete sequence of the human genome was efficient. Genomes are being sequenced now
at significantly lower cost and higher efficiency thanks to strategies that matured during
the course of the human genome project. Efficiency is possible when the requirements
for coordination of personnel are low; techniques are robust, automated, and scaleable;

1 See “International consortium completes human genome project” http://www.genome.gov/11006929.
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and the integration of cost-effective procedures into a high-throughput and streamlined
system has already been achieved. When the project began in 1990, however, the most cost-
effective paths to a finished sequence of the human genome were unclear and remained to
be determined.

The following historical perspective on how the human genome got sequenced is “in-
ternal,” meaning that it is written from a participant’s point of view. As the coordinator of
a mid-sized genome center, the author personally experienced many of the developments
that occurred during the course of the human genome project from 1990 to 2003. Like
any good story now passing into legend, there are different ways to tell the tale, and there
may not be universal agreement on what really happened in terms of facts and rationales
for decisions. As for heroes and villains, it is this author’s charitable belief that the many
characters engaged in the sequencing of the human genome were doing the best they could
as they navigated the technological and political twists and turns of the undertaking. The
story’s ultimate moral is that the genome project embodies a triumph of the human spirit
along with a testimony to technological ingenuity and persistence.

In order to provide background for a subsequent discussion of the issues faced by the
International Consortium, this review begins with a generic description of the approach used
to sequence the human genome. A discussion of specific challenges for systems integration
follows, using examples from various phases of the effort. Finally, a brief retrospective
consideration of lessons learned that might be applicable to other large-scale technology
development endeavors is offered.

11.2. APPROACHES USED TO SEQUENCE THE HUMAN GENOME

11.2.1. Overview

Looking at the big picture, the overarching design for sequencing the human genome en-
tailed dividing individual donors’ genomic DNA (genomes) into manageable pieces (cloned
genomic inserts; source clones), determining the sequences of the pieces (sequence reads;
contigs; source clone sequences), and then reconstructing the sequence of an entire rep-
resentative human genome from the sequences of overlapping pieces (overlapping source
clone sequences), creating at the end one master sequence for each of the 24 chromo-
somes (Figure 11.1). The International Consortium used a hierarchical sequencing strategy
whereby the genome was fragmented into source clones around 150 kilobases (kb) in size
which were sequenced using a set of procedures to be described below [23]. The privately
funded genome project led by Celera Genomics fragmented the genome into smaller 2 kb,
10 kb, and 50 kb cloned inserts and the overall sequence was assembled from sequence
reads derived from the two ends of the cloned inserts using a “whole genome shotgun”
approach [48]. For reasons of space, this review primarily covers the strategies used by the
publicly funded human genome project.

In the hierarchical approach, the acquisition of sequence data encompassed four major
processes:

� mapping–determining the chromosomal location of source clones;
� sequencing–obtaining raw sequence data for source clones;
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........gggctctcagagcatactactacagctacgacatacagcatac........

A.

B.

C.

genomic DNA

source clone DNA

source clone sequence

ctacgacatacagcatactttgcgcgctactacgacatacagactac......
........gggctctcagagcatactactacagctacgacatacagcatac........D.

overlapping source clone sequences

........gggctctcagagcatactactacagctacgacatacagcatactttgcgcgctactacgacatacagactac......E.

chromosome sequence

DNA fragmentation and
subcloning into suitable
source clone vector

FIGURE 11.1. Strategy for sequencing the human genome. A. Total genomic DNA is obtained from the sperm
or cells of an individual, fragmented, subcloned into a suitable cloning vector, and stored as libraries of random
source clones. B. A source clone is chosen for sequencing and, C, the sequence of a source clone is obtained.
D. Overlapping source clone sequences are identified and, E, merged to create a chromosomal sequence.

� assembly–reconstructing sequences of source clones from raw sequence data and the
sequences of chromosomes from source clone sequences;

� finishing–filling gaps, resolving assembly errors, obtaining high quality contiguous
sequence over long stretches of genomic terrain.
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While the substrate for mapping and sequencing was a source clone (to be described further
below), assembly and finishing pertained both to source clones, that is, to small ∼150
kb pieces of the genome, and to chromosomes, whose sequences were constructed by the
merging of overlapping source clone sequences (Figure 11.1).

Systems integration pertains to the overall coordination of the mapping, sequencing,
assembling and finishing of the genome, to the organization of the component steps for
each of these processes, and to the various quality controls, validation procedures, and
feedback mechanisms that ensured accuracy in the final product. In the initial stages of the
project (1990–1996), systems integration focussed primarily on procedures for sequencing
source clones, with an effort to maximize efficiency and throughput. Here, the “pipeline”
analogy prevailed. The idea is that fluid flows smoothly from point A to point B when things
are working properly and leaks, blockages, backflows or diversions disrupt the flow and,
therefore, must be anticipated, attended to or prevented. In the later stages (2000–2003),
the focus shifted to finishing a representative sequence for each human chromosome. The
systems integration analogy at work in building chromosome sequences out of source clone
sequences was more like conducting a symphony orchestra. Immense coordination and
cooperation among the sequence centers was required to turn cacophony into glorious music.

11.2.2. Strategy Used for Sequencing Source Clones

Figure 11.2 summarizes the four major processes through which samples pertaining
to source clones “flowed” in the genome sequencing “pipeline.” The samples are of three
types: biological/chemical materials (clones, DNA templates, sequencing reactions), im-
ages (fingerprint patterns, dye peaks) and words (strings of A,G,C,T representing DNA
sequences). These three data types challenged prevailing procedures for acquiring, storing,
accessing, analyzing and sharing data throughout the course of the human genome project.
Because of the scale involved, integrating the various processes of data acquisition put
significant pressure on the laboratory information management systems in place at each
genome center.

11.2.2.1. Mapping (Source Clone Acquisition) In terms of source material for se-
quencing, the starting point for the publicly funded genome centers was not the genome-as-
a-whole, as with the Celera effort, but rather pieces of representative genomes embedded
in large-insert cloning vectors that enable propagation of the cloned insert in the bacterium
Escherichia coli. Use of cloning vectors was required for the physical isolation of pieces of
chromosomal DNA in a quantity sufficient for sequencing. Prior to 1995, cosmid vectors,
which hold an average insert size of about 40 kilobases (kb), were typically used. After
1995, cosmids were replaced by PACs (P1 artificial chromosomes), which hold inserts
around 80 kb [24], and then BACs (bacterial artificial chromosomes), which hold inserts
up to about 250 kb [36, 43]. Given a human genome size of 3 gigabases, it would require
20,000 BAC clones with an average insert size of 150 kb to cover the entire genome once if
they were laid end-to-end. Since genomic inserts are generated by semi-random processes,
ensuring adequate clone coverage of the entire genome required the construction of clone
libraries containing several “genome equivalents” of DNA inserts [8]. These clone libraries
consisted of several hundred 384-well plates of frozen bacterial cultures from which any
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Mapping

Sequence-ready large-insert source clone

Sequencing

Sequence reads derived from clone fragments

Assembly

Contiguous stretches of sequence ("contigs")

Finishing

Complete and accurate sequence of the source clone

Genetic marker identification
Source clone library screening
Fingerprinting and/or End sequencing
Fluorescence in situ hybridization (used for validation)

DNA extraction from source clone
Shotgun library construction
DNA template preparation
Sequencing reactions
Machine loading and detection
Base-calling

Pairwise alignments
Determining best overlaps
Building contigs

Gap-filling
Resolution of low-quality regions
Validation

Genome Sequencing Pipeline

FIGURE 11.2. Processing of samples through the genome sequencing pipeline. Each box represents the output
of an overall process (arrow) that entailed several steps (see text).

individual large-insert clone could be propagated, once its clone ID and plate address were
determined.

Retrieving sequence-ready clones from a clone library was easy: one could buy a copy of
the library for several thousand dollars or order individual clones from a distributor. Figuring
out which clones to retrieve, however, was non-trivial. During the mid-90s, genome centers
claimed entire chromosomes or portions of chromosomes for their sequencing targets.
Regional sequencing required centers to identify large-insert clones containing genomic
DNA from their chosen territory and not some other center’s real estate: thus a need for
physical mapping. In physical mapping, information is obtained from the DNA insert of a
source clone that allows inferences to be made about chromosomal location.

The major strategies employed for mapping source clones prior to sequencing include:

� Library screening: Genetic markers, which are short stretches of sequence known to
map to a specific chromosomal position, are used to make probes for finding matching
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sequences among the human genomic inserts in the clone library. This is done by
hybridizing the probe to filters onto which a tiny amount of DNA from each of the
clones in the library has been spotted in a known location. Matches between the
probe and the filter are detected as small black circles on a film. From the position of
the “positive” clones, the library addresses are “read” from the film using a location
schema provided by the library manufacturer. Clone candidates are then retrieved
from the library and retested with the probe to ensure that the genetic marker of
interest is present. The overall screening process starting from probe design and
ending with clone validation generally required at least a couple of weeks. Screens
could be multiplexed (i.e., several probes combined into one hybridization) and the
positive clones sorted into clusters at the validation stage.

� Restriction digest fingerprinting: Restriction enzymes (enzymes that cut DNA when-
ever they encounter a specific short recognition sequence such as AAGCTT) are
used to generate “fingerprints.” Fingerprints are distinctive patterns of DNA frag-
ment sizes that reflect the frequency of the enzyme’s recognition sequence in the
region of interest. After restriction enzyme digestion of the DNA of a source clone,
the fragments are separated according to size using agarose gel electrophoresis.
Overlap between clones is inferred from a subset of shared fragment sizes. While
this approach in and of itself does not point to chromosome location, it is used to
determine the order of clones in a cluster—if any one clone in an ordered cluster is
positioned on a chromosome, then the chromosomal position of the whole cluster is
known.

� Clone insert end sequencing: Obtaining short sequence reads (∼500 bases) from
each of the two vector-insert joints of a clone, and looking for sequence matches
with already-sequenced clones or known markers. End sequence matches allow more
precise positioning of overlapping clones, so long as one of the clones has already
been sequenced.

� Fluorescence in situ hybridization (FISH): Labeling a large-insert clone with dye and
hybridizing it to a metaphase chromosome spread and seeing which chromosomal
band lights up under a microscope. This method was used primarily for validating a
chromosomal location inferred from other mapping procedures [2]. The procedure
is slow and requires a skilled technician to interpret the results.

Most genome centers or their mapping collaborators initially employed some variation
of the following mapping strategy (Figure 11.3). After performing a round of library screen-
ing and identifying a cluster of clones containing a genetic marker of interest, one of the
clones, called a “seed,” would be sequenced. From unique sequence at the ends of the seed
clone insert, new probes for screening were designed for the purpose of procuring a new
batch of clones that would overlap the seed clone. Because the average distance between
mapped genetic markers was greater than the average length of the clone insert, multiple
probes were necessary for obtaining contiguous clone coverage of a megabase-sized region.
Long stretches of overlapping clones and clone sequences were thereby obtained through
an iterative screen-sequence-screen-sequence approach. Local fingerprinting and end se-
quencing were used to make the ordering of the clones in a cluster or region precise. In order
to generate a steady supply of mapped clones for sequencing, multiple library screenings
had to be done in parallel.
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FIGURE 11.3. Construction of tiling paths. A. Clusters of clones (grey boxes) are identified from a screen of
a BAC library using markers from human chromosome 15. One of the clones in each cluster is then sequenced
(seed clone). From the sequences of the seed clones, new probes for screening are designed (small black boxes)
and new clusters of overlapping BACs identified (blank boxes), one of which is sequenced (extending clone). The
extent of overlaps are estimated using either BAC end sequencing (arrows, hatched boxes) or restriction digest
fingerprinting. B. Regional tiling paths are generated from minimally overlapping clones. C. The sequences of the
overlapping seed and extending clones are merged. An even longer sequence would be produced after determining
the sequence of the clone joining the two clusters.

As the sequencing phase of the genome project scaled up in the mid to late ‘90s, it
became patently clear that the slow and laborious library screening approach could not
supply enough mapped clones to feed the machines, and that large-scale and centralized
resources for mapping were required [38, 47]. Between 1997 and 1999, the University of
Washington and The Institute for Genomic Research generated BAC end sequences from
several thousand clones in two BAC libraries–RPCI11 and Caltech D [26, 51]. With the BAC
end sequence resource in hand, clones with minimal overlaps to sequenced BACs could
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be identified by searching the genome sequence sampling database in GenBank for unique
matches to BAC ends. In an independent effort, Washington University at St. Louis built a
mapping resource by fingerprinting thousands of BACs from the same two libraries [22, 27].
When large numbers of fingerprinted BACs became available in 1999–2000, clones could
be clustered by fragment patterns, and their approximate order within the cluster inferred.
Because the method is imprecise, a highly redundant supply of fingerprinted clones was
required for distinguishing true from spurious overlaps.

Use of a combination of mapping procedures enabled genome centers to construct
“tiling paths,” that is, ordered arrays of clones containing inserts from overlapping portions
of the genome (Figure 11.3). From these tiling paths, long stretches of chromosomal se-
quence were reconstructed by merging the sequences of overlapping clones in the tiling path.

Even though mapping procedures were slow, labor-intensive, and tedious, they usually
worked. Some problems did on occasion occur:

� The genetic marker used for a library screen turned out to map to the wrong chromo-
some or to more than one chromosome. This problem could be detected by genome
centers fortunate enough to have in-house FISH capacity.

� Library screens, or searches of the centralized mapping resources, yielded no positive
clones, thereby leaving gaps in the chromosomal tiling path.

� Mapping data based on fingerprints and end sequences gave conflicting results, mean-
ing that the region of interest in the genome was duplicated, or was significantly
different among individuals due to polymorphic variations.

Resolution, or attempts at resolution, of these problems generally occurred late in the game
for the genome project, i.e., after year 2000.

11.2.2.2. Sequencing (Accumulation of Sequence Reads) As will be discussed later
in this review, there were heated debates in the early ‘90s over sequencing strategies, yet by
about 1995, the approach called “shotgun sequencing” [10] had become widely accepted.
As the size of clonable genomic inserts increased (e.g., from 35 kb cosmids to 150 kb
BACs), the ratio between obtainable sequence read length (only about 400 to 1000 bases)
and clone insert length decreased, meaning that large numbers of overlapping sequence
reads were required to reconstruct a contiguous and accurate sequence of a source clone.
In shotgun sequencing, a source clone is fragmented such that positional information of the
fragments is lost, and only regained after assembly of the sequence reads generated from
the subcloned fragments (Figure 11.4). The “shotgun” analogy is that prior to assembly,
sequence reads splatter across a virtual consensus sequence of the source clone. Randomly
generated fragments sufficient to cover the source clone many times over must be sequenced
in order to ensure adequate coverage from the overlapping reads (redundancy).

Most genome centers used variations of the following generic procedures for generating
the shotgun sequence reads from a source clone [39].

� Source clone DNA preparation: Preparing DNA from mapped cosmid, PAC, or BAC
clones with a minimal amount of contaminating E. coli chromosomal DNA.

� Fragmentation: Randomly shearing the source clone DNA into short fragments using
sonication, nebulization, or mechanical shearing by passage through a needle at high
pressure.
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FIGURE 11.4. Strategy for shotgun sequencing. A source clone is fragmented, and the fragments of an optimal
size range are subcloned into a phage or plasmid vector. After preparation of DNA from the subclones, ∼500
base sequence reads are generated from one or both ends of the insert, and assembled using pairwise alignments
to generate contigs. Gaps between contigs and low quality regions are resolved by obtaining additional sequence
(finishing reads), after which a high quality consensus sequence for the source clone is determined from the best
set of reads.

� Size selection: Purifying fragments of an optimal size range (usually 1.5–4 kb) suit-
able for subcloning and sequencing.

� Subcloning: Ligating fragments into viral (phage M13) vector or a plasmid (typically
pUC18) vector, and transforming the ligation mixture into E coli to generate single
recombinant plaques or colonies, each harboring a subclone containing a fragment
of the source clone.

� Template DNA preparation: Isolating the recombinant plasmid or viral DNA from a
single plaque or colony culture of E. coli.

� Sequencing: Performing sequencing reactions on the purified template DNA using
premixes of primer (required for DNA replication), deoxynucleoside triphosphate
(dNTP) substrates (DNA building blocks), dideoxynucleoside triphosphate substrates
(ddNTPs) to terminate DNA replication at random locations, buffers, and a suitable
DNA polymerase [42]. Primers are designed to be complementary to a portion of the
cloning vector sequence several bases short of the vector-insert joint, so that the same
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universal primer can capture the unique sequences of the inserts. Fluorescent dyes
used to detect the order of nucleotides (bases) are attached either to the universal
primer (“dye primer sequencing”) or to the dideoxynucleoside triphosphates (“dye
terminator sequencing”). In the sequencing reactions, a mixture of molecular copies
of the DNA template is generated in which subsets of the mixture have terminated at
each nucleotide position in the original template. Once a ddNTP is used as a building
block instead of a dNTP the polymerase cannot incorporate additional bases onto
that molecular chain of DNA (hence “termination”). As a result of the random incor-
poration of ddNTPs, the completed sequencing reaction mixture contains a nested
set of molecules with lengths corresponding to the distance between the universal
primer and each base position in the insert sequence. After 1990, sequencing re-
actions were usually performed in automated thermocycler machines in a 96-well
format.

� Detection: Using electrophoresis to separate the mixture of molecules based on their
size, and lasers to detect the incorporated fluorescent dye as the molecules of a
given size pass by the detector. Gel electrophoresis, used in the early days of the
project (1990–1998), was supplanted by capillary electrophoresis in the later stages
(1998–2003). Electrophoresis and detection were performed with automated fluo-
rescent DNA sequencers. The most commonly used commercial machines were the
Applied Biosystems 373A (1990–1996), 377 (1995–1999), 3700 (1998–2002) and
3730 (2002-present), and the Molecular Dynamics/Amersham MegaBACE 1000 and
4000 capillary sequencers (1998–present).

� Base-calling: Using software to translate the dye peaks in gel or capillary images into
the corresponding bases, relying upon signal-to-noise ratios and peak spacing to make
the proper call. When gel electrophoresis was used, adjacent lanes of dye peaks had
to be properly delineated prior to running the base-calling program. Because of cross-
over mistakes, the automated lane-tracking output usually needed to be tweaked by
a technician using a manual override function of the software. Retracking a 96-lane
gel image could take up to an hour.

� Data curation: Copying files of base-called reads to a suitable project directory per-
taining to the source clone being sequenced.

Typically, genome centers used automated procedures with varying degrees of sophis-
tication for subclone DNA template preparation, sequencing reaction set-up, sequencing,
detection, and base-calling. However, the initial steps of source clone DNA preparation and
shotgun library construction (fragmentation, size selection, and subcloning) were hands-on,
fussy, and frequently caused difficulties due to irreproducible or non-robust protocols. The
following intermittent problems were the bane of a shotgun library construction manager’s
existence:

� Non-random fragmentation of the source clone;
� Low yield in the ligation/transformation step;
� Large amounts of contaminating E. coli sequence;
� A recombinant “clone from hell” contaminating a ligation or transformation reagent

such that a high percentage of the clones in the shotgun library would have the same
sequence;
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FIGURE 11.5. Fluctuations in data quality. Each dot represents an average of Phred quality scores for all reads
on all machines at the Multimegabase Sequencing Center (courtesy of Scott Bloom). Quality improved with a
change in sequencing reaction precipitation procedure (June, 2001), and a switch from the ABI 3700 to the 3730
sequencer (September, 2003).

� Libraries made from a “wrong” clone due to erroneous mapping information or a
mistake in source clone retrieval from the clone library or a deletion of part of the
insert DNA during growth of the source clone.

To detect these potential problems, a small test set of 96 reads would usually be obtained
before committing to sequence a given shotgun library at high redundancy. The test set of
sequence reads was also useful for verifying the map position of the source clone and for
staking a claim to a chromosomal region, as will be discussed below.

Although the sequencing and detection steps were straightforward and amenable to
high-throughput, multiple things could go wrong such as impure DNA templates, reagents
going “bad”, low or noisy signal in the detection of the fluorescent dyes, streaky gels, blank
lanes, machine breakdown, sample-tracking errors, computer disk failure and the like.
Thus, consistently generating high quality sequence data was difficult due to the plethora
of variables in the system (Figure 11.5).

Moreover, managing the data, equipment and personnel was a perpetual juggling act.
Centers were constantly recruiting and training technicians because employees would tire of
boring, repetitive work and quit or transfer to a different part of the project. Some problems
simply could not be anticipated or controlled. When Rick Wilson, the highly successful
director of sequencing at the Washington University of St Louis genome center was queried
as to his biggest challenge for data generation, he immediately responded with “romances in
the lab.” At Whitehead, one of the biggest problems was alleged to be handling the trash. At
the Multimegabase Sequencing Center, the laboratory changed institutions twice (Caltech
to University of Washington to Institute for Systems Biology) and moved five times over
the course of 10 years.

11.2.2.3. Assembly In shotgun sequencing, a “consensus” sequence is constructed
from the sequences of overlapping reads derived from randomly generated fragments of the
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source clone. In rare cases, there are sufficient data among the shotgun reads to reconstruct
a completely contiguous and accurate sequence of the source clone. More typically, there
are i) gaps, meaning that no overlapping reads exist for a portion of the source clone or
there are ii) regions of low quality sequence insufficient to determine a clear consensus or
there are iii) misassembled reads, that is, reads that appear to overlap but in actuality do not,
because they derive from non-adjacent portions of the source clone. Resolution of these
problems is left to “finishing” (see below).

Prior to sequencing and assembly, a determination is made regarding the number of
reads to collect for a given source clone. The number might take into account the size of
the insert, the desired redundancy of coverage, the average read length, the expected failure
frequency, and the constraints of sample processing. For example, a genome center with a
10% read failure frequency, a target effective redundancy of 8, and an average read length
of 650 bases would need to generate 13.5 reads per kilobase of source clone. A 150 kb BAC
would require 2025 reads, or approximately five 384-well plates or twenty-one 96-well
plates of sequencing reactions. To make it simple, such a center might assume that the
average BAC size is 170 kb and sequence six 384-well plates for all the source clones that
go through the system rather than attempt a tailored read number determination for each
clone.

In the earlier days of the genome project, assembly was typically done starting with a
random sequence read to which another random read was compared. If a sequence overlap
was detected within the predetermined parameters of the assembly program (e.g., X percent
identity over Y length of alignment) then the reads were combined to form a contig. If no
overlap was detected, then each of the two reads formed a separate contig. The process of
adding reads to pre-existing contigs or forming new contigs was repeated until all of the
reads had been added. Because the sequence matches between overlapping reads were often
not perfect, consensus was determined by majority rule or, if there was no majority, then the
ambiguity was recorded in the consensus by a letter other than A, C, G, or T (e.g., according
to the IUPAC nomenclature convention, M meant either A or C, R meant either A or G, etc.).
In a phenomenon known as “consensus rot,” errors and ambiguities hindered the ability to
detect and assemble truly overlapping reads, with the result that a large number of relatively
small contigs would result from the set of assembled reads, even at fairly high redundancy
of coverage. This problem was partially ameliorated by truncating the length of sequencing
reads so as to include only the “good” portions of the read.

In 1995, Phil Green at the University of Washington engineered a more effective strategy
for assembly called “Phrap” (Phil’s Revised Assembly Program)2. The first step involved
calling the bases in such a way that quality scores could be associated with each base [15].
That is, the chromatogram generated by the software associated with the DNA sequencer
was re-processed for the purpose of determining dye peak quality, i.e., relative spacing
of neighboring peaks and signal-to-noise ratio. Each base was assigned a quality value
indicative of the probability of the base having been called correctly. This base-calling
program, called “Phred” (Phil’s Revised Editor), would enable an assembler to give more
weight to high quality bases and ignore bases that fell below an acceptable quality threshold.
Using the Phred base calls and quality scores, the Phrap assembly engine performed all of
the possible pairwise alignments between the input set of reads, and from the alignment

2 The definitive publication on Phrap has not yet been written. See http://www.phrap.org/phrap.docs/phrap.html.
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FIGURE 11.6. Plasmid end pairs. Paired ends of sublone 14H9 indicate that contig 47 is adjacent to contig 13. In
subclone 2C4, the paired ends are too far apart, and in subclone 17G1, the paired ends are in the same orientation,
both of which problems indicate a misassembly in contig 47.

scores determined the best matches among them. After assembly, each base was given a
“Phrap score,” reflecting the extent to which the base was confirmed by bases in other
reads (e.g., confirmation from the opposite strand was given more weight than confirmation
from the same strand.) Rather than determining a consensus based on majority rule, a
“consensus” sequence for the source clone was determined by choosing the base with the
highest Phred/Phrap score for each position. As a result, the Phrap assembler generated
longer contigs with more accurate consensus sequences because it used the quality scores
to select the best data.

Both before and since Phrap, there have been numerous sequence assemblers built for
the purpose of aligning shotgun reads and constructing contigs (e.g., [1, 4, 5, 20, 29, 31,
48]). Using their assembly engine of choice, the software typically performed the following
steps:

� Read processing: Assign quality scores to bases or trim reads.
� Assembly: Perform pairwise alignments between reads.
� Construct contigs: Represent the overlapping reads as a consensus sequence sup-

ported by an array of reads, with the starting and ending position of each read oriented
relative to the consensus sequence.

In addition to these steps, some assemblers were able to order and orient contigs based
on information derived from paired clone end sequences. That is, if both ends (i.e., vector-
insert joints) of a 1–4 kb plasmid insert were sequenced, then the beginnings of those paired
reads needed to be 1–4 kb apart in the assembled sequence with the sequences pointing
towards each other (Figure 11.6). Using a contig editor, that is, an editor designed to display
the results of the assembly, the order and orientation of contigs based on paired ends could
also be determined manually.

Assuming highly redundant read coverage, the major pitfall of assembly was misas-
sembled reads due to repetitive content in the insert of the source clone. If the sequence
similarity between repeats averaged ∼98% or less over a kb, Phrap could generally produce
the correct answer. With lower coverage or repeats of higher sequence similarity, reads
from the repeats would “pile up” in a misassembled contig and have to be sorted out in the
finishing phase.

11.2.2.4. Finishing The sequence of a source clone was considered finished if a
contiguous consensus sequence was accurate at each base position and the underlying
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assembly was correct. The accepted standard of accuracy was 99.99%, or 1 error on average
in 10,000 bases. In order for a finished clone to be part of a chromosomal tiling path, further
validation was required as to the integrity of the source clone DNA (i.e., no deletions or
rearrangements) and the proper chromosomal assignment based on FISH, genetic marker
content, or convincing overlaps with other validated clones.

Turning a set of assembled contigs into a finished sequence typically involved succes-
sive iterations of the following steps until a contiguous and accurate consensus sequence
was obtained:

� Additional sequencing: Filling gaps and improving poor quality portions of the con-
sensus due to noisy read data or sparse coverage in the assembly required the gathering
of additional sequence data either by obtaining more shotgun reads, or resequencing
selected clones using a different chemistry, or extending the length of a read with
a custom oligonucleotide primer, or using the polymerase chain reaction (PCR) to
generate sequence-ready DNA from a plasmid subclone, the source clone itself, or
even human genomic DNA.

� Reassembly: Incorporating additional sequence data into a set of already assembled
reads or repeating the entire assembly de novo upon the addition of new sequence
reads.

� Editing: Determining the order and orientation of contigs, performing base-calling
judgments in regions of ambiguity, breaking apart misassembled contigs, and joining
overlapping contigs. This was typically done by an experienced “finisher” using a
sequence contig display editor with features allowing for base-call overrides, com-
plementation of contigs, removal of selected reads from contigs, the capacity to split
contigs apart, and the creation of “fake” reads to glue contigs together.

Once the sequence of a source clone was provisionally finished, it needed to be validated
to ensure that the assembly was correct. Validation procedures included satisfaction of
the distance constraints imposed by paired end sequences (Figure 11.6), agreement with
sequences of overlapping clones, and comparison of restriction digest fingerprint patterns
predicted by the sequence to the experimentally determined patterns of the source clone.

Like mapping, finishing was a slow and laborious process requiring skilled personnel.
To speed it up, several centers instituted variants of a strategy called “autofinish” [17].
Using a specified set of rules (for example, “Additional sequence data must be generated for
any region in the consensus supported by two or fewer reads.”) the autofinish software was
designed to create a list of reads and suggested strategies to be used for generating additional
sequence data. Skilled finishers stepped in after the assembly project had been subjected
to several rounds of autofinish. While the finishing of most source clone sequences was
straightforward, some clones posed problems, most typically gaps for which no sequence
could be obtained using a variety of strategies, or misassemblies due to sequence repeats
resulting from gene duplications or low complexity DNA3. Difficult clones often took
months and sometimes years to finish!

In the last two years of the genome project, finishing was a serious problem due to a
backlog of assembled source clones and political pressure to get the genome done by the
deadline of April 2003. In addition to autofinish, genome centers dealt with the problem by

3 Examples of low complexity DNA are homopolymer runs or long stretches of a short repeating unit of DNA,
e.g., three kilobases of a consecutive 40 base repeat with minor variations.
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FIGURE 11.7. Portion of the chromosome 15 tiling path. This example, demarcating one of the boundaries of
territory between Whitehead Institute (WIBR) and the University of Washington Multimegabase Sequencing
Center (UWMSC) is taken from a National Center for Biotechnology Information web site in which the Tiling
Path Files for each chromosome were recorded and updated. The color of the filled circle indicated confidence
values for the position of clones in the tiling path. Because the source clones could be from different haplotypes,
100% agreement between overlapping sequences was not required.

building robots to retrieve subclones for resequencing, upping the redundancy of coverage
so that few regions of the consensus would need additional work, and relaxing standards
such as requiring that all regions of the consensus be covered by data from both strands and
that all gaps be filled to completion.

11.2.3. Construction of the Chromosome Tiling Paths

Long stretches of chromosomal sequence were assembled by conjoining validated
finished sequences from overlapping source clones (Figure 11.7). Sequence constraints
determined by pairs of BAC end sequences, chromosomal marker positions, and percent
identity of bases aligned in overlapping sequences were used to gauge the correctness of
the tiling paths. In theory one might expect there to be 24 master sequences, one for each
chromosome, when the human genome is finally finished. But in practice this is not pos-
sible due to apparently unclonable genomic DNA or to DNA that cannot be sequenced
and assembled accurately such as the centromeres. Nonetheless, long stretches of contigu-
ous sequence have been reconstructed. Chromosome 14, for example, is represented in a
sequence that is 87,410,661 bases in length [19].

11.2.4. Data Sharing

Before the late-90s, the sequence of a clone was submitted to one of the official public
genome databases only after it was finished. These databases are: GenBank or GSDB (the
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Genome Sequence Data Base, now extinct) in the US, EMBL (European Molecular Biology
Laboratory) in Europe or DDBJ (DNA Database of Japan). Data submitted to any one of
these databases were also displayed by the others. When the genome project began to scale
up, the International Consortium committed itself to releasing sequences prior to finishing,
in a form called “working draft” [9]. A new division of the databases, called HTGS (high
throughput genome sequence) was established into which assembled contigs from a source
clone were to be deposited within a day of their generation. To indicate the extent of
completion, annotation tags for three “phases” were defined:

� Phase 1 indicates a set of unordered assembled contigs;
� Phase 2 indicates a set of ordered and oriented contigs;
� Phase 3 indicates a finished sequence.

Annotation tags were also included for the source clone and library ID, the submitting
genome center, and the chromosomal location of the sequence. Even though the assembly
and/or the chromosomal map position of the working draft sequences were wrong in some
instances, the genome community’s decision to release the sequence data prior to finishing
provided enormous benefit to researchers searching for disease genes.

With the increased use of the World Wide Web in the mid-90s, data became increasingly
accessible to anyone interested. In addition to the central public databases, genome centers
typically established their own web sites for sharing data and protocols. Over time, the
National Center for Biotechnology Information (NCBI) and the University of California,
Santa Cruz in the US, the European Bioinformatics Institute (EBI) in Great Britain, and
several other organizations and companies have gathered and integrated a rich assortment of
resources to facilitate understanding and utilization of the genome sequence data4. Along
with the sequences themselves, these web sites include maps, gene identifications, gene
expression results, cross-species comparisons, gene function annotations, and the like.

11.3. CHALLENGES FOR SYSTEMS INTEGRATION

At the inception of the human genome project in the late ‘80s, there was significant
controversy over whether sequencing the genome was worth doing and if it could actually be
done. At the time, the longest contiguous stretch of DNA that had been sequenced was well
under 100 kb [6]. Automated fluorescent DNA sequencing had recently been invented and
commercialized, representing a vast improvement over radioactive sequencing. Nonethe-
less, sequencing 3 billion bases would more than challenge the then-current methodologies
and would likely incur significant cost. But with great optimism, it was assumed that cheap
and effective new strategies for sequencing would emerge as they were needed. In the orig-
inal design of the genome project, projected to last from 1990–2005, physical maps of the
chromosomes would be constructed during the first 5–10 years. In parallel with this effort,
revolutionary sequencing strategies leading to orders of magnitude increases in throughput

4 See http://www.ncbi.nlm.nih.gov/ for NCBI; http://genome.ucsc.edu for University of California Santa Cruz;
and http://www.ebi.ac.uk/ for EBI.
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would be invented and implemented5. With the maps and the methods in place, the genome
would then be sequenced during the last 5 years in high-throughput factory-style operations.

This is not exactly how things turned out. Sequence-ready physical maps were not con-
structed at the outset and revolutionary methods for sequencing did not appear. Nonetheless,
the genome was sequenced two years ahead of schedule1. Along the way, the sequencing
centers faced numerous challenges for systems integration due to the pioneering nature,
complexity, and scale of the human genome project. These challenges fall into two broad
categories: developing and applying the methodologies for sequencing source clones, and
achieving overall project coordination for finishing a master sequence for each chromosome.

Between 1990 and 1996, significant progress was made regarding the choice of an
overall strategy and refinement of specific sets of procedures for sequencing individual
source clones. Once a mature set of procedures for shotgun sequencing was developed, the
scale-up of the genome project could begin in 1997 and accelerate rapidly in 1999. While
numerous challenges attended the day-to-day implementation of sequencing methods as
well as the knotty issues of managing and tracking the data, from a historical perspective,
the more interesting debates pertained to the initial acceptance and refinement of shotgun
sequencing procedures.

Project coordination challenges came into play most noteworthily after year 2000 when
the focus shifted to figuring out how to get the entire human genome sequenced, assembled,
and validated. Turning multitudinous source clone sequences into polished chromosome
sequences required the development of centralized resources and significant cooperation
among the several genome centers doing the finishing. These challenges will be discussed
in a subsequent section.

11.3.1. Methodological Challenges for Sequencing Source Clones: 1990–1997

Returning to the pipeline analogy, each of the genome centers needed to design an
approach to sequencing that was capable of processing large numbers of samples through
successive series of steps. The best approaches would possess the following virtues:

� Scalability: Procedures that worked on a small scale needed to carry over to a large
scale if they were to be useful. Reducing the number of steps, automating as many
steps as possible, increasing the sample-processing capacity for each step, instituting
fail-safe sample-tracking procedures, and improving the robustness of each step all
conduced to more scalable procedures.

� Cost-effectiveness: Cost-effective procedures were those with high success rates
using minimal amounts of expensive reagents, equipment, labor and time.

� Good data quality: Because several steps were required to get from a mapped source
clone to finished sequence, producing high quality data at each step increased the
efficiency of the overall process due to greater yields and less need for backtracking.

� Elimination of bottlenecks: No matter how speedy or high-throughput any individual
step was be made to be, the rate of production of the overall process could be no faster

5 For the text of the various 5 year plans for the human genome project, see: http://www.ornl.gov/sci/techresources/
Human Genome/hg5yp/index.shtml
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than the slowest steps. Long “cycle times” for sequencing source clones increased
the managerial complexity of the overall operation.

� Adaptability: Changing technologies and policies mandated that the sequencing
pipeline be somewhat flexible.

In an ideal world, optimization of all these virtues would converge on the same set of
procedures, and that happened with shotgun sequencing. Along the way to developing a
mature strategy, though, there were various disagreements and failed approaches, some of
which will be presented herein.

11.3.1.1. Why Revolutionary Sequencing Technologies Never Got off the Ground
During the early ‘90s, several novel strategies for sequencing were proposed and attempted
for the purpose of replacing electrophoresis-based automated fluorescent sequencing meth-
ods of detection with higher throughput approaches. At the time, the Applied Biosystems
373A sequencer produced reads of about 450 good bases in 14–16 hour runs on gels loaded
with 36 or 48 lanes of sequencing reactions. At 15 reads/kb, one needed either many ex-
pensive sequencers or many days to produce enough sequence reads to assemble a 40 kb
cosmid with this level of throughput. Sequencing by hybridization [13], sequencing by mass
spectrometry [32], and multiplex Maxam-Gilbert sequencing [7] were among the strategies
tried. These methods and others suffered from one or more of the following problems: overly
high error rates; short read lengths; inability to automate sample processing; only model
templates worked; or no easy way to do base-calling. Most of the revolutionary methods
were not capable of producing even a tiny amount of human genome sequence data, let
alone able to scale.

Electrophoresis-based detection technologies, in the meantime, improved incremen-
tally. The number of lanes loaded onto a sequencer went from 24 to 36 to 48 to 72 to 96.
The Applied Biosystems 377 sequencer introduced in the mid-90s reduced the gel run time
to 7–9 hours, thus allowing for 2–3 runs a day. Improvements in the polymerases [46] and
dyes [41] produced longer reads of higher quality. By 1997, one ABI 377 produced 192
reads averaging about 650 bases (124,800 bases) in a day, about an 8-fold improvement
over 1992 technology (16,200 bases). In 1998, capillary electrophoresis (ABI 3700, Mag-
aBace 1000) reduced the machine run time to a couple of hours and obviated the need for
manual lane-tracking prior to base-calling. By 2003, the Applied Biosystems 3730 capillary
sequencer produced about 450,000 bases a day, close to a 30-fold improvement over 1992
technology. Even though the changes were incremental as they occurred, the overall effect
of improved procedures for automated fluorescent sequencing were dramatic in terms of
throughput, data quality, and cost-savings.

As important as cranking out bases of high quality sequence, use of the automated
sequencers integrated well with the use of robotic approaches to the upstream steps of the
sequencing pipeline. By the mid-90s, the incentive to supplant electrophoresis-based detec-
tion technology with revolutionary alternative approaches was lost, and it made increasing
sense to get on with the sequencing of the genome using a technology that worked [35].
Thus, the scale-up began in 1997, four years ahead of schedule. (Interestingly, in recent
years there has been a resurgent interest in developing new sequencing technologies pri-
marily aimed at resequencing portions of the genome for detecting sequence variations. A
discussion of these is beyond the scope of this review.)



SEQUENCING THE HUMAN GENOME 383

11.3.1.2. Why Shotgun Sequencing Became the Dominant Methodology “Shotgun
sequencing,” said geneticist Maynard Olson to the author of this review circa 1993, “is
like buying 8 copies of a prefabricated house and constructing one house from the parts—
it’s inelegant and inefficient.” Especially in light of the seemingly low-throughput of the
sequencers and the significant expense of the reagents, having to generate subclones and
sequencing reads sufficient to cover a source clone about eight times over seemed like a
wasteful approach in the early ‘90s. Although hard to believe in hindsight, the resistance to
high-redundancy shotgun sequencing was fairly vociferous in the early days of the genome
project. To reduce the redundancy, more directed approaches were proposed. One of these
involved using transposons to map plasmid subclone inserts, the idea being that sequencing
an array of ordered inserts would require the acquisition of less sequence data (even though
an additional mapping step was introduced) [45]. Other strategies advocated extensive use
of oligonucleotide-directed sequencing to extend the length of the reads obtainable from
phage or plasmid subclones.

Although intuitively appealing, alternatives to high-redundancy shotgun sequencing
were gradually abandoned for several reasons. First, shotgun sequencing reduced the burden
of finishing by vastly improving the quality of the input data. With shotgun sequencing there
were fewer gaps to fill and more options for resolving discrepancies among reads, thus
reducing the additional work required for resequencing. Moreover, assembly errors due to
gene duplications and other repeats in the source clone could be detected and often resolved
by a rearrangement of the sequencing reads. Second, the steps of shotgun sequencing were
more automatable because samples could be processed in a 96-well or 384-well format
using robots. Introduction of mapping or directed sequencing steps required handling and
tracking individual samples. Third, shotgun sequencing was more tolerant of failure. If
96-well plates of templates or sequencing reactions were dropped on the floor or flipped
into the opposite orientation or otherwise lost or mislabeled this had little effect on the
downstream steps. These problems, as well as failed sequencing reactions or gel runs, could
be overcome by obtaining more random reads from the shotgun library. Most genome centers
built a standard failure rate into their calculations of numbers of reads/kb to sequence. In
contrast to shotgunning, any procedure that relied on particular individual samples surviving
through all of the steps made failures more difficult to deal with and recover from. Fourth,
shotgun sequencing was fast. Once a shotgun library was made, the subsequent steps of
DNA template preparation, sequencing, and assembly could happen in a few days thanks to
process automation. Thus in the end, shotgun sequencing turned out to be more scaleable,
cheaper, and easier to do than any of the alternative strategies.

11.3.1.3. How Shotgun Sequencing Involved Trade-Offs Within the basic framework
of shotgun sequencing, genome centers had to make tactical decisions based on cost, effi-
ciency, and data quality.

� Level of redundancy: Beyond a certain point, additional shotgun reads would fail to
improve an assembly and the project would need to go into finishing. Short of that
point (about 10-fold effective redundancy with 500 base reads) accumulation of more
reads would help for assembly and finishing, but sequence reads were costly in terms
of reagents and equipment usage. Therefore, it was tempting to accumulate shotgun
reads only up to about 5-fold redundancy. Centers that shortchanged on shotgun reads
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tended to have “armies” of human finishers who required training in the requisite skills
of bench and computer problem-solving. They also had huge backlogs of unfinished
clones. Thus, saving money and time on the shotgun phase was considered by some
centers to be short-sighted because the subsequent steps of finishing became more
costly and slower. Other centers considered it more important to use their machine
capacity to generate data for a larger number of source clones, albeit at less than
optimal coverage. In the later stages of the genome project, when time-pressure was
critical and reagents cheaper, most centers increased their redundancy. It was not
uncommon for clones to be sequenced at 20–30 reads per kb.

� Read length: Before the Applied Biosystems 377 sequencer came on line, genome
centers had to decide whether it was better to run an ABI 373A sequencer once a day
and get longer reads or run the sequencer two or three times a day with shorter reads.
On the one hand, shorter machine runs meant a faster accumulation of data. Also, it
made no sense to obtain longer reads unless the data were of high enough quality to
be useful. (Beyond a certain length, base-calling error increases dramatically). On
the other hand, longer reads meant that fewer reads per kb were required to achieve a
target effective redundancy, thus reducing the use of costly reagents and consumables.
Longer reads had the added benefit of facilitating the assembly by giving more
alignable sequence. And finally, fewer technicians were required if the sequencers
were run once a day. This dispute disappeared in the late ‘90s with the advent of
capillary sequencers capable of generating 96 750 base reads in a couple of hours.

� Template: In the early ‘90s single-stranded M13 phage templates were preferred over
double-stranded plasmid templates for subcloning inserts because the data quality
and read length were about 20% better. Plasmids had other advantages, however. Two
sequencing reads could be obtained from one template, thereby reducing template
preparation costs. Addition of paired plasmid reads to a shotgun assembly enabled
the ordering and orienting of most of the contigs, which benefitted mapping and gene
structure determination. Some genomic inserts were more stable in plasmids. And
finally, because inserts up to about 4 kb could be propagated in plasmids, as opposed
to the 1–2 kb inserts in M13, read lengths of individual subclones could be extended
by directed sequencing with custom primers, which provided a benefit for finishing.
But switching to plasmids meant not only a sacrifice in the data quality of the input
reads but also a commitment to redesign the methods for DNA template preparation
and, thus, an investment in time and equipment. When the genome project scaled up in
1999, some centers continued with M13, some made a wholesale switch to plasmids,
and some used a mixture of the two strategies. Improvements in laboratory procedures
leading to enhanced data quality have now made plasmids the template of choice.

� Sequencing reactions: Before 1991, inserts subcloned into M13 were typically
sequenced using fluorescently labeled dye primers and T7 DNA polymerase
(“sequenase”). Four separate sequencing reactions had to be set up for each tem-
plate in a laborious multistep process involving annealing of the dye-labeled primer
to the template followed by addition of the dNTP/ddNTP building blocks. The four
reactions, each containing a different fluorescent dye tag, were combined prior to
gel-loading. Then “cycle sequencing” with the thermophilic DNA polymerase used
for PCR came on line, with the advantages that lower amounts of DNA template and
reagents were required and the sequencing reactions were performed in automated
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thermocyclers. Because sequenase and Taq polymerase produced different types of
systematic errors, employing a combination of both methods produced a more accu-
rate set of shotgun reads [25]. This benefit was compromised, though, by the increased
labor and expense of the sequenase approach. Eventually, sequenase was abandoned.
Along the same line, the development of thermophilic polymerases with a higher
affinity for dye labeled dideoxy chain terminators enabled sequencing to be done in
one reaction rather than four, a decided advantage over dye primers for thermocycler
utilization and plasticware consumption. Yet again, because the systematic errors of
the methods were different, there was benefit to using a mixture of both strategies.
Some centers used one strategy for the shotgun phase and the other strategy for
finishing reads, while other divided up shotgun reads between the two strategies.

� Robots: Some genome centers hired in-house engineers to build robots for DNA tem-
plate preparation and sequencing reaction set-up whereas others used commercially
available machines. Either way, there was continual machine obsolescence due to
changing technologies and procedures. For this reason, most centers used a modular
approach wherein machines could be swapped out without having to perform major
modifications on the upstream or downstream procedures. Nonetheless, the decision
to exchange one set of expensive machines for another was typically fraught with
angst. One had to ask if the new machine was so much better in terms of throughput
and/or data quality and/or cost savings that it would pay for itself before also
becoming obsolete.

11.3.1.4. Why Centers did not Immediately Jump on the Phrap Bandwagon The
Phred base-calling and Phrap assembly program (see above) were developed in 1995 but
were not immediately adopted by all of the genome centers, although most had signed on by
the time of the accelerated sequencing scale-up beginning in the summer of 1999. There was
little doubt that Phrap worked better than the other prevailing assemblers. However there
were two sources of resistance. One was an attachment to the way things had been done
before. This was true especially for the centers that had already made a large investment
in developing assembly algorithms and sequence editing software. The other source of
resistance was that Phrap initially lacked an editor that finishers found useful. Phil Green’s
purist philosophy dictated that no editing should be done but rather that all problems with
finishing should be solved by acquiring and assembling more sequence data. As a result,
Consed, the sequence editor developed at the University of Washington for viewing Phrap
assemblies, was initially devoid of most of the editing tools that finishers were accustomed
to using such as the ability to remove reads from contigs or force join contigs. Thus,
although Consed did a beautiful job of displaying base quality and the mosaic of bases used
to construct the consensus sequence from shotgun reads, finishers from the other genome
centers did not want to use it. Instead, several centers wrote scripts for importing Phrap
assembly results into their in-house sequence editors, with the unfortunate consequence
that much of the quality information provided by Phrap was not utilized effectively by the
finishers. To prevent this from happening, David Gordon, the lead Consed developer at
the University of Washington, gradually incorporated all of the various tools and features
demanded by finishers, including a robust and sophisticated version of autofinish software
[16, 17].
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By year 1999, Phrap had become so popular that the International Consortium adopted
a policy requiring the inclusion of Phrap base quality scores in Phase 1 or 2 draft sequence
submissions in order to help users assess the likelihood of error for a given stretch of
sequence. Phrap scores provided an objective measure of data quality by which all centers
could be evaluated and held to a standard.

To summarize, in terms of systems integration, procedural choices had to be made
with an eye to the overall goal, namely producing finished sequence in a timely, efficient,
and cost-effective manner. In the early days of the genome project, there were serious
disagreements over how best to do this. A mature (that is, widely utilized and agreed upon)
set of methods now exists for sequencing source clones, due primarily to improvements in
technology and a much better understanding of the cost, quality and efficiency trade-offs
implicit in designing a system that optimizes the criteria stated above.

11.3.2. Challenges for Sequencing the Entire Human Genome: 1998–2003

As the discussion above might indicate, there was significant attention paid to devel-
oping and refining techniques for increasing the throughput and quality of sequence data.
For-profit companies marketing their latest and greatest machines and reagents had an ex-
tensive interest in the genome community. Although the equipment and consumables were
expensive (DNA sequencers and sample-processing robots could cost up to $350,000), in-
creased capacity, sensitivity, and automation drove down the cost of sequencing reads to
the point that a scale-up of sequencing became feasible. On the other hand, mapping source
clones and finishing assembled sequences remained slow, low-tech, and labor-intensive. As
of the mid-90s, genome centers were beginning to gain momentum, but there was concern
about the overall pace of the project. Thus, the ground was ripe for Celera Genomics to
come along in 1998 and claim that a whole genome shotgun approach would obviate source
clone mapping and, furthermore, that they could sequence the genome at lesser cost and
higher efficiency because a) they would have hundreds of wonderful new high-throughput
Applied Biosystems capillary sequencers and b) the effort would be conducted in a single
company rather than disseminated across numerous academic genome centers.

Rather than give up, as Celera suggested it should do, the International Consortium
decided to speed up. Engineering first a massive scale-up and then a concerted effort to finish
the genome taxed the resources of the participant genome centers and created numerous
challenges for overall project coordination, some of which will now be discussed.

11.3.2.1. Before Celera: 1996–1998 Close to the end of 1997, about 60 megabases
(2%) of the human genome had been finished [38]. Except for a handful of sequences longer
than 500 kb, the majority of the data derived from individual cosmids or BACs containing
genes of biological interest. All of the chromosomes had some sequence but no chromosome
had a significant amount of sequence. The established genome centers in the US and Europe
had begun to build up their sequencing operations in light of the successes of the shotgun
sequencing methods described above. Meanwhile new genome centers were being formed
in the interest of distributing the effort internationally and increasing the overall throughput.
At around this time, the International Consortium faced three significant challenges related
to project coordination:

� Establishing standards for data quality and public release.



SEQUENCING THE HUMAN GENOME 387

� Distributing multimegabase-sized regions of the genome to centers based on their
sequencing capacity and track record for completion, resolving territorial disputes,
and ensuring that all regions of the genome would get sequenced.

� Procuring an adequate supply of mapped source clones suitable for sequencing, i.e.,
constructing regional physical maps.

The first two challenges were successfully addressed by HUGO, the Human Genome
Organization, whose mission is to promote international discussion and collaboration on
scientific, medical, legal, ethical, and social issues pertaining to the acquisition and use
of human genomic data [28]. In 1996 and 1997 leaders of the larger genome centers met
in Bermuda to formulate guidelines regarding data submission, data sharing, data quality
standards, and the regulation of genome centers’ claim rights to genomic real estate6.
Thereafter, any genome center belonging to the International Human Genome Sequencing
Consortium had to sign on to the Bermuda Principles and adapt to rule changes as the
genome project proceeded. Fortunately, the software developers at GenBank, EMBL, and
DDBJ cheerfully produced and updated the data submission tools required for complying
with the guidelines.

As for procuring mapped clones, the methodological difficulties were described above:
physical mapping is slow and labor-intensive. The mapping problem was compounded by
two developments during 1996. First, in the interest of maintaining public enthusiasm and
celebrating noteworthy accomplishments, the goal of mapping the genome was declared
met as a result of the dense genetic marker linkage maps produced by the Whitehead
Institute [21], Genethon [12], and other groups. While the construction of linkage maps
was extraordinarily useful, linkage maps are not physical maps. That is, they do not provide
source material suitable for sequencing the genome. Nonetheless, with mapping having been
declared finished ahead of schedule and under budget, physical mapping was passed on to
the sequencing centers as a largely unfunded mandate. Second, in the interest of protecting
the identity of the individuals whose genomes were being sequenced, the National Institutes
of Health and the Department of Energy in the United States ruled that the clone libraries
must derive from anonymous donors. This ruling meant that the sequence-ready cosmid,
PAC and BAC maps that had already been constructed for portions of the genome were not
supposed to be used beyond 1997, by which time new approved BAC libraries would be
available.

Thus, as of the end of 1997 there was a problematic disconnect in terms of systems
integration:

� Less than 5% of the genome had been sequenced.
� Sequencing technologies were now sufficiently mature that it was time to scale up

the genome project.
� Victory was declared for the mapping phase of the genome project without the follow-

through of providing physical maps to the sequencing centers.
� The limited number of pre-existing physical maps that did exist were ruled ineligible

for providing source clones for sequencing.

Centers had to solve the clone acquisition problem by i) enlisting the aid of collaborators
who had longstanding interests in particular chromosomes or disease genes, ii) establishing

6 For the text of the Bermuda Principles, see: http://www.hugo-international.org/hugo/meetingreports.html
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ALL CENTERS INCLUDED IN NCBI REPORT: Amount of Finished (Cumulative) and Unfinished
Human Genome Sequence Data by Week
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FIGURE 11.8. Scale-up of the public genome project. This figure was provided upon request from the National
Human Genome Research Institute. The plot is of data deposited in GenBank between October, 1998 and January
2003.

in-house mapping groups at the various genome centers, and iii) utilizing the centralized
BAC end sequence and fingerprint databases as they became available in a “map-as-you-go”
approach.

With the major focus on sequencing source clones, little was being done to address the
issue of long-range contiguity, that is, building stretches of finished sequence on the order
of megabases . To meet their production goals, centers sequenced the clones they could get
hold of by whatever mapping approaches they were set up to employ.

11.3.2.2. During Celera: 1998–2000 In May of 1998, Celera Genomics announced
its bold intention to sequence the human genome using a whole genome shotgun approach
[50]. That is, genomic DNA would be subcloned directly into small (2 kb and 10 kb)
inserts and the regional mapping of large-insert clones would be bypassed. The International
Consortium’s response to the shock and awe inspired by the Celera initiative was a decision
to accelerate the pace of the sequencing scale-up. Giving up on the human genome project
was not a viable option because two things were important to the Consortium: One, getting
the genome finished. There was skepticism that a whole genome shotgun approach would
work for human DNA because of the large percentage of interspersed repeats and segmental
duplications. Two, and perhaps more important, it was crucial to put the human genome
sequence into the public domain for all to use without having to deal with patents and
intellectual property issues.

In order to get more of the genome sequenced quickly, an intermediate goal of pro-
ducing a “working draft” of at least 90% of the genome by Spring of 2000 was accepted
(enthusiastically or grudgingly) by the Consortium [9]. For most centers, draft sequence con-
sisted of multiple unordered contigs sequenced and assembled at 3.5–4.5-fold redundancy.
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Figure 11.8 portrays the time course for the production of draft and finished sequence from
the end of 1998 to the beginning of 2003. Between October 1999 and the end of June 2000
when the draft genome was declared “done”, about 3 gigabases of unfinished sequence
was produced in a heady, frenetic burst of activity that few participants in their right mind
would ever want to repeat. Most of the draft (i.e., unfinished) sequence consisted of heaps
of unordered contigs. Assembling these contigs into properly ordered strings of sequence
representing each chromosome, and determining how much of the genome was likely to
have been covered by the draft sequence, required the work of a talented group of compu-
tational biologists called the “Genome Analysis Group” [23]. How they accomplished this
feat is beyond the scope of this review.

Producing the working draft of the human genome under such extreme time pressure
engendered three tough challenges for project coordination:

� Determining which genome centers were likely to be successful at rapidly scaling
up sequencing.

� Redistributing chromosomal territory in light of funding winners and losers and
sequencing overachievers and underachievers.

� Avoiding the sequencing of redundant source clones both within and among genome
centers.

In consultation with the largest genome centers, the heads of the funding agencies, especially
at the National Human Genome Research Institute (NHGRI) in the US and the Wellcome
Trust in Great Britain, were forced to make potentially unpopular decisions that the rest of
the Consortium centers were required to live with.

11.3.2.3. How Some Sequencing Centers got Derailed and Others got Fast-Tracked
Prior to the advent of Celera, the International Consortium had planned a measured pace
of sequencing scale-up such that a human genome sequence would be finished by year
2005. In the US, a request for proposals (RFP) entitled “Research network for large-scale
sequencing of the human genome” was posted by NHGRI in January 1998 with a due date
of October 1998. To qualify, a center needed to have deposited at least 7.5 megabases of
finished sequence into GenBank. In September, 1998, the RFP was modified with a due
date of December 1998, an eligibility requirement of 15 megabases of finished sequence for
“large” centers and 7.5 megabases for “intermediate” centers, and a commitment to com-
plete a working draft sequence of the genome by 2001, with finishing to follow by 20037. A
two-tiered review process was planned, with the large centers’ proposals to be reviewed in
February 1999 and the intermediate centers’ proposals in April 1999. After the large center
grants were awarded but shortly before the review of the intermediate center proposals,
the goal for completing the working draft sequence was moved ahead to the end of Febru-
ary 2000. This change meant that several of the proposals from the intermediate centers
were reviewed unfavorably because they lacked a realistic scale-up plan for producing a
significant amount of draft sequence in less than a year. As a result, some of the regional
physical maps produced by these centers were never used, and personnel who had spent
years already on the genome project moved on to other areas. The chromosomal territory

7 See http://grants1.nih.gov/grants/guide/rfa-files/RFA-HG-98-002.html for the original proposal and http://www.
genome.gov/10001023#UPDATE2 for the revised proposal.
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claimed by the unfunded centers was reassigned to the survivors. The genome centers who
remained in the game faced enormous logistical challenges associated with engineering a
rapid scale-up: finding space, hiring and training personnel, purchasing equipment, institut-
ing sample-tracking procedures, mapping enough clones to meet the throughput demands,
and establishing adequate information technology support.

Shifting policy and goals in the middle of the funding cycle made it difficult (and some
would argue impossible) for participants to write a coherent grant proposal, yet the needs
were considered sufficiently pressing that hard choices were made to reduce the number of
centers in the US. Five genome centers produced most of the public human genome sequence
after 1998: one in England (Sanger Institute) and four in the United States (Whitehead
Institute for Biomedical Research, Washington University at St Louis, the Department of
Energy Joint Genome Institute, and Baylor University College of Medicine). An additional
15 centers (one in France, three in Germany, two in Japan, one in China, and eight in the
US) contributed smaller amounts to the draft sequence published in 2001 [23]8.

11.3.2.4. Why Redundant Source Clones were Sequenced Even though chromosomal
territory had been parceled out to the sequencing centers in a reasonably clear manner during
1999 and 2000, there was a significant amount of crossover for several reasons:

� Some of the chromosomal map information was erroneous (e.g., a marker mapped
to chromosome 3 might actually be on chromosome 15 or two markers thought to be
5 megabases apart were actually 10 megabases apart).

� There was insufficient time to do proper map validation prior to sequencing.
� Some high-throughput centers sequenced random clones in order to keep their

pipelines flowing.
� Tracking errors resulted in sequenced clones not actually being what they were

supposed to be.
� Data that would help a center determine that a region was being sequenced elsewhere

were not available or the databases that would inform a center that a region was being
sequenced elsewhere were not checked or the results were ignored.

Expanding on this last point, in an effort to coordinate the sequencing, the Na-
tional Center for Biotechnology Information (NCBI) established a Clone Registry database
(http://www.ncbi.nlm.nih.gov/genome/clone/clonesubmit.html) to keep track of which
clones the various genome centers were sequencing or intending to sequence. Since only
two approved clone libraries existed, and most of the sequencing was being done from one
of these libraries (RPCI11), this approach in theory made sense. The idea was that for each
clone in their system, the genome centers would submit its library address (i.e., clone ID),
its chromosomal location and marker content (if known) and its sequence accession number
(if available) to the Clone Registry along with a status (e.g., reserved, committed, redundant,
abandoned, accessioned). As an additional tracking tool, in 2000, the author of this review
convinced NCBI to institute a “Phase 0” submission protocol which centers could use for
obtaining an accession number for a set of unassembled sequence reads (e.g., a test plate of
96 reads) for source clones they were planning to sequence. In this way a claim on a region

8 Two additional centers, one at The Institute for Genomic Research and the other housed at Applied Biosystems,
also contributed to the public human genome project during the mid-90s prior to their association with Celera.
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FIGURE 11.9. Portion of the chromosome 15 tiling path from the 20 megabase region assigned to the University
of Washington Multimegabase Sequencing Center (UWMSC). Clones (boxes) were identified and ordered using
sequence matches. Genes are indicated by double arrows.

could be established well in advance of the time that the working draft sequence of the
region was completed. This was important because the cycle time for sequencing a clone,
that is, the time elapsed between committing to sequence a particular clone and the assembly
of its working draft sequence generally took several weeks, even in the high-throughput
centers. Phase 0 sequence had the added advantage of providing map information, since
even low-pass coverage could reveal genetic markers or exons of known genes. Finally, use
of a sequence search tool such as BLAST would indicate overlaps between Phase 0 reads
and other Phase 0, 1, or 2 draft sequences in GenBank so that centers would be aware of
probable redundancies.

In practice, the scale-up happened so quickly that some sequencing centers were unable
or unwilling to use the Clone Registry and GenBank databases for avoiding redundant
coverage of the genome. Moreover, even if redundancies were detected, it was difficult to
remove a clone from the system once it had entered the sequencing pipeline. Thus, there
was significant overlap among the centers across regions of the genome sequenced as part
of the working draft (see Figure 11.9 above).

However, even though it was difficult for centers to stay within their own chromosomal
territory, the redundancy was useful in contributing to the overall coverage because the
assembly of the draft genome was performed using information from all of the Phase 1
contigs found among overlapping BAC clones [23]. Using various metrics to assess the
extent of non-redundant coverage of the genome, it was estimated that the assembled draft
sequence produced by the end of June 2000 covered at least 88% of the genome, with 50%
of the nucleotides in the genome being found in sequence contigs longer than 826 kb and
in scaffolds (i.e., sets of ordered contigs) longer than 2.2 megabases [23].

In mid-February 2001, the International Consortium and Celera Genomics published
analyses of their respective working drafts of the human genome in Nature [23] and Science
[48]. Interestingly, Celera chose to supplement their in-house whole genome shotgun data
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with shredded public draft data prior to performing their whole genome assembly, calling
into question the success of a pure whole genome shotgun approach. [33, 49]9. It appears in
retrospect, though, that Celera’s strategic contribution was significant. The mouse and rat
genomes are being sequenced using hybrid strategies that combine the best of clone-based
and whole genome shotgun approaches. But if only draft (i.e., unfinished) sequence of a
genome is desired, most centers are now using a pure whole genome shotgun approach
because the assembly inaccuracies are considered to be minor, and the maps of related
genomes can be used to organize the assembled scaffolds. For gene identification and com-
parative genomics, draft sequence is extremely useful and can be produced at considerably
less cost than finished sequence.

11.3.2.5. After Celera: 2000–2003 When completion of the Consortium’s working
draft sequence was announced in June 2000, about 700 gigabases, or 25% of the eukaryotic
portion of the genome was represented in finished high quality sequence (Figure 11.8).
Chromosomes 21 [18] and 22 [14], the two smallest chromosomes, had already been fin-
ished. The other chromosomes, however, were going to require serious work to meet the
finished human genome deadline of April 2003, the 50th anniversary of Watson and Crick’s
elucidation of the structure of DNA. Once again, the public consortium found itself in the
position of facing serious challenges for systems integration:

� The working draft consisted of source clones sequenced to 4–5-fold redundancy, yet
for finishing to be efficient, the redundancy needed to be 8–10-fold. Thus, additional
shotgunning would need to be done.

� Some centers’ drafted source clones were scattered all over the genome, while other
centers’ clones were fairly well regionally confined. In either case, there were sig-
nificant overlaps among and between the drafted clones.

� The Bermuda Principles required that genome centers finish all the clones that they
drafted.

� Centers needed to scale up their finishing operations and find ways to make finishing
faster and easier.

� Territory needed to be shifted around based on each genome center’s capacity for
finishing.

� Uncovered portions of the genome (gaps) needed to be identified and filled using a
variety of labor-intensive procedures such as screening existing libraries for source
clones, making new clone libraries, subcloning PCR products, and altering sequenc-
ing strategies.

� Significant validation work was required to ensure quality and accuracy in the finished
sequence for each chromosome.

In light of the daunting finishing challenges faced by the genome centers, the fact
that a high quality product was completed by April 2003 is both amazing and com-
mendable. Two more chromosomes—20 [11] and 14 [19] were published and chromo-
some Y followed shortly thereafter [44]. A paper detailing statistics about the nature

9 Contigs retrieved from GenBank were chopped into 550 base fragments with an overlapping offset prior to
the Celera assembly [48]. In retrospect, this was considered to have been a mistake, according to one Celera
researcher who told the author that the Celera data alone actually gave better results.
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and quality of the finished human genome sequence is planned for early 2004. Although
some intractable gaps remain, 50% of the nucleotides resided in contiguous stretches of
sequence (contigs) longer than 26.2 megabases as of April 2003 (and 29.1 megabases
as of July 2003)10. This represents a 35-fold increase in contig length over the working
draft sequence. As cloning, mapping, and assembly techniques continue to improve and
new strategies emerge, it is anticipated that some of the currently intractible gaps will
be closed. As things stand now, though, these gaps represent only a small portion of the
genome.

Completion of the human genome sequence could not have been accomplished with-
out significant cooperation between the genome centers and unrelenting encouragement
from the funding agencies. In the initial stages of the genome project there was friendly
competition between the centers, which turned less friendly as the pressure to produce data
increased and the open range of genomic territory decreased. But then, at the end, there
was extreme collegiality among the centers as it became clear that the success of all was
dependent upon the success of each. Although no other genome will ever be sequenced the
way the human genome was, the human genome project laid a strategic foundation for the
successful completion of other cooperative sequencing efforts such as the working drafts
of the mouse [30] and the rat (http://public.bcm.tmc.edu/pa/rgsc-genome.htm).

11.3.2.6. How a Sensible Strategy for Finishing the Genome Emerged Approximate
chromosomal tiling paths for BAC clones whose Phase 0, 1, 2 or 3 sequences were in
GenBank could be determined by sequence matches to genetic markers, BAC end sequences,
and other drafted BACs. For each clone, GenBank entries provided information regarding
the contributing center, the clone name, and the presumed chromosomal location for the
draft sequence entry. Because of the redundancy of the sequencing during the working draft
scale-up and various tracking errors in clone name or chromosomal location, the tiling paths
contained a patchwork quilt of overlapping BAC clones from various centers sequenced at
various levels of redundancy (Figure 11.9).

When the author presented a poster depicting all of the drafted clones mapping to a
20 megabase region of chromosome 15 at the May 2000 International Consortium strategy
meeting in Cold Spring Harbor, the group lamented that maps of the entire genome were
likely to look the same as the small portion portrayed in Figure 11.9. After a lively discussion,
the Consortium leaders agreed to do the following:

� Abandon the rule that each center should finish all of its drafted clones.
� Assign each center specific chromosomal regions to finish.
� Encourage centers to give raw sequence reads derived from BACs outside of their

own chromosomal regions to the center now responsible for the region.

Importantly, these decisions enabled centers to devise finishing strategies that were
chromosome-centric rather than clone-centric, with several positive outcomes. First, filling
regional gaps would now be each center’s responsibility and the problems would be spread
across all centers. Second, sequence reads from overlapping clones could be combined into
larger assemblies with higher redundancy of coverage. This reduced the work of finishing,

10 See http://genome.cse.ucsc.edu/goldenPath/stats.html at the Santa Cruz site for completion of the human genome
summary statistics.
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especially when data from other centers used a different sequencing chemistry that corrected
errors or resolved ambiguities. Third, each center now had fewer clones to finish than it
would otherwise have had in that redundant clones could simply be abandoned. Fourth,
given that the 4-fold coverage of the draft sequence was insufficient for finishing, centers
could start over with new clones, thereby avoiding the need to retrieve data and materials that
were several months or years old. Fifth, the apportionment of the chromosomal regions and
subsequent exchanges of data in some cases fostered a cooperative spirit among subsets
of centers. (Interestingly, not all centers took advantage of the opportunity to use data
from other centers because of the information technology effort involved with determining
what data to ask for, changing file names to cohere with the center’s internal data-tracking
conventions, mixing datasets, and the like.)

11.3.2.7. How the Chromosome Tiling Paths and Resultant Master Sequences were
Constructed and Managed Although a detailed discussion of the overarching coordi-
nation involved in the reconstruction of the chromosome sequences is beyond the scope
of this review, a few points can be made. Each chromosome was assigned a “chromo-
some coordinator” who was responsible for receiving map and sequence information from
all the contributing centers and maintaining a periodically updated file of the clones in
the finishing tiling path. In parallel, Greg Schuler and his team at NCBI constructed and
kept track of the so-called “NT contigs,” which were non-redundant sequences pasted
together from the sequences of overlapping source clones (Figure 11.7). Gaps were iden-
tified and annotated as to type. For example, a gap could be between ordered contigs
in an unfinished source clone, or between source clones (with BAC end sequence data
to suggest which clones might exist to span the gap), or between source clones with no
information as to gap size. Additional resources such as fosmid libraries and cosmids
from telomere regions [37] have been helpful for filling gaps and resolving other finish-
ing problems. Input has also been solicited and received from collaborators interested in
genomic features such as segmental duplications [37] and disease-related genes. Periodic
assemblies of the genome were constructed by Jim Kent, David Haussler and their team
at University of California at Santa Cruz, at NCBI, and at the European Bioinformatics
Institute.

Assemblies of the finished human genome are available from:

� UCSC : http://genome.ucsc.edu
� NCBI: http://www.ncbi.nih.gov/mapview/map search.cgi
� Ensembl: http://www.ensembl.org

In sum, coordination of the human genome project was challenging for several reasons.
First, a score of centers from several countries needed to come to agreement on goals,
policies, strategies and targets. Second, the centers needed to cooperate with each other and
with the centralized resource providers such as NCBI and the Santa Cruz computational
team. In essence, the genome project was “open source.” Third, quality assurance metrics had
to be established, adhered to, and enforced. Fourth, the task was daunting in its complexity.
And finally, fifth, unanticipated external factors altered the course of the project at various
junctures, thereby imposing readjustments of strategies and resources.
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11.4. ARE THERE LESSONS TO BE LEARNED FROM THE HUMAN
GENOME PROJECT?

One could argue that the unique nature of the human genome project, the length of
time it took to be done, and the various unanticipated developments that happened along
the way are such that didactic generalizations of any significant import cannot be made.
While this may be true, some concluding comments are nonetheless in order. First, there
are some things that the leaders of the genome project did right:

� Open data release policies and sharing of protocols.
� Definition of standards for product quality and completeness.
� Establishment of centralized resources.
� Capture of the public imagination.

The decision to release unpublished sequence to the public so that others could use
the data for their research has established a precedent for data sharing and an open source
mentality that investigators in other areas might be encouraged to adopt. Early data release
does pose two difficulties that need to be addressed. First, because career advancement in
science is tied to publications, there must be a mechanism for investigators involved with
large data gathering or technology development projects to receive proper credit for their
contributions [40]. Second, the user groups need to be educated in the pitfalls associated
with the dissemination of potentially erroneous data. For example, although the sequences
of genomes being drafted now via a whole genome shotgun approach will be mostly correct,
assembly errors will occur, especially in highly duplicated gene families. The sequences
and analyses found in the centralized databases and posted on various web sites cannot be
taken as gospel truth.

For the human genome project, the fact that there were quality standards and indications
of quality in the database entries made it easier for users to evaluate the data critically. The
Consortium even went so far as to conduct “quality control exercises” which involved the
exchange of data among centers, with follow-up reports of detected errors. This enabled
the community to develop reality-based standards and hold each other to account.

Central resources such as the genetic linkage maps, BAC end sequence database, the
fingerprint contig database, assemblies of the draft genome, collections of transcribed
(cDNA) sequences, and the like helped enormously with the difficult task of construct-
ing the tiling paths for each of the chromosomes. Moreover, granting that the influence
and importance of the world wide web is all-pervasive, it must be noted that the human
genome project benefitted enormously from the ease of immediate access that the web has
provided.

Finally, the architects of the human genome project were able to marshall public support.
At key junctures, announcements of progress were made such that even if most “people
on the street” did not know what the human genome project was, they had at least heard
of it. A challenge for biology now is the articulation and implementation of a new vision
with equal panache. Whether current contenders such as systems biology, nanotechnology,
or predictive, preventive and personalized medicine will make the grade remains to be
seen.
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Additional potentially generalizable lessons from the human genome project include
the following:

� For a procedure to be useful it must be usable.
� A process can only be as fast as its slowest step.
� Procedures must be developed and integrated in light of a goal.
� Reducing the number of players will make for a more efficient endeavor.
� External developments will enable/force changes in strategy.

At the time the genome project began it was not obvious which procedures would
be best. Indeed, technology improvements in any one area would have ramifications for
others. For example, with the compute power and assembly programs available in 1991,
shotgun assembly of a 150 kb BAC would have been deemed impossible. Yet by 1997
it was easy, and by year 2000, 150 megabase-sized genomes were being assembled us-
ing a whole genome shotgun approach [34]. Another example: Because companies such
as Applied Biosystems kept pushing the envelope in their electrophoresis-based sequenc-
ing protocols by developing better enzymes, dyes, polymers, and detection machines, a
sequencing technology that some visionaries thought would be transient turned out to
be dominant. Competing sequencing technologies were not useful because they were not
adequately reduced to practice. The lesson is that persons developing technologies must
ask themselves: What will this be used for? Does it integrate well with the overall pro-
cess? Will it scale? Will ordinary technicians be able to implement the technology? During
the genome project, significant amounts of money were spent developing tools and re-
sources that were never used, primarily because they did not meet the needs of the genome
centers.

Slow steps in a process can be addressed by finding ways to speed them up or by
eliminating them altogether. One of the major appeals of a whole genome shotgun approach
is a bypass of the up-front mapping of source clones, a step that proved to be painfully slow
during the human genome project. Mapping is now done after the fact by tapping the data in
centralized source clone resources such as BAC end sequences and fingerprint clusters. A
whole genome shotgun approach also has the advantage of eliminating the need to prepare
thousands of shotgun libraries from source clones. However, with whole genome shotgun,
obtaining an assembly that is faithful to the genome of interest becomes the most difficult
and potentially slowest step. This is true especially for genomes with little map information
or with significant allelic variation among copies of the chromosomes.

When it comes to integrating the steps of a process in light of an overall objective,
compartmentalization is a danger especially for a large scale effort. During the genome
project, most centers, especially the large ones, had groups of people focussed only on one
major activity. For example, there would be an informatics group, a sequence production
group, a machine development group, a finishing group, a mapping group, etc. What was
often missing was a group of people who understood every step of the process from a hands-
on perspective and how the steps fit together. Because of compartmentalization, groups
focussed on their own goals and needs, which may or may not have served the overall goal
well. For example, a production group concerned only about generating sequence reads
might not have paid adequate attention to data quality, because they never actually looked
at or used the data. For database design reasons, a software engineer might have thought
that no information such as tags for sequencing chemistry should be embedded in the file
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name of a sequencing read yet finishers typically wanted such information to be viewable in
their sequence editor. Mappers often needed sequence data right away so they could make
probes but production teams were wedded to an inflexible pipeline and would ignore the
mappers’ requests. Recalling the symphony analogy, genome centers needed conductors
else the orchestra played inharmonious tunes.

The number of centers involved in the sequencing of the human genome was suffi-
ciently large that overall project coordination was difficult. Genomes are now being as-
signed to only one or a few sequencing centers, which conduces to greater efficiency. In the
early stages of the human genome project, the “let a thousand flowers bloom” approach to
strategy development made sense because the best answers were unclear. Innovation from
several perspectives spread across numerous research laboratories was encouraged. Once
the strategy matured and was used to produce large volumes of useful data, efficiency was
valued over innovation, and novel strategies could not effectively compete. Moreover, had
commitments to preexisting genome centers and a genuine desire for international partic-
ipation in the sequencing of the genome not been an issue, it would have made sense to
have done the project in a centralized rather than distributed manner once the scale-up was
deemed feasible.

As for external curve balls, the disconnect between available physical maps and in-
creasing sequencing capacity that existed circa 1997 made the intrusion of Celera almost
inevitable. Even if Celera had not entered the scene, there was demand from biologists for
the genome project to speed up. Given the choice between having half of the genome all
finished and all of the genome half finished, biologists wanted the latter. In other words, an
error-prone working draft came to be an acceptable goal because of the strong desire for
access to genes. The draft turned out to be extremely useful, and it was produced at less
cost than finished sequence. If this change in scope could have been anticipated, central-
ized resources such as the BAC end sequences and fingerprint databases might have been
established earlier. But the moral here might be that comprehensive foresight is impossible.
Perhaps the best that can be hoped for is the ability and willingness of individuals and
organizations to adapt to changing circumstances, which the International Consortium did
rather well.

A reference sequence for the human genome is now essentially finished. Although most
of the participants in the genome project will fade into obscurity, their achievement will last.
A foundation has been laid for further genetic studies that will improve our understanding of
what makes us human. Moreover the genome project has shown that large-scale biology and
technology endeavors can be done in the context of a cooperative network of laboratories
and organizations that are willing to share data and resources. Although coordination of
such undertakings is difficult, in the end the benefits to productivity are potentially great.
This may be the most enduring lesson of the human genome project.
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12.1. INTRODUCTION

First hypothesized by Crick in 1958 [1], the central of dogma of biology states that DNA
begets messenger RNA, which is then translated into protein. The ability to monitor this gene
expression process and measure quantitatively the expression levels of mRNA can provide
tremendous insight into normal and diseased states of living cells, tissues and animals, and
clues to maintaining health and curing diseases. The first demonstration of mRNA being
complementary to a gene and responsible for protein translation [2] was made by Hall
and Spiegelman using a nucleic acid hybridization assay in which the reconstitution of the
double-stranded DNA structure occurs only between perfect, or near-perfect complementary
DNA strands, leading to a method of detecting complementary nucleotide sequences. In
many ways this method is the precursor to both polymerase chain reaction (PCR) and other
modern hybridization assays.

The development of technologies to measure gene expression levels has been playing
an essential role in biology and medicine ever since the discovery of the double helical
structure of DNA [3]. These technologies including oligonucleotide synthesis [4], PCR [5],
Northern hybridization (or Northern blotting) [6], expressed sequence tag (EST) [7], serial
analysis of gene expression (SAGE) [8], differential display [9], and DNA microarrays [10].
These technologies, combined with the rapidly increasing availability of genomic data for
numerous biological entities, present exciting possibilities for understanding human health
and disease. For example, pathogenic and carcinogenic sequences are increasingly being
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used as clinical markers for diseased states. However, the detection and identification of
foreign or mutated nucleic acids is often difficult in a clinical setting due to the low abundance
of diseased cells in blood, sputum, and stool samples. Consequently, the target sequence
of interest is typically amplified by PCR or nucleic acid sequence-based amplification
(NASBA). These assays are usually complex and prone to false-positives that hinder their
clinical applications. For example, improper primer design can result in the amplification of
unintended sequences or the primers could hybridize to each other and form “primer-dimer”
amplicons [11]. Therefore, homogeneous assays that utilize fluorescent intercalating agents
such as SybrGreen could generate a signal in the presence and absence of the pathogenic
marker [12]. Alternatively, detection techniques that require the opening of the PCR tube for
analysis (i.e., sequencing, electrophoresis, etc.) could lead to sample contamination. Clearly
there is a need for a molecular probe that can detect nucleic acids with high specificity and
generate a measurable signal upon target recognition to allow analysis in a sealed reaction
tube.

Over the last decade or so, there is increasing evidence to suggest that RNA molecules
have a wide range of functions in living cells, from physically conveying and interpreting
genetic information, to essential catalytic roles, to providing structural support for molecular
machines, and to gene silencing. These functions are realized through control of both the
expression level of specific RNAs, and possibly through their spatial distribution. In vitro
methods that use purified DNA or RNA obtained from cell lysate can provide a relative
(mostly semi-quantitative) measure of mRNA expression level within a cell population;
however they cannot reveal the spatial and temporal variation of mRNA within a single
cell. Methods for gene detection in intact cells such as in situ hybridization [13] is capable
of providing information of RNA expression level and localization in single cells; however,
it relies on removal of the excess probes to achieve specificity, and therefore cannot be
used with living cells. The ability to image specific mRNAs in living cells in real time can
provide essential information on mRNA synthesis, processing, transport, and localization,
and on the dynamics of mRNA expression and localization in response to external stimuli;
it will offer unprecedented opportunities for advancement in molecular biology, disease
pathophysiology, drug discovery, and medical diagnostics.

One approach to tagging and tracking endogenous mRNA transcripts in living cells is
to use fluorescently labeled oligonucleotide probes that recognize specific RNA targets via
Watson-Crick base pairing. In order for these probes to truly reflect the mRNA expression
in vivo, they must satisfy a number of criteria: they need to be able to distinguish signal
from background, convert target recognition directly into a measurable signal, and differ-
entiate between true and false-positive signals. Further, these probes are required to have
high sensitivity for quantifying low gene expression levels and fast kinetics for tracking
alterations in gene expression in real time. In addition, they must be amenable to methods
that enhance the internalization of the probes into cells with high efficiency.

In this chapter we will archive the design aspects, biological issues and challenges in
developing nanostructured oligonucleotide probes for living cell gene detection. Although
it is not possible to review all the relevant work in this chapter, we intend to provide
extensive background information and detailed discussions on major issues, aiming to
facilitate the quantitative and real-time mRNA measurements, especially in live cells and
tissues.
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12.2. NANOPROBE DESIGN ISSUES FOR HOMOGENEOUS ASSAYS

The detection and quantification of specific mRNAs require probes to have high sen-
sitivity and specificity, especially for low abundance genes and with a small number of
diseased cells in clinical samples. Further, for detecting genetic alterations such as mu-
tations and deletions, the ability to recognize single nucleotide polymorphisms (SNPs) is
essential. When designed properly, hairpin nucleic acid probes have the potential to be
highly sensitive and specific. As shown in Figure 12.1, one class of such probes is known
as molecular beacons, which are dual-labeled oligonucleotide probes with a fluorophore
at one end and a quencher at the other end [14]. They are designed to form a stem-loop
structure in the absence of a complementary target so that fluorescence of the fluorophore
is quenched. Hybridization with target nucleic acid in solution or in a living cell opens the
hairpin and physically separates the fluorophore from quencher, allowing a fluorescence
signal to be emitted upon excitation. Thus, molecular beacons enable a homogenous assay
format where background is low. The design of the hairpin structure provides an indepen-
dently adjustable energy penalty for hairpin opening which improves probe specificity [15,
16]. The ability to transduce target recognition directly into a fluorescence signal with high
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signal-to-background ratio, coupled with an improved specificity, has allowed molecular
beacons to enjoy a wide range of biological and biomedical applications.

A conventional molecular beacon has four essential components: loop, stem, fluo-
rophore, and quencher, as illustrated in Figure 12.1a. The loop usually consists of 15–25
nucleotides and is selected based on target sequence and melting temperature. The stem,
formed by two complementary short-arm sequences, is typically 4–6 bases long and is
usually chosen to be independent of the target sequence (Figure 12.1B). Molecular bea-
cons, however, can also be designed such that one arm of the stem participates in both
stem formation and target hybridization (shared-stem molecular beacons), as illustrated
schematically in Figure 12.1C. Although a molecular beacon can be labeled with any de-
sired reporter-quencher pair, proper selection of the reporter and quencher could improve
the signal-to-background ratio and multiplexing capabilities.

There are two major design issues of nanostructured molecular probes for gene detec-
tion: specificity and melting temperature. First, to ensure specificity, for each target gene,
one can use NCBI BLAST [17] or similar software to select 16–20 base target sequences
that are unique for the target mRNA. Secondly, since the melting temperature of molecular
beacons affects both the signal-to-background ratio and detection specificity, especially for
mutation detection, one has to systematically adjust the G-C content of the target sequence,
the loop and stem lengths and the stem sequence of the molecular beacon to realize the opti-
mal melting temperature. In particular, it is necessary to understand the effect of molecular
beacon design on melting temperature so that, at 37◦C, single-base mismatches in target
mRNAs can be differentiated. In the case of homogeneous assays, secondary structure of
mRNA is not an issue due to the ability to denature the mRNA structure via temperature.

The loop, stem lengths and sequences are the critical design parameters for molecular
beacons, since at any given temperature they largely control the fraction of molecular
beacons in each of three different conformational states: bound-to-target, stem-loop, and
random-coil [16]. In many applications, the choices of the probe sequence are limited
by target-specific considerations, such as the sequence surrounding a single nucleotide
polymorphism (SNP) of interest. However, the probe and stem lengths, and stem sequence,
can be adjusted to optimize the performance (i.e., specificity, hybridization rate and signal-
to-background ratio) of a molecular beacon for a specific application [15, 18].

In general, it has been found that molecular beacons with longer stem lengths have
an improved ability to discriminate between wild-type and mutant targets in solution over
a broader range of temperatures. This can be attributed to the enhanced stability of the
molecular beacon stem-loop structure and the resulting smaller free energy difference be-
tween closed (unbound) molecular beacons and molecular beacon-target duplexes, which
generates a condition where a single-base mismatch reduces the energetic preference of
probe-target binding. The competition between the two stable conformations of a molecu-
lar beacon (i.e., closed and bound to target) also explains why it has an enhanced specificity
compared with linear probes. Longer stem lengths, however, are accompanied by a de-
creased probe-target hybridization kinetic rate. Similarly, molecular beacons with short
stems have faster hybridization kinetics but suffer from lower signal-to-background ratios
compared with molecular beacons with longer stems. It is interesting to note, however, that
stem-less molecular beacons, which lack the short complementary arms and rely solely on
the random-coiled nature and interactions between the dye and quencher to maintain a dark
state, are still able to differentiate between bound and unbound states [19].
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Increasing the probe length of molecular beacons results in improved target affinity
and increased kinetic rates, but leads to a reduced specificity. The effect of probe length on
the behavior of molecular beacons is typically less dramatic compared with that of stem
length and can be used to fine-tune functionality [15]. The structure-function relationship of
molecular beacons is illustrated in Figure 12.2 in which the melting temperature and kinetic
on-rate constant are displayed as a function of probe length and stem length. A detailed
description of the thermodynamic parameters of probe-target hybridization as determined
by the structure of molecular beacons can be found in [15].
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Selecting a fluorophore label for a molecular beacon as the reporter is usually not
as critical as the hairpin probe design since many conventional dyes can yield satisfactory
results. However, proper selection could yield additional benefits such as an improved signal-
to-background ratio and multiplexing capabilities. Since each molecular beacon utilizes only
one fluorophore it is possible to use multiple molecular beacons in the same assay, assuming
that the fluorophores are chosen with minimal emission overlap [20]. Molecular beacons can
even be labeled simultaneously with two fluorophores, i.e., “wavelength shifting” reporter
dyes, allowing multiple reporter dye sets to be excited by the same monochromatic light
source yet fluorescing in a variety of colors [21]. Specifically, a “harvester” fluorophore
absorbs the excitation light and transfers the energy to an “emitter” fluorophore which emits
fluorescence. The same “harvester” fluorophore is used with various emitter fluorophores
to generate multiple colors. Another possibility is to use quantum dots (QDs) with different
emission wavelengths as the reporter dye. Similar to wavelength-shifting dyes, many QDs
can be excited with a single UV lamp light source [22]. However, it remains to be seen if
QDs can be effectively quenched and if their functional size can be reduced to be useful
when conjugated to a MB.

Clearly, multicolor fluorescence detection of different beacon/target duplexes can be-
come a powerful tool for the simultaneous detection of multiple genes. For example, almost
all cancers are caused by multiple genetic alterations in cells and the detection of cancer
cells in a clinical sample would require the use of multiple tumor markers. Thus, the use
of multiple molecular beacons is potentially a powerful tool in the early detection and
diagnosis of cancer.

Similar to fluorophore selection, choosing the optimal quencher can also improve
the signal-to-background ratio of molecular beacons. Organic quencher molecules such
as dabcyl, BHQ-IITM (blackhole quencher) (Biosearch Tech), BHQ-III (Biosearch Tech)
and Iowa Black (IDT) can all effectively quench a wide range of fluorophores by both
fluorescence resonance energy transfer (FRET) and the formation of an exciton complex
between the fluorophore and the quencher [23]. In addition to organic quenchers, gold
nanoparticles can also be used as quenchers [24]. It should be noted, however, that the
interaction between the gold particle and the fluorophore could significantly affect the
performance of molecular beacons.

12.3. IN VITRO GENE DETECTION

12.3.1. Pathogen Detection

The detection and identification of pathogens is often painstaking and fruitless due
to the low abundance of diseased cells in clinical samples. The genomic sequences of the
pathogen can be amplified through methods such as PCR and nucleic acid sequence-based
amplification (NASBA), but the nucleic acid targets are often lost amidst other unintended
products of amplification. The unique properties of molecular beacons have led to their
application in a large number of homogeneous assays involving the sensitive detection of
diseased states. Since most pathogens can be identified by their genomic sequences, molec-
ular beacon-PCR assays provide a rapid and accurate method for pathogen detection and
identification by simply adding molecular beacons to a typical PCR reaction tube. During
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the annealing stage, the molecular beacons bind to the desired target and a fluorescence
signal is generated. Excess molecular beacons remain in the stem-loop structure and thus do
not emit fluorescence. Therefore, the intensity of the signal is proportional to the target copy
number. Further, when the temperature is increased during the extension stage, the molecu-
lar beacon melts away from the target and thus does not interfere with polymerization. It is
important that the target-binding domain of the molecular beacon be designed with a melt-
ing temperature slightly above the annealing temperature for optimal results. The melting
temperature of the stem should be about 10◦C above the annealing temperature to ensure
that unbound molecular beacons remain in the stem-loop conformation and, for the most
part, are not open due to thermal fluctuations. Since molecular beacons can detect comple-
mentary targets during PCR amplification, subsequent handling is not necessary, allowing
the use of sealed tubes and reducing the risk of carry-over contamination. Further, since
molecular beacons only fluoresce in the presence of complementary targets, unintended
amplification products such as “primer-dimers” and false amplicons are not detected.

It is not hard to imagine the development of simple and rapid molecular beacon-
based assays for the sensitive detection of nucleic acids in a clinic to help identify specific
pathogens. Molecular beacons can easily be used to differentiate between fungal pathogens
such as Candida dubliniensis and Candida albicans, which possess similar phenotypic and
genotypic characteristics [25, 26]. In a controlled study, the correct pathogen was identified
100% of the time following PCR amplification. Such accurate determination of relevant
disease states could provide improved strategies for proper disease management. In another
example, NASBA utilized with molecular beacons was able to correctly identify West Nile
virus, St. Louis encephalitis, and Hepatitis B viruses with high sensitivity and specificity
[27, 28]. This type of assay can easily be exploited for clinical use as a common blood
screening diagnostics test.

Molecular beacons have also been found to be useful as a fast and reliable tool for the
timely detection of food and water-borne pathogens, such as Salmonella [29]. Molecular
beacons successfully differentiated between Salmonella and similar pathogens such as Es-
cherichia coli and Citrobacter freundii. Therefore, detection of such pathogens can prove
to be helpful in preventing bacterial disease outbreaks. Molecular beacons or other nanos-
tructured molecular probes also have the potential to become a powerful tool in biodefense.

Using molecular beacons for the accurate detection of nucleic acid targets is not, of
course, limited to the identification of pathogens but has also been extended to other assays
such as the determination of the sex of embryos [30], and the differential expression of
specific genes under varying environmental conditions [31]. The potential applications of
molecular beacons in pathogen detection seem limitless.

12.3.2. Mutation Detection and Allele Discrimination

One of the major benefits of molecular beacons is their ability to discriminate between
targets with just a single base mismatch. The stem-loop structure of molecular beacons
increases the specificity of beacon/target hybridization compared with linear probes and
thus may offer advantages over other reporter probes such as Taqman (Applied Biosystems)
[32]. Assays requiring the detection of single nucleotide polymorphisms can be performed
with either one or two molecular beacons [33]. For single molecular beacon assays, the
molecular beacon must be carefully designed such that during the annealing stage, it only



410 PHILIP SANTANGELO ET AL.

a

FIGURE 12.3. Thermal denaturation profiles of solutions containing molecular beacons: curve a, in the absence
of targets; curve b, in the presence of a 6-fold excess of perfectly complementary targets; and curve c, in the
presence of a 6-fold excess of single-base mismatched targets (Adapted from Ref. 16).

binds to the complementary target. This often requires the generation of thermal denaturation
profiles to determine the “window of discrimination”, as illustrated in Figure 12.3 where the
best assay temperature is at 37◦C. Specifically, an annealing temperature is determined that
allows molecular beacons to hybridize to perfectly complementary targets but not targets
with single-base mismatches. For assays utilizing two molecular beacons, one molecular
beacon is designed to hybridize to the wild-type target, while the second molecular beacon
is designed to hybridize to the mutant target. Each molecular beacon is labeled with a unique
fluorophore with non-overlapping emission curves. Typically only the reporter fluorescence
corresponding to the amplified target (wild-type or mutant) is detected. If both types of target
are present and amplified, fluorescence from both probes will be detected. The competitive
nature of this assay allows for high specificity and sensitivity. It has been found that even
just 10 copies of a rare target can be detected in the presence of 100,000 copies of abundant
target after PCR amplification [34]. A variant level of about 1% was detected following
NASBA [35]. These levels of sensitivity are far superior to sequencing, which can only
detect variant levels of about 10–20%.

The exact fraction of mutant alleles in a clinical sample/tissue can be determined
by performing what has been dubbed “digital PCR” [36]. In this assay, the extracted DNA
templates are diluted into multi-well plates such that there is only one template molecule per
two wells, on average. After PCR, the fluorescent signal indicates whether the template was
wild-type or mutant. The fluorescent signals from a microplate can therefore provide a digital
readout of the fraction of mutant alleles. Recently, this assay has been successfully used
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to demonstrate the presence of allelic imbalance in colorectal tumors [37]. An alternative
method to quantify heteroplasmy levels involves comparing the fluorescence intensities of
the differently labeled molecular beacons during the cycle of maximum amplification [12].
This information can be obtained by taking the first derivative of the amplification curve
and integrating over several of the cycles surrounding the cycle of maximum amplification.
It was found that as little as 5% heteroplasmy could be measured reliably using this method.

The high sensitivity and single base specificity of molecular beacon-based assays has
extended their use to many clinical and epidemiological applications. In one example,
a clinical assay that detects point mutations was designed to determine whether or not
Plasmodium falciparum samples, a parasite that causes malaria, contained an antifolate
resistance-associated mutation [38]. Identification of such a mutation is extremely important
for proper drug treatment. Assays have also been developed to rapidly screen blood samples
for mutations in specific genes such as methylenetetrahydrofolate reductase (MTHFR) [39].
A cytosine to thymine mutation in MTHFR has been related to increased risk of cardiovas-
cular disease and neural tube defects. The identification of such a mutation could lead to
improved patient awareness. More information concerning the design and applications of
molecular beacons can be found in www.molecular-beacons.org.

12.4. INTRACELLULAR RNA TARGETS

One of the most exciting and promising applications of nanostructured molecular probes
such as molecular beacons is their potential use for the real-time visualization of RNA
expression in living cells and tissues. For example, the ability to monitor the level of mRNA
expression in living cells will provide important information concerning the temporal and
spatial processing, localization, and transport of specific mRNA under various conditions.
Further, detecting pathogenic markers will provide a means of locating and identifying
diseased cells, allowing rapid diagnosis and prognosis of a disease.

To sensitively detect and quantify mRNA levels in live cells, it is extremely important
to understand the form, distribution, and dynamics of target mRNA in live cells in order
to optimize the probe design and measurement. Further, it is important to understand the
impact of the probe on the cell, including its delivery, chemistry, possible toxicity, and non-
specific interactions. In the following sections, we describe the basic features of mRNA in
living cells, aiming to set a stage for more discussions in Section 5 on intracellular mRNA
detection and quantification.

12.4.1. Cytoplasmic and Nuclear RNA

In a living cell, the functional forms of pre-mRNA/mRNA exist as ribonucleoprotein
complexes (RNPs) in which numerous heterogeneous nuclear ribonucleoproteins (hnRNPs)
bind to the transcript [40]. The association of these proteins begins during transcription,
and there is evidence to show that some of these proteins remain bound to the mRNA all the
way to the ribosome. The distribution of these proteins along the transcript, as well as the
dynamic nature of the protein/RNA association, has a significant impact on the accessibility
of pre-mRNA/mRNA to hairpin probes (see Figure 12.4).
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12.4.1.1. Transcription and Polyadenylation mRNA is transcribed by a protein tran-
scription complex containing RNA polymerase II which, especially the carboxy-terminal
domain, couples transcription with mRNA processing [41]. All pre-mRNA processing is
a co-transcriptional event, including addition of the poly(A) tail and splicing. Even as the
nascent transcript (20–25 nucleotides in length) is emerging from the transcription complex,
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a capping enzyme binds the 5’ end, attaching the 5’-7-methylguanosine cap (reviewed in
[42]. This cap is then methylated in order to stabilize the transcript against 5’ exonucle-
olytic attack [43]. The methylated end is also a signal for nuclear cap binding proteins that
facilitate the interaction between the 5’ splice site of a pre-mRNA containing introns and a
protein complex called the spliceosome. Depending upon a functional poly(A) signal and
the terminal splice acceptor site of the terminal intron [44], the termination of transcription
occurs far downstream of the poly(A) site, either before or at the same time as poly(A) is
cleaved due to cleavage factors [45]. The addition of the 3’ poly(A) tail of a pre-mRNA
requires more than a dozen polypeptides to be present [42]. The pre-mRNA first undergoes
endonucleolytic cleavage by an endonuclease at the poly(A) synthesis initiation site, fol-
lowed by processive poly(A) synthesis by a poly(A) polymerase. The poly(A) tail (ranging
in length from 20 to 250 nucleotides) is then bound by poly(A) binding proteins [40].

12.4.1.2. Splicing During pre-mRNA processing, introns are removed from pre-
mRNA by a ribonucleoprotein (RNP) machine (spliceosome) that contains at least 50
proteins and 5 small nuclear RNAs [46]. This spliceosome is assembled at each intron,
excising the intron and then releasing it in a branched “lariat” form along with the spliced
pre-mRNA. Many of the splicing proteins remain bound to mRNA after splicing [47, 48],
generating a specific nucleoprotein complex that facilitates mRNA export [49]. Specifi-
cally, some of the bound proteins are members of the SR (serine-arginine) protein family
of splicing factors [49], a number of which have been shown to shuttle between the nucleus
and cytoplasm [47]. Proteins within this complex (such as Y14 and Mago) can target an
mRNA for nonsense-mediated mRNA decay or recruit proteins such as TAP/p15 to assist
in nuclear export.

12.4.1.3. Nuclear Export and Localization Trans-acting factors (proteins that bind to
cis elements or “zipcode” sequences within RNA) for mRNA localization are often present
in granules (ribonuclear protein–RNP–complexes) that contain all components necessary
for RNA processing, transport, localization, anchoring, and translation (reviewed in [50]. In
other words, mRNA localization is a process initiated in the nucleus, based on the proteins
that are bound during processing and accompany the mature mRNA from the nucleus to
the cytoplasm. The hnRNP (heterogeneous nuclear ribonuclear protein) A/B family is one
group of proteins that play a significant role in mRNA localization. Both hnRNP A1 and
A2 leave the nucleus with mRNAs and then dissociate from the mRNA in the cytoplasm.
Specifically, hnRNP A2 has been shown to help localize myelin basic protein (MBP) mRNA
in oligodendrocytes [51–54]. In addition, it has roles in splicing, nuclear export, translational
regulation, and RNA stabilization [50]. hnRNP A2 binds to a 21-nucleotide element in the
3’ untranslated region (UTR) of mRNA [53, 54]. A second example of a nuclear-bound
trans-acting factor is zipcode-binding protein 2 (ZBP2), which binds to the 3’ UTR of
β-actin mRNA [55].

The Tap protein is another protein that plays a significant role in nuclear RNA export
[56–58]. This protein contains an RNA binding domain, a nuclear export signal, and a
binding domain for nucleoporins (proteins that make up the nuclear pore) (reviewed in
[59]. The recruitment of this protein to spliced mRNA has been proposed to be the final
step required before nuclear pore binding [59].
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TABLE 12.1. Summary of proteins bound to pre-mRNA.

Type of Protein Description and function

RNA polymerase II
Capping enzyme
Cap binding proteins May stay attached all the way through export from nucleus [42]
Polyadenylation machinery At least 12 proteins including an as-of-yet unidentified endonuclease and

Poly(A) polymerase, along with many other required protein factors.
Poly(A) binding proteins
Spliceosome A ribonucleoprotein (RNP) machine that contains at least 50 proteins and 5

small nuclear RNAs. Some of these proteins remain bound after splicing and
are required for nuclear export [49].

Exon-exon junction complex A multi-protein complex 20–24 nucleotides upstream of an exon-exon junction
[40, 60]. This complex binds to as little as eight nucleotides.

hnRNP proteins An assortment of at least 20 proteins that associate with nascent pre-mRNA;
has roles in localization, processing and nuclear transport. The binding sites
of some of these proteins have been identified as being in the 3’ UTR of
mRNAs. Others (of the hnRNP C family) associate preferentially with
introns.

12.4.1.4. Distribution of RNA Between Nucleus and Cytoplasm An important issue
pertaining to the measurement of mRNA levels using hairpin probes is the relative levels of
RNA in the nucleus and cytoplasm. It has been reported that a large fraction of RNA (>95%)
synthesized by RNA polymerase II never leaves the nucleus as mature mRNA [61]. Further,
over 1/3 of the RNAs never reaches the cytoplasm due to mRNA processing events (removal
of introns, transcription termination). There is also a population of primary transcripts that
are not polyadenylated or transported from the nucleus (termed “nonproductive hnRNAs”),
and therefore never destined to produce mRNA [61]. It is therefore possible for probes to
bind to mRNAs in the nucleus that may never be translated.

12.4.1.5. Transport and Localization of mRNP Following export from the nucleus,
a mRNP is often transported to specific regions within cells. It is believed that the specific
localization of mRNPs has a key role in the compartmentalization of protein synthesis in
the cytoplasm [62–64]. Key questions remain open in this area include: (1) Are mRNPs
localized in cells? If so, is there a general cell structure where most of the mRNPs are
localized? (2) What is the intracellular system along which they are being transported to
their destination? (3) What factors decide specific localization of mRNPs? (4) What is the
biological significance of mRNP localization in cells?

Most mRNPs are believed to be associated with the cytoskeleton, which may be used
to transport and localize the mRNP to specific sites within a cell. Although the details of
this process remain elusive, there is growing evidence suggesting the importance of the cy-
toskeleton in mRNA localization. The key evidence is that there exists a close association of
polyribosomes (also referred to as polysomes) with the cytoskeleton [65–68]. In addition,
studies have shown that microtubules are involved in the assembly of membrane-bound
polyribosomes [69, 70]. Using drug treatment to depolymerize microtubules, membrane-
bound ribosomes were prevented from initiating protein synthesis and showed a decreased
level of total poly(A) mRNP and fibronectin mRNP. Although these studies did not identify
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the nature of the interaction between membrane (ER) bound polysomes and microtubules,
they did show a close relationship between the cytoskeleton, ER bound polysomes, mRNP
transport and protein synthesis. Further, using both in vitro reconstitution and biochem-
ical fractionation, Hamill et al [71] provided EM evidence that a fraction of polyribo-
somes/mRNPs was bound to microtubules.

12.4.1.6. Localization of mRNPs At present, there is no clear consensus as to what
fraction of mRNPs are localized with the cytoskeleton. Biochemical evidence provided
by [72] suggests that 70–80% of mRNPs in a cell are co-localized with the cytoskeleton.
Due to the lack of fluorescent or chemical tags, the verification of the biochemical results
in intact cells has been limited to one or two specific mRNPs. For example, using in situ
hybridization and biochemical fractionation, Wiseman and Hesketh [73, 74] and Russell
and Dix [75] have demonstrated co-localization of mRNPs of the myosin heavy chain with
cytoskeletal elements. [65, 66, 76] have shown the association of actin and poly(A) mRNPs
with cytoskeletal elements, especially microtubules. Using a similar in situ approach, [77]
have implicated cytoskeletal localization of metallothionein I. There is a clear need to better
understand the localization of mRNPs, their association with specific elements in a cell and
the biological significance of co-localization.

It has been shown [77, 78] that the 3’ UTR plays a significant role in specific localization
of certain mRNPs in cells. Specifically, using genetic engineering to perturb mRNA in the
3’ UTR region, it has been shown that the 3’ UTR regions of heavy chain myosin, actin,
c-myc, metallothionein-I are critical for the localization of these specific mRNPs. Although
the localization signal in the mRNA sequence has been identified, the structural basis of
the 3’ UTR, the associated binding proteins and, perhaps more importantly, the processes
involved in specific localization and transport are still poorly understood. To date, proteins
responsible for the specific localization of mRNA have been identified only for oskar and
nanos mRNA in Drosophila oocytes [79, 80] and for actin mRNA in chicken fibroblasts
[81]. In both cases, cytoskeletal elements have been shown to be involved in transport and
localization of the mRNPs. See Figure 12.5a and 12.5b for proposed roles of cytoskeleton
in transport and localization of mRNP.

As mentioned earlier, it is mRNP rather than mRNA alone that provides the functional
unit for localized protein synthesis. In order to understand the intracellular transport and
localization of mRNA, extensive studies need to be performed to track the movement of
mRNP complexes. Possible approaches for doing so include labeling proteins with GFP [82],
generating transgenes with high affinity binding sites for a GFP tagged proteins [80], site-
specific protein labeling using FLAsH [83], and targeting mRNAs using molecular beacons
[84]. These approaches in combination with high-resolution microscopy [85] or EM may
reveal the detailed structural organization of mRNP transport and localization in living cells.

12.4.1.7. Degradation of mRNA One of major pathways of regulating posttranscrip-
tional gene expression is the degradation of mRNA. Considerable focus has been placed
on understanding the transcriptional controls of mRNA synthesis, but there is very limited
understanding of the mechanisms responsible for controlling the rate of mRNA degradation,
which affects the intracellular mRNA level. It has been suggested that a variety of physi-
ological signals such as hormones [86, 87], iron binding proteins and cell cycle regulators
[88] may have significant effects on the decay rates of specific mRNAs, and the half-life of



416 PHILIP SANTANGELO ET AL.

A
3'UTR-dependent
mRNA transport along 
microtubules

3'UTR-dependent
mRNA transport along 
microfilaments

cytoskeletal targeting via 3' UTR

"mRNA anchor"

AAAA

AAAA

A
A

A
A

loosely bundled 
microtubules

AAAA

"mRNA anchor" Intersecting
microfilaments

B

Cell body

Growth cone

RER

N

MT

Motor
mRNP
Ribosome
EF1α

F-actin
G-actin

© 1997 Current Opinion in Cell Biology
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different mRNAs is closely related to its biological role. It has been found that specific
cis acting elements rich in AU sequences, designated as the AU rich element (ARE) in
the 3’ UTR determine the stability of mRNA. Sequence analysis of various mRNAs with
short half-lives has confirmed the presence of consensus ARE sequences. Further compar-
isons across species (C. elegans and humans) have indicated the evolutionary conservation
of ARE domains [89]. ARE sequences are homologous across different mRNAs but their
copy number and their clustering pattern (groups of pentamers etc.) is different. This may
account for differences in mRNA lifetimes.

Association of ARE binding proteins with ARE rich domains have been proposed as
the key regulatory step in controlling the turnover of RNA. Currently, we do not have a
rigorous understanding of this class of proteins. Do regulatory protein-complexes such as
exosomes directly bind to ARE regions? What are the structural requirements for such
recognition and what is the key recognition domain? Is it structural such as hairpin loops or
a combination of structural and sequence dependence? Answering these questions requires
a fundamental understanding of the structural features of protein-RNA complexes, as well
as the dynamics of protein-RNA interactions in the cytoplasm.

The hypothesis that ARE binding proteins mediate regulation is based on remodeling
of local RNA structure, which leads to recruitment of additional trans acting elements such
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FIGURE 12.6. A model depicting the regulation of the bcl-2 RNA decay by the Bcl-2 protein. The AUBPs and
exosome associated to the ARE motif (A) are activated by the Bcl-2 protein, resulting in the displacement of an
inhibitory factor (B) (Adapted from Ref 89).

as ribonucleases or helicases to degrade and unfold RNP complexes. mRNA molecules may
be stabilized by the binding of signaling proteins or competing proteins, which may disrupt
or interfere with the proteins involved in mRNA degradation. This model, as illustrated in
Figure 12.6, has been proposed for the self-stabilization of Bcl-2 mRNA since the Bcl-2
protein binds to the ARE rich domain of its own mRNA [89].

In addition to the above ARE model of mRNA degradation, several theories have
been proposed to explain the decay pathways of mRNA using a yeast-based model system.
For example, [90] have proposed a relationship between mRNA stability and the length of
mRNA. However, studies by [91] using microarray analysis of mRNA stability in yeast, have
failed to correlate stability with the length of mRNA. Their data suggest that mRNA decay
is closely related to specific functions of a given mRNA and is controlled by interactions
of mRNA with specific signaling proteins.

Much remains to be elucidated regarding the processes of mRNA production, transport,
localization and degradation. It is obvious, however, that at each step, from transcription to
nuclear export of a mature mRNA, to mRNA decay, proteins are always associated with
pre-mRNA and mRNA. These associations are dynamic in nature with regard to both protein
type and binding sites. An mRNA molecule that gets exported to the cytoplasm is more pre-
cisely an mRNP (ribonucleoprotein complex) [40, 49, 92, 93]. Although we are still in the
early stages of identifying proteins that are associated with mRNPs, some specific protein–
RNA associations have been uncovered using both biochemical and genetic methods (e.g.
[48, 94, 95]. Specifically, proteins have been shown to be associated at exon-exon junctions,
the 3’UTR region, and the 5’ cap regions of mRNA. A critical issue in mRNA detection is
that nucleic acid probes may not hybridize to the target regions occupied by RNA-binding
proteins. It is necessary to identify the mechanisms for mRNA transport and degradation
as controlled by the RNA/protein interactions. As the steps of mRNA production, trans-
port and localization are further clarified, it will become easier to design nanostructured
hairpin probes to target regions of mRNA that are least likely to be occluded by bound
proteins. Probe design should therefore take into account what is already known about
proteins bound to mRNA; specifically, probes may not be designed to target the 3’ UTR,
the exon-exon junction, or introns due to the proven presence of protein complexes in these
regions.
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12.4.2. RNA Secondary Structure

RNA secondary and tertiary structures play an important role in the accessibility of
nanostructured probes in living cell gene detection. This structural aspect provides a sig-
nificant challenge in designing nanostructured probes as secondary structure of RNA can
inhibit binding of the hairpin oligonucleotide probe to complementary sequences on the
target. However at present, no existing model or software can give an accurate prediction of
mRNA secondary or tertiary structure in living cells mainly due to the limited understanding
of RNA-protein interactions and RNA intra-sequence interactions. Thus, most investiga-
tors have relied on empirical approaches where multiple targeting sequences are selected
by “walking” along the length of the target RNA and the optimal binding sites are predicted
based on the RNase H assay or gel shift assays.

A number of computational programs have been developed to predict the secondary
structure of mRNA based on the sequence of mRNA and salt concentration but without
considering RNA-protein interactions. The existing algorithms can be classified into two
groups: (1) predictions based on minimizing free energy (e.g., Mfold, RNAsoft, Vienna
RNA package); (2) probabilistic or stochastic prediction based on the alignment and phy-
logenetic trees of the sequences and the evolutionary conservation of critical structural
components of mRNA (e.g., Pfold). For example, the algorithms initially developed by [96]
based on minimizing free energy and later modified by McCaskill [97] to include base-
pairing probabilities (Vienna RNA Secondary Structure Prediction) have been widely used
as a structural prediction tool in the nucleic acids research community. One of the major
limitations of the minimum energy-based models (e.g., Mfold) is the inability to predict
pseudoknots in the secondary structure of mRNA. Although significant progress has been
made in predicting the secondary structure of a naked mRNA, it is still far from making ac-
curate predictions of mRNA structure taking into account the interactions between proteins
and target mRNA in an intracellular environment. This is very problematic in the design of
nanostructured oligonucleotide probes for living cell mRNA detection.

Understanding the structural changes in target mRNA upon binding of probes [98] is
also important, since alterations in native structure of a target mRNA due to the binding of
short oligonucleotides may change its functionality. It has been suggested that the binding
of DNA probes may prevent translation by either blocking the process or by RNase H
activation. To study probe/RNA interactions, tools such as OligoWalk [99] and PairFold
[100] been developed. For example, OligoWalk predicts the interaction of oligonucleotide
probes (both DNA/RNA) with target RNA structure based on equilibrium affinity at 37◦C,
and allows the user to study the effects of probe length, concentration, and to some extent
backbone chemistry (RNA or DNA) on the local and global structure of target RNA.

12.5. LIVING CELL RNA DETECTION

Various technologies and methodologies have been developed to study intracellular
RNA biology by creating tagged full length RNAs or using RNA targeting probes. In
most cases these tags are fluorescent, chemical (such as digoxigenin), or radioactive. For
example, tagged full-length RNA has been introduced into living cells using microinjection
[101–103] to monitor the localization of a specific mRNA or nuclear RNA.
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Labeled linear oligonucleotide (ODN) probes of 20–50 bases have been used to study
intracellular mRNA (e.g. [68, 76, 105]) via in situ hybridization (ISH) in which cells are
fixed and permeabilized to increase the probe delivery efficiency and unbound probes are
removed by washing, therefore reducing background and achieving specificity. To enhance
the signal level, multiple probes targeting the same mRNA can be used (e.g. [76]). However,
fixation agents and other supporting chemicals can have considerable effect on signal [106]
and possibly on the integrity of certain organelles such as mitochondria. Therefore, fixation
of cells, by either cross-linking or denaturing agents, combined with the use of proteases in
ISH may not provide an accurate description of intracellular mRNA localization. Labeled
linear ODN probes are not very useful in detecting mRNA in live cells since it is impossible
to remove unbound probes by washing and thus difficult to distinguish between signal and
background.

In addition to oligonucleotide probes, tagged RNA-binding proteins such as those
with GFP tags have been used to detect mRNA in live cells [83]. One limitation is that it
requires the identification of a unique protein, which only binds to the specific mRNA of
interest. To address this issue, recently a transgene with a binding site for the phage MS2
protein was synthesized [81]. Generation of a GFP tagged phage MS2 protein in Drosophila
eggs allowed the specific targeting of the nanos mRNA in a living egg system. However,
there is still a significant challenge in generating transgenes with the same functionality as
endogenous mRNA.

In the following sections, we discuss in more detail critical issues in living cell mRNA
detection using nanostructured hairpin oligonucleotide probes, including cellular delivery
of probes, intracellular probe stability and dynamics, and mRNA detection sensitivity,
specificity and signal-to-background. Emphasis is placed on the design and application of
molecular beacons, although the issues are common for other hairpin probes.

12.5.1. Cellular Delivery of Probes

One of the most critical aspects of measuring the intracellular level of mRNA using
synthetic probes is the ability to deliver these probes into cells through the plasma membrane.
In what follows we discuss the existing methods for delivering hairpin probes into live cells
and the possible effects of delivery on intracellular distribution, dynamics, binding and
lifetime of the probes.

The plasma membrane is quite lipophilic and restricts the transport of large and charged
molecules. Therefore, it is a very robust barrier to polyanionic molecules such as hairpin
oligonucleotides. Further, even if the probes enter the cells successfully, the efficiency of
this process must be defined not by how many probes can enter the cell or how many
cells have probes internalized, but how many probes remain functional inside cells and
hybridize to their targets with high specificity. This is very different from both antisense
and gene delivery applications where the reduction in level of protein expression is the final
metric used to define efficiency or success. It is also important to examine how the delivery
technique might impact the fate of the probes inside a cell. Since a significant amount of RNA
molecules (including mRNA and rRNA) are in the cytoplasm, any delivery method aimed
at measuring intracellular RNA should result in a large amount of probes in the cytoplasm.

Existing cellular delivery techniques can be divided into two categories: endocytic and
non-endocytic methods. Endocytic delivery typically employs cationic and polycationic
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molecules such as liposomes and dendrimers, while non-endocytic methods include mi-
croinjection, and the use of cell-penetrating peptides (CPP) or steptolysin O (SLO). Here
we focus on the applications of these methods to delivering oligonucleotide (ODN) probes
into live cells and how delivery would impact the functionality of the probes.

12.5.1.1. Endocytic Methods ODN probes can be transported into live cells by simply
incubating them in solution with cells for ∼2 h. The delivery is mediated by the endocytic
pathway is by specific membrane surface receptors and studies have shown the existence of
at least 5 major cell surface receptors that bind specifically to ODNs [107]. Fluorescently
labeled ODN probes usually exhibit a punctate fluorescence pattern indicating endocytosis.
Electrostatic complexes of anionic ODNs with cationic liposomes or polymeric dendrimers
(such as polyamidoamine or polyethyleneimine) have been shown to enhance ODN uptake;
they are designed to provide some level of nuclease protection and have in many cases
incorporated pH sensitive molecules that enhance their ability to escape from endosomes.
However, even with all these, the efficiency of cytoplasmic delivery of functional probes
was estimated to be only 0.01–10 percent [107] due to the fact that once internalized
via endocytosis, the ODN probes are predominately trapped inside endosomes and often
lysosomes, and being degraded there.

During endocytosis, the receptors on the cell surface are activated by the ODN probes,
which are then being enclosed in a small portion of the plasma membrane that pinches
off to form an endocytic vesicle called early endosomes. The environment within early
endosomes is fairly acidic, with a pH of approximately 6. As they proceed to become late
endosomes, the pH continues to decrease and the newly synthesized acid hydrolases are
accumulated within them. Unless escaped from the endosomes, the ODN probes will be
trapped in lysosomes, which are membrane-enclosed vesicles filled with hydrolytic enzymes
for intracellular digestion. Most of the active cytoplasmic nucleases are in the lysosomes,
not in the cytosol itself [108]. Clearly, inside a lysosome the environment is extremely
bad for ODN probes and therefore it is imperative that the ODN probes are released from
the early endosomes as soon as possible. For example, viruses, both enveloped and non-
enveloped, have specific mechanisms to enable their genetic material to escape from the
endosomes/lysosomes and be efficiently delivered to the cytosol.

To overcome this difficulty, polyamidoamine dendrimers were designed to escape from
endosomes by polymer swelling and osmotic-induced swelling, as theorized by [109]. At
neutral pH, electrostatic repulsion between protonated primary amines causes the fractured
dendrimer to be fully extended which, after binding electrostatically with DNA, collapse into
a more compact form. Once the pH decreases within the endosome, tertiary amines become
protonated and the excess polymer is released from the complex, resulting in endosomal
swelling and subsequent rupture. A large excess of dendrimer is usually required to promote
high delivery efficiency, possibly because the excess non-complexed dendrimers swell and
help burst the endosomes.

Even with this mechanism for endosomal exit of probes, it is still unclear how nucleic
acids are released from cationic molecules. For liposomes it has been suggested, that once
inside a vesicle, anionic lipids from the cytoplasmic-facing monolayer diffuse into the
complex, fusing with the cationic liposome and therefore releasing the oligonucleotide
[110]. Dissociation of nucleic acids from cationic molecules may occur in endosomes,
cytosol or the nucleus, but in most cases the mechanisms are unknown.
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Many issues remain to be addressed in endocytic delivery of ODN probes, for example,
how to protect ODN probes from nucleases in the endosomes, and why endocytic delivery
often results in internalization of nucleic acids into the nucleus. Various studies have shown
that, when internalized through the endocytic pathway, a large portion of ODN probes
are trapped within intracellular vesicles such as endosomes and lysosomes, degraded by
nucleases, and prevented from reaching their target [107]. Indeed, when molecular beacons
are delivered into cells using polyamidoamine dendrimers and liposomes, the images are
riddled with bright fluorescent punctation, indicating degradation of molecular beacons
in the endosomes and questioning the protective capability of the complexed molecules.
While it is advantageous that endocytic delivery tends to internalize DNA plasmid in the
cell nucleus, it is problematic in delivering hairpin ODN probes for measuring cytoplasmic
mRNA in that if most of the probes end up in the nucleus, cytoplasmic RNA cannot be
measured.

The use of cationic molecules such as liposomes or dendrimers is not very effective
in delivering ODN probes into primary cells (as opposed to cell lines). We have attempted
to deliver DNA and RNA molecular beacons using both Oligofectamine (Invitrogen) and
Superfect (Qiagen) into normal human dermal fibroblast (NHDF) cells and found that it
was extremely unsuccessful. Both DNA and RNA beacons were trapped in intracellular
vesicles and very little were delivered to the cytoplasm. In many cases they ended up in the
nucleus producing a “glowing” nucleus with little localization.

12.5.1.2. Microinjection To avoid the issues with endocytic delivery, non-endocytic
methods have been developed and employed. For example, oligonucleotide probes (includ-
ing molecular beacons) have been delivered into cells via microinjection (e.g. [111–117]).
In most of the cases the ODNs exhibited a fast accumulation in the cell nucleus, possibly
due to diffusion through nuclear pores. Depletion of intracellular ATP or lowering the tem-
perature from 37◦C to 4◦C did not have a significant effect on ODN nuclear accumulation,
ruling out active, motor-protein driven transport. It is possible that the interactions between
positively charged nuclear proteins with negatively charged ODNs are important. However,
it is unclear if the rapid transport of ODN to nucleus is due to electrostatic interaction,
or driven by microinjection-induced flow. There is no fundamental biological reason why
ODN probes accumulate in the cell nucleus. For example, when molecular beacons target-
ing β-actin and vav (a protooncogene) were microinjected into living cells, it was found
that more fluorescence signal was in the cytoplasm than in the nucleus [113].

It has also been observed that after internalization the fluorescence of unmodified ODNs
decreases steadily and disappears within 6–10 hours [111]. However, when phosphoroth-
ioate ODNs were used fluorescence signal could be observed for up to 20 hours due was
attributed to increased nuclease resistance. It is unclear why the fluorescence of the fluo-
rophores decreases after the ODNs are being degraded. Possible reasons include quenching
due to non-specific binding between the free fluorophores and proteins or metabolic degra-
dation of fluorophores [112].

To prevent nuclear accumulation, streptavidin (60 kDa) molecules were conjugated
to linear ODN probes via biotin [115]. After microinjected into cells, dual FRET linear
probes could hybridize to the same mRNA target in the cytoplasm, resulting in a FRET
signal. In a comparative study, linear and molecular beacon probes with DNA or 2’-O-
methyl backbones targeting poly (A) mRNA, ribosomal RNA and small nuclear RNA were
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delivered into living cells using microinjection [114]. The results were compared that of in-
situ hybridization with fixed cells. It was found that 2’-O-methyl molecular beacons opened
quickly once inside the nucleus and that linear 2’-O-methyl probes were most promising
for the detection of nuclear RNA. It is likely that 2’-O-methyl molecular beacons are more
readily recognized by hairpin binding proteins; however, generally speaking, linear ODN
probes have a much higher background than molecular beacons.

12.5.1.3. Cell Membrane Permeablilization Another non-endocytic method is toxin-
based cell membrane permeablilization. For example, streptolysin O (SLO) is a pore-
forming bacterial toxin that has been used as a simple and rapid means of introducing
oligonucleotides into eukaryotic cells [118–121]. Streptolysin O belongs to the homolo-
gous group of thiol-activated toxins that are secreted by various gram-positive bacteria.
SLO binds as a monomer to cholesterol and then oligomerizes into ring-shaped structures
estimated to contain 50–80 subunits which surround pores of approximately 25–30 nm
in diameter. This size by far exceeds the size of pores formed by other toxins, therefore
allowing the influx of both ions and macromolecules. Since cholesterol composition varies
between cell types, the sensitivity to SLO may vary as well. Therefore, the permeabilization
protocol has to be optimized for each cell type by varying temperature, incubation time, cell
number and SLO concentration. An essential feature of this technique is that the toxin-based
permeabilization is reversible. This has been achieved by introducing oligonucleotides with
SLO under serum-free conditions and then removing the mixture and adding normal media
with serum [119, 122].

The initial work of SLO-based delivery was conducted with mouse kidney cells using
0.2 U/ml of SLO and various concentrations (0.1 to 100 µM) of antisense oligonucleotide
[123]. It was found that by delivering the ODNs directly into the cytoplasm in serum-free
media and bypassing endocytosis, nuclease activity is substantially lower [123]. Later, it
was found that there is little cell death due to SLO when fluorescently labeled linear ODNs
were delivered, and it takes 180 minutes to reach the fluorescence signal level similar to
that obtained using fixed cells and conventional in-situ hybridization [124].

The SLO-based method was compared with electroporation and liposome-based
method in delivering fluorescently labeled antisense ODNs into myeloid leukemia cells
[121] by performing fluorescence microscopy and flow cytometry. The effect of ODN up-
take on mRNA expression level was examined by Northern blotting. It was found that SLO-
based permeabilization achieved an intracellular concentration of ODNs of approximately
10 times that of electroporation and liposomal-based delivery. It was further demonstrated
that ODNs delivered with SLO and electroporation were in both the cytoplasm and nu-
cleus using 20 µM of ODN concentrations, while for liposome-based delivery the ODNs
were in vesicles localized near cell membrane. Delivery of ODNs with different back-
bone chemistries (including phosphorothioate, phosophodiester, 5-methylcytosine phos-
phorothioate, phosphorothioate C5-propyne pyrimidine structures and chimeric molecules
composed of a central Rnase-H activating region and methylphosphonate termini) and
concentrations revealed that the efficiency of SLO-based method is not sensitive to ODN
backbone chemistry, which was not the case with delivery methods using cationic lipids or
polymers [120, 125]. To date most SLO delivery studies are for the introduction of antisense
ODNs to down-regulate the gene expression. Recently, SLO was used to deliver dual-FRET
molecular beacons into normal human dermal fibroblast and MiaPaca-2 cells to measure
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survivin and K-ras mRNA [84]. Using a low concentration of SLO (0.2 U/ml) and low
concentration of molecular beacons (∼2 µM in the extracellular fluid), we found that the
endocytic pathway was avoided and a localized (not diffuse) signal was observed only in the
cytoplasm [84]. It seems that the combination of low permeability and low concentration
of probes prevented the molecular beacons from getting into the nucleus. This is in contract
to most SLO delivery studies in which much higher concentrations of ODNs (at least 10
times) as well as SLO (10–100 times) were used. We believe that the low concentrations of
SLO and probes may have limited the driving force for transporting ODNs to the nucleus.

12.5.1.4. Peptide-Based Delivery As mentioned above, intracellular delivery can be
very challenging as the plasma membrane forms a formidable barrier for many biomolecules.
The discovery of cell penetrating peptides (CPP) has made it possible to transduce a broad
range of agents, including nucleic acids, into living cells. Among the family of peptides with
membrane translocating activity are antennapedia, HSV-1 VP22, and the HIV-1 Tat peptide
(Tat48−60). To date the most widely used peptides are HIV-1 Tat peptide and its derivatives
due to their small size and high delivery efficiency. The Tat protein from HIV-1 virus is
an 86 amino acid transactivation protein that is involved in promoting transcription of the
HIV-1 virus. The Tat peptide is rich in cationic amino acids especially arginines which is
very common in many of the cell penetrating peptides. However, there seems to be little
homology among the CPPs. The exact mechanism for membrane translocation is currently
unknown, although many hypotheses have been proposed.

It has been generally accepted that the membrane translocation mechanisms were
primarily passive, involving diffusion or a membrane destabilization process that did not
require receptor binding. In addition, experiments performed at 4◦C seem to indicate an
endocytic-independent process. Derossi et al. [126] proposed an “inverted micelle model”,
wherein the peptide recruits negatively charged phospholipids from the cell membrane
which induces the formation of a hyrdophilic cavity. This cavity then translocates from the
exterior leaflet to the interior leaflet of the plasma membrane depositing the cargo into the
cytosol. It has yet to be determined whether this model is thermodynamically possible and
if it would apply to all of the translocating peptides.

Schwarze et al. [127] proposed a different model for Tat peptide transduction: it involves
direct penetration of the lipid bilayer as a result of the localized positive charge of the peptide
and the momentum of the peptide-cargo complex drives the covalently attached cargo into
the cytoplasm. After transduction, the membrane energetics would favor the reformation of
the intact plasma membrane. This model takes into account the ability of the Tat peptide to
transduce 40-nm particles and proteins as large as 120 kDa. However, experimental data is
needed to validate this model.

Recent work has examined whether heparan sulfate (HS) proteoglycans act as recep-
tors for internalization of the Tat peptide-cargo complex. HS is ubiquitously expressed
on eukaryotic cell membranes and may be involved in the stabilization of cell membrane
molecules as well as cell adhesion molecules. HS is polyanionic and its negative charges
could be involved in initial peptide attraction and binding which may mediate Tat transloca-
tion. It is controversial as to the roles of HS in the mechanism of CPP. For example, Silhol
et al. [128] and Violini et al. [129] provided evidence that HS is not involved in Tat up-
take, while Belting [130] indicated that treatment with anti-HS antibodies or HS-degrading
enzymes diminished peptide internalization, suggesting that HS proteogycans must play a
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role in internalization. However, Violini et al. [129] showed that fluorescently-labeled Tat
peptide could not enter MDCK epithelial cells or CaCo-2 colonic carcinoma cells. Both
cell types do express HS proteoglycans, suggesting that HS may not be a major player in
peptide-based delivery.

A wide variety of cargo has been delivered to living cells both in cell culture and in
tissue using cell penetrating peptides. For example, Allinquant et al. [131] linked Anten-
napedia peptide to the 5’ end of DNA oligonucleotides (with biotin on the 3’ end) and
incubated both peptide-linked ODNs and ODNs alone with cells. By detecting biotin us-
ing streptavidin-alkaline phosphatase amplification, it was found that the peptide-linked
ODNs were internalized very efficiently into all cell compartments compared with control
ODNs. No indication of endocytosis was found. Similar results were obtained by Troy et
al. [132] with a 100-fold increase in antisense delivery efficiency when ODNs were linked
to antennapedia peptides. Astriab-Fisher et al. [133] delivered 2’-O-methyl-modified linear
oligonucleotides by conjugating both Tat and Antennapedia peptides to the ODNs via a
disulfide bond. The results were compared with liposome-based delivery using Lipofectin.
It was found that, while the use of peptides for antisense delivery had very low toxicity
and allowed for rapid distribution in cells, the intracellular accumulation of peptide-linked
ODNs is still slower compared with fluorescently labeled peptides alone. It was specu-
lated that, with the addition of the ODN cargo, the mechanism of translocation has become
endocytic.

Recently, Tat peptides were conjugated to molecular beacons using three different
linkages; the resulting peptide-linked molecular beacons were delivered into living to target
GAPDH and survivin mRNAs [134]. It was demonstrated that, at relatively low concen-
trations, cells using thethe molecular beacon constructs were internalized into living cells
within 30 min with nearly 100% efficiency. Further, peptide-based delivery did not inter-
fere with either specific targeting by or hybridization-induced florescence of the probes,
and the peptide-linked molecular beacons could have self-delivery, targeting and reporting
functions. In contrast, liposome- (Oligofectamine) or dendrimer-based (Superfect) delivery
of molecular beacons required 3–4 hours and resulted in a punctate fluorescent signal in
the cytoplamic vesicles and a high background in both cytoplasm and nucleus of cells (Fig-
ure 12.7). It was clearly demonstrated that cellular delivery of molecular beacons using the
peptide-based approach has far better performance compared with conventional transfection
methods.

12.5.2. Intracellular Probe Stability

Although oligonucleotide hairpin probes such as molecular beacons have the potential
to detect mRNA in living cells, these probes can be degraded by endonucleases or opened
by hairpin binding proteins, resulting in a large amount of false-positive signals and thus
significantly limiting the detection sensitivity. But what nucleases are likely to pose threats
to the hairpin probes, either in the cytoplasm or nucleus? It is well known that cell organelles
such as endosomes and lysosomes contain about 60 hydrolytic enzymes, most of which are
active at acidic pH. These acid hydrolyases include the nucleases deoxyribonuclease II
(DNase II) and ribonuclease II (RNase II) [108]. Since different cytoplasmic compartments
of a cell have distinct environments with different concentration of acid hydrolyases, it is
essential to deliver probes into the right place to avoid degradation. For example, if the
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FIGURE 12.7. Cellular delivery of hairpin ODN probes using conventional transfection methods. (A–C) Fluo-
rescence signal in HDF cells after 3.5 h transfection of unmodified GAPDH-targeting molecular beacons with
(A) Superfect, (B) Oligofectamine and (C) Effectene. Note the concentrated ‘bright spots’ in both cytoplasm and
nucleus. (D–F) Similar fluorescenc signal level was observed after 3.5 h delivery of random-sequence molecular
beacons with (D) Superfect, (E) Oligofectamine and (F) Effectene. The resulting ‘bright spots’ in HDF cells
indicate that the fluorescence signals in (A–F) were largely due to molecular beacon degradation (Adopted from
Ref 134).

hairpin ODN probes are delivered into cells through the endocytotic pathway, the probes
are likely to be degraded in endosomes and lysosomes where there is high concentration
of nucleases. Similarly, if the hairpin ODN probes are delivered into the nucleus, it will
encounter a number of nucleases involved in DNA and RNA processing and DNA repair. It
is therefore important to understand the activity, specificity, and localization of nucleases
in a cell.

12.5.2.1. DNases DNase II is an endonuclease that is active against both double-
stranded and single-stranded DNA, with an optimal pH of 5.5 [119]. It is present in lyso-
somes to degrade nucleic acids that enter the cell via the endocytic pathway. It has been
implicated as an apoptotic enzyme capable of chromatin degradation in the nucleus where
it is translocated upon induction of apoptosis [135]. Nuc70 is also an endonuclease that has
been shown to localize to the endoplasmic reticulum (ER), Golgi apparatus, and possibly
secretory vesicles [136]. Upon caspase-dependent activation during apoptosis, it is translo-
cated to the nucleus [135] for chromatin degradation, suggesting that it is inactive in the
cytoplasm.

Chromatin degradation by nucleases is a hallmark of apoptosis (reviewed in [136]).
Nucleases can be classified as either cation-dependent or cation-independent. For example,
some nucleases are Ca2+/Mg2+-dependent, such as DNase I. Others are Mg2+-dependent
such as the caspase-activated DNases (CAD). A representative of the cation-independent
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class of nucleases is DNase II, which is an acid nuclease. The activity of all these nucleases is
tightly regulated. CAD, for example, becomes active only after caspase-mediated cleavage
of an inhibitory protein. DNase I is activated upon proteolytic cleavage from an inactive
precursor. DNase II, a lysosomal acid hydrolase, is most active at low pH values.

Endo-exonucleases are Ca2+/Mg2+-dependent and proteolytically-activated; they may
also play a role in apoptosis [137]. Endo-exonucleases primarily degrade single-stranded
DNA, and exist in an inactive form in both the ER and cytosol. The active form was found
primarily in the nuclei. Two precursor pools (ER and cytosolic) were proposed for the
nuclease. The cytosolic pool is assumed to be involved in normal DNA repair and possibly
in the nicking of supercoiled chromatin DNA. The ER-membrane bound nucleases are
proposed to be a storage reserve for the enzyme to be mobilized in apoptosis. The common
features of all DNAses are that their activation is usually tightly regulated by divalent ion
concentration and pH and, once activated, they often translocate to the nucleus. Therefore,
if the hairpin probes can be delivered through a non-endocytic pathway, DNase activation
and thus probe degradation in the cytoplasm may be avoided.

12.5.2.2. RNases A wide variety of RNases have been identified that hydrolyze
single-stranded RNA, double-stranded RNA, and RNA-DNA hybrid. RNases are typically
concentrated in a few subcellular compartments and play different roles in RNA processing
and metabolism. A specific family of RNases is a complex of 10 to 11 proteins termed “exo-
some” which has 3’ to 5’ exonuclease activity in both the nucleus and cytoplasm [138–140].
Quite a few, if not all, of the exosome proteins are exonucleases. There does not appear to
be a substantial pool of free exosomal subunits; almost all the associated exonucleases in
the cell are components of exosomes, even though they are all active exonucleases when
isolated individually and assayed in vitro [140–142]. In the nucleus, the exosome has been
shown to process 3’-extended ribosomal RNA. Exosomes may also play a role in nuclear
mRNA degradation [143], and the degradation of pre-rRNA transcripts that are unable to be
properly processed [144]. In the cytoplasm, the exosome is required for the 3’ to 5’ degrada-
tion of some poly(A) mRNAs, which may contribute to antiviral defense [145, 146]. Moore
[139] proposed that this assembly of multiple exonucleases allows for both coordinated reg-
ulation and delivery of a variety of exonucleases. However, it is still unclear what controls
the recognition of a specific substrate, although it has been suggested that some members
of the RNA helicase family may play an important role in substrate recognition.

Acid ribonucleases (reviewed in [147, 148]) from the RNase T2 family degrade single-
stranded RNA and are primarily localized in lysosomes, although members of the family
have also been identified in the nucleus. The RNase A family of ribonucleases functions
as antibacterial, anti-parasitic, and anti-viral agents [149], degrading single-stranded RNA.
They are secretive proteins thus posing little, if any, threat to hairpin probes inside a cell.

RNase H is an enzyme that endonucleolytically degrades the RNA component of an
RNA-DNA heteroduplex. Although the exact cellular function of RNase H enzymes is
not fully understood, it has been suggested that Type 1 RNase H proteins are involved in
processing RNA/DNA hybrids, whereas Type 2 RNase H enzymes are responsible for the
removal of Okazaki primers during lagging strand DNA replication [150, 151]. It has also
been demonstrated that Type 2 RNase H enzymes may play a role in the repair of misincor-
porated ribonucleotides [152]. The RNase H enzymes play a key role in the mechanism of
inhibition of gene expression by antisense oligonucleotides. The catalytic activity of RNase
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H2 in particular is associated with antisense-mediated RNA degradation [153]. It was re-
vealed that the expression levels of both RNase H1 and RNase H2 have large variations
in different human cell lines [153]. Examination of the localization of green fluorescent
protein (GFP)-tagged RNase H1 and RNase H2 indicated that in most cell types, RNase
H1 was distributed throughout the whole cell whereas RNase H2 was only detectable in the
nucleus.

As with DNases, RNases are tightly regulated, with specific substrates and conditions
necessary for activation. However, RNases are not completely characterized, so their effect
on hairpin probes is difficult to predict. It is believed that within the cytosol, outside the
endocytotic pathway, few, if any, RNases will pose a threat to hairpin probes. However, the
nuclear environment is much more complex, and nucleases in the cell nucleus are likely to
impede the use of hairpin probes in mRNA detection.

12.5.2.3. Backbone Modifications The backbone chemistry of a hairpin probe
has profound implications for the behavior of the probe in the intracellular envi-
ronment. For example, chemically modified oligonucleotide backbones affect probe
affinity, melting temperatures, and nuclease resistance. Extensive studies of back-
bone modification have been performed to enhance nuclease resistance. The most
common modification of the antisense probes is to replace the phosphodiester bond
with a phosphorothioate bond in the oligonucleotide. In phosphorothioate oligonu-
cleotides (PS-ODNs), a sulfur atom replaces one of the non-bridging oxygen atoms
in the phosphate backbone. This modification has been shown to have greater
resistance to nuclease degradation than phosphodiesters while maintaining RNase
H-mediated mRNA degradation [reviewed in 154]. The melting temperature of the PS-
ODN-target RNA duplex is slightly lower than the corresponding phosphodiester oligonu-
cleotide duplex and PS-ODNs have lower affinities than the unmodified DNA oligonu-
cleotides for the RNA target [155]. A major drawback of this backbone modification is
its polyanionic backbone, which can lead to elevated protein binding and immunoresponse
[154]. Excess protein binding would certainly be detrimental to the ability of a hairpin probe
to hybridize to its target mRNA. It may also activate RNase H activity, which is desirable for
antisense therapy, but not desirable when the probes are used for imaging mRNA expression
in living cells.

Modification of the sugar moiety of an oligonucleotide forms the basis for another
class of modified oligonucleotides. A number of modifications have been made at the 2’
position of the sugar ring [reviewed in 156]. Adding a 2’-O-methyl group at this position
significantly increases RNA binding affinity and enhances nuclease resistance. 2’-O-methyl
backbone modification results in an increase in melting temperature on the order of 1◦C
per modified oligonucleotide [157]. Although this modification is not ideal for antisense
therapy because it is RNase H-resistant (the probe-target hybrid is more an RNA:RNA
duplex than a DNA:RNA duplex that RNase H recognizes), it is beneficial for a hairpin
probe in that it helps avoid RNase H-mediated RNA degradation. 2’-O-methyl modified
molecular beacons, however, may be more prone to opening by hairpin binding proteins. It
may also trigger unwanted RNA interference.

Another nucleic acid analog in which the sugar ring is modified has been described
as “locked nucleic acid” [LNA, reviewed in 158]. In this backbone modification, the 2’-O
and 4’-C are linked by a methylene linker. This “locks” the sugar into the conformation
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(C-3’-endo sugar) that is supposedly ideal for recognition of RNA. This modification results
in significant increases in melting temperatures (ranging from 1◦C to 8◦C against DNA) and
has higher specificity than unmodified DNA oligonucleotides. LNAs have higher affinity for
targets primarily due to slower dissociation, as shown by stopped-flow kinetics experiments
[159]. LNAs have also been shown to be stable in the presence of a number of nucleases
[160].

Peptide nucleic acids (PNAs) are nucleotide analogs that also offer advantages for the
design of hairpin probes. PNA is a DNA mimic where the phosphodiester-linked backbone
is replaced with an N-(2-aminoethyl)glycine backbone [161] and behaves according to
traditional Watson-Crick base-pairing rules. PNAs have very high binding affinity for single-
stranded DNA and RNA; the melting temperature is increased by 1.45◦C per monomeric
PNA unit [155]. The rate of hybridization is at least as fast as DNA:DNA duplex formation.
PNA:RNA duplexes are also more stable at lower salt concentrations due to the neutral
character of the PNA backbone. PNA oligonucleotides exhibit both high affinity and high
specificity [162] when binding to DNA. PNA oligonucleotides are completely nuclease-
resistant. They also have the unique ability to “invade” a DNA duplex, although this strand
displacement occurs only at salt concentrations much lower than the physiologically relevant
value [reviewed in 155]. A careful study of the ability of PNA probes to bind to structured
targets (i.e., those with hairpin structural motifs) showed that the higher affinity conferred
by the PNA backbone enhances probe binding over a natural DNA probe [163], suggesting
that PNA hairpin probes may have a distinct advantage when targeting an mRNA sequence
‘buried’ in the secondary and tertiary structure.

Optimization of hairpin probe design and performance requires the examination of dif-
ferent backbone modifications, including their combinations. Antisense research has shown
that partial backbone modifications (i.e., modifying only a few oligonucleotide bases) often
confer desired properties. A combination of different modifications may lead to the ideal
probe backbone for a given target. One target sequence, for example, may exhibit signifi-
cant secondary structure, while another may be occluded by a number of bound proteins.
Hybridization to a specific target sequence, therefore, may require a specific backbone
modification.

12.5.3. Intracellular mRNA Detection

One of the major challenges in measuring endogenous gene expression in living cells
and tissue is the design of reporter probes with high sensitivity, specificity and signal-to-
background ratio. In addition to challenges in cellular delivery and maintaining integrity
of probe in cell cytoplasm, it is critical to have good target accessibility, which is largely
controlled by mRNA secondary/tertiary structures and RNA-binding proteins. Specifically,
an mRNA molecule in a cell usually has a folded conformation with double stranded
segments. Further, mRNAs almost always have proteins bound to it, which may alter mRNA
structure and prevent probe binding. Therefore, in selecting the probe sequences, it is
important to avoid targeting sequences that are ‘buried’ inside the tertiary structure or
where double stranded RNA is formed. Although predictions of mRNA secondary structure
can be made using existing software, they may not be very accurate due to limitations
of the biophysical models used. Further, we only have very limited knowledge of the
sequences occupied dynamically by RNA-binding proteins. Therefore, for each gene to
target, it may be necessary to select multiple unique sequences along the target RNA, and



HAIRPIN NANOPROBES FOR GENE DETECTION 429

Quencher

Donor Dye Acceptor Dye
FRET

mRNA Target

Quencher

Acceptor
Molacular
Beacon

Donor
Molacular
Beacon

FIGURE 12.8. A schematic illustration showing the concept of dual FRET molecular beacons. Hybridization of
donor and acceptor molecular beacons to adjacent regions on the same mRNA target results in FRET between
donor and acceptor fluorophores upon donor excitation. By detecting FRET signal, fluorescence signals due to
probe/target binding can be readily distinguished from that due to molecular beacon degradation and non-specific
interactions (Adopted from Ref 84).

have corresponding molecular beacons designed, synthesized and tested in cells to achieve
high signal-to-background ratio. Clearly, a better understanding of mRNA structure and
RNA-protein interactions will facilitate significantly the design of hairpin probes for gene
detection.

To drastically reduce the false-positive signals, two different approaches have been
taken. The first is a dual molecular beacons approach which measures the fluorescent signal
due to fluorescence resonance energy transfer (FRET) or luminescence resonance energy
transfer (LRET) as a result of the direct interaction between two molecular beacons [18, 84,
117]. The second approach is to modify the backbone of molecular beacons to make them
more resistant to endogenous nucleases, as discussed earlier. For certain applications such
as long time monitoring of mRNA expression in living cells, it may require the combination
of both approaches in order to achieve high signal-to-background ratio.

As shown in Figure 12.8, the dual FRET/LRET molecular beacons approach utilizes
a pair of molecular beacons, one with a donor fluorophore and a second with an acceptor
fluorophore. Probe sequences are chosen such that the molecular beacons hybridize adjacent
to each other on a single nucleic acid target, bringing the respective fluorophores into
close proximity and promoting FRET [18, 84]. The sensitized emission from the acceptor
fluorophore then serves as a positive signal in the FRET based detection assay. When the
donor and acceptor fluorophores are properly chosen (e.g., with minimal spectral overlap), a
strong fluorescence signal will emit from the acceptor only when both molecular beacons are
hybridized to the same target and FRET occurs. The fluorescence emitted from molecular
beacons that are degraded or opened by protein interactions will be substantially lower than
the signal elicited by the donor/acceptor FRET interaction. Thus, a true positive signal owing
to probe/target binding events can be readily distinguished from false-positive signals.

To demonstrate the potential of dual FRET molecular beacons approach, an in-solution
spectroscopy study was carried out [18]. Specifically, a series of molecular beacons were
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designed and synthesized which are in antisense orientation with respect to exon 6 and
exon 7 of the human GAPDH gene, and a dabcyl quencher was attached to the 5’-end and a
6-Fam fluorophore to the 3’-end of donor molecular beacons; a dabcyl quencher was attached
to the 3’-end and either a Cyanine 3 (Cy3), 6-carboxyrhodamine (ROX), or Texas Red
fluorophore was attached to the 5’-end of acceptor molecular beacons. The stem sequence
was designed to participate in both hairpin formation and target hybridization, as shown
in Figure 12.1c. This was adopted to help fix the relative distance between the donor and
acceptor fluorophores and improve energy transfer efficiency. Both the donor and acceptor
moleculars were designed with a probe length of 18 bases and a stem length of 5 bases.
The synthetic wild-type GAPDH target has a 4-base gap between the donor dye and the
acceptor dye. Gap spacing was adjusted to 3, 5, and 6 bases by either removing a guanine
residue or adding 1 or 2 thymine residues [18].

FRET measurements were carried out using a Safire microplate fluorometer (Tecan)
to excite the donor beacons and detect resulting acceptor beacon fluorescence emission
(500 nm to 650 nm) of a sample with equal amount (200 nM) of target, donor and acceptor
molecular beacons. As shown in Fig. 12.9a, when 6-FAM (peak excitation at 494 nm)

A

B

FIGURE 12.9. (A) Emission spectra for dual FRET molecular beacons with a Fam-Texas Red FRET pair. The
samples were excited at a wavelength of 475 nm (Adopted from Ref 18). (B) Localization of K-ras mRNA in
stimulated human dermal fibroblast (HDF) cells imaged using dual FRET molecular beacons. Note the intriguing
filamentous pattern of mRNA localization.
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was used as the donor dye and Texas Red (perk emission at 620 nm) as the acceptor dye, a
signal-to-background ratio of about 50 was achieved. Clearly, the FRET signal should allow
differentiation between the signal emitted upon target detection and false-positive signals.

When the distance between the donor and acceptor molecular beacons was increased
from 3 to 6 bases, there was a slight increase in the FRET signal intensity (data not shown).
This trend was found to be the same for all the acceptor fluorophores studied. It seems that
a gap size of 4 or 5 bases is desirable whereas a 3-base gap is unfavorable due to possible
interference between the donor and acceptor dyes.

To demonstrate the ability of molecular beacons in sensitive detection of mRNA in
living cells, dual-FRET molecular beacons targeting wild-type K-ras mRNA were designed
and synthesized; they were delivered into normally-growing and stimulated human dermal
fibroblasts (HDF cells) using SLO. A control molecular beacon (random beacon) was
also designed whose sequence has no perfect match in the mammalian genome. Both the
K-ras-targeting dual FRET molecular beacon pair, and control molecular beacons have a
16-base target sequence and 5-base stem [84]. For both molecular beacon pairs, Cy3 and
Cy5 fluorophores were used as the donor and acceptor, respectively. One hour after the
delivery of molecular beacons using SLO, the HDF cells were excited at 545 nm (Cy3
maximum excitation), and the resulting fluorescence signal was observed at 665 nm (Cy5
maximum emission). It was found that the dual-FRET molecular beacons approach could
provide fascinating images of mRNA localization [84]. As an example, Fig. 12.9b shows a
fluorescence image of K-ras mRNA localization in a few stimulated HDF cells. This direct
visualization of mRNA in single living cells revealed intriguing filamentous localization
pattern. Evidently, K-ras mRNA molecules are not randomly distributed in the cytoplasm,
but localized, possibly to a cytoskeletal component. It is very important to understand why
K-ras mRNAs localize in such a way, and what are the biological implications. It is also
essential to study the localization of mRNAs corresponding to different classes of proteins.
It is likely that the molecular beacons approach will provide essential information on mRNA
synthesis, processing, transport, localization, and dynamics in living cells.

12.6. OPPORTUNITIES AND CHALLENGES

Nanostructured molecular probes such as molecular beacons have the potential to enjoy
a wide range of applications that require rapid and sensitive detection of genomic sequences.
However, to date molecular beacons are used mostly as a tool for the detection of single
stranded nucleic acids in homogeneous in vitro assays. For example, molecular beacons
have been modified for solid phase studies [164, 165]. Surface immobilized molecular
beacons used in microarray assays allow for the high throughput parallel detection of
nucleic acid targets while avoiding the difficulties associated with PCR-based labeling [164,
166]. Another novel application of molecular beacons is the detection of double-stranded
DNA targets using PNA “openers” that form triplexes with the DNA strands [19]. Further,
proteins can be detected by synthesizing “aptamer molecular beacon” [167, 168] which,
upon binding to a protein, undergoes a conformational change that results in the restoration
of fluorescence.

Perhaps the most exciting application of hairpin probes including molecular beacons
is living cell gene detection. As demonstrated, the dual FRET molecular beacons technique
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can detect endogenous mRNA in living cells rapidly with high specificity, sensitivity, and
signal-to-background ratio, thus providing a powerful tool for laboratory and clinical studies
of gene expression in vivo. For example, in drug discovery, this method can be used in high-
throughput assays to quantify and monitor the dose-dependent changes of specific mRNA
expression in response to different candidate drug molecules. In basic biological studies, this
method will allow real-time visualization of the dynamics and localization of specific RNAs.
The ability to detect and quantify the expression of specific genes in living cells in real-time
will offer tremendous opportunities for biological and disease studies, provide another leap
forward in our understanding of cell and developmental biology, disease pathophysiology,
and significantly impact medical diagnostics.

There are a number of challenges in detecting and quantifying RNA expression in
living cells. In addition to probe design issues and target accessibility, quantification of
mRNA expression in single cells poses a significant challenge. For example, it is necessary
to distinguish true and background signals, determine the fraction of mRNA molecules
hybridized with probes, and quantify the possible self-quenching effect of the reporter, es-
pecially when mRNA is highly localized. Since the fluorescence intensity of the reporter
may be altered by the intracellular environment, it is also necessary to create an internal con-
trol by, for example, injecting fluorescently labeled oligonucleotides with known quantity
into the same cells and obtaining the corresponding fluorescence intensity. Further, unlike
in RT-PCR studies where the mRNA expression is averaged over a large number of cells
(usually over one million), in optical imaging of mRNA expression in living cells, only a
relatively small number of cells (typically less than one thousand) are observed. Therefore,
the average copy number per cell may change with the total number of cells observed due
to the (often large) cell-to-cell variation of mRNA expression.

Binding between proteins and hairpin probes may cause non-specific opening of the
hairpin, thus increase the background signal. There are many proteins that could bind
nucleic acids in the cell cytoplasm, especially hairpin-binding proteins. Although certain
modifications of the oligonucleotide backbone chemistry may help, other modifications,
such as 2’-O-metheyl chemistry, may increase the likelihood of probes being recognized
by hairpin-binding proteins.

Another issue in living cell gene detection using hairpin ODN probes is the possible
effect of probes on normal cell function, including protein expression. As revealed in the
antisense therapy research, complementary pairing of a short segment of an exogenous
oligonucleotide to mRNA can have a profound impact on protein expression levels and
even cell fate. For example, tight binding of the probe to the translation start site can block
mRNA translation. Binding of a DNA probe to mRNA can also trigger RNase H-mediated
mRNA degradation. However, the probability of eliciting antisense effects with hairpin
probes may be very low when low concentrations of probes (<200 nM) are used for mRNA
detection, in contrast to the high concentrations (typically 20 µM; [120]) employed in
antisense experiments. Further, it generally takes 4 hours before any noticeable antisense
effect occurs, whereas visualization of mRNA with hairpin probes requires less than 2 hours
after delivery. However, it is important to carry out a systematic study of the possible
antisense effects. When 2’-O-metheyl hairpin probes are used, hybridization between the
RNA-like probe and mRNA target results in double-stranded RNA, which may trigger RNA
interference. This possibility should also be investigated.
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13.1. INTRODUCTION

Some lanthanide (Eu3+, Tb3+, Sm3+, and Dy3+) complexes are known to be lumi-
nescent. Compared with organic fluorescent compounds, the fluorescence of lanthanide
chelates has several special different properties; (1) The lifetime of the lanthanide chelates
is very long; that of europium(III) and terbium(III) chelates usually ranges from several
hundred microseconds to more than one millisecond, and that of samarium(III) and dyspro-
sium(III), 10 to 100 microseconds. (2) Stokes shifts are very large: the chelates are excited
by UV light (310–350 nm) and emit fluorescence in the visible region. (3) The emission
profiles are sharp, having a full width at half maximum (FWHM) of only ∼10 nm.

In the last 20 years, lanthanide chelates have been successfully developed as fluores-
cence labels for highly sensitive detection of various biological molecules in time-resolved
fluorometry. Lanthanide fluorescence labels have been used in time-resolved fluorometry
of immunoassay (TR-FIA), DNA hybridization assay, high performance liquid chromatog-
raphy (HPLC), fluorescence imaging microscopy, and other bioassays, and shown great
improvement of the sensitivity compared to the conventional fluorometry using organic
fluorescent labels. The high sensitivity or detectability is due to easy distinction of the spe-
cific fluorescence signal of the lanthanide labels from background signals present in most
biological samples. Time-resolved fluorometry also obviates the problems associated with
light scattering of the optical components. These problems cannot be solved easily by the
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general fluorescence method. The principles and applications of time-resolved fluorescence
measurements for diagnostics and biotechnology have been reviewed [1–11].

13.2. LANTHANIDE FLUORESCENT COMPLEXES AND LABELS

The fluorescence of aquo complexes of lanthanide ions is very weak because of their
very low extinction coefficients and fluorescence quantum yields, but the fluorescence can
be dramatically enhanced when they form complexes with appropriate organic ligands. The
fluorescence properties of these complexes strongly depend on the structure of the ligands,
and the properties specific to lanthanide chelates are caused by the fluorescence mechanism
of the lanthanide complexes shown in Fig. 13.1; the ligand is excited to the S1 state at the
first stage, and then to the triplet state (T1) via intersystem crossing. Successively the energy
is transferred from T1 to the metal ion center, and finally transition from the excited state
of metal ion to the ground state gives visible light emission. The strongest fluorescence of
europium(III) complexes with β-diketonate ligands at 615 nm corresponds to the transition
from 5D0 to 7F2. Among several types of ligands, β-diketone and aromatic amine ligands are
known for a long time as the favorable ligands for lanthanide fluorescence. In order to use the
lanthanide complexes for DNA detection and other biological assays, the complex must have
a binding group to biomolecules, and isothiocyanate, sulfonyl chloride, and carboxylate of
N -hydroxysuccinimide are usually used to couple with DNA, proteins or other biological
molecules. In many cases, introduction of an active binding group to a fluorescent lanthanide
complex is not so easy, and sometimes causes decrease of the fluorescence considerably.
Therefore design and synthesis of favorable fluorescent lanthanide labels for bioassay are
difficult.

0

3

6

0
1

7F

5D

~ 
61

5 
nm

thermal
relaxation
(H2O)

ground
state

lowest
excited
state intersystem crossing

intramolecular
energy transfer

Ligand

ab
so

rp
ti

on

ligand fluorescence

S0

S1

T1

Eu3+

}

}

}

}

}

FIGURE 13.1. Mechanism of the fluorescence of Eu3+ chelates. Modified from CRC Crit. Rev. Anal. Chem., 18,
105–154 (1987).
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FIGURE 13.2. Emission spectra of the complexes of Eu3+, Sm3+, Tb3+, and Dy3+ with PTA in the presence of
1,10-phenanthroline, Triton X-100, and Y3+. Modified from Anal. Chim. Acta, 256, 9–16 (1992).

Since Weissman discovered in 1942 that Eu3+ complexes with β-diketone-type lig-
ands emit fluorescence when excited with UV light [12], this class of complexes has been
investigated intensively and is used for lanthanide analysis [13] and for laser materials
[14]. In these early works, the researchers found that 2-naphthoyltrifluoroacetone (β-NTA),
2-thenoyltrifluoroacetone (TTA) and pivaloyltrifluoroacetone (PTA) are the best ligands for
fluorescent complexes of Eu3+, Sm3+, Tb3+ and Dy3+; among these β-NTA and TTA
are effective only for Eu3+ and Sm3+, whereas PTA is effective for all four ions at room
temperature. Figure 13.2 shows the emission spectra of the Eu3+, Sm3+, Tb3+, and Dy3+

complexes with PTA in the presence of 1,10-phenanthroline, Triton X-100, and Y3+ [15].
However, the bidentate lanthanide-β-diketonate complexes in Figure 13.2 cannot be used
as labels, since there is no active binding group on these β-diketone ligands and these
complexes are not very stable with the stability constants only in the order of 103 to 106

[16, 17], therefore the complexes dissociate in highly diluted solutions and the fluorescence
decreases.

Recently, three chlorosulfonylated tetradentate β-diketone-type ligands were synthe-
sized (Figure 13.3) [18–20]. They differ from other β-diketones, because the fluorescence
intensities of their Eu3+ complexes are not weakened on attaching a sulfonyl chloride group
to the ligand. Compared with the bidentate β-diketone ligands, the tetradentate structures in
these ligands increase the stabilities of the Eu3+complexes and also the fluorescence inten-
sities because the ligands decrease the number of the coordinated water on the lanthanide
ion and avoid the fluorescence quenching by water.

Among the three ligands, 4,4’-bis(1”,1”,1”,2”,2”,3”,3”-heptafluoro-4”,6”-hexanedion-
6”-yl)-chlorosulfo-o-terphenyl (BHHCT) is the most suitable label for time-resolved flu-
orometry. Compared with other two, BHHCT has the advantage that (i) it has only one
sulfonyl chloride group, therefore cross labeling among several protein molecules does
not occur, (ii) its Eu3+ complex maintains long fluorescence lifetime (400 to 700 µs) in
various buffers, (iii) the relative fluorescence intensity (εφ) of the Eu3+ complex is con-
siderably larger than those of other europium labels, and (iv) the Eu3+ complex (bound to
bovine serum albumin (BSA)) has a relatively large stability constant (about 1010 M−1),
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FIGURE 13.3. Structures of three chlorosulfonylated tetradentate β-diketone labels. BCDOT = 1,10-
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bis(8’-chlorosulfodibenzothiophene-2’-yl)-4,4,5,5,6,6,7,7-octafluorodecane-1,3,8,10-tetraone, BHHCT = 4,4’-
bis(1”,1”,1”,2”,2”,3”,3”-heptafluoro-4”,6”-hexanedion-6”-yl)chlorosulfo-o-terphenyl.

and so the complex is very stable in solutions of complex multi-component ones as used
in bioassays. The ligand BHHCT is easy to conjugate to proteins through sulfonamide
formation (protein-NH-SO2-label). The main drawback of BHHCT is its low solubility
in water-based buffers, which makes it unsuitable for direct labeling of small molecules
in aqueous solution. However, BHHCT-labeled BSA, the hapten-BSA conjugate, strep-
tavidin (SA), antibodies, and other proteins and nucleic acids are soluble in water-based
buffers.

Aromatic amine derivative-type ligands mostly consist of derivatives of pyridine, 2,2’-
bipyridine, 2,2’,2”-terpyridine, and 1,10-phenanthroline [21–24]. Figure 13.4 shows the
structures of four Eu3+ chelates with aromatic amine derived ligands, that can be covalently



FLUORESCENT LANTHANIDE LABELS WITH TIME-RESOLVED FLUOROMETRY 441

N NN
NN

CO2
- CO2

-CO2
- CO2

-

NH2

OCH3

N

N N

N
N

N

CO2
-

CO2
-

ClO2S

ClO2S

(BCPDA-Eu3+)

N

N

O
C

C
O

O

O

ClO2S

ClO2S

N N

NN

NN

N N

OHN OHN

NH2NH2

(TBP-Eu3+)

Eu3+

Eu3+

Eu3+

Eu3+

FIGURE 13.4. Structures of four fluorescent Eu3+ chelates with aromatic amine ligands that can be covalently
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bound to proteins, and among which 4,7-bis(chlorosulfophenyl)-1,10-phenanthroline-2,9-
dicarboxylic acid (BCPDA)-Eu3+ and trisbipyridine cryptate (TBP)-Eu3+ are commercially
used for europium fluorescence labels in TR-FIA.

13.3. TIME-RESOLVED FLUOROMETRY OF LANTHANIDE COMPLEXES

The main problem of the conventional fluorescence bioassay is the strong background
signal including the fluorescence from the coexisting biological materials, the scattering
light associated with Tyndall, Rayleigh, and Raman scattering, and the background lumines-
cence from the optical components such as the cuvettes, filters and lenses. The elimination
of the background signals is essential for highly sensitive detection. For this purpose, the
time-resolved fluorometry using long-lived fluorescent lanthanide chelates is the most fa-
vorable method, since the background noise is short-lived with a lifetime of a nanosecond
to a few microseconds, and easily removed by time-resolved measurement. The principle of
the time-resolved fluorometric measurement is illustrated in Figure 13.5. After a sample is
excited by a flash lamp, the fluorescence of all the molecules begins to decay exponentially.
Since the short-lived background signal rapidly decreases, it can be effectively eliminated
during the delay time. This permits to measure only the long-lived lanthanide fluorescence
during the counting time with high sensitivity. Furthermore, the measurement is usually
reiterated many times (usually one second per cuvette) to accumulate the signal and im-
prove the signal to noise ratio.
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13.4. DNA HYBRIDIZATION ASSAY

DNA hybridization assay is one of the most widely used tools for diagnosis of in-
fections, genetics, neoplasmic diseases, and microbial taxonomy [25–27]. A seven-color
time-resolved fluorescence DNA hybridization assay was developed for the detection of
amplified products of the polymerase chain reaction (PCR) of the seven human papilloma
virus (HPV) types 16, 18, 31, 33, 35, 39, and 45, associated with cervix cancer [28]. In the
method, seven combinations of the non-fluorescent lanthanide labels, Eu3+, Tb3+, Sm3+,
Eu3+-Tb3+, Eu3+-Sm3+, Tb3+-Sm3+, and Eu3+-Tb3+-Sm3+ were used to label seven HPV
type-specific oligonucleotide probes. After hybridization of the labeled probes with the
immobilized target strains, the Eu3+ and Sm3+ fluorescences were measured after addi-
tion of the DELFIA fluorescence enhancement solution containing β-diketone, TOPO,
and Triton X-100. Then, a solution containing 4-(2’,4’,6’-trimethoxyphenyl)pyridine-2,6-
dicarboxylic acid and cetyltrimethylammonium bromide was added to make the Tb3+

complex fluorescent, and the Tb3+ fluorescence was measured. After the measurement,
the PCR products from each of the seven different viral strains were correctly assigned
by monitoring the contribution from each of the three lanthanide ions to the total fluo-
rescence. Heinonen et al. developed a triple-label time-resolved fluorescence DNA hy-
bridization assay method for detection of PCR amplification products of seven cys-
tic fibrosis mutations in human blood [29]. In the method, 14 kinds of allele-specific
oligonucleotides labeled with Eu3+, Sm3+, or Tb3+ complexes were used as wild-type
specific and mutant-specific probes. After the biotinylated PCR products collected in
the SA coated microtiter wells were denatured and hybridized with the 14 probes, the
Eu3+, Sm3+, and Tb3+ fluorescences were measured with the same method as described
above.

In addition, the enzyme amplified time-resolved fluorometric measurement system
has been used for another DNA hybridization assay. Bortolin and co-workers reported
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the quantitative measurement of DNA PCR products by using a digoxigenin-labeled
PCR product (the specific capture probe was immobilized onto the microtiter well) or a
digoxigenin-tailed specific probe (the PCR product was captured onto the microtiter well)
for hybridization [30]. After the hybrids were reacted with ALP-labeled anti-digoxigenin
antibody, 5’-fluorosalicylphosphate and Tb3+-EDTA were added for the coloration reac-
tion and the time-resolved fluorescence measurement. Recently, this method was further
improved for higher sensitivity by using a two-round enzyme amplification method [31].
In this improved method, digoxigenin-labeled target DNA was immobilized onto the anti-
digoxigenin antibody-coated microtiter wells and then hybridized with a biotinylated DNA
probe. After the hybrid was reacted with horseradish peroxidase-labeled SA, a solution con-
taining biotinylated tyramine and H2O2 was added to react with the horseradish peroxidase.
This reaction results in the attachment of multiple biotin moieties to the solid phase. Then
ALP-labeled SA was added to react with the immobilized biotin molecules. The coloration
reaction and time-resolved fluorescence measurement were performed as described above.
Although this method needs an additional step, it gives a 10-times enhanced signal-to-noise
ratio compared with the previous method. The BHHCT-Eu3+-labeled SA-BSA was also
employed for the DNA hybridization assay [32].

The procedures of the conventional DNA hybridization assay are tedious and time-
consuming, requiring immobilization of the target DNA on a solid support, prehybridiza-
tion, hybridization, washing, and detection. In addition, the hybridization reaction in the
solid-solution phase proceeds rather slow, which also makes the assay time-consuming. To
circumvent this problem, the homogeneous DNA hybridization assay based on fluorescence
resonance energy transfer (FRET) has been developed [33]. In this assay, two DNA probes,
one labeled with biotin on the 3’-terminus and the other with Cy5 on the 5’-terminus were
used. After hybridization, the BHHCT-Eu3+-labeled SA was added to react with biotin.
When the target DNA is present, the BHHCT-Eu3+ and Cy5 come close to each other, and
the energy transfer occurs from the Eu3+ complex to Cy5. Thus the target DNA can be de-
tected by measuring the sensitized emission of Cy5 at 669 nm with the UV-light excitation
and the normal fluorescence measurement mode or the time-resolved mode. This method
overcomes the interference of the background emission, and gives a high sensitivity with
the detection limit of 200 pM.

Another homogeneous DNA hybridization assay method has been developed, which is
based on DNA-mediated formation of a ternary complex of EDTA-Eu3+-β-diketonate, to
improve the detection limit [34]. The principle of the method is illustrated in Figure 13.7,
in which two DNA probes are used; one labeled with the EDTA-Eu3+ chelate on the
5’-terminus and the other the β-diketone, 5-(4”-chlorosulfo-1’,1”-diphenyl-4’-yl)-
1,1,1,2,2-pentafluoro-3,5-pentanedione (CDPP), on the 3’-terminus. The two probes are
complementary to the contiguous regions of the target DNA. After hybridization, two la-
bels come close to each other to form the strongly fluorescent ternary complex of EDTA-
Eu3+-β-diketonate, and thus the target DNA can be detected with the detection limit of
6 pM (0.6 fmol per assay) by time-resolved fluorescence measurement. Compared with
the formation of the ternary complex in the absence of the target DNA, the formation of
the complex between EDTA-Eu3+ and β-diketonate in the presence of the target DNA is
strongly enhanced because the complex is fixed firmly in the contiguous region of the DNA
template after the hybridization.
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CONCLUSION

Time-resolved fluorometry by using lanthanide fluorescence labels is growing rapidly
for applications in diagnostics and biotechnology. The combination of a lanthanide label
and time-resolved fluorometric detection has been proved to efficiently remove undesired
background fluorescence and detect even the very weak fluorescence which could not be de-
tected with the conventional normal fluorometry using organic dyes. Such high detectability
will innovate the performance of high through-put bio-chip technology and fluorescence mi-
croscopy. In DNA chip technique, amplification of DNA by PCR is unavoidable but should
be kept as little as possible in order to avoid the risk of error in DNA duplication. In fluores-
cence microscopy, time-resolved measurement is expected to reduce the autofluorescence of
the biomaterials and would give much better contrast. In this way, the lanthanide labels are
expected to innovate the diagnostic and biotechnology world. Of course, the labels still need
to be improved; they must have higher quantum yields, higher molar extinction coefficients,
and longer fluorescence lifetimes, in order to have higher sensitivity and simpler analysis
format. In addition, development of Eu3+, Sm3+, Tb3+, and Dy3+ four-color fluorescence
labels is desired, since they could be applied in multiple-color time-resolved fluorescence
imaging, four-color DNA sequencing, and DNA and protein microarrays. Currently Sm3+

and Dy3+ fluorescent complexes are only weakly fluorescent, and improvement of the flu-
orescence efficiency is highly desired. Synthesis of new fluorescent lanthanide complexes
is therefore still an area that needs both more intensive and extensive effort of research.
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14.1. INTRODUCTION

In recent years it has become clear that genetic factors play a major role in every human
disease except trauma. In many Mendelian or monogenic disorders, disease genes are iden-
tified by linkage and positional cloning methods using pedigrees and simple tandem repeat
markers (di-, tri- or tetra-nucleotides). However, linkage based methods have limited power
and are not readily applicable for complex disorders such as cardiovascular, osteoporosis,
neuropsychiatric disorders, diabetes, asthma and cancer. This is because multiple loci are
involved in these disorders and each locus contributes a small effect to disease etiology.
The above complex disorders unfortunately, also occur in higher frequency and are a major
social burden.

Now the whole genome sequence is a reality. The challenge faced by many investiga-
tors from around the world is how to use this massive information for practical purposes
such as improving quality of life. Since many diseases are transmitted from parents to
offspring, one immediate goal is to find out which gene (s) predisposes people to various
diseases and how the sequence variations in a gene affect functions of its product. The sec-
ond relevant question is how one could use this genetic information to predict a particular
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drug response or susceptibility to toxic side effects. This is because it is known that only a
sub-population of patients experience side effects for certain medications while others do
not. This inter-patient variability could be likely due in part to polymorphism in genes en-
coding drug metabolizing enzymes, drug transporters and/or receptors [3, 32]. Identification
of gene defects and the provision of genetic determinants of drug efficacy and toxicity will
ultimately enable physicians to optimize the use of medication effectively.

14.2. SNP DISCOVERY

It is known that between any two individuals about 99.9% of the DNA sequence are
similar to one another. The remaining 0.1% DNA differs and accounts for diversity among
population, disease susceptibility and drug response [71, 126]. The DNA variability is due
to mutation, genetic drift, migration and selection. A recent survey suggests that some
variants are common to all populations while others are distributed in a more restricted
manner [103]. The most common variant is called polymorphism. These are nothing but
variants at specific nucleotide positions in the genome among different people (Fig. 14.1)
and are designated as single nucleotide polymorphisms (SNPs). They occur once in every
thousand base pairs or less throughout the genome [16, 25]. It is estimated that the human
genome may contain as many as 10 million such SNPs [104]. These variations can occur
either in coding regions (cSNPs, also called non-synonymous SNPs) or outside the coding
regions. According to one report, about 50% of SNPs are in the non-coding region, 25% lead
to missense mutations (cSNPs) and the remaining 25% are silent mutations [19, 40]. Neutral
substitutions in exons are found to occur at a much higher rate (30–60%) compared to that
in non-coding regions. This could be due to the presence of relatively rich GC sequences
in exons [114].

Although the frequency of SNPs across the genome is greater than any other type
of polymorphism, they vary among different genomic regions, genes and different human
populations [19]. As mentioned above, it is also not necessary that all SNPs will change
the phenotype. However, they could influence gene expression and regulation. For instance,
those SNPs that occur in protein coding sequences (cSNPs) cause an amino acid change
and possibly contribute to disease susceptibility and drug metabolism. There are approxi-
mately 200,000 cSNPs in the human genome [22]. Because of their important role in disease
susceptibility and drug metabolism, one of the goals of the human genome project is cata-
loging these variations [23] and generating an ordered high-density SNP map of the human
genome. This map is made available for the public through the web-site http://snp.cshl.org.
The database of SNP is also maintained by the National Center for Biotechnology Infor-
mation (NCBI) and can be found in the web-site http://www.ncbi.nlm.nih.gov/

SNP

G

A

ACT

ACT

individual A

individual B

GATCAGC

GATCAGC

FIGURE 14.1. A Schematic illustration of single nucleotide polymorphism (SNP). Figure shows strings of nu-
cleotides at which individuals A and B differ by just one base.
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14.3. DETECTION OF GENETIC VARIATION

A wealth of technologies is available for detecting genomic variations. This short article
is not meant to be a review of all methods or their uses that are available to date for SNP
analysis. Readers are directed to consult several other reviews on this topic that are already
published [39, 50, 52, 53]. Briefly, for small scale studies, assays used for SNP detection
include: DNA sequencing, single strand conformational polymorphism [87], restriction
fragment length polymorphism (RFLP), denaturing gradient gel electrophoresis (DGGE—
uses a chemical denaturing gradient [34, 88]), temperature gradient gel electrophoresis
(TGGE—uses a temperature gradient), constant denaturant gel electrophoresis (CDGE—
employs a constant amount of denaturants), oligonucleotide ligation assay [123], allelic
specific oligonucleotide hybridization [102] and nuclease mutation detection method [38,
131]. These techniques are simple and non-radioactive methods. They can detect as little as
a one base difference with a scanning region of 100–1000 base pair. However, the detection
limit is approximately 80% and it is likely that mutations at the ends of the fragment as
well as in GC rich regions could be missed. Further improvements in these techniques such
as addition of a GC rich sequence to the end of the primers (GC clamp), two dimensional
DGGE and dideoxy fingerprinting coupled with single strand conformational polymorphism
(SSCP), reported to increase the efficiency of detection to nearly 100% [61, 109].

In order to apply any SNP identification technique to a large-scale study, it is neces-
sary that it should be accurate, sensitive, flexible and most importantly cost effective. For
this purpose, a variety of reliable high-throughput methods have been developed. These
include: structure specific nuclease invader technique [35, 73, 80], primer extension [9,
116], molecular becons—probes that fluoresce on hybridization [75, 119], TaqMan assay
[28, 62], denaturing HPLC, genomic mismatch scanning, gene chip [58], nano technol-
ogy, melting curve single nucleotide polymorphism [14, 70], fluorescent competitive allele
specific polymerase chain reaction, constant denaturant capillary electrophoresis [11], high-
density oligonucleotide arrays [29] and ligation rolling-circle amplification [79, 94, 130].
In addition, several academic and private institutions are developing a robotic version of the
SNP-IT (offered by Orchid Biosciences) and MassARRAY system (offered by Sequenom).
However, as expected for any technique, many of these methods have their own limitations
and advantages. For instance, the gene chip method may offer the advantage of minimum
sample handling and higher marker throughput but it requires a custom array for each
marker set. Similarly, denaturing HPLC technology has flexibility but requires specialized
equipment. Moreover, although, Beadedarray [86] and MassARRAY [99], are available for
rapid genotyping, further improvements are needed to develop an inexpensive method to
screen large numbers of SNPs from hundreds and thousands of patients and controls.

After the identification and mapping of a particular SNP, it is necessary to calculate the
allele frequency. This can be accomplished by calculating the percentage of individuals con-
taining the polymorphism within a population. If the frequency is greater than 5–10% then
they are considered useful SNPs. A recently reported new assay which makes use of the 3’-to
5’-exonuclease proofreading activity is a useful method for typing, and allele frequency data
can be obtained directly from genomic DNA samples [17]. The allele frequency database
is available from the Kidd lab home page http://info.med.yale.edu/genetics/kkidd. From
these data it appears that SNP allele frequencies vary considerably across ethnic groups and
populations. This suggests that different SNP panels will be required for different studies
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depending on the origin of the population. Methods (Bayesian and likelihood) have also
been developed for estimating human population growth, migration, population divergence
and recombination rates for SNPs [82, 83]. The widely variable SNP frequency between
genes also indicates the difference in the recombination rate across the genome [18, 81, 97].

14.4. DISEASE GENE MAPPING

By identifying and developing a high-density map of human DNA sequence polymor-
phism it may be possible to identify disease related genes more effectively by employing
the association strategy [54, 55, 68, 98]. This is because such studies do not need a large
family. In this approach, a comparison between affected and unaffected individuals will
be made for a set of genetic markers. If the marker shows more prevalence in affected
individuals than in unaffected, then it is considered as evidence of an association between
the marker and the phenotype (reviewed in ref. [107, 108]). For this purpose, an analytical
approach has been developed which also incorporates the contribution of environmental
factors [132]. This method however, still needs a large sample size [56] and there are other
pitfalls such as the generation of millions of genotypes. Despite this limitation, there has
been some success recently in identifying the association between the APOE 4 allele and
late-onset Alzheimer disease [66, 100], factor V Leiden mutation and venous thrombosis
[122] and promoter polymorphism in the insulin gene and type I diabetes [10]. A par-
tial list of diseases associated with SNPs is presented in Table 14.1. Although there are
several high-throughput methods that are available for genotyping thousands of samples
[45], this type of whole genome approach to mapping is still expensive. A suggested al-
ternative approach in some cases is to use pooled DNA to quantitate the result [13] that
will reduce the number of samples to be analyzed. However, such approaches are not
recommended for all studies. In addition, this method gives only a rough estimate of al-
lele frequencies and it is possible that some rare alleles (less than 5%) could be easily
missed.

14.5. EVOLUTION

Genetic variants are not only considered to be responsible for inter-individual differ-
ences and in disease risk but also for molecular evolution. It is estimated that more than 99%
of SNPs occur elsewhere in the genome and they do not change amino acid or regulatory
sites. Hence they may not have any phenotypic effect. According to the neutral theory of
evolution [48], these SNPs are not subjected to natural selection [16, 105]. Therefore, they
are considered to be more stable or less mutable. However, those SNPs that do change
amino acids may have phenotypic effects and might be subject to natural selection. If these
SNPs are retained over time then they must have some selection advantages for individ-
uals. The retention of variants by natural selection is an important step in evolution [60].
Hence raw evolutionary data can be generated by comparing the ratio of non-synonymous
to synonymous change in several proteins in different species. This may allow us to trace
the branching point of an evolutionary tree. This is an important step in evolution because
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at that branch point variance has advantages for the species and fixed in the gene pool. This
can be of immense value in understanding the evolution of the human genome in the future.

14.6. HAPLOTYPES

Identification of millions of SNPs across the genome is an expensive and technolog-
ically demanding task. For this reason, a much simpler method called haplotyping and
understanding the haplotype structure (HapMap) has been developed [37]. A haplotype is a
group of linked SNPs in the same chromosome that are inherited together—a process known
as linkage disequilibrium—which is a non-random association of alleles in a chromosomal
segment. Thus, a particular SNP will be in linkage disequilibrium with many other SNPs
[96, 117]. In a simple sense, a haplotype (blocks of information) is a genotype of a single
chromosome and it is likely to be responsible for human genetic diversity. Since a haplo-
type contains stretches of SNPs in a particular chromosome, they are thought to yield more
accurate and predictive information on the complex biology of the genotype—phenotype
relationship than a single SNP. This is because polymorphic bases can be distributed dif-
ferently on the maternal and paternal chromosomes and such differences may affect gene
expression and drug response by two patients. In addition, haplotype analysis may sig-
nificantly reduce the amount of data to be analyzed [47] for gene identification or drug
development because only a small number of SNPs are required to map the disease gene.

The haplotype structure often determines the phenotypic consequences and they can
be used as genetic markers [6, 26, 27, 46]. In order to determine directly the haplotype
structure of genomic DNA, a simple robust method involving a long–range polymerase
chain reaction and intra-molecular ligation has been developed [72]. Recently, using gene
chip sequencing arrays developed by Perlegen Sciences, it has become possible to define
the haplotype structure of chromosome 21 [90]. However, linkage disequilibrium may vary
between various populations and across the genome and this requires additional methods
[96]. Furthermore, two companies: Parkin Elmer and Sequenom Inc. (San Diego) have
launched web sites (www. snpscoring.com and www. realsnp.com) which provide informa-
tion on population frequencies of SNPs in various populations, how the technology works,
how to run the assay and what are the benefits. When the HapMap is completed, a simple
comparison of HapMap between normal and patient DNA will provide the region of the
genome that is most likely responsible for the disease. Similarly, comparison of HapMap
of individuals responding differently to medication will pinpoint the genomic region valu-
able in personalized treatment. Thus, haplotyping can provide a better understanding of the
genetic correlation to clinical response than a single SNP genotype. This is because the
specific combination of multiple linked SNPs can have an additive or subtractive effect on a
particular trait and this is very useful for designing a drug [5, 108]. Additionally, haplotype
based SNP analysis can be applied to crop genetics [95].

14.7. DRUG DEVELOPMENT

Human genetic variation also plays a key role in determining drug toxicity and ef-
ficacy. For instance, some weight-loss drugs were found to cause cardiac valve damage
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and pulmonary hypertension. Similarly, non-sedating anti-histamine drugs and antibiotics
produced cardiac arrhythmias [91, 106]. In fact, the incidence of serious and fatal adverse
drug reactions is very high. According to one study, properly prescribed medications caused
100,000 deaths in the United States alone [57]. It has also been reported that the HLA class
II haplotype determines the response to cytokine therapy in a subset of patients with renal
cell carcinoma [31]. In this regard, rapidly developing pharmacogenomic research and a
toxicogenomic assay may shed some light on the response of an entire genome as well
as the influence of genetic variation to experimental drugs or class of drugs. Identification
of the genotype of patients and correlating that with drug toxicity (Fig. 14.2) may enable
clinicians to prescribe most effective drugs with diminished side effects. In short, under-
standing the relationship between genotypic variation and drug metabolism at the molecular
level may lead to customized medications in the future. It will fit each patient’s needs so
that clinicians need not have to rely on a guessing game with drugs [12, 20, 59, 63, 92,
112].

The reason for this is that, it is well known that concentration of certain drugs in a patient
is determined by drug metabolizing enzymes such as cytochrome P450, N-acetlytransferase
and other key enzymes [33, 74]. For instance, a variation in cytochrome CYP 2D6 activity
has been linked to liver cancer [2] and genetic polymorphism has been reported in this en-
zyme [78, 107, 108]. As mentioned earlier, an SNP map of the human chromosome suggests
that some SNPs are in the exons [4, 77]. Therefore, identification of non-synonymous SNPs
(those that cause amino acid change) and other SNPs in the promoter region are very useful
in understanding drug response because they have a functional effect [92, 112]. Addition-
ally, it is known that some patients respond poorly to a given medication (Fig. 14.2) while
the other patients either experience incompatibility or no response at all [21, 101]. By using
a high-density SNP map and comparing the pattern of those individuals who respond poorly,
adversely and positively, it is possible to identify responsible polymorphism in a gene and
to develop safer and more effective drugs. In summary, SNPs and haplotypes are valuable
markers to identify certain individuals susceptible to certain diseases such as Alzheimer,
depression and diabetes. They are also helpful to understand individual variability in drug
response.

Individual A
(Fast responder)

Individual B
(Slow responder)

Individual C
(Toxic responder)

Metabolizes the 
drug more
efficiently (high
doses are needed
to treat).

Metabolizes the drug
slowly (lower doses
are needed to avoid
side-effect or toxicity). 

Metabolizes the 
drug very poorly (it
may have fatal
effect).

* *
*

FIGURE 14.2. Highly hypothetical representation of the relationship between the genotype and drug response.
Two horizontal lines denote a pair of homologous genes, ∗mark indicates polymorphism in the gene which is
responsible for different types of drug response.
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CONCLUDING REMARKS

The human genome project is a big step forward for the identification of genes re-
sponsible for complex diseases. One major challenge for the future is to understand how
genetic factors contribute to more common and complex conditions such as cancer, psychi-
atric disorders, diabetes and asthma. By identifying and understanding the genome—wide
polymorphisms, a more complete medicinal response (adverse effect and efficacy) profile
can be developed for each drug. This will ultimately enable clinicians to provide an ef-
fective therapy using the individual patient’s genetic background. It is hoped that these
genetic approaches will significantly reduce long-term hospitalization and care in the near
future.

The use of SNP in genetic testing and development of individualized medicine is
truly exciting. However, to meet this challenge, several underlying problems should be
considered. For instance (a) only a small fraction (15%) of SNPs are characterized to date
to carry out meaningful experiments, (b) a huge number of SNPs are needed to make a
connection between disease and SNP, (c) they are not randomly distributed in the genome,
(d) it is possible that some of them may not be allelic variants but cismorphism [7]. In
addition, a large number of studies are required to identify haplotypes that are in linkage
disequilibrium. Identification of a haplotype associated with type II diabetes mellitus [43]
is a good example of this problem. It is clear that some SNPs do change the amino acid
sequence or regulatory site but it is not clear how useful they are in diagnostic testing.
This is because of the complexity of human disease and the involvement of environmental
factors that determine the phenotype. It is also unknown how genotype alone can predict
disease susceptibility. For instance, although identical twins have identical genotypes, they
exhibit 50% concordance for more common diseases [64, 93, 125, 127]. Moreover, we
should also consider the influence of developmental programs such as DNA methylation, X-
inactivation and environmental conditions during postnatal development in causing disease
susceptibility and phenotype.

Furthermore, individualized drug development also needs more challenging ap-
proaches. This is because, drug-metabolizing enzymes such as cytochrome P450 family
have been well characterized but the drug receptors (or membrane transporter) have not
been well studied. For instance, estrogen β and cyclooxygenase receptors and their ther-
apeutic values are largely unknown. Additionally, these receptors are highly variable or
genetically diverse in a given population which adds another limitation. Moreover, sev-
eral drugs have multiple genetic effects that make the study design even more complex.
Although it will be a long time before personalized medicine becomes a reality [129],
pharmacogenomics plays a major role in reducing or preventing drug related deaths and
hospitalization costs. Meanwhile, future research will uncover methods to make SNP mark-
ers as useful tags for medical testing.
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15.1. BACKGROUND AND MOTIVATION

Biological molecules are now being increasingly viewed as machines due to the re-
markable complexity, accuracy, and efficiency of their functions. Consequently, there is
a developing effort to harness the engineering of Nature by going beyond characterizing
biological systems and investigating methods for direct manipulation. This effort has been
furthered by the enormous progress in understanding the complex mechanisms and struc-
tures of biological systems. Largely fueled by the advances in biological and biochemical
tools and also characterization techniques such as x-ray crystallography and NMR, this
knowledge has reached a point where one can describe the structure and mechanisms of
large and complex biological molecules in molecular detail. Consequently, direct manip-
ulation of biomolecular activity is an attractive route for the development of new types of
hybrid systems that utilize the engineering of Nature.

In order to give a sense of how others have approached this problem, four examples
of harnessing biological systems are described below. It is important to note that these
examples do not comprise an exhaustive list as this field is changing rapidly, and numerous
new techniques are being discovered continually. Instead, it is intended to give a sense of
the diverse approaches to manipulating biological machines.

15.1.1. ATP Synthase as a Molecular Motor

ATP Synthase (also called proton-translocating ATP synthase or proton pumping-
ATPase) is a membrane protein which is the most abundant enzyme [65]. Its function is
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FIGURE 15.1. Schematic of ATP Synthase, consisting of the F1 and F0 subunits.

to create proton gradient across a membrane using the energy gotten from converting ATP
to ADP. Alternatively, it can have the opposite function and use the energy from a proton
gradient to synthesize ATP from ADP. ATP Synthase outperforms artificial motors, which
operate at an efficiency of 35% to 96% in electrical to mechanical energy conversion. It is
also an important enzyme as ATP is universally used as fuel in living organisms. It is a large
protein (500kD) and has a complex structure. It is composed of the subunits F0, which spans
the membrane, and the F1 subunit which sits above the membrane (Figure 15.1). The F1

subunit is comprised of the α and β subunits which are arranged with three fold symmetry.
In catalyzing these reactions, the entire F1 subunit undergoes a rotational motion. The pro-
tein acts as a molecular stepper motor with ATP as fuel, generating torques of ∼100pN·nm.
Although there are many motor proteins that have been well studied, rotation is an unusual
motion in proteins, and outside of bacterial flagellum examples of molecular rotary motors
are rare. Through x-ray crystallography of the F1 subunit [1], a molecular level description
of the catalysis and associated motion has been determined. Because the efficiency of this
motion is remarkable with respect to artificial motors, and sophisticated knowledge of the
mechanism has been studied, it is desirable to harness the conformational change which
can be simply induced by introduction of ATP. In order to harness this rotational motion
and exploit the enzyme as a molecular motor, the F1 subunit was engineered with histidines
in key positions which act as attachment points to a surface. In addition, one of these sites
serve as an attachment point for streptavidin to attach a Ni bar (150 nm by 1400 nm) so the
rotational motion can be visualized by microscopy [54]. The engineered enzyme is immo-
bilized on a surface at specific attachment sites put in by fabrication. ATP is introduced by
flushing a solution over the chip, and in the presence of ATP the Ni propeller arm spins, as
viewed by microscopy. This motion is performed with calculated efficiencies of 50%–80%
depending on the ATP concentration, and with torques of 19–20pN·nm. However, utilizing
it in its natural environment is desirable, and in the form of a fabricated device it is difficult
to envision implementation in real biological systems. However, this example illustrates
that knowledge of the structure and mechanism of even sophisticated enzymes coupled
with rational design can result in harnessing biological machines in novel ways. Ultimately,
one could create devices that exploit single biomolecules for mechanical applications.
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15.1.2. Biological Self Assembly of Complex Hybrid Structures

Biology exploits principles of self-assembly to construct complex structures out of
both organic and inorganic materials with great precision. On the other hand, we have con-
structed artificial systems largely employing top down approaches, such as microfabrication.
However, these approaches are limited in constructing complex devices and machines of
nanometer size dimensions. Also, they are much less efficient than how Nature achieves
complex structures, and often require severe reaction conditions or harsh or toxic reagents.
Consequently, there has been a great effort towards discovering how to utilize biological
systems to construct inorganic/biological systems or at least mimic the key processes. Of
particular interest is self-assembly on nanoscale dimensions, which would have important
ramifications for device applications.

One compelling example of biological self assembly is biomineralization, or the crys-
tallization of inorganic structures. This is seen exemplified in natural materials such as hard
shells, bone, and teeth, and also in organisms such as a diatoms and magnetotactic bacteria.
Biological systems have determined routes for making novel structures that are composites
of inorganic and organic material, which often exceed the mechanical properties of pure
inorganic materials. If created artificially, these structures often require high temperatures
and pressures, in stark contrast to their biological counterparts which are synthesized in
atmospheric conditions. This unique synthesis is achieved by utilization of proteins that
recognize specific crystal faces and thus control the crystallization morphology [2, 11, 12,
20]. Biological strategies for assembling materials is much more complex than the simple
crystallization we can do artificially. As a result, many have studied the proteins that can
recognize crystal surfaces [53]. In order to exploit the properties of these proteins, bac-
teriophages have been genetically engineered so that they display these peptides on their
coats. This allows use of the bacteriophage to crystallize nanostructures of unusual com-
position such as semiconductors (ZnS, GaAs) [60] and magnetic materials (CoPt, FePt)
[44]. Also, the protein coats of viruses have been recognized as unique encapsulations for
nanoparticle mineralization, as they are well defined in shape and size. A natural occurring
example of this is the iron storage protein ferritin, which is a spherical protein made of 24
subunits. It stores iron in the form of a 6nm ferric oxohydroxide particle in its 7nm cavity.
As an artificial analogue of ferritin, the cowpea chlorotic mottle virus (CCMV) has been
manipulated to mineralize nanoparticles of novel materials [21]. The shell of the CCMV
consists of 180 monomer proteins assembled into an icosahedron with a cavity ∼18nm
in diameter, making it a suitable vessel for mineralization of nanoparticles [40, 60]. By
changing chemical conditions of the interior of the encapsulation, 15nm nanoparticles of
paratungstate (H2W12O10−

42 ) could be formed. The resulting self-assembled nanoparticles
were highly crystalline, as evidenced by crystalline lattice fringes in TEM, and had narrow
size distributions.

Many have recognized that DNA has great potential for organizing biomolecules and
inorganic/organic structures on the nanometer length scale [52]. DNA has intrinsic length
scales that make it a suitable candidate for this purpose—it is Ångstroms in width, and
can be as long as millimeters in length [38, 46, 47]. More importantly, the chemistry of
base pairing in DNA imparts specificity of hybridization, and DNA strands can find their
complements in solution amongst thousands of other candidates. Advances in chemical
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modification of DNA have resulted in numerous methods for linking it to small molecules,
surfaces, and nanoparticles [43]. Thus, many have looked to use DNA as a means of spatially
organizing nanostructures. Gold nanoparticles of two different sizes (5 nm and 10 nm) are
covalently attached to DNA strands of different sequences. By dictating the sequence of the
complement added to the solution, different spatial arrangements of nanoparticles can be
achieved. For example, both homo- and hetero-dimers can be created, as well as different
arrangements of trimers. Through rational sequence design, spatially extended structures
of DNA [38, 61] as well as unusual structures such as loops, hairpins, cubes, and truncated
octahedra can be self-assembled [19]. Furthermore, these structures have been decorated
with gold nanoparticles, and structures were ascertained through atomic force microscopy
(AFM) [62] (Figure 15.2b).

While structures with complexity approaching fabricated transistors have not been
created yet, this is an important step towards using biology to template and spatially organize
molecules and objects for applications in devices.

a

b

FIGURE 15.2. DNA self assembled structures, a) cube shape from self-assembled DNA oligonucleotides, from
[19], b) DNA tiling decorated with nanoparticles, from [62].
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15.1.3. DNA as a Medium For Computation

Biological systems are attractive as computational media. All organisms can be viewed
as computers, as even simple organisms such as bacteria can accept inputs (i.e., toxins located
nearby) and respond according to the information encoded in their DNA (i.e., the bacterium
moves away). Biological systems all have superior computational efficiencies, processing
power, and information storage densities over traditional computers, in addition to the
ability to fully self-replicate, which so far has not been reproduced artificially. Consequently,
exploiting biological for computational purposes has been pursued.

The first experimental realization of a biological system as a computer was by Adelman
[3] in which the process of DNA hybridization in solution was used to solve a model mathe-
matical problem. The traveling salesman problem ascertains the best route between multiple
cities without repeating cities, and is normally intractable for traditional computers where
the number of cities is large. Here, the possible mathematical solutions were represented
by DNA strands of different sequences. A connection between two cities was represented
by formation of a hybrid pair between those two points. All possible combinations were
formed in solution, but one could filter out combinations that do not follow the constraints of
the problem. If the problem was solved successfully, DNA of a certain length and sequence
would remain. Adleman showed that using DNA to solve the traveling salesman problem
was successful for a simplified version, but in theory it can be utilized on a larger version for
which the solution is unattainable if approached by traditional computers. This approach
offers new capabilities to computation, namely massively parallel computing. Because ev-
erything is in solution, large numbers of different answers can be sampled simultaneously.
As a result, other formats for computation have been realized in which mathematical prob-
lems are represented by DNA tiles that form extended two dimensional structures according
to whether they are a solution or not [61]. In addition, analogs of binary logic functions have
been created out of DNA enzymes [56], where “1” and “0” are represented by fluorescence
states of a product of the DNA enzyme. Also, simple circuit elements such as ring oscillators
and bistable switches have been constructed using transcriptional machinery [23, 24].

15.1.4. Light Powered Nanomechanical Devices

One novel way to manipulate biomolecules is by decorating them with organic
molecules which isomerize upon optical excitation, allowing light to control the
biomolecule. Perhaps the most well studied molecule with this property is azobenzene
(Figure 15.3a) which rotates the NNC bond angle by 120◦ in isomerization. It goes from
the trans form to cis under optical excitation at λ = 365 nm, and in the reverse direction
with λ = 420 nm or thermal excitation. Many have viewed this molecule as a molecular
bistable switch powered by light. In addition, azobenzene can be linked to specific sites
on a biomolecule (R groups), enabling the use of light to induce a drastic conformational
change in the biomolecule.

Along these lines, azobenzene has been used to photoactivate DNA dehybridization
[5]. It can be chemically attached to a phosphate backbone and substituted as a base in
DNA during solid phase synthesis. In the trans form it does not perturb formation of a
hybrid between its parent strand and its complement. However, in the cis form, it perturbs



464 KIMBERLY HAMAD-SCHIFFERLI

N
N

R

R

R

N
N

R

? = 420nm

? = 365nm

Triplex formed Triplex perturbed

h?

a

b

FIGURE 15.3. Light powered isomerization of a molecule. a) isomerization of azobenzene moiety upon light.
b) utilization of isomerization of azobenzene to perturb DNA triplex formation.

the local structure in the DNA and formation of the hybrid pair is impeded. This has
been used to manipulate DNA triplex formation by light (Figure 15.3b). Azobenzene is
incorporated into one site on a DNA 13mer that can form a triplex structure with two
other oligos. Upon UV illumination, the azobenzene converts from trans to cis, which
in its non-planar form perturbs the local structure in the DNA in such a way that base
pairing between the 13mer and its complements is weakened. As a result, the triplex is
destabilized, as measured by melting curves of the complex with and without illumination
[5]. In addition, perturbation of hybrid formation by azobenzene has been used to control
the length of DNA transcription in vitro. The azobenzene is incorporated into a 12mer
blocking strand that hybridizes to a specific site on a template downstream from the primer.
With the blocking strand present and the azobenzene in the trans form, DNA polymerase
lacking strand displacement and also 5’ to 3’ exonuclease activity is physically blocked
from reading the message, so a truncated message is transcribed. Upon UV illumination,
the azobenzene isomerizes into the cis form, causing the blocking strand to dehybridize
from the template and allowing the polymerase to transcribe a full-length copy [63].

Azobenzene has also been used to control the conformation of proteins [32, 36, 42].
Amino acids containing the molecule have been incorporated into proteins at specific sites
during synthesis or through site directed mutagenesis, allowing phototriggering of struc-
tural changes in proteins or photo-deactivitation of protein activity. One example has used
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azobenzene to control the activity of Ribonuclease S [32, 42]. RNase S mutants containing
the azobenzene amino acid analog at key sites in the S-peptide portion of the protein were
generated by chemical synthesis. By UV illumination, the catalysis rate (kcat) of the mutant
containing the azobenzene analog can be reduced by approximately 1/2 as it switches the
azobenzene from the trans to cis form. This is a working example by which light can control
the activity of a protein.

Azobenzene has also been exploited as an optically powered molecular machine and
being explored for use as a nanomechanical device [31]. In this case, multiple azobenzene
units were incorporated into a polymer chain which was attached to an atomic force mi-
croscope cantilever. Under illumination, the azobenzene changes conformation, pulling the
cantilever. The resulting average length change per molecule is 2.8nm. They then use this
polymer to convert light into mechanical work in cycles, by repeatedly pulling the cantilever.
The overall optical to mechanical efficiency, η, of 0.1 is obtained.

All of these examples show that knowledge of biological molecules has now reached
a point where detailed, molecular-level knowledge of sophisticated and complex systems
and mechanisms are attainable. This has been possible through recent advances in x-ray
crystallographic techniques and various spectroscopies such as NMR, in combination with
extensive mutational analysis and chemical design of inhibitors and binders. As a result,
we are at a point where we can use this information and engineer Nature’s systems so that
they can be manipulated to perform functions that either do not occur naturally or are much
more efficient than their artificial counterpart.

15.2. NANOPARTICLES AS ANTENNAS FOR CONTROLLING BIOMOLECULES

In designing a way to control biomolecules, the technique for manipulation must be
compatible in vitro and in vivo for real utility. Thus, it should be applicable in the complex
and crowded three-dimensional environments in cells. In addition, this means of control
should be direct, reversible, selective, and not specific to one type of biomolecule but
universally applicable.

A new technique using nanoparticles as antennas for controlling the activity of biolog-
ical molecules addresses many of these issues [26, 27]. It utilizes an adapation of induction
heating, a technique which is employed industrially to heat metals in a rapid and non-contact
manner [48, 67]. Basically, a metal part is placed in a coil to which a current is applied (Fig-
ure 15.4, left). This generates a magnetic field in the part. In order to oppose this magnetic
field (Lenz’s Law), eddy currents are induced in the metal part. If the applied current is
alternating, the magnetic field is changing direction, and the induced eddy currents oscillate
in direction rapidly. This rapidly heats the metal part by joule heating.

In order to apply this to biological molecules for control, the metal species to be heated
are nanoparticles. These nanoparticles are attached to a biological molecule in such a way
that the normal functioning of the biomolecule is not affected (Figure 15.4, right). An
external alternating magnetic field induced alternating eddy currents in the metal particle.
The particle transfers the heat the biomolecule, inducing denaturation and thus shutting off
the activity. Once the field is turned off, the biomolecule dissipates the heat into solution
and refolds, resuming activity. Thus, the nanoparticle acts like a localized heat source which
induces denaturation. Since the alternating magnetic field only heats the metal or magnetic
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FIGURE 15.4. a) General schematic for induction heating of metal parts, b) induction heating of nanoparticles
attached to biomolecules in solution.

particle directly and not the biomolecule or solution, it is a way to directly control the
attached biomolecule. Heat dissipation of proteins into solution is fairly rapid [41], and for
limited powers control of biomolecules reversibility is possible.

Nanoparticles are ideal systems for antennas for many reasons. First, the size of
nanoparticles is about the size of the biomolecules to control, proteins and DNA (nanome-
ters). Secondly, nanoparticles are soluble due to the solution phase synthesis used to syn-
thesize particles. As a result, the nanoparticle-biomolecule hybrid is soluble, so the protein
or DNA molecule can carry its nanoparticle antenna inside of a cell, which is like solution
(albeit much more crowded/higher concentration [31]). This has important ramifications
for in vivo feasibility. Thirdly, the chemistry to link nanoparticles to biomolecules has been
explored. A covalent link between the two is required, not simply electrostatic adsorption
because the protein may become detached when nanoparticle is heated. Fortunately, there
are many options for achieving this chemical link, and there is extensive previous work
in which nanoparticles have been successfully attached to proteins and DNA without per-
turbing the function, both in vitro and in vivo. Finally, nanoparticles have been studied for
their interesting size and material dependent properties [4, 7, 28, 55], and some of these
properties may be exploited in developing antennas.

This technique is ideal for controlling biological function because nearly all
biomolecules denature with heat, giving this the potential to be universally applicable.
In addition, magnetic fields can be used in tissue. Typically tissue creates a problem for
optical techniques as it blocks out wavelengths shorter than 800 nm, the majority of vis-
ible spectrum where most dyes absorb and emit. However, some have been able to cir-
cumvent this obstacle by using chromophores that that absorb and emit in the infrared
(IR). Core shell nanostructures of gold shells on and silica nanoparticles are excitable in
the IR due to their novel structures [30]. Also, nanocrystals composed of semiconduc-
tors with small band gaps (CdTe, GaAs) absorb and emit in the IR. These IR fluores-
cent nanocrystals are biocompatible and have been used successfully for imaging through
tissue.
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Nanoparticles have already been incorporated into biological systems for many other
purposes. Typically they are employed as sensors, where they can give an optical readout
of the state of hybridization of DNA or indicate whether or not a species has bound to
its receptor. Metal nanoparticles have a surface plasmon resonance that is sensitive to its
immediate surroundings, so a change such an antibody binding to its target or DNA hy-
bridizing to its complement [22, 57] can shift this resonance. In some formats, nanoparticles
provide a highly sensitive means of detection, prohibiting the need for PCR, which is not
an immediate readout and may introduce errors. Semiconductor nanocrystals have been
used as fluorescent tags that are more robust than organic dyes [39, 51]. Other forms of
using nanoparticles to control processes in biological systems have been in hyperthermia,
where magneticl particles are collected in tissue and heated similarly by an alternating mag-
netic field to burn tumors. In addition, magnetic particles have been utilized as “magnetic
tweezers” to pull on cell surfaces to determine mechanics of the membranes. In addition,
magnetic particles have served as sensors of DNA hybridization [34, 49].

There are three general schemes of using RFMF heating of nanoparticles to control
the activity of biological molecules (Figure 15.5). First, heat from the nanoparticles can be
used to directly change the conformation of a protein, turning off activity (Figure 15.5a).

Protein inactiveProtein active

Protein assembled:
active

Protein disassembled
into subunits: inactive

Nucleic acid double stranded Nucleic acid single stranded

RFMF

RFMF

RFMF

FIGURE 15.5. Three general schemes for controlling the activity of biomolecules. a) directly controlling
the conformation of a biomolecule, b) using nanoparticle heating to break up non covalent bonds between
subunits of the protein, altering activity, c) using nanoparticle heating to denature nucleic acids, altering
activity.
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Alternatively, it can be used to control proteins made of subunits which are held together
by noncovalent bonds (Figure 15.5b). Upon heating by the RFMF, the nanoparticle breaks
these noncovalent bonds, separating the subunits and turning the protein off (or on). For
control of proteins, the nanoparticle must be labeled in a specific spot on the protein. Thirdly,
the nanoparticles can be used to break the hydrogen bonds in nucleic acids and denature
the pair (Figure 15.5c). This last example will be described in detail below.

15.2.1. Technical Approach

Nanoparticles of high crystalline quality, soluble, and well-defined sizes are required
for their use as antennas. There are many routes for solution phase synthesis [10, 13, 14,
33, 45, 64], which typically yields particles that are soluble in organic solvents. However,
water solubility is key for utility in biology, so methods of ligand exchange and surface
functionalization have been developed [33, 45].

The linkage between nanoparticle antenna and the biomolecule to be controlled must
be a covalent link. Although electrostatic adsorption has been used successfully to link
proteins to inorganic nanoparticles, it may not be sufficient here as heating the particle may
cause detachment from the biomolecule. In addition, precise placement of nanoparticles
is desirable for control of proteins. Fortunately, multiple chemistries for attaching gold
nanoparticles to biomolecules have been developed. The most commonly used chemistry
is through a thiol attached to the DNA or protein which can react directly with gold to
form a gold-thiol bond, which has been used successfully in many instances [22, 66].
Secondly, one can change the ligand on the surface of the nanoparticle to a moiety that
can react with a group on a biomolecule to form covalent bond [29]. For example, the
reaction between a primary amine with a sulpho N-hydroxysuccinimide (NHS) ester can
form a peptide bond [25, 50]. Thus, the DNA can be appended with the primary amine
on the 5’ or 3’ end, and the particle would have a ligand that contains the NHS ester.
Alternatively, the DNA can be functionalized with a thiol group, which can react with a
maleimide ligand on the nanoparticle to form a thioether bond. In general, reaction with a
ligand on the surface is a method that is not specific to gold nanoparticles, and can be utilized
with particles of different materials. Replacement of ligands on nanoparticle surfaces can
be done by standard ligand exchange [45]. In addition, advances in DNA synthesis have
facilitated these chemistries, as reactive groups can conveniently be incorporated during
solid-phase synthesis. Furthermore, nanoparticles with reactive ligands are commercially
available (Nanoprobes, Inc.).

Purification of the nanoparticle-bioconjugate species from unlabeled DNA/protein and
free nanoparticles can be achieved by agarose gel electrophoresis. Gel electrophoresis has
been established as a technique which can separate strands of DNA according to size with a
resolution of a few base pairs. Consequently, it is an appropriate technique to separate DNA-
and protein-nanoparticle conjugates [59, 66]. In order to obtain the purified conjugates in
solution, bands were cut out of the gel matrix and the DNA-gold conjugates were extracted
by centrifugation of the isolated bands through spin filters. A simpler method to purify the
bioconjugate from free nanoparticles is by ethanol precipitation. If the nanoparticles have
suitable surface ligands, only the DNA will precipitate from solution, permitting separation.
In this case the nanoparticles must be in large excess of the DNA, as unlabeled DNA will
also precipitate.
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Here the system for induction heating of the particles in solution is similar to those
used for industrial induction heaters, which typically consists of a generator that sends
alternating currents through a coil, creating alternating magnetic fields [49, 67]. The current
was applied to coils that had multiple turns (101 to 102), which were constructed of wire
wrapped around a plastic cuvette/tube holder. The holder had an open structure to maximize
light passage through the sample for optical experiments, and had a cross section of ∼1cm2

so that microfuge tubes could fit inside. An RF signal generator (Hewlett Packard 8648C)
generated currents with frequencies from 30kHz to 1GHz with an output power of 1 mW,
which was then amplified to result in an output power from 0.4 W–4 W. This is an estimate for
the ultimate output power as losses can occur from setup architecture. In order to eliminate
effects from heating of the sample by the coil, the entire coil was placed in a large water
bath at room temperature (T = 22 ◦C, volume ∼1 L). Samples were either in PCR tubes or
quartz cuvettes if spectroscopic measurements were being performed, and sample volumes
were typically in the range of 180–200 µL.

15.2.2. Dehybridization of a DNA Oligonucleotide Reversibly by
RFMF Heating of Nanoparticles

The first molecule to be controlled was a DNA hairpin dehybridization, to demonstrate
that the nanoparticle can be heated and denature an attached biomolecule. The DNA loop
hairpin (also known as a molecular beacon [58]), which is a single stranded nucleic acid
that is self complementary on the ends (Figure 15.6a). The loop/hairpin is utilized because
the self-complementary structure facilitates rehybridization on rapid timescales [9], so a
test of reversibility is feasible. The 1.4 nm gold nanoparticle was attached to the DNA via
a functional group that was appended to one of the bases in the loop region. This group
was an amine, which can react with an NHS ester on the surface of the nanoparticles.
Here one needs a way to monitor the hybridization state of the molecule and determined
if it is in single- or double-stranded form. In order to do so, DNA hyperchromicity can
be exploited, which is the property of DNA by which the optical absorption of the bases
increases when going from double stranded to single stranded form [16]. This occurs at
260nm, the wavelength characteristic of base absorption. Thus, the sample is put in a coil in
an optical absorption spectrometer and the optical absorption at 260 nm is monitored while
turning on and off the radio-frequency magnetic field at 15 second intervals.

The resulting optical absorption values for a ∼0.1µM solution of the nanoparticle-
labeled molecular beacon are shown in Figure 15.6b, upper curve. When the RFMF is
turned on, the optical absorption increases, and when it is turned off, the optical absorption
decreases to its original value. This indicates that the DNA is dehybridizing with application
of the field, and rehybridizing in the absence of the field. As a result, this shows that the
control of the state of hybridization of the DNA is fully reversible. Furthermore, control
experiments in which the same oligo without a nanoparticle is exposed to the field show no
response (Figure 15.6b, lower curve), demonstrating that neither the solution nor the DNA
molecule itself is responsive to the RFMF.

15.2.3. Determination of Effective Temperature by RFMF Heating of Nanoparticles

Since the nanoparticle produces some sort of heating, it is essential to get an estimate on
what temperature it creates in its local environment. It should be an appropriate temperature
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FIGURE 15.6. Using RFMF heating of nanoparticles to control denaturation of a molecular beacon. a) schematic
of the molecular beacon and its attachment point for the nanoparticle (amine), b) optical absorption of nanoparticle-
molecular beacon in the RFMF (upper curve) and only the molecular beacon in the RFMF (lower curve).

for denaturation of DNA or proteins. Based on the above results, the nanocrystals evidently
create a higher temperature which may be localized to the DNA oligo. In order to determine
this effective temperature increase, samples that were exposed to the alternating magnetic
field were compared to those exposed to fixed global temperatures. In this case, a two-phase
system was utilized in order to avoid temperature dependent effects on optical properties
(Figure 15.7a). Nanocrystals were linked to a 12mer of DNA which had the 5’ end func-
tionalized with a fluorophore, which served as a means to count the oligo. It was hybridized
to a solid support. This was achieved by using a complement that had a biotin on one end,
which could be captured onto streptavidin coated agarose bead. Because the beads were
large (diameter ∼100µm), they settled to the bottom of the tube, comprising the solid phase.
The supernatant above it acted as the solution phase. If the oligo was denatured by either
heat or the RFMF, it could diffuse into the supernatant, where it could be removed from the
solid phase and quantified by fluorescence spectroscopy.

One sample of the two phase system was prepared and aliquoted into separate tubes.
Each tube was exposed to a fixed global temperature using a 1L water bath. One tube
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∼35◦C.

was placed in the coil with the RFMF at room temperature. Following heat or RFMF, the
samples were spun down and the supernatant was removed. Each supernatant was then
measured by fluorescence spectroscopy, which yielded a relative concentration of DNA
present in the sample. Figure 15.7b shows the spectra from the supernatant of each aliquot.
The fluorophore, FAM, has an emission maximum at 515nm. For samples exposed to
higher temperatures, the fluorescence intensity increased as more DNA was denatured.
The sample that was exposed to the RFMF (thick black line) had a fluorescence intensity
between that of the 30◦C and 50◦C samples. In order to quantify the effective temperature
of the RFMF sample, the fluorescence intensity peaks were integrated and plotted as a
function of incubation temperature (dots), shown in Figure 15.7c. The curve is fit to a
sigmoidal (line) characteristic of DNA melting curves [17]. The intensity for the RFMF
sample was extrapolated (dotted line) to a temperature of 35◦C, or +13◦C above ambient
temperature. This is the effective temperature increase the DNA oligo experiences from the
RFMF. It is important to note that this temperature jump is sufficient to partially denature
many proteins in biology. However, using this technique to dehybridize longer strands
of DNA which have elevated melting temperatures may be difficult using the parameters
utilized in the experiments described here. One way to achieve denaturation of longer oligos
would be to increase the delivered power to the coil, which would increase the heating of
the nanoparticle. Also, using multiple nanocrystals on the DNA can increase heating and
permit control of longer oligos. However, functionalization becomes difficult as the only
available points in the middle of the chain are off the bases themselves and nanoparticles
attached to these sites may interfere with formation of the hybrid pair.

15.2.4. Selective Dehybridization of DNA Oligos by RFMF Heating of Nanoparticles

This technique will be useful only if can be used selectively, i.e., control the molecule
with the nanoparticle antenna and while not affecting surrounding molecules that have no
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nanoparticles attached. In order to do so, we used a similar twophase system described
above, but used a mixture of oligos with and without nanoparticles attached (Figure 15.8a).
These oligos are identical in sequence to the one with the nanoparticles (identical 12mer,
same melting temperature) but instead of a nanoparticle on the 3’ end, there is another dye
that is spectroscopically distinct from FAM. The oligo to be denatured was mixed with
another oligo that was identical in length and sequence and melting temperature but had
a fluorophore instead of a nanoparticle attached to the 3’ end. The ratio of oligos with
nanoparticles to those without was roughly 1:1. The fluorophore for this second oligo was
tetramethylrhodamine (TMR), which is spectroscopically distinct from FAM (λabsorption =
555 nm, λemission = 563 nm) and thus can be distinguished in fluorescence spectroscopy
(Figure 15.8). One sample was immersed in a 70◦C water bath, and the other was exposed to
the RFMF at room temperature. Fluorescence spectra are shown in Figure 15.8b where the
ratio of the fluorescence intensity at 515nm and 563nm are compared. The globally heated
sample had a higher ratio of TMR: FAM, while the sample that was exposed to the RFMF
had a lower ratio. Integration of the peaks to quantify the ratios showed that the sample
exposed to the global heating has approximately 50:50 gold vs. TMR labeled oligos, while
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the RFMF sample has a ratio of 80:20. This indicates that denaturation of the gold labeled
oligo was enhanced in the RFMF. However, its denaturation is not completely exclusive.
One possible explanation is that is that streptavidin on the bead is tetrameric, and thus has
the capacity to bind four biotins and thus four complementary oligos. Consequently, each
streptavidin on average would possess a mixture of gold-labeled and TMR-labeled oligos.
As a result, the TMR-labeled oligos were estimated to be on the order of 10nm or less away
from a gold-labeled oligo. At these distances it is expected that through-solution heating
will occur, resulting in non-specific denaturation.

The experiment shows that selectivity is limited by the degree of heat localization
around the nanoparticle. This presents a challenge for implementation in cells which have
extremely crowded environment, with protein concentrations on the order of 300mg/mL. As
a result, the space between proteins is on the order of nanometers [37], with not many solvent
layers between them. Therefore, heat localization will have to be on order of nanometers for
it not to affect other proteins in solution. The study of heat localization around nanoparticles
in solution is currently a work in progress. Classical heat transfer equations indicate that
for a point source embedded in a medium, heat by conduction is fairly localized [8], but
these descriptions are based on continuum approaches, and may not necessarily apply to
nanoscale systems. Experimentally it has been determined that heat conductivity coefficients
for solutions of metal nanoparticles are much higher than bulk systems, and cannot simply
be described in terms of volume fractions. [15, 18, 35] As a result, this problem is currently
of interest to the heat transfer field as these solutions of nanoparticles could be used as heat
management fluids that remove heat from electronic devices.

CONCLUSIONS AND FUTURE WORK

Control of biomolecular activity by heating of nanoparticles by RFMF has been shown
to be reversible and selective for the simple case of DNA denaturation. Nanoparticle an-
tennas are promising as a tool for studying and utilizing biological systems as they can
be universally applied to biological systems and have foreseeable compatibility in vivo.
Future work includes control of proteins that perform complex processes. This will be a
challenge as specific placement of the nanoparticle on the protein is required. This is eas-
ily achievable when labeling DNA since end functionalization or incorporation of unique
bases is possible during solid phase synthesis for short oligos. However, proteins are much
more complex than DNA, and knowledge of the three-dimensional structure is crucial for
application of this technique. For proper control, the nanoparticle must be close enough to
the active site so that heat from it changes its structure, but on the other hand it must not
perturb the protein’s function when no field is applied. Furthermore, control of the chem-
istry so that the nanoparticle is at one amino acid site and not at all of them is essential.
Other issues like protein denaturation and sticking to the surface of the nanoparticle must
also be addressed, most likely through manipulation of the nanoparticle surface chemistry.
Clearly, this technique is much more powerful if applicable in cells or organisms. While
this has not yet been tested, introduction of nanoparticles into cells and organisms has been
successful in various instances. Nanoparticles have been ingested by cells, injected into
tissues, and have had no effect on the functioning of the organism. Consequently, this is
a promising new tool that has potential to control a broad range of biological functions in
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relevant biological environments. It could have important ramifications for diagnostic tools
and pharmaceutical applications, as it may enable reversible and specific control of disease
related species remotely. It represents but one step towards fully utilizing the richness and
complexity of the machines of Nature.Hope
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16.1. INTRODUCTION

The sequencing of the human genome, along with the 200-odd other genomes that
have been sequenced, does not represent the solution to a puzzle but rather the necessary
introduction to a bigger puzzle. That puzzle is how all the 30,000-odd some genes in the
human genome are expressed and controlled in a proper sequence for a cell to function.
We can hardly address this enormous problem in this brief review, but instead wish to
concentrate on one very small but very important aspect of this problem: physical aspects
to how proteins are able to achieve base-pair specific recognition. By “physical aspects” we
mean that the proteins distort (strain) the DNA helix when they bind, and if this strain is
a function of the sequence of the distorted region then the basepair dependent free energy
associated with the strain provides a way to discriminate amongst the basepairs.

Our own group has been wrestling with getting DNA containing transcription factors
into nanochannels in an attempt to read the proteins coding for genes on a single molecule
basis [6, 7, 55, 56]. A major issue that will occur as we shrink structures to the nanometer
scale [11] is the deformation of the DNA double helix due to the presence of the transcription
factors, and the influence of sequence on the protein binding specificity. We will not address
directly the issues of nanotechnology here that are needed to make structures small enough
to care about these DNA deformations, but instead hope to lay down some of the basic
physical concepts needed for analyzing deformed molecules at the nanoscale.
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There are three levels of protein-DNA specificity. At a coarse level is the formation of
chromatin by the binding of proteins to DNA. While not exquisitely sequence dependent,
chromosomes do form very ordered structures and there certainly is a basic sequence de-
pendence to how proteins are guided to form chromosomes during mitosis. At the next level
of specificity and complexity are proteins such as restriction enzymes which cut DNA at
certain sites. These proteins do not have the on-off control that transcription factors have but
they do certainly cut at precision sites with great biological importance. Finally we have the
transcription factors, which show the highest specificity of all: binding constants to certain
sites approach 10−14 molar, and are 107 times higher than non-specific binding constants
to dsDNA.

Consider for example how the λ phage exists within a bacteria. The λ phage is an
extremely well known bacteriophage which can operate as a genetic switch: the phage can
quietly exist within the genome of its host E. coli (this mode is called the lysogenic phase).
However, upon sensing of damage to the genome of the bacterium the phage can switch
to a “lytic” phase by exising itself from the host genome and turning off normal control
of the phage expression. This removal of the normal control of phage expression results in
exponential growth of the phage within the host bacteria causing finally lysis of the bacteria.
In order for this switch in expression to occur, there must be a change in the gene expression
of phage. In the lysogenic phase a protein called cI binds to a four-fold sequence called
OL ,n and OR,n where L or R stands for the left or right side respectively of the cI repressor
gene, and n = 1 − 4 for the 4 possible binding sites. Under conditions of lysogeny the
expression of cI results in a negative feed-back loop: the cI binds to the OR and OL control
sequences. Binding of cI to the OR sequence prevents expression of a protein called cro to
the right and allows for expression of cI to the left side of the operator sequence. Binding
of cI to the OL sequences prevents expression to the left side of OL called N. If something
happens to the cI repressor protein, the OR and OL repressor sites are no longer occupied
with three results: RNA polymerase cannot initiate cI transcription without cI binding to
OR , and the proteins cro and N can now be expressed as the RNA polymerase moves to
the right and left respectively of the operator sites. An excellent review of this process can
be found in the book “Genetic Switch” by Mark Ptashne [46].

Perhaps the above brief description can give the reader some idea of the amazing
amount of highly specific control transcription factors must exert on gene expression in
order for an organism to successfully adapt to changing conditions. How does this happen
physically, that is, what is the 3-D structure of the protein that allows this to happen? An
excellent introduction to this subject can be found in a review article by Luscombe et al.
[34]. Generally, transcription factors can be grouped into 4 basic classes, although there are
many exceptions to the following list: (1) helix-turn-helix, (2) zinc finger, (3) leucine, (4)
helix-loop-helix. For all 4 cases the basic structure consists of two DNA binding sections
which are separated by a linker region. The linker region does not contact the DNA helix.
Why is this particular structure so predominantly chosen? We can guess that perhaps part
of the recognition process involves some sort of straining of the helix in the non-contacted
region. Figure 16.1 shows some examples of how proteins can deform the double helix
upon binding.

This bending of the helix which would make some sense as a means of enhancing
specific if in fact the elastic properties of DNA are a function of the basepair composition,
for then the strain energy would stored in the strained helix would vary as a function basepair
sequence in the strained sequence. In order to test this supposition three subjects must be
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FIGURE 16.1. Dimer binding of (a) CAP, (b) LacR protein and (c) phage 434 repressor protein to DNA. The
bending angles are 90◦ in CAP, 42◦ in LacR protein and 25◦ in phage 434 repressor protein. LacR protein in
nature binds as tetramers to two isolated DNA. LacR protein and phage 434 repressor protein bind to DNA with
helix-turn-helix motif. Adapted from Refs. [17] [31] and [1].

addressed: (1) we have to have a mathematical formalism for the strain energy stored in
a deformed helix; (2) we have to have measurements of the elastic constants of the helix
as a function of basepair sequence; (3) we need to bring the previous parts together and
show that experiments support the supposition that sequence-dependent elastic properties
of DNA and strain can explain a significant part of the free energy of sequence dependent
specificity in transcription factors.

The structure of Deoxyribose Nucleic Acid (DNA) was first proposed by Watson and
Crick in 1953 [57]. In their model, DNA is a double helix of anti-parallel sugar-phosphate
chains held together by a stack of complementary base-pairs (bp). Base-pairs contain four
base: adenine (A) and guanine (G) (purine), cytosine (C) and thymine(T) (pyrimidine).
Purine bases always pair with pyrimidine bases; i.e., A pairs with T (A·T) and G with C
(G·C). Purine and pyrimidine in a base pair are connected by hydrogen bonds—two for
A·T and three for G·C. This DNA is called a classical Watson-Crick B-form DNA. In real
life, the Watson-Crick DNA of perfect helix form with all its bases, sugars and phosphates
at their assigned locations, rarely exists. What exists is a double helix with local (of order
base-pair separation distance) structural variations brought about by generic differences of
the stacking four bases. Since each base has its own unique composition and thus electronic
distribution, it is conceivable that for different base sequences, equilibrium separation and
rotation between bases would be different. For example, it would not be hard to imagine
that DNA homo-polymer such as polyd(G·C) where the long purine bases reside on one
chain having different conformation from alternating DNA polymer such as polyd(GC).

It is now generally accepted that properties of DNA (structural, mechanical etc.) depend
on base-pair sequence. While sugar phosphate backbone ensures the continuous double he-
lical form of DNA, it is mainly the sequence of bases that determines DNA local geometrical
properties. In order to discuss the sequence’s effects on DNA, it is necessary to first define
all relevant base movements in DNA. Translational and rotational parameters for relative
displacements of base to base or base-pair to base-pair were established and standardized
in 1989 [16, 18]. Figure 16.2 shows all coordinate parameters alone which translations
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FIGURE 16.2. Translational and rotational movements of bases and base-pairs. Shaded edges are minor groove
sides of DNA and black corners are sites where sugar attaches to bases. Strands on the left run from 5′ to 3′ in the
+z direction and strands on the right in the −z direction. Propeller twist, helical twist, roll and tilt shown here are
all positive rotations. Adapted from Ref. [3].
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and rotations of bases and base-pairs are performed. Among these translational and rota-
tional parameters, twist (propeller twist and helical twist), roll, tilt and slide are sufficient in
describing sequence dependent DNA properties and DNA-protein interactions in this article.

16.2. GENERALIZED DEFORMATIONS OF OBJECTS

We relied heavily in this section on Landau and Lifshitz Vol. 7 (Elasticity)
[32] and an informative article by Goldstein, Powers and Wiggins [22]. We first note that it
is possible to write the displacement δr of vector r when it is rotated through an angle δφ

as a cross-product of the vector δ φ and r :

δr = δ φ × r (16.1)

which you can convince yourself is true by taking the vector at some finite angle φ to the
x axis and rotating a bit through the angle δφ. Now, imagine that an orthonormal coordinate
system ei is attached to the filament at some point. Let e1 and e2 be the x and y axis
respectively in the cross-sectional plane of the filament and let e3 be the z axis parallel
to the local tangent, ie, e3 is the tangent vector. The deformation of the filament is the
local rotation d φ of this coordinate system as we move an arc length element ds along the
filament. It is common to use the vector � to represent this deformation:

� = d φ
ds

(16.2)

The strains of the object are then proportional to the rate at which the coordinate system
rotates:

∂ei

∂s
= � × ei (16.3)

Those elements of � which are parallel to the e3 axis are defined as torsional deformations,
while those elements along e1, e1 are bending deformations.

We can make this more explicit. Note that de3/ds is the curvature of the filament, and
is equal to 1/R, where R is the radius of curvature of the filament. Hence:

de3

ds
= � × e3 = n

R
(16.4)

where n is a unit vector in the plane of curvature and perpendicular to the tangent e3:

n = R
de3

ds
(16.5)

If we cross the tangent vector e3 with both sides of Eq. 16.4 and use the vector identity:

A × ( B × C) = B( A • C) − C( A • B) (16.6)
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we obtain an expression for the strain vector � in terms of the bending and twisting com-
ponents:

� = 1

R
(e3 × n) + e3(e3 • �) (16.7)

Although many of the strains seen in biology at the molecular level are large enough
that nonlinear terms are significant it is still useful to consider the small strain limit where
the stress is proportional to the strain. In a linear system the stress elastic energy should go
as the square of the strain vector derived in Eq. 16.7. We would expect in the small strain
limit that we can write the elastic energy F of a strained filament as:

F =
∫ [

1

2

E Ix

R2
x

+ 1

2

E Iy

R2
y

+ 1

2
C�2

3

]
ds (16.8)

where E is the Young’s Modulus and C is the twisting rigidity and we have explicitly
considered that the bending surface moment of inertia I can be different in the two orthogonal
directions:

Ix =
∫

x2dxdy

Iy =
∫

y2dxdy (16.9)

Note that in Eq. 16.8 we have quite explict expressions for the bending energy in terms of
the Young’s modulus and the surface moment of inertia, but not for the shear rigidity in
terms of a shear modulus G and a factor dependent on the structure of the filament.

We now relate the torsional rigidity C to the shear modulus G. When you twist a
filament, the strain is due to the rotation rate dφ/ds of the local coordinate system, and
the linear assumption is that the stress (force/area) is due to this strain. In the case of twist
distortions, what matters is the restoring torque that acts along the e3 direction. Consider a
cylinder of radius R and length L which is fixed at one end. If we apply a shearing torque
τ at the free end of the cylinder the cylinder responds by twisting (shearing) in such a way

that d φ
ds is a constant. Suppose we are at the free end of the rod and consider a small ring

of width dr , a distance r from the axis of the rod. The ring is twisted through an angle α

relative to the fixed end of the rod, and the tangential movement δs of the ring due to the
shear is δs = rα. Thus, the strain ε(r ) and stress σ (r ) at this position are:

ε(r ) = rα

L

σ (r ) = Grα

L
(16.10)

where G is the shear modulus. The magnitude of the restoring torque dτ is:

dτ = r × σ (r )d A = 2πGα

L
r3dr (16.11)
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Integration over the entire cross-section yields the total restoring torque τ :

τ = 2πGα

L

∫
r3dr = Gα

L
IP (16.12)

where IP is defined as the polar moment of inertia:

IP = 2π

∫
r3dr (16.13)

Note that IP varies as the fourth power of the radius of the rod, as does the surface
moment of inertia IA. We now see that since α/L is the rotational rate �3 of the coordinate
system and that the twisting rigidity C can be written in general as:

C = G Ip

L
(16.14)

A final note. There is a connection between the thermally induced bending and twist-
ing dynamics of the DNA molecule and the elastic modulii. Thermal energy stores kB T

2
of energy per degree of freedom in a system, where kB is Boltzmann’s constant and
T is the temperature in Kelvin. This thermal energy results in a bending and twisting
persistence length pB and pT respectively [32]. These lengths are basically the aver-
age radius of curvature due to thermal induced bending and the average distance over
which the helix twists through an RMS angle < φ2 >1/2 ∼ 2π . The bending persistence
length is:

pB = E Ia

kB T
(16.15)

while the twisting persistence length is:

pT = G Ip

kB T
(16.16)

The bending persistence length is quite easy to observe since it results in the deformation of
the backbone of the dsDNA molecule giving rise to a random walk aspect to the contour of
the molecule which can be directly measured as the radius of gyration Rg of the polymer. Rg

is basically the radius of the glowing blob that a genomic length dsDNA molecule appears
as in a microscope. For a non-self avoiding random walk Rg is given for a polymer of
contour length L and bending persistence length pB by [19]:

Rg =
[

LpB

6

]1/2

(16.17)
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TABLE 16.1. Elastic properties of defined length DNA sequences

Sequence E (dyne cm−2) pB (bp)

poly(dG) � poly(dC) 2.3 ×109 400
poly(dA-dC) � poly(dT-dG) 1.4 ×109 250
poly(dA) � poly(dT) 8.2 ×108 150

16.3. SEQUENCE DEPENDENT ASPECTS TO THE DOUBLE
HELIX ELASTIC CONSTANTS

The next question is if there is a DNA sequence dependence to E and G. This sequence
dependence could come from at least two interactions: “on diagonal” terms due to the
differences in the hydrogen bonding patterns of G· C and A · T basepairing (denoted by
the symbol ·), and “off-diagonal” terms due to differences between the basepair stacking
interactions of nearest neighbor bases, such as G-C, denoted by the hyphen. The effect of
sequence on DNA elastic properties (torsional and bending stiffness) was investigated in our
group with a few hundred bp long DNA segments using triplet anisotropy decay techniques
[25]. In this work DNA was treated as a stack of base-pairs connected by springs. Table 16.
compares E for different three sequences: poly(dG)·poly(dC), poly(dA-dC)·poly(dT-dG),
poly(dA)·poly(dT) and the predicted bending persistence length pB as calculated from Eq.
16.15. These measurements showed that AT rich sequences where the most flexible and GC
rich sequences where the least flexible.

Other experimental techniques have been used in studying DNA flexibility: they are
scanning force microscopy [49], nuclear magnetic resonance [38], fluorescence polarization
anisotropy (FPA) measurements [21] and electron paramagnetic resonance [40]. There is by
no means an agreement in the literature that the values we cite in Table 16.1 are gospel truth.
Hagerman in his 1988 review article [23] dismissed the results shown above as “probably
artifactual”. But, we will see that this story has continued in spite of his sceptism. There
are probably strong basepair dependences to DNA physical properties, as a function of
sequence [5], that is no doubt more complex than the simple picture presented above, but to
deny the existence of any substantial basepair dependence to the elastic properties of DNA
is surely wrong.

That there are substantial sequence dependences is clear from other areas of research.
There is a thermodynamic literature which connects melting points of DNA oligonucleotides
and basepair composition, a more indirect approach than the physical approaches discussed
above but indicative of the substantial dependence of basepair composition on the physical
properties of DNA. Thermodynamic measurements which measure the heat exchange �Q
when molecules interact basically yield the values for the enthalpy changes �H . Enthalpy
is not the same as the potential energy �U . Enthalpy is one of the possible “free energy”
potential measurements of a system. The free energy of a system is the extactable energy
you can remove from a system subject not only to the constraints of the conservation of
energy E, but also subject to the constraint that a physical system will always want to be
in the macrostate of maximum entropy S, it wants to be as disordered as it can be. Thus,
enthalpy changes �H are more complex quantities than the simpler elastic potential energy
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TABLE 16.2. Nearest Neighbor Thermodynamics

Interaction �H◦ cal/M �S◦ cal/K-M �G◦ cal/M

AA/TT 9.1 24.0 1.9
AT/TA 8.6 23.9 1.5
TA/TA 6.0 16.9 0.9
CA/GT 5.8 12.9 1.9
GT/CA 6.5 17.3 1.3
CT/GA 7.8 20.8 1.6
GA/CT 5.6 13.5 1.6
CG/GC 11.9 27.8 3.6
GC/CG 11.1 26.7 3.1
GG/CC 11.0 26.6 3.1

changes we discussed earlier but do contain within them some (unknown) elements of the
total thermodynamic differences between basepairs in DNA.

Breslauer’s group at Rutgers University has been the leader in the field of measuring
basepair dependent thermodynamic properties of DNA, predominantly in basepair specific
specific heat changes [4, 54]. By analyzing the basepair dependent melting temperatures
of oligonucleotides it has been possible to construct a table of basepair-basepair stacking
interactions which include as we have mentioned both the elastic potential energy effects
we discussed above and entropic issues which we have ignored. Table 16.2 is extracted
from [4] and gives in tabular form the thermodynamic variances in stacking interactions.
As the authors state in [4], “base sequence and not base composition determines stability”.
Note also that the sequence AA/TT, what we will call an “A-tract” in the next section, has
an anomalous stability. The subtle consequences of A-tracts will be clarified next, but the
point here is that the Gibbs free energy �G◦ varies by factors of 3 with basepair sequence,
hardly a small effect.

16.4. SEQUENCE DEPENDENT BENDING OF THE DOUBLE HELIX
AND THE STRUCTURE ATLAS OF DNA

There is more to the picture of the conformational complexity of DNA than just the
variation of the elastic constants with basepair sequence as is clear from the thermodynamic
results. DNA is held together with hydrogen bonds, and these bonds can connect atoms not
only directly across the basepairs but also off-diagonally to neighboring groups. In order
to maximize the energy of these bonds, the basepairs typically twist out of the plane and
can form what is called a bifurcated hydrogen bond. Not all bases can do this, the AA-TT
sequence has the least amount of steric clash and so can do this most readily if the As are
all on one side and the Ts are all on the other: this is called a homo-A tract. The designation
of a homo A-tract is poly (dA)·poly (dT). So, strangely, although we would expect that
a random sequence of A·T basepairs to be the most flexible, this rule breaks down for A
tracts because of the cross-coupling of the bifurcated hydrogen bond which can enhance the
rigidity of the helix, at least at temperatures below 30 C. The formation of the bifurcated
hydrogen bond results in a propellor twist to the bairpairs as they rotate out of the plane
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of the helix. A review of the basic idea of the bifurcated hydrogen bond can be found in
[15]. As we will discuss later, this birfurcated hydrogen bond can be broken (“melt”) long
before the double helix loses its integrity, as has been shown by a combination of circular
dichroism, scanning calorimetry and Raman spectroscopy [9, 10].

The structural implications of these off diagonal interactions, so reminiscent of the Ising
model in condensed matter physics, can be quite significant. In our case, we are concerned
with the phenomena of bent DNA, which occurs when “A-tracts” consisting of 4 or more
consecutive runs of A bases are phased with the 10 bp repeating pattern of the B-type
double helix. A phased A-tract bends the helix of dsDNA into a circle of 50 Å radius at
temperatures below 30 C. The bend occurs because there is a cross-linking hydrogen bond
(the bifurcated hydrogen bond) that forms between neighboring An and Tn+1 bases, giving
rise to a propellor twist to the plane of the basepairs. This twist gives rise to a coherent bend
of the helix if the A tract is phased to the helix repeat [14].

There are two main groups which have greatly extended the theoretical work we have
described here. The Olson group at Rutgers University has for one of its goals understanding
the influence of chemical architecture on the conformation, properties, and interactions of
nucleic acids. They have made great progress in clarify the role of local structure induced
by the primary base sequence and the binding of proteins on the overall folding of DNA
and RNA [41, 42]. The work in this group in primarily theoretical and has combined a
variety of computational approaches (Monte Carlo and molecular dynamics simulations,
potential energy calculations, developments and applications of polymer chain statistics,
finite element analysis, systematic molecular modeling) with new developments in polymer
theory. Following up on this work, there is a group in Denmark, the Center for Biological
Sequence Analysis at the Technical University of Denmark, which has turned the analysis
of basepair sequence dependence of DNA structure and elasticity to a very formal level
[29, 44]. They have used the rules that we have outlined in this review paper to analyze DNA
sequences based upon the structural, positioning and dynamic information we have outlined
in this paper. Genomic length sequences of DNA are presented in terms of the intrinsic
curvature of DNA (phased A-tracts), stacking energies (as determined thermodynamically),
and a set of parameters related to the variation in the elastic constants of the basepairs
as discussed above. Figure 16.3 shows in graphic form how these parameters vary with
sequence in the E. coli chromosome.

16.5. SOME EXPERIMENTAL CONSEQUENCES OF SEQUENCE
DEPENDENT ELASTICITY

16.5.1. Phage 434 Binding Specificity and DNase I Cutting Rates

The realization that there is in fact a basepair dependence to many physical properties
of DNA outlined above naturally leads to the question if biology is aware of and uses this
phenomena? Probably the most direct indication of sequence dependence to the elasticity of
DNA comes from relatively simple studies of basepair dependence of the binding constants
of dimeric transcription factors which have a “non-contacted” region between the dimers.
This non-contacted region is over distorted by either shearing (twisting) or bending strain.
The binding of phage 434 repressor protein had been a subject of interest since the binding
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efficiency was observed to depend on operator sequence. Phage 434 repressor binds to
14-bp operator sites on DNA (ACAATATATATTGT) as a dimer at two ends bridged by
central four base-pairs that are not in contact with the protein as we showed in (Figure 16.1
[1]). The bound phage 434 repressor bends and overtwists the center non-contacting four
base-pairs. It was observed that a sequence variation in the bridging four base-pairs could
change the binding affinity of the 434 repressor up to 50-fold (and 17-fold for phage 434 Cro
protein) [45]. This significant 50-fold decrease in binding affinity is induced by changing
the center 7·8 base-pair from T·A to C·G or G·C.

In general, with a detailed X-ray structure of the noncontacted region it would be
possible to compute the strain that each basepair has compared to the expected structure
of the undistorted Watson-Crick structure, and from this strain one could compute using
the expression for the strain energy dU . The simplest physical way to understand how
strain in the non-contacted regions could influence the binding affinity of a transcription
factor is to break up the free energy change �G when a transcription factor binds to DNA
into a (complicated) part due to all the electrostatic and specific ligand binding aspects,
which may be by far the most important aspect to base-pair specific DNA recognition by
transcription factors, and the elastic deformation terms. At a very simple level, the strained
non-contacted DNA segment can be viewed as a series of N springs of varying spring
constant ki and varying amounts of generalized deformation [26]. The value of the (local)
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spring constant is set by values for the basepair dependent modulii E and G. In practice that
is an impossibly difficult task at present given our uncertainly with how the modulii do vary
with basepair composition. A simple way to start is to assume that the basepair springs add
serially that there are no long range interactions amongst the basepairs, which is assuredly
wrong. In the case of no long range interactions, the rigidity of the total spring simply
becomes the weighted average of the basepair composition, fxy , where faa corresponds to
the fraction of basepairs where 2 A’s are next to each other, etc. The bending rigidity B and
the torsional rigidity C of a length of duplex DNA of length L becomes:

1

C
= L

IP

(
faa

Gaa
+ fag

Gag
+ fgg

Ggg

)
1

B
= L

IA

(
faa

Eaa
+ fag

Eag
+ fgg

Egg

)
(16.18)

where IA is the surface moment of inertia of the object, IP the polar moment of inertia
and Exy and Gxy are the sequence specific Young’s and shear elastic constants discussed
above.

We live on a rather cold planet, and it is surprising how little strain one needs to
impose on a section of DNA before the elastic energy terms become similar in magnitude
to kB T = 1/40 eV for T = 300 K. We can assume that if the 434 repressor has a fixed
conformation which demands that a certain amount of strain energy U be invested in the
bound complex. If the sequence denoted by n changes that binding energy by an amount
�U then the binding coefficient Kn will be decreased by the Boltzmann factor relative to
the no strain case K0:

Kn = K0exp[−�U/kB T ] (16.19)

In the case of Ptashne’s work, the relative binding coefficients of different basepair sequences
was measured by varying the non-contacted region sequences, so we instead calculate the
ratio of binding coefficients for different sequences 1 and 2:

log

[
K0

Kn

]
= U0 − Un

kB T
(16.20)

Since, as we remarked above, we live on a cold planet it doesn’t take much strain for these
factors to become significant and it is easiest to simply find the twist angle φ and bending
radius R which can fit the observed binding coefficients and ask if they are reasonable.
The following table is the analysis of the 434 repressor non-contacted sequences studied
by Ptashne and his colleagues [45] in this elastic stain picture.

We have listed the sequences as enumerated by Ptashne et al., not in a logical sequence
of effective binding constants. At the simplest level one can check to see if the strain model
explains the data by simply looking for a linear correlation between the changes in the
bending or the twisting elastic coefficients Bn − B0 or Cn − C0 with the log of the ratio
of the measured binding constants log(Kn/K1). We plot in Figure 16.4 the results plotting
�C vs log(K0/Kn).
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TABLE 16.3. Repressor Binding Coefficients

Name Sequence f AA f AG fGG C B (K0/Kn) log(K0/Kn)

0 ATAT 1 0 0 0.37 1.15 1 0
1 TTAA 1 0 0 0.37 1.15 1.5 0.4
2 CTAG 1/3 2/3 0 0.57 1.8 5 1.6
3 GTAC 1/3 2/3 0 0.57 1.8 5 1.6
4 GTAT 2/3 1/3 0 0.45 1.4 2.5 0.9
5 AATT 1 0 0 0.37 1.15 1 0
6 AAAT 1 0 0 0.37 1.15 0.3 −1.2
7 ACGT 0 2/3 1/3 0.9 2.8 50 3.9
8 AGCT 0 2/3 1/3 0.9 2.8 50 3.9
9 AGAT 1/3 2/3 0 0.57 1.8 7 1.9

It is also possible to curve fit the experimental binding coefficents to the predicted ones
by assuming either a bending radius R in the strained repressor complex or a twist angle φ.
The same linear fit as observed in Figure 16.4 can be made by asssuming a pure twist angle
of 32◦ along the 4 basepair uncontacted region or a bend radius of 33 Å. Of course, not all
agree with this kind of analysis. Torsional measurements using time-resolved fluorescence
polarization anisotropy techniques have lead to conclusions, on the other hand, that the
torsional constant variation of the operators is not the cause of the phage 434 repressor
protein binding affinity change [21], although it is hard to imagine that the agreement of
the binding constants with the predicted values shown in Figure 16.4 is just by chance. This
issue has never been resolved unfortunately as the various authors have gone their various
scientific ways.

A further test of the influence of the sequence dependence of DNA elasticity can be
found by studying the influence of induced bends in DNA by monomeric DNA binding
proteins. This field of studies assumes that in order to bind functionally to the DNA certain
proteins must induce a bend in the DNA. This field of studies was started by the Austin
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lab when they analyzed the cutting rates of the protein DNase I as a function of basepair
sequence [27]. DNase I has cutting rates which vary over a range of 500 depending on
the basepair sequence, and is known to bend DNA through an angle of about 30◦. The
natural inclination is to again assume that variations in the elastic energy of deformation
gives rise to changes in the binding constant and hence changes in the cutting rates due to
simple aspects of residence times. Fig. 16.5 taken from [27] shows how this combination
of bending of the DNA by the DNase I and the strain energy caused by this bending of the
helix can with good accuracy fit the known DNase I cutting rates in Fig. 16.6.
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CACCGTGAAAGTGCCCGATATGGTCTGATCTCGGAAGGGAAGCAGGGTCGGGCCTGGTTAGTACTTGGATGGGAG
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FIGURE 16.6. The observed (solid line) and predicted (dashed line) of DNase I cutting rates for the sequence
shown at the top of the Figure. Taken from [27].

16.5.2. Nucleosome Formation: Sequence and Temperature Dependence

The basic flexibility rules we have discussed above break down for A tracts because
of the cross-coupling of the bifurcated hydrogen bond unique to A-tracts. These cross-
bonds can enhance the rigidity of the helix, at least at temperatures cold enough for the
bonds to form. In fact, it has long been believed that poly(dA)poly(dT) duplex will not form
nucleosome core particles [51] [48] [30]. However, it is now clear that poly(dA)·poly(dT) at
temperatures below approximately 30◦C exists in a conformational isomer that is different
from normal B-type helix [24] [8] [9]. Most nucleosome reconstitution experiments are
done at temperatures well below 30◦C. It is logical to infer that if nucleosome reconstitution
experiments are carried out at temperatures above the structural phase transition temperature
of poly(dA)·poly(dT) that the homopolymer could in fact successfully reconstitute into
nucleosomes.

There is evidence in the literature from three different groups of investigators using
sequences containing large An tracts that it is possible to reconstitute nucleosomes at 37◦C
using an exchange method from native donor nucleosome core particles [33] [47] [20]. It
has also been found that poly(dA)·poly(dT) and kinetoplast DNA fragments with phased
oligo-dA tracks have a unique temperature-dependent structure below the global melting
point of the duplex [8]. The broad temperature range over which the structure changes
can be monitored by circular dichroism spectroscopy [24] [8], gel mobility change [8],
and transient optical techniques [8]. Chan et al. [9] measured the thermodynamic heat
capacity change associated with this pre-global melting transition using a synthetic 45
base pair DNA with 4 phased tracts of (dA)5 showing that a true structural phase change
occurs.
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It seems plausible from the results discussed above that the unusual low temperature
structure formed in An tracts could be responsible for the inability of the homopolymer
to form nucleosomes, and that the temperature dependent structure of An tracts will be
reflected in a similar temperature dependent nucleosome reconstitution profile.

16.5.2.1. Experimental Results of Nucleosome Reconstitution The fractionated ho-
mopolymer d(A)·d(T) and and alternating copolymer d(AT)·d(TA) fractions were prepared
by a sonication process in order to make sufficiently short fragments (200 bp) to ensure
mononucleosome formation. The sonication approach gives inherently a distribution of
length fragments rather than a sharp monodispersed band like restriction DNA fragments.
We have chosen three length fragments for the reconstitution experiments: 180±20 bp,
200±20 bp, and 250±30 bp. The reconstitution protocol is a modifcation of the procedure
described in Ref. [37]. Poly(dA)·poly(dT) was purchased from Boehringer Mannheim, sus-
pended in 10 X TE buffer (TE buffer is 10 mM Tris/HCl, 1 mM EDTA, pH 7.6), and
incubated at 20◦C below the melting temperature of 70◦C to optimize duplex hybridization.
The DNA was then sonicated for 15 min at 4◦C in order to break the polymers into shorter
fragments. The resulting material was deproteinized with phenol, ethanol precipitated, re-
suspended in TE buffer, then length fractionated by a 1-meter Phamacia Sephacryl S500
column eluting with 50 mM Tris/HCl, 1 mM EDTA, pH 7.6. Aliqouts were taken to provide
fractions, the mean length and width of each fraction was determined by electrophoresis on
a 1.8% agarose gel. The fractionated samples were stored in 10 mM Tris, pH 7.5, 10 µM
EDTA, at concentrations in the range of 0.25–0.45 mg/ml. 146 bp DNA was isolated from
chicken erythrocyte core particles which had been digested by micrococcal nuclease to give
DNA fragments with natural random sequences [35]. The 146 bp samples contained over
90% 146 bp fragments and the balance shorter fragments. The 146 bp sample was dissolved
in 50 mM Tris, pH 8, 1 mM EDTA, at a concentration of 0.35 mg/ml. Histone octamers were
isolated from H1-depleted chicken erythrocyte chromatin by hydroxyapatite dissociation
method [2] and kept in 50 mM Tris, pH 8 and 2M NaCl at a concentration of 0.62 mg/ml.

The mono-nucleosomes were reconstituted by first mixing the octamer with DNA
(calculated with 146 bp molar equivalent in concentration) at about 1.0:1.1 ratio and 1 M
NaCl at 40, 24 and 4◦C. An aliquot of the same volume of buffer (50 mM Tris, pH 8, 1 mM
EDTA) was added to the sample in 4 steps every 1–2 Hr, to dilute the NaCl concentration
down to 0.6 M. Then, 10–15 µl of sterilized mineral oil was added only to the top layer of
the 40◦C sample to prevent vaporization within the tube. Each sample was kept at 0.6 M
NaCl and its corresponding temperature over night. The last volume of buffer which diluted
NaCl to 0.1 M was pre-equilibrated at each temperature before adding to the sample. The
final volume of each sample was about 50 to 70 µl. After at least one hour of incubation
time, the samples and controls were analyzed by 5% polyacrylamide gels (1.5 mm thick,
14 cm long, 2–3 Hr of run time at 120–140 Volt DC) in TBE buffer, pre-equilibrated at
40, 24 and/or 4◦C. The temperature of the gels during the runs could heat up by about 2
or 3◦C. The gels were soaked in 0.2 µg/ml ethidium bromide solutions for 30 min after
electrophoresis and the UV excited fluorescence was recorded on Polaroid instant films and
negatives.

The results of these reconstitution experiments support the idea that at physiological
temperatures poly(dA)·poly(dT) does indeed change its flexibility. The results are shown
in Fig. 16.7. We summarize the results here. Experiments were done at three different
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FIGURE 16.7. Gel analysis of nucleosome reconsitution experiments. Lane A for each temperature is the 200 bp
poly(dA)·poly(dT) sample in the absence of histones, and lane B is the 200 bp poly(dA)·poly(dT), under the
incubation conditions outlined in the text.

temperatures: 4◦C, 24◦C and 40◦C. Although the disproportionation of duplex into triplex
is a possibility at the high salt concentrations used in the reconstitution procedure, the
maximum temperature of the reconstitution procedure (40◦C) is well below the melting
point of either duplex (dA)·(dT) or triplex (dT)·(dA)·(dT) [43] and so the duplex will be
stable during the reconstitution procedure.

The gel results shown clearly show that poly(dA)·poly(dT) does not reconstitute to form
nucleosomes at 4◦C, but an increasing fraction of reconstituted nucleosomes is seen at 24◦C
and 40◦C. Control experiments with chicken erythrocyte fragments show approximately
constant reconstitution at all three temperatures (data not shown). Interestingly, we also
found that the observed reconstitution efficiency depended strongly on the temperature of
gel used to assay for reconstitution: the 40◦C incubated poly(dA)·poly(dT) reconstitution
experiment analyzed by a 4◦ C gel run showed substantially less reconstitution than the 40◦C
run gel, indicating that the low temperature DNA phase can reform even in the nucleosome
and result in unfolding of previously reconstituted nucleosomes.

There are several ramifications to this work over and above the fact that
poly(dA)·poly(dT) can in fact reconstitute into nucleosomes if reconstitution is done at
temperatures above the structural phase transition temperature of the homopolymer. Most
importantly, we note that the structural transition temperature of poly(dA)·poly(dT) is ap-
proximately 35◦C, and this implies that An tract structural changes can have an important,
variable impact on chromatin structural integrity at physiological conditions. The fact that
reconstituted (dA)·(dT) nucleosomes unfold when cooled emphasizes this point.
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CONCLUSIONS

The field of sequence-depend properties of DNA elasticity has been slow to develop.
In spite of some fairly convincing early experiments indicating that sequence matters not
only in the Watson-Crick basepair sense but also in terms of modulating the structure and
flexibility of the double helix, doubts cast on the subject seemed to stop work in this area.
However, as more and more structures of protein-DNA complexes are solved, it has become
clear that very the double helix is physically distorted by binding of proteins, giving rise
to a significant elastic energy term to the free energy of DNA-protein interactions. As a
consequence of this, there has arisen a significant theoretical effort to compute in very
general terms how these base-pair sequence effects, at many different levels of neighboring
interactions and phased nature of position in the helix, can influence the interaction between
proteins that distort the double helix and their binding constants. Further, it became clear
that sequence matters not only in elastic properties but also in static conformations as long
as the basepair sequences were phased to the helix repeat.

Many questions still remain unanswered; for example, it would be fascinating to ob-
serve DNA bending (protein induced or intrinsic) directly using single molecule fluorescent
techniques, such as fluorescence resonance energy transfer technique [52]. Now with the
availability of optical 1.5-nm localization ability [50], it should be interesting to examine
bent protein-DNA complex using fluorescent-fusion-protein and DNA dye. As the ability
to confine the DNA in nanostructures, we will be able to add an additional strain to the
DNA molecule which will compete with the induced strain by binding of proteins, and we
will be able to understand at a deeper level how the basepair sequence dependent rigidity
of the double helix influences the way that proteins interact with the helix.

This work was supported by grants from DARPA (MDA972-00-1-0031), NIH
(HG01506), NSF Nanobiology Technology Center (BSCECS9876771, the State of New
Jersey (NJCST 99-100-082-2042-007) and US Genomics.
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17.1. INTRODUCTION

Ribozymes are catalytic RNA molecules that cleave RNAs with high specificity. Ham-
merhead ribozymes are small and particularly versatile catalytic RNA molecules that cleave
RNAs at specific sites (Figure 17.1A, left). The rapidly developing field of RNA cataly-
sis is of particular current interest not only because of the intrinsic catalytic properties of
ribozymes but also because of the potential utility of ribozymes as therapeutic agents and
specific regulators of gene expression [16, 17, 45, 88, 89, 90, 105]. However, despite ex-
tensive efforts, the efficiency of ribozyme in vivo has generally been too low to achieve the
desired biological effects. Unlike in vitro, conditions in vivo are very complex and many pa-
rameters must be taken into account, in particular conditions, the interactions of a ribozyme
or its gene with intracellular proteins, which seem to be significant. Many modifications of
and improvements in ribozymes, as well as methods for the introduction of ribozymes into
cells, have been developed in attempts to exploit ribozymes in vivo.

Our group developed an efficient ribozyme-expression system that allows the efficient
inactivation by a ribozyme of a specific gene in vivo, and we have applied this system to
efforts at gene therapy and the functional analysis of genes. In this review, we describe our
efforts to generate two novel ribozymes, namely, an allosterically controllable ribozyme and
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FIGURE 17.1. Secondary structure of the hammerhead ribozyme (on the left). The hammerhead ribozyme consists
of a substrate-binding region (stems I and III) and a catalytic core with a stem-loop II region. Using a construct in
which the substrate-binding region of the ribozyme is complementary to the target RNA, we can create molecular
scissors that cleave RNA in a site-specific manner. When the catalytic core captures the catalytically indispensable
Mg2+ ions, cleavage occurs only at a NUX triplet (Ncan be any base; X can be A, C or U). tRNAVal-driven
transcript (on the right). RNA polymerase III recognizes a promoter that is located within the gene for the tRNA
sequence being transcribed. The ribozyme is linked downstream of the partially modified human tRNAVal through
a linker, as shown below the secondary structures.

an RNA-protein hybrid ribozyme. We chose the name “maxizyme” for the allosterically
controllable ribozyme, which has sensor arms that recognize sequences in its target mRNA.
In the presence of such target sequences exclusively, it forms a cavity that can capture the
catalytically indispensable Mg2+ ions that allow it to cleave the target mRNA [49–51, 101,
102]. In the RNA-protein hybrid ribozyme, the cleavage activity of a hammerhead ribozyme
is coupled with the unwinding activity of an RNA helicase. This hybrid ribozyme can cleave
its target mRNA extremely efficiently, regardless of the secondary structure of the target
RNA [107, 113].

17.2. METHODS FOR THE INTRODUCTION OF RIBOZYMES INTO CELLS

If synthetic ribozymes are to work inside cells in the human body, they must be delivered
to individual cells and access their targets without degradation. However, ribozymes are
rapidly destroyed in the gastrointestinal tract and in the blood. In addition, ribozymes are
nucleic acids with high molecular weights, and it is unlikely that ribozymes themselves can
be taken up directly by cells.

For the administration of ribozymes in a therapeutic setting in vivo, ribozymes must
be carried by vectors, which can efficiently infiltrate the phospholipid bilayer of cell
membranes. Many virus-based vectors have been shown to have potential as vehicles
for gene delivery in vivo, and these viruses include adenovirus, herpesvirus, retrovirus,
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adeno-associated virus, and lentivirus [24, 43, 57, 70, 74, 87, 116]. Rapid advances in viral
vector technology have led not only to improved efficiency of introduction of ribozymes into
cells but also to more precise control of transduction, such as tissue-specific transduction.
The various viral vectors are derived from detoxified viruses, but their exploitation has been
fraught with problems related to production, immunogenicity and safety [27, 40, 117]. In
particular, it is difficult to prepare and purify many viral vectors.

Artificial non-viral vectors tha are currently being developed involve naked nucleic
acids, either alone or in a variety of molecular conjugates with, for example, liposomes,
polymers, and polypeptides [1, 10, 72, 86]. Compared to the use of viral vectors, the use of
non-viral vectors is cost-effective and their synthesis is straightforward and safe. However,
the efficiency of introduction of these vectors is sometimes relative low. It is unclear whether
viral vectors or non-viral vectors are the best carriers of ribozymes into cells and different
goals might be better met with one system or the other.

Available methods for the administration of ribozymes in vivo include direct adminis-
tration of chemically synthesized ribozymes and the introduction of ribozymes via plasmids
that carry a gene for the ribozymes, which is transcribed inside cells. In the former method,
it is necessary to stabilize ribozymes against nucleolytic degradation by chemical modifi-
cation, such as thio modification. However, such modifications can increase both toxicity
and cost, and large amounts of ribozyme are needed to ensure that sufficient numbers of
ribozymes reach the target cells. Thus, methods using plasmids have received the most
attention because a stable form of DNA can be administered and the ribozyme can be
synthesized constitutively inside cells.

Once a ribozyme has been introduced ito cells, the environment within the cells must
be taken into account to ensure that the ribozyme will function effectively.

17.3. RIBOZYME EXPRESSION SYSTEMS

17.3.1. The pol III System

The efficacy of a ribozyme after it has been introduced via a plasmid into cells, depends
on five factors: (1) the amount of ribozyme that is transcribed; (2) the stability of the
ribozyme after transcription; (3) the subcellular localization of the ribozyme; (4) the activity
of the ribozyme itself; and (5) the accessibility to the ribozyme of the target mRNA. Among
these factors, the first three are critically controlled by the expression system.

When the gene for a ribozyme is introduced into a cell, it can be transcribed by the
transcriptional machinery to produce active ribozymes. Initially, the RNA polymerase II
system (pol II) was usually used for the expression of ribozymes. In this system, transcripts
are automatically modified, and a cap and a poly(A) tail are added at the 5’ end and the 3’ end,
respectively. Thus, the stability of transcripts is guaranteed and, moreover, the transcripts
are exported from the nucleus to the cytoplasm as mature mRNAs. However, while this pol II
expression system is suitable for the transcription of long RNAs (several hundred to several
thousand bases), it is not particularly suitable for the transcription of short RNAs, such as
ribozymes. Moreover, for accurate transcription by the pol II system, extra sequences must
be added to an otherwise compact ribozyme. These extra sequences might decrease the
ribozyme’s activity by forcing it to assume a higher-order structure or to bind to cellular
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proteins. Thus, we have focused our attention on the RNA polymerase III (pol III) system,
which is involved mainly in the transcription of short RNAs, such as tRNA [20]. The rate of
transcription by pol III is two to three orders of magnitude higher than that by pol II [12]. In
addition, shorter extra sequences are needed. Therefore, the pol III system is ideal for the
expression of ribozymes. Among available pol III systems, we chose to focus on the tRNA
transcription system. In the pol III system, the promoter is located within the tRNA sequence
that is transcribed and, thus, it is inevitable that a portion of the tRNA becomes incorporated
into the ribozyme. Since tRNAs are exported to the cytoplasm from the nucleus as mature
tRNAs with trimmed 5’ and 3’ ends, it was postulated that tRNA-attached ribozymes would
not be exported to the cytoplasm. However, as noted below, tRNA-attached ribozymes are
exported efficiently to the cytoplasm in mammalian cells. Moreover, the additional tRNA
sequence does not cause any loss of ribozyme activity but, rather, appears to have a positive
effect on ribozyme activity [34, 35, 42].

17.3.2. Relationship Between the Higher-Order Structure of Ribozymes and their Activity

In our ribozyme-expression system, the ribozyme is linked downstream of a partially
modified human tRNAVal via a linker (Figure 17.2). The higher order structure of ribozymes
obviously affects their stability and ribozymes with fewer exposed regions in a single-strand
structure are more stable than others against intracellular nucleolytic degradation. In our
system, we include a small stem-loop structure at the 3’ end to promote stability. By contrast,
if a double-stranded region is too long, it might be recognized by other nucleases. To prevent
such problems, the double-stranded region corresponding to the linker is designed with a
bulge.

In our ribozyme-expression system, the higher-order structure of the ribozyme is
strongly affected by the length of the linker. To determine how the higher-order structure
might affect the activity and stability of our ribozyme [42], we constructed three different
types of expression system, in which ribozymes targeted to the same sequence (a sequence
that is relatively strongly conserved in HIV-1) were linked to the promoter of the gene for
the tRNA via linkers with different sequences (Figure 17.2A). When we predicted sec-
ondary structures by Zucker’s method [120], we found that the ribozymes had secondary
structures that were similar to those of tRNAs but that they had different structures in the
substrate-binding region.

In ribozymes (Rz) 1 through 3 in Figure 17.2A, the degree of freedom of the substrate-
binding region increases in that order (a single strand has a higher degree of freedom than
a double strand and, thus, binds more efficiently to the substrate). For ribozymes, which
are RNA enzymes, ease of binding to the substrate is an important determinant of activity,
and we can predict that a higher degree of freedom of the substrate-binding region should
result in higher activity. In experiments designed to test this prediction, the differents in
activity in vitro against a short substrate were confirmed. We also examined the stability of
the ribozymes in cells. Plasmids encoding each ribozyme were introduced into cells, and
levels of ribozymes in cells were monitored by Northern hybridization. The most stable
ribozyme, Rz2, was 26-fold more abundant than the most unstable ribozyme, Rz1, and also
5-fold more abundant than Rz3 (Figure 17.3A). It is unclear why these structures, which
are so similar overall, have such very different stabilities. The differences might be due to
differences in the extend to which each ribozyme in the cell is recognized by a degradative
nuclease.
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We identified the ribozyme that was the most active in the cell using a gene for luciferase
as a reporter gene. Luciferase catalyzes a reaction that yields a chemiluminescent product
[41]. We designed an assay in which the ribozyme was targeted to the 5’-untranslated region
of the gene for luciferase, in cultured cells. But results suggested a correlation between
the activity and the intracellular stability of the ribozyme. We also studied the activity of
ribozymes against HIV in cultured cells. We infected cells that carried a ribozyme expression
system with HIV-1 and then we monitored viral protein (p24) synthesis as an index of viral
replication (Figure 17.3B). The results were similar to those obtained in the luciferase
assay, confirming that intracellular stability is an important determinant of the efficacy of
ribozymes in cells.

17.3.3. Subcellular Localization and Efficacy of Ribozymes

The subcellular localization of a ribozyme after transcription is another important factor
that affects the ribozyme’s activity [6, 33, 97]. The mRNA that is the ribozyme’s target is
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FIGURE 17.3. Stability of tRNAVal-ribozymes in cultured cells. (A) Steady-state levels of expression of tRNAVal-
ribozymes. The photograph shows the result of Northern blotting analysis with the probes specific for the ribozyme
(B) Inhibitory effects in cultured cells of tRNAVal-driven ribozymes on the expression of p 24.

transcribed in the nucleus and, after splicing, it is transported into the cytoplasm, where
it is translated into protein. Nuclear precursors to mature mRNAs (pre-mRNA) might be
less accessible to ribozymes than mature cytoplasmic mRNAs because pre-mRNAs form
complexes with heterogeneous nuclear proteins and small nuclear ribonuclear proteins and
they interact with various RNA-binding proteins, for example, proteins involved in splicing
and in the export of processed mRNAs. It is also likely that higher-order structures of
mRNAs are disrupted more effectively in the cytoplasm than in the nucleus by various
RNA helicases [113]. Thus, ribozymes and their target mRNAs should be colocalized in
the cytoplasm if ribozymes are to be effective.

We found initially that tRNAVal-driven ribozymes with high levels of activity were
exported efficiently to the cytoplasm, while similarly expressed tRNA-ribozymes with low
levels of activity accumulated in the nucleus [74]. Then we attempted systematically to iden-
tify the cellular compartment in which a ribozyme acts most effectively [33]. We designed
several types of functional RNA targeted to the junction site of the chimeric BCR-ABL
mRNA that causes chronic myelogenous leukemia (CML). CML occurs as a consequence
of reciprocal chromosomal translocations that result in the formation of a fused BCR-ABL
gene [71, 77]. To examine the correlations between nuclear localization and/or the transport
of functional RNAs and their activity in vivo, we used two kinds of promoter, the promoter
of the gene for tRNAVal described above and a U6 promoter. Transcripts expressed under
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the control of these promoters are located in the cytoplasm and the nucleus, respectively
[14, 78].

Figure 17.4A shows the steady-state levels of tRNAVal-driven ribozymes and U6-driven
ribozymes and their localization. We detected approximately the same level of expres-
sion of each functional RNA from each promoter and, without exception, tRNAVal-driven
ribozymes were localized in the cytoplasm and U6-driven ribozymes were localized in
the nucleus. We then estimated the activities of the various functional RNAs in cultured
cells. Figure 17.4B shows the inhibitory effects of tRNAVal-driven ribozymes and U6-driven
ribozymes on the expression, in cultured cells, of chimeric genes for BCR-ABL-luciferase
and ABL-luciferase. As noted above, a decrease in luciferase activity indicated the cleavage
of transcripts by ribozymes. Without exception, the tRNAVal-driven ribozymes, which had
been exported to the cytoplasm, had inhibitory effects, whereas U6-driven ribozymes, which
had remained in the nucleus, were completely ineffective, despite the fact that both types
of ribozyme were targeted to the identical site and both had similar activity in vitro. Thus,
the cytoplasmic localization of tRNA-attached ribozymes is clearly critical for high-level
intracellular activity.
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17.3.4. Mechanism of the Export of tRNA-Ribozymes from the Nucleus to the Cytoplasm

In our hands, all tRNAVal-ribozymes transcribed by our pol III expression system were
located in the cytoplasm. However, there are reports that ribozymes transcribed by a similar
system that also exploits a tRNA promoter accumulate in the nucleus [6, 23]. A ribozyme
that was designed to target the same HIV sequence as ours ([6]; Figure 17.2B, right) was
reported to be localized in the nucleus. In addition, the extend of inhibition of expression of
the target mRNA by the ribozyme was substantially lower than we observed. We have also
been able to design tRNA-type ribozymes (for a different application) that accumulate in
the nucleus without being transported into the cytoplasm; the secondary structures of such
a ribozyme is shown in Figure 17.2B (left).

When we compare the secondary structures of the ribozymes that are transported to
the cytoplasm with those of ribozymes that accumulate in the nucleus, we can easily see
that the structures are different (Figures 17.2A and 2B). In particular, the ribozyme that is
transported to the cytoplasm (Figure 17.2A) assumes a cloverleaf structure that is similar but
not identical to that of a tRNA, while the ribozyme that accumulate in the nucleus (Figure
17.2B) has a very different structure. These results suggest that a tRNAVal-ribozyme can be
transported to the cytoplasm only when the structure of the tRNAVal-ribozyme resembles
that of a tRNA.

Rapid progress has been made in efforts to understand the mechanism involved in the
export of tRNAs to the cytoplasm [3, 4, 25, 46, 63, 65]. The transport of tRNAs requires
a tRNA-binding protein called exportin-t (Xpo-t) and the Ran GTPase, and rapid transport
requires the hydrolysis of GTP. It appears that only mature tRNAs, with accurately trimmed
5’ and 3’ ends and an attached 3’ CCA end are recognized by Xpo-t [3, 4, 46, 63, 65].
Aminoacylation of each tRNA also appears to be critical for the export of tRNAs from the
nucleus to the cytoplasm in Xenopus oocytes [65] and in yeast [25]. In Xenopus oocytes,
immature tRNAs with several extra nucleotides at the 3’ end are not recognized by Xpo-t
and, as a result, they are not exported to the cytoplasm. This phenomenon suggests the
existence of a proofreading mechanism in cells whereby only tRNAs that are usable in the
cytoplasm, with mature 5’ and 3’ ends, can be exported to the cytoplasm. However, in our
studies of tRNAVal-ribozymes, which might be considered equivalent to a kind of immature
tRNA because of the extra sequences at their 3’ ends, we found that such ribozymes were
efficiently exported to the cytoplasm in mammalian cells [49–54, 42, 33, 35, 111].

We investigated the discrepancy between the reported observations that led to the
proposal of the existence of a proofreading mechanism and our own observations of the
efficient export to the cytoplasm of tRNAVal-ribozymes [55]. We first considered the possible
existence of an alternative pathway for the export of tRNAs. The existence of an additional
pathway for tRNA export had already been suggested in yeast and we can assume that
tRNA export is essential for cell survival. However, contrary to our expectations, we found
evidence to suggest that Xpo-t was probably involved in the transport of tRNAVal-ribozymes
in somatic cells and, moreover, that a mechanism similar to that for the recognition of
the tertiary structure of tRNAs was involved in the interaction of Xpo-t with tRNAVal-
ribozymes [54]. Nevertheless, in Xenopus oocytes, tRNA-attached ribozymes were not
exported to the cytoplasm, as we might have predicted from the proofreading hypothesis.
Further investigations revealed that the Xpo-t/RanGTP complex did not interact with tRNA-
attached ribozymes in oocytes even though we detected such an interaction in vitro and,
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more importantly, in several lines of somatic cells. These findings hinted at the presence
of some kind of inhibitor in Xenopus oocytes rather than suggesting the involvement of an
alternative pathway in somatic cells. We found subsequently that a nuclear extract prepared
from Xenopus oocytes did, indeed, strongly inhibit the export of tRNA-attached ribozymes
in somatic cells, and this observation suggests the existence of a strong inhibitor(s) in
Xenopus oocytes specifically.

It seems likely that the export of tRNAs in Xenopus oocytes is subject to a special kind
of regulation. Moreover, the proofreading mechanism that is operative in Xenopus oocytes
seems to involve a specific inhibitor(s) that appears specifically to recognize immature
tRNAs and, thus, structures such as tRNA-attached ribozyme. In somatic cells, when the
choice of linker and ribozyme sequence is made appropriately, a tRNA-attached ribozyme
seems to be recognized as a mature tRNA by Xpo-t and to be exported by Xpo-t to the
cytoplasm.

17.4. RNA-PROTEIN HYBRID RIBOZYMES

17.4.1. Accessibility to Ribozymes of their Target mRNAs

If ribozymes are to function effectively inside cells, high-level expression, intracellular
stability, and efficient export to the cytoplasm are essential. However, even ribozymes that
have been improved in each of these respects are sometimes ineffective, probably because
they are unable to reach their target. It is likely that the rate-limiting step in vivo for the
cleavage by a ribozyme of a phosphodiester bond is the association and annealing of the
ribozyme with its target site [33].

To overcome the problem of accessibility, computer-generated predictions of secondary
structure are typically used to identify targets that are most likely to have an open conforma-
tion [120]. However, these predictions are often inaccurate because of unpredictable RNA-
protein interactions that change the structures of RNAs in cells. To circumvent this problem
in a similar system, some researchers have applied an unwieldy systematic approach that
involves huge numbers of candidate molecules [68, 84]. Such an approach tends to be both
expensive and laborious. To avoid dependence on either of these approaches, we attempted
to develop a ribozyme that would be able to access any chosen target site regardless of local
secondary structure.

17.4.2. Hybrid Ribozymes that Efficiently Cleave their Target mRNAs,
Regardless of Secondary Structure

We postulated that it might be useful to design a ribozyme that could recruit a protein
that could, in turn, eliminate any interfering secondary structure in the target mRNA, thereby
making any site in the target mRNA accessible to the ribozyme. To create such a ribozyme,
we tried to link a ribozyme to an RNA helicase, a member of a class of proteins with
nonspecific RNA-binding, sliding, and unwinding activities [13, 30, 59, 108]. We introduced
an RNA motif, the constitutive transport element (CTE). The CTE appears to interact with
RNA helicases both in vitro and in vivo [8, 26, 28, 32, 60, 92, 103, 104, 115] and was
discovered as a cytoplasmic transport signal for D-type retroviral RNA. We postulated that
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FIGURE 17.5. Schematic representation of the way in which a CTE-Rz coupled to an RNA helicase might cleave
a hidden target site upon the unwinding of local secondary structure.

an RNA helicase coupled to a ribozyme via the CTE might efficiently guide the ribozyme
to its target site by resolving any inhibitory structure in the target mRNA, with the resultant
efficient cleavage of the mRNA.

Figure 17.5 shows a schematic representation of the way in which a CTE-ribozyme
sequence coupled to an RNA helicase might cleave a sequestered target site after the unwind-
ing of local secondary structure. We designed a tRNAVal-ribozyme, with a pol III-mediated
expression system, and attached the CTE sequence to the 3’ end. We chose the TAR region
of the long terminal repeat (LTR) of HIV-1 as the target of the ribozyme [41, 51]. The TAR
region does not mutate because it is essential for the replication of HIV-1. Thus, the TAR
region might be an effective target in any potential gene therapy against HIV-1. However,
the stem structure of the TAR region prevents access by functional RNAs, such as antisense
RNAs and ribozymes. If our hybrid CTE-ribozyme could disrupt the stem structure of the
TAR region, locate its target and cleave the mRNA, this ribozyme might be an effective
drug against HIV-1 irrespective of any mutations in the virus.

We prepared CTE-connected and unconnected ribozymes that were targeted to the
TAR region, as shown in Figure 17.6A. The target gene, which consisted of the LTR of
HIV-1 and a gene for luciferase, was stably expressed in HeLa cells. Figure 17.6B shows the
suppression of the activity of the LTR-driven luciferase by the CTE-ribozyme. TAR Rz4 and
TAR Rz5 were designed to target sites that we predicted would be inaccessible within the
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well-documented stable stem structure of the TAR region. These ribozymes without the CTE
(non-CTE ribozymes) had no effects on the levels of activity of the reporter luciferase. When
the CTE was attached, these ribozymes strongly inhibited the luciferase activity (Figure
17.6B, lanes 11 and 13), with an 80% reduction in reporter activity. Furthermore, these
CTE-coupled ribozymes had higher activity than non-CTE ribozymes that were designed
to target “open” sites (TAR Rz1, LTR Rz2, Luc Rz3). Attachment of the CTE to other
ribozymes also enhanced their activity. In particular TAR CTE-Rz4 and CTE-Rz5 had
suppressive activities similar to those of TAR CTE-Rz1, LTR CTE-Rz2, and Luc CTE-Rz3.
These results suggest that addition of the CTE sequence might allow all ribozymes to attack
their targets efficiently.

We tested the general applicability of the CTE-Rz by targeting several endogenous
targets, such as the mRNA for mouse procaspase-3 (CPP 3), and we obtained similar results
[113]. It appears that CTE-ribozymes have specificity, strong activity, and general utility.
However, the most important observation was that CTE-ribozyme were able to cleave their
target mRNAs at any site, regardless of the predicted secondary or tertiary structure. All of
our CTE-ribozymes has strong activity in cultured cells, and, in many cases, they were very
active when the respective parental ribozymes, without the CTE, were inactive. Therefore,
the hybrid CTE-ribozyme should have broad applicability because it is extremely easy to
design and use. By contrast, previously developed ribozyme technologies require specialized
skills. Furthermore, the improved efficacy of the CTE-ribozymes makes them even more
suitable than earlier ribozymes for a wide range of applications, as described below. Having
improved the efficacy of our ribozyme by eliminating constraints related to selection of
target sites, we have produced a powerful tool both for basic research and for therapeutic
interventions. We have also demonstrated that a poly(A) tail can be used instead of a CTE
with similar results (Kawasaki, 2002).

17.5. MAXIZYMES: ALLOSTERICALLY CONTROLLABLE RIBOZYMES

Several years ago, we developed a completely new type of ribozyme as a result of efforts
to shorten the hammerhead ribozyme. We succeeded in creating an allosteric ribozyme, the
maxizyme, which functions as a dimer with significant specificity and activity both in vitro
and in vivo [49–51, 101, 102]. This dimeric allosteric ribozyme allowed the first successful
demonstration of an artificially created enzyme with potential utility as a biosensor not only
in vitro but also in vivo (see below). As discussed below, we developed novel dimeric RNA
motifs as a result of studies of “minizymes” that were aimed at shortening ribozymes. The
designation “minizyme” is applied to shortened (minimized) ribozymes, but this designa-
tion also had a negative connotation as a ribozyme with extremely low activity (minimum).
By contrast our novel ribozymes have extremely high activity in cells [49–51]. Therefore,
we chose the name “maxizyme” for these new highly active minimized dimeric ribozymes
[minimized, active, x-shaped (functions as a dimer), and intelligent (allosterically control-
lable) ribozyme].

17.5.1. Shortened Hammerhead Ribozymes that Function as Dimers

The cleavage of RNA by ribozymes has a general requirements for the presence of a
divalent metal ion such as a magnesium ion [7, 11, 15, 18, 21, 62, 64, 93, 109–112, 119].
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The catalytic domain of a hammerhead ribozyme captures these catalytically indispensable
Mg2+ ions. The key to the creation of various allosteric ribozymes is the ability to control
the capture of Mg2+ ions via a conformational change in the catalytic core of the ribozyme.
For example, it is possible to replace RNA by the more stable DNA in the substrate-binding
region or to shorten the stem-loop II region. However, for the potential application of
ribozymes in a clinical setting, ease of design and economics dictate that smaller size is
preferable. A smaller version of the hammerhead ribozyme, namely, a minizyme, has been
made by replacing the stem-loop II region by a short linker [2, 19, 66, 106]. Unfortunately,
such minizymes have quite low activity, as compared to the parental ribozymes. However,
we found that a minizyme that lacked the entire stem-loop II region was essentially as
active as the “wild-type” parent [2]. Kinetic and NMR analyses revealed that the shortened
ribozyme was essentially inactive as a monomer but had extremely high catalytic activity
as a dimer (Figure 17.7A) [47, 49]. This ribozyme, which is a “dimeric minizyme”, was
renamed “maxizyme” [49–51, 101, 102].

We extended our studies of dimeric minizymes by designing a heterodimeric system
composed of two different monomers, maxizyme left (MzL) and maxizyme right (MzR)
[47, 50, 51]. In this system, shown in Figure 17.7B, the substrate is cleaved only when
MzL and MzR form a dimer. Since such maxizymes have two substrate-binding regions,
we were able to convert our heterodimeric maxizyme into an allosteric version that was
able to function as a sensor.

17.5.2. Design of an Allosterically Controllable Maxizyme

Ribozymes can target essentially any RNA at specific sites but there is a minimum
required cleavable sequence: cleavage occurs only after the sequence NUX (where N is
any base and X is A, C, or U) [94]. In some cases, such a cleavable triplet sequence is
not available at a suitable position in the target RNA. We have focused on such a case
that involves a chimeric mRNA of clinical importance. Chimeric mRNAs are generated
by chromosomal translocations and they are fusion mRNAs in which the first part and the
second part are derived from two different genes. They are often involved in the pathogen-
esis of disease. A well known example of a pathogenic chromosomal translocation is the
Philadelphia chromosome, which causes chronic myelogenous leukemia (CML) [71, 77].
The Philadelphia chromosome is the result of a reciprocal translocation that involves the
BCR and ABL genes, and the product of translocation is a fusion mRNA. Fusion mRNAs of
this type are tumor-specific and pathogenetically important and, thus, they are obvious tar-
gets for nucleic acid therapeutics [95]. However, because of the absence of a NUX sequence
near the site of fusion in the target mRNA, conventional ribozymes cannot distinguish the
chimeric mRNA from the normal parental mRNAs [48, 50, 112]. Both the BCR gene and
the ABL gene are important for cell survival. Thus, when we design ribozymes that might
cleave the chimeric mRNA, we must be sure to avoid cleavage of normal mRNAs, which
share sequences with the abnormal fusion mRNA.

There have been many attempts to cleave chimeric mRNAs specifically using ri-
bozymes, but it is extremely difficult to cleave only the chimeric mRNA without affecting
the normal parental mRNAs [29, 82]. As mentioned above, maxizymes can bind to two
different target sites. We took advantage of the two substrate-binding regions to design
a maxizyme with one substrate-binding region that corresponds to the abnormal junction
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sequence and a second binding region that corresponds to an efficient cleavage site even
though the site was at some distance from the junction. One substrate-binding site func-
tioned as the “eye” or sensor that was able to distinguish the chimeric mRNA from the
normal mRNA, while the other served as the “scissors” that actually cleaved the target
(Figure 17.8B, left).

In this system, dimers that act as the switch for the cleavage activity form only when
there is binding to the junction sequence and to the cleavable sequence that contains the
NUX triplet. Moreover, the base paring in the stem II region influences the stability of the
dimeric structure. If the base pairing is very stable, the dimer will form even in the absence
of substrate, and the cleavage sequence is cleaved regardless of whether or not the junction
sequence is present. By contrast, if the base paring is unstable, the dimer will not form and
cleavage activity will be minimal. Control of base-pair stability and the construction of base
sequences that allows formation of an active ribozyme only in the presence of the chimeric
mRNA are the keys to the success of this system.
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Figure 17.8A shows the secondary structure of the ribozyme that we designed to attack
the fusion mRNA. The active dimer is formed only when the two substrate-binding regions
of the ribozyme bind correctly to the two positions on the chimeric mRNA (Figure 17.8B).
In the presence of the normal ABL mRNA, which should not be cleaved, the structure of
the central active region changes, so that only the inactive structure is formed. In addition,
the ribozyme is designed such that, if only a monomer binds to the cleavage site of the
substrate-binding sequence, only the inactive type of ribozyme is generated (Figure 17.8A).
This inactive structure does not support the capture of the catalytically essential magnesium
ion, and cleavage does not occur. When we synthesized the MzL and MzR ribozymes and
evaluated their substrate specificity in vitro, we found that only the chimeric mRNA was
cleaved with an extremely high degree of specificity. Thus, our artificial allosteric enzyme
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cleaved the target RNA as the result of a structural change that occurred only in the presence
of the oncogenic chimeric mRNA with the junction sequence [50].

We evaluated our maxizyme (MzL plus MzR) in cultured mammalian cells. To ensure
the efficient formation of dimers in cells, we used the promoter of the gene for a tRNA that
is recognized by RNA polymerase III, as described above. We introduced a conventional
ribozyme, each individual monomer of the maxizyme, and both monomers together into
cells derived from patients with CML. We demonstrated that the active maxizyme was a
heterodimer and that cleavage by the heterodimeric maxizyme, rather than an antisense
effect, was responsible for the specific suppression of expression of the BCR-ABL mRNA.
Moreover, this maxizyme had significantly higher activity than the “wild-type” ribozyme
from which it was derived.

17.5.3. Inactivation of an Oncogene in a Mouse Model

There have been many attempts, using various approaches, to construct artificial al-
losteric enzymes, but success in vivo has been minimal. The maxizyme was, to our knowl-
edge, the first artifical allosteric enzyme to function in cells in culture.

We next examined the anti-tumor effect of our maxizyme in animals [101]. We used
a retroviral system for the expression of the maxizyme in leukemic cells. We subcloned
two tRNAVal-driven expression cassettes, which corresponded to each component of the
heterodimer, in tandem in the retroviral vector. A line of CML cells (BV173) was transduced
either with a control vector, in which the maxizyme sequence had been deleted, or with
the maxizyme-encoding vector. We then injected a bolus of each line of transduced BV173
cells into the tail veins of mice.

The differences between the two groups of mice were reflected in their mortality rates
(Figure 17.9). All of the mice injected with control BV173 cells died of diffuse leukemia,
confirmed at necropsy, after 6 to 13 weeks (median survival time, 9 weeks), whereas mice
injected with maxizyme-transduced BV173 cells remained healthy. Our results indicate
that each subunit of the maxizyme, introduced by the retroviral vector, was produced at
the appropriate concentration to support dimerization in vivo. Also, the maxizyme ap-
parently functioned successfully in animals, cleaving BCR-ABL mRNA with exceptional
efficiency.

At present, use of kinase inhibitors [22] and allogeneic transplantation are the only
effective therapies for CML, with only half of all patients, on average, being eligible for the
latter treatment because of the limited availability of donors and age restrictions. Our results
raise the possibility that our maxizyme might be useful for purging bone marrow cells in
cases of CML treated by autologous transplantation, when it would presumably reduce the
incidence of relapse by decreasing the tumorigenicity of contaminating CML cells in the
transplant.

17.5.4. Generality of the Maxizyme Technology

The maxizyme is of considerable interest because it imparts a sensor function to short
ribozymes that act as a dimer. Using this sensor function, we can specifically cleave abnormal
chimeric mRNA exclusively, without affecting the normal mRNA, which should not be
cleaved. Maxizyme technology is not limited to the disruption of the abnormal chimeric gene
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FIGURE 17.9. The antitumor effects of the maxizyme in a murine model of chronic myelogenous leukaemia
(CML). The survival of animals was monitored daily for more than 20 weeks after inoculation; all control mice
died within 13 weeks, whereas maxizyme-treated mice remained disease-free for the entire period of the investi-
gation.

in CML. Abnormal chimeric genes generated from reciprocal chromosomal translocations
are frequently found in several types of leukemia. Maxizymes have been used successfully
to cleave only abnormal target mRNAs, which lack a NUX cleavage site at the junction,
in the case of acute lymphoblastic leukemia (ALL) and acute promyelocytic leukemia
(APL), without any damage to the products of normal genes [102]. Abnormal chimeric
mRNAs are also generated by errors in splicing. A maxizyme can be designed to act against
each possible transcript and should be able to distinguish its target specifically from other
mRNAs. We have already constructed various maxizymes that target different chimeric
genes, and each of them is very active and highly specific [50, 102]. Thus, maxizymes
appear to be powerful gene-inactivating agents with allosteric functions that allow them to
cleave any type of chimeric mRNA specifically. To our knowledge, the maxizyme is the
first artificial, allosteric enzyme whose activity has been demonstrated at the animal level,
highlighting its potential utility in a clinical setting [31, 102]. It should be noted, however,
that the transcripts of chimeric genes of the type discussed here can also be destroyed by
small interfering RNAs (siRNAs; [81, 91]).

17.6. IDENTIFICATION OF GENES USING HYBRID RIBOZYMES

As noted in section 4.2, we developed a hybrid ribozyme that coupled the cleavage
activity of hammerhead ribozymes with the unwinding activity of RNA helicase and was
able to cleave its target mRNA extremely efficiently, regardless of the secondary structure
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of the RNA. We attempted to use this novel ribozyme not only to cleave specific known
target mRNAs but also to identify genes associated with specific phenotypes in cells. This
can be accomplished using ribozymes with randomized binding arms, as has been done
with hairpin ribozyme [5, 44, 61, 114]. The sequence of the human genome has become
available, and it will be extremely valuable to have methods for the rapid identification of
important genes. We conducted this function analysis by using hybrid ribozymes, which
coupled cleavage activity with the unwinding activity of an endogenous RNA helicase [100].
We demonstrate that ribozyme of this type are able to cleave the target mRNA at a chosen
site, regardless of the putative secondary or tertiary structure in the vicinity of the target site,
and thus they can be used for rapid identification of functional genes in the post-genome
era.

We attached a poly(A) 60 sequence to the 3’ end of a tRNAVal-driven ribozyme (Rz-
A60) instead of the CTE sequence [75, 113]. This poly(A) sequence interacts with en-
dogenous RNA helicase elF4AI via interactions with poly(A)-binding protein (PABP) and
PABP-interacting protein-1 (PAIP). We demonstrated that this complex was able to un-
wind an RNA duplex substrate effectively, and cleaved otherwise inaccessible target sites.
We used these ribozymes to discover the functions of unknown genes. Since our hybrid
ribozymes can attack structured sites, they can attack mRNAs with high-level efficiency. If
libraries of hybrid ribozymes with randomized binding arms are introduced into cells, the
genes associated with any changes in phenotype can be readily identified by sequencing
the specific ribozyme clone [100]. Figure 17.10 shows a schematic representation of our
gene-discovery system.

We established a novel system for screening functional genes in the signaling pathway
of Fas-induced apoptosis in HeLa-Fas cells using randomized Rz-A60-expression libraries.
In this system, we randomized 10 nt in each substrate-binding arm of Rz-A60, and then
retroviral vectors that carried the randomized Rz-A60-expression libraries were introduced
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into HeLa-Fas cells. After treatment of these HeLa-Fas cells with Fas-specific antibodies,
which normally induces apoptosis, cells that survived were collected and the genomic DNA
was isolated from each clone. Sequencing of the randomized region of Rz-A60 in each
genomic DNA enabled us rapidly to identify genes involved in the Fas-induced apoptotic
pathway.

We identified a variety of genes with pro-apoptotic functions, such as genes for FADD,
caspase 8, caspase 9 and caspase 3. In the absence of the poly(A) tail, we would not have
identified genes for FADD and caspase 8 in our first screening with the randomized Rz
libraries, since only poly(A)-connected ribozymes targeted to FADD mRNA or caspase
8 mRNA affected the expression of target genes. Our study demonstrated the successful
application of a hybrid Rz to gene discovery. Using this gene discovery system, we have
also identified many factors [76] involved in other apoptotic pathways [36–38], metastasis
[98, 99], Alzheimer’s disease [79, 80], and the roles of microRNAs [56].

17.7. SUMMARY AND PROSPECTS

As discussed above, it is now possible to achieve high-level activity of ribozymes
in vivo and to cleave any specific target RNA in the cell using either our maxizyme
or a hybrid ribozyme. These ribozymes also efficient tools for the analysis of gene
function.

Our efficient ribozyme-expression systems are also applicable to the expression of
small interfering RNAs (siRNAs), which induce the sequence-dependent degradation of a
cognate mRNA via RNA interference (RNAi). The application of RNAi in mammals has
the potential to allow the systematic analysis of gene expression and also the therapeutic
silencing of gene expression [67].

Since siRNAs are 21- to 23-nt RNA duplexes with 2- or 3-nt overhanging 3’ ends, the
pol III system, which is suitable for efficient transcription of small RNAs, is also useful
for the expression of siRNAs. Another advantage of the pol III system is that transcription
terminates at four or more T residues, leaving 1-4 U residues at the 3’ terminus of the
nascent RNA. These properties allow use of DNA templates to synthesize small RNAs with
structural features close to those of siRNAs that are active in vivo.

A number of groups have developed plasmid-based siRNA-expression systems using
pol III promoters [9, 59, 69, 83, 85, 96, 118]. Two pol III promoters have been used
predominantly, the U6 promoter and the H1 promoter. As mentioned above, tRNAVal-
driven ribozymes are transcribed at high levels, and the transcripts are transported to the
cytoplasm without exception when an appropriate linker is used. Our work indicates that
RNAi in mammalian cells occurs in the cytoplasm [39]. Therefore, the tRNAVal expression
system should also be ideal for the expression of siRNA. In fact, tRNA-dsRNAs, in which
a short hairpin structure is attached to a tRNA-like ribozyme, is efficiently transported to
the cytoplasm, and effectively induces RNAi-mediated gene silencing (Kuwabara, 2003).
tRNA-dsRNAs should be powerful tools for studies of the functions of genes in mammalian
cells and they might also be useful as therapeutic agents as ribozymes.

Now we can employ two versatile gene knock-down tools; ribozymes and siRNAs, as
usage for any purpose.
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Cellulose, amino derivatization of, 189
Centrifuge based fluidic platforms, 329

CD applications, 339
automated cell lysis on CD, 344
CD Platform for ELISA, 223, 340
cellular based assays on CD platform, 342
integrated nucleic acid sample preparation and

PCR amplification, 356
modified commercial CD/DVD drives in

analytical measurements, 365–359
multiple parallel assays, 341
sample preparation for MALDI MS Analysis,

358
two-point calibration of an optode-based

detection system, 339
compact disc or micro-centrifuge fluidics, 333
simple fluidic function, 334

mixing of fluid, 334
packed columns, 339
valving, 318, 331
volume definition (metering) and common

distribution channels, 338
Cervical carcinoma cells, separation from blood, 145
Charged coupled device (CCD), man-made, 138–139,

146
Chemical agents, selection of, 69
Chemical agent sensing, 58, 70

signature pattern for control experiments, 70
Chemical analytes, visualization of physiological

changes due to effect of
ethanol on neurons, 80
ethanol on osteoblasts, 80
hydrogen peroxide on neurons, 83
hydrogen peroxide on osteoblasts, 84
pyrethroid on neurons, 86
pyrethroid on osteoblasts, 88
EDTA on neurons, 89
EDTA on osteoblasts, 91

Chemical microarrays, 289–292, 296, 298, 300–302
applications, 300

cell-binding studies, 300
cell signaling, 230, 298, 300, 302

diagnostic studies, 301
drug discovery, 302

characterization, 299
post-translational modification, 297–299, 324

Chemical warfare agents, VX and soman (GD), 57
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Chip assembly, 66–67
Chips designed for particles and or biomolecular

microseparations, 5
Chromatogram DNA sequencer, 376
Chronic myelogenous leukemia, causes of, 502, 509
Clark-type probe for dissolved oxygen, 53
Clausius-Mosotti factor, 105
Clone cluster, construction of tiling path of, 371
Clone insert end sequencing, 370
Clone library, retrieving sequence-ready clones from,

369–370, 375
Clones. See also Source clones
CMOS, 14, 156

400-site chip, 16
cell manipulation on, 109
fabrication technology, 138
second generation developed at Nanogen, 17

CMOS array, electronic assay for fl-SEB and fl-CTB
on, 14

CODIS. See Combined DNA index system
Coherent surfaces, stepwise synthesis on, 185
Colorectal tumors, allelic imbalance in, 411
Combined DNA index system, 10
Complementarity determining regions (CDRs), 224
Complementary metal-oxide-semiconductor

field-effect transistors, See CMOS
Complex hybrid structures, biological self assembly

of, 461
“Consensus rot”, 376
“Consensus” sequence, in shotgun sequencing, 372,

375
Contact printing process, peptide arrays of contact tip

deposition printing, 200
dip-pen nanolithography, 173, 200, 202
micro contact printing, 61, 173, 200
pin-and-ring printing, 200, 202

Contig, sequence overlap, 366, 372
Cosmids, 368, 372, 386, 394
Counterions

field-induced fluctuations and mobility of, 116
relaxations, 113–114, 116

CSF1PO, STR loci, 11
CTE-ribozyme sequence coupled to RNAhelicase,

514
Cytosensor Microphysiometer r©, principle of, 506

DABCYL, 28
Dark QuencherTM, 28, 31
DELFIA fluorescence enhancement solution, 442
Deoxyribose nucleic acid (DNA), structure of

Watson-Crick B-form, 479
DEP behavior of cell suspensions, monitoring

of, 114
DEP effect, anomalous positive, 113–114
DEP field-flow fractionation technique, 118

DEP separation for U937 and PBMC mixture,
procedure of, 13

DEP spectrum of mammalian cells, 117
DEP traps, 109

by extruded quadrupolar traps, 109
by high-density electrode arrays, 109
by zipper electrodes, 109
positive and negative, principle of generation of, 62

DEP. See also Dielectrophoresis
selective separation and detection of bacteria by,

115
Detection probes

hybridization probes, 30
hydrolysis probes, 26
molecular beacon probes, 30
scorpion probes, 30

Diagnostic applications,
DNA genotyping, 141

Diaminocyclohexane, 1, 2-plasma deposition of, 165
Dielectric dispersions, (α- and β-, 114
Dielectrophoresis, 70, 103, 145; See also DEP

behavior through electrophoresis, 111
forces, 12–14
frequency-dependent behavior of, 107, 108, 112

Dielectrophoresis for cell patterning, 61
basis of dielectrophoresis, 62
dielectric properties of cells, 64
effect of electric fields on cells, 64
microelectrodes, dielectrophoresis, 64

Differential display, 23
Diffuse large B-cell lymphoma (DLBCL), 41
Digoxigenin-labeled PCR product, 443
Digoxigenin-tailed specific probe, 443
Diketonate, β-, 443
Dipole moment, 107

induced, 110
Dip-Pen nanolithography/scanning probe lithography,

173
Displacement flux densities, 108
DNA

constructs, 137
elastic properties, effect of sequence on, 494
filament, kinetics of deformation of, 489–491
flexibility, experimental techniques, 492
hybridization, 31
hyperchromicity, 469
intercalating dyes, ethidium bromide and SYBR

Green, 25
labeling of targets and amplification,

by single fluorophore experimental designs, 37
by two fluorophore experimental designs, 39

medium for computation, 463
nanocomponents and other nanofabrication

applications using EFAD devices, 137–156
probes, 4
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thermodynamic measurements of, 484
basepair dependent, 488

twist of, rotational and translational parameters, 489
DNA analyses, 318

fragment separations, 318
sample purification, 318
sequencing, 324
integration of PCR, 322

DNA analysis, fluorescent lanthanide labels with
time-resolved fluorometry in, 443

DNA hybridization assay, 448–451
forensic analysis, implementation of SNP assays

in, 11
rapid, 16
lanthanide fluorescent complexes and labels, 438
time-resolved fluorometry of lanthanide complexes,

441
DNA genotyping diagnostic applications, Nanogen

microelectronic arrays, 141
DNA hairpin dehybridization, 469
DNA hybridization assays, 144, 442–444
DNA inserts

“genome equivalents” of, 368
of source clone, 374

DNA micro spot-array hybridization assays, 360
DNA microarray technologies, 3–4, 14

for measuring gene expression, 24
DNA oligos, dehybridization by RFMF

heating, 471
DNA-protein interactions, influence of basepair

sequence on, 494
generalized deformations of objects, 481
double helix and structure atlas of DNA, sequence

dependent bending of, 485
double helix elastic constants, sequence dependent

aspects to, 484
sequence dependent elasticity, some experimental

consequences, 486
phage, 434 binding specificity and DNase I

cutting rates, 486
nucleosome formation, sequence and

temperature dependence, 491–492
DNase II endonuclease in endocytic pathway, 425
cDNA arrays, 42

comparison with oligonucleotide microarray
expression profiles, 44

microscale printing of DNA, 36
preparation of sample, 36
printing of PCR products, 35

cDNA microarrays, profiling of transcripts in human
cancer cell lines, 44

dsDNA molecule, deformation of backbone of, 483
Drug development, 452
Drug discovery, 103
Dulbeco modified eagle medium (DMEM), 68

Dye (s)
DNA intercalating

ethidium bromide, 25
SYBR Green, 25

Hoechst, 79–82, 84, 86, 88, 90, 93, 95, 97
fluorescent reporter dye, 26, 28
quencher dye, 26, 28
reporter, wavelength shifting, 408
trypan blue, 65

“Eberwine” strategy, 39
EDTA

on neurons, visualization of physiological changes
due to effect of, 93–95

on osteoblasts, visualization of physiological
changes due to effect of,80

EDTA sensing, 76
single neuron sensing, 76
single osteoblast sensing, 76

Eigen vectors, 71, 73
Elastomers, polydimethylsiloxane (PDMS), 61,

202
Electric cell-substrate impedance sensing (ECIS), 56
Electric field array devices, DNA nanocomponents

and other nanofabrication applications, 137
active microelectronic array hybridization

technology, 140–141, 144–145, 147
electric field assisted nanofabrication process,

146–153
integration of optical tweezers for manupilation of

live cells, 146
Electrical sensing, 50, 52, 65
Electrical sensing cycle, 70
ElectroCaptureTM assay, 18

PKA assay, 18–19
Electrofusion and electroporation, limitations in, 124
Electrokinesis, 109
Electrokinetic pumping, 312
Electron paramagnetic resonance (EPR), to study

DNA flexibility, 484
Electronic assay for fl-SEB and fl-CTB on CMOS

array, 14
Electronic hybridization, 7, 11
Electronic microarray technology, applications in

genomics and proteomics 3–18
applications, 5

single nucleotide polymorphisms (SNPs)-based
diagnostics, 10–11

forensic detection, 3, 10–12
gene expression profiling, 9, 12–13
cell separation, 12, 61
electronic immunoassays, 14
electronic microarray technology and

applications, miniaturization of, 14–18
proteomics in, 18
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Electronic microarray technology (cont.)
overview of, 4

nanochip array and nanochip workstation
5–6, 16

nanochip electronic microarrays, capabilities
of, 8

Electronic microarrays
applications of, 8
cell separation, 12, 61, 63, 121, 145–146
forensic detection, , 3, 10–12
gene expression profiling, 41–42
molecular diagnostics, 10

Electronic multiplexing, 10
Electronic pumps

dielectrophoretic, 312
electrohydrodynamic, 312
electrokinetic, 312

Electroosmotic fluid flow, 106
Electro-osmotic pumping, 312
Electrophoresis

capillary, constant denaturant, 449
gel

denaturing gradient, 449
temperature gradient, 449

Electrophoresis-based detection technologies, for
sequencing, 382

ELISA. See Enzyme linked immunosorbant assay
Environmental chamber, 66
Enzyme linked immunosorbant assay (ELISA), 50,

340
Enzyme-based biosensors, 51
Enzymes, 48, 51–52, 96, 137–138, 140, 163,

173, 204
Epitope mapping

B-cell, peptide arrays by, 298
multipin technology

anti-β endorphin, 285
monoclonal antibodies, 128, 214–215

polyclonal serum, 224
Epoxy-modified surfaces, chemistry of, 193
Ethanol, 71

ethylene diamene tetra acetic acid (EDTA), 70
hydrogen peroxide, 69
on neurons, visualization of physiological changes

due to effect of, 80–82
on osteoblasts, visualization of physiological

changes due to effect of, 81, 83–84
pyrethroid, 69

Ethanol sensing, 71
single neuron sensing, 71
single osteoblast sensing, 71

Ethidium bromide and SYBR Green, DNA
intercalating dyes, 24

5′-Exonuclease activity of Taq DNA polymerase, 28
Export of tRNAs in Xenopus oocytes, 504

Extra cellular multiple-site recording probes, 59
Extracllular potential based biosensors, 58

microelectrode array technology, 60
signature patterns of specific chemical

agent, 60
Extruded quadrupolar traps, 109

FAMTM, 26
FarWestern analysis, 133
Fast Fourier Transformation (FFT) analysis,

65, 69
Fetal cells

DEP behavior of, 118
in maternal blood, 145

FFT. See Fast Fourier Transformation analysis
Fibroblast growth factor, basic (bFGF), 68
Field effect transistors (FET), 61
Field flow fractionation, 109
Field-induced cell destruction, on set of, 124
Filter Binding assay, radioactive, 19
Fingerprinting, restriction digest 376
FISH. See Fluorescence in situ hybridization
FLAG epitope peptides, 171
FLAG-tag, 194
Fluid flow, synchronized pulses of, 109
Fluo-3, 80
Fluorescence based cell biosensors, 53

fluorescence imaging, 54
fluorescent reagents

fluorescence resonance energy transfer, 28, 54
green fluorescent protein, 54

Fluorescence biosensor, 54
Fluorescence DNA hybridization assay, 442
Fluorescence energy transfer techniques (FRET), 54
Fluorescence in situ hybridization (FISH), 370
Fluorescence polarization (FP) PKA assay,

antibody-based, 19
Fluorescence polarization anisotropy (FPA), 484
Fluorescence resonance energy transfer (FRET), 28,

30, 54, 296, 408, 429, 443
Fluorescence spectroscopy, 54, 470–472
Fluorescence–kinetic detection methods, 25

gene, 33
Fluorescent competitive allele specific polymerase

chain reaction, 449
Fluorescent detection system, 144
Fluorescent reporter dye, 26
Fluorophore with non-overlapping emission curves,

410
Fluorophore, 37

acceptor/donor, 30–31, 55
Fluorosilanes, 61
Forensic DNA profile

database of, 10
polymorphic STR loci, 10
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Forster resonant energy transfer
mechanism, 146
process, 139

Fourier transformation (FFT) techniques, 65
“Frequency modulation”, 69
FRET. See Fluorescence resonance energy transfer
FUN effect, 123
Fungal pathogens in Candida dubliniensis, 429

GABAA activation, 76
GAPDH target, amplification plots for serial dilutions

of, 33
Gene chip sequencing arrays, 452
Gene detection, in vitro, 403

allele discrimination, 409
mutation detection, 409
pathogen detection, 408

Gene expression analysis TaqMan hydrolysis probes
in, 29

Gene expression analysis, application of technologies
for, 23

Gene expression of phage, 486
Gene expression profiling methods

with cDNA arrays, 41
with oligonucleotide arrays, 42

Gene expression profiling utilizing microarray
technology and RT-PCR, 23

amplification efficiency of target/reference genes,
32, 34

analytical sensitivity and dynamic range, 33–34
cDNA arrays, 35–36
comparative threshold method, 31
microarrays, 32
printed oligonucleotide microarrays, 36Real-Time

PCR (RT-PCR), 23–25
qualification of gene panels using RT-PCR, 32
real-time RT-PCR summary, 32
reproducibility and precision, 34
standard curve method, 31–32
technology platforms, 35

Gene expression, posttranscriptional, regulation of,
degradation of mRNA, 421

Gene fluorescent detection of, 3
Gene sequencing, shotgun, 378–389
GeneChip microarrays, 37
General purpose interface bus (GPIB) control, 67
Genes, identification of, using hybrid ribozymes, 513
Genetic marker, clones cluster of, 370
Genetic variation, detection of, 449
Genome project coordination, challenges for, 394

after Celera, 392
before Celera, 386
during Celera, 388

Genome sequencing pipeline, 369
Genomic DNA, haplotype structure of, 452

Genomics and proteomics, application of electronic
microarray technology in, 3–18

Genomics, nanochip technology application in,
examples of, 4

Genotyping analysis, 145
Genotyping, TaqMan hydrolysis probes in, 29
Glass surface modification/activation via starbust

dendrimer coating, 179
Glass surfaces, multistep functionalization of, 194
Glyceraldehydes-3-phosphate dehydrogenase

(GAPDH), 32
Goniometry, 163
Gyrolab MALDI SP1 sample preparation CD, 358

H19-7 cell line from ATCC, 65
H19-7 cells, 67–68
Hagen–Poiseuille equation, 335
Hairpin nanoprobes for gene detection, 403

in vitro gene detection, 408
pathogen detection, 408
mutation detection and allele discrimination, 409

living cell RNA detection, 418
cellular delivery of probes, 419
intracellular probe stability, 419
intracellular mRNA detection, 411, 428

nanoprobe design issues for homogeneous assays,
405

intracellular RNA targets, 411
cytoplasmic and nuclear RNA, 411
RNA secondary structure, 418
opportunities and challenges, 431

Hairpin probe design, 408
Hammerhead ribozyme, catalytic domain of, 498, 508
Haplotyping, 452
HapMap, 452
Harvester fluorophore, 408
HCV diagnostic applications, TaqMan hydrolysis

probes in, 29
Heterogeneous nuclear ribonucleoproteins, 411
HEXTM, 26
High throughput phenotyping, 156
High throughput screening (HTS) situations, 18, 54
High-density electrode arrays, 109
High-density oligonucleotide arrays, 449
High-risk patients, identification by gene expression

profiling, 41
High-throughput screening (HTS) kinase assays, 18
HIV diagnostic applications, TaqMan hydrolysis

probes in, 29
HnRNPs. See Heterogeneous nuclear

ribonucleoproteins
Hoechst dye, 79–80
Homogeneous DNA hybridization assay, 443
“Hostboards”, 140
HPLC technology, denaturing, 449



528 INDEX

HTS. See High-throughput screening kinase assays
Human cancer cell lines (the NCI-60 panel), 44
Human disease and drug development, SNPs role, and

haplotypes in, 447
detection of genetic variation, 449
disease gene mapping, 450
drug development, 452
evolution, 450
haplotypes, 452
SNP discovery, 448

Human genetic diversity, 452
Human genome sequencing, approaches in

construction of chromosome tiling paths, 379
data sharing, 379

Human genome, research network for large-scale
sequencing of, 389

Human genome, sequencing, 365
approaches used to sequence human genome, 365

overview, 366
strategy used for sequencing source clones, 368
construction of the chromosome tiling paths,

379
data sharing, 379

challenges for systems integration, 365
methodological challenges for sequencing source

clones:, 1990–1997, 381
challenges for sequencing the entire human

genome:, 1998–2003, 386
are there lessons to be learned from the human

genome project?,395
Hybridization probes

acceptor/donor fluorophore, 30
quanti probe, 31

Hybridization probes, 30–31
Hydrogen peroxide sensing, 72

single neuron sensing, 71
single osteoblast sensing, 71

Hydrolysis probes, 26, 28

IL-1, expression levels of, increased, after LPS
treatment, 14

Immobilization of peptides
chemoselective, 194
non-selective, 191

Immunoassays
electronic, 14
electric field driven, 14

Immunohistochemistry, 77
in situ synthesized oligonucleotide microarrays,

37
Insulin-like growth factor receptor (IGF-IR), human

type I, 68
Integrated circuit (IC) technology, 95
Interfacial Polarization, dynamics of, 107
International Prognostic Indicator, 41

Intracellular potential based biosensors, 57
chemical warfare agents

soman (GD), 57
VX, 57

Ion channel switches, antibody-modified, 50
Ion channels biosensors, 50
Ion-selective optode detection, 339
Irradiation with UV-light, 193
Irradiation, 182

JOETM, 26

“Knock down” effect in-vivo, 70

“Lego” blocks for nanofabrication, 147
“Lymphochip”, 41
“Pick & Place” fabrication process, 137
“SELEX” for systematic evolution of ligands by

exponential enrichment, 129
“Top-down” process, 138
Lanthanide fluorescent, complexes\labels of, 438
Laser excitation sources, 144
LDPS. See light directed peptide synthesis
LED arrays, 189
Leica SP2 UV confocal microscope, 78
Leiden, 10
Leukemia classification, 40
Library screening, 286, 369
Library types, 203

de novo approaches, 203
protein sequence-derived libraries, 204

Ligands
aromatic amine derivative-type, 440
chlorosulfonylated tetradentate β-diketone-type,

439
LightCyclerTM, 31
Light-directed peptide synthesis (LDPS), 187–188
Limit of detection (LOD), 34
Limit of quantitation (LOQ), 34
Lipopolysaccharide-mediated differentiation, 12
Lithography, Dip-Pen nanolithography/scanning

probe, 58

Magnetic tweezers, 467
MALDI. See Matrix-assisted laser desorption

ionization sample preparation
Maleimidylhexanoate, N-succinimidyl-6-, 170
Maleimidylpropionate, N-succinimidyl-3-, 170
Mapped clones for sequencing, 370
Mapping source clones, strategies for

clone insert end sequencing, 370
fluorescence in situhybridization, 370
library screening, 286, 369
restriction digest fingerprinting, 370

Mapping, 131, 162–163
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Mapping, disease gene, 450
Mass spectrometry, 130
MassARRAY system, by Sequenom 449
Matrix-assisted laser desorption ionization sample

preparation, 287–288
Maxizyme, active/inactive conformation of, 508
Maxizyme, allosterically controllable, design of 509
Maxizymes, 508

design of, 509
generality of, 512
inactivation of oncogene, 510
shortened hammerhead ribozymes, 508

Maxizyme-transduced BV173 cells, 512
Maxwell stress tensor, 107
Maxwell–Wagner interfacial polarization, 107
Mechanical pumps

bubble generation, 312
osmotic pressure, 312
pneumatic pressure, 312
syringe drive, 312
thermal expansion, 312

MeCP2 mutations associated to Rett syndrome, 10
Medical diagnostics, 95, 103
Melting curve single nucleotide polymorphism

(MCSNP), 449
Membrane capacitance, 110
Membranes,

acrylic-acid-modified 166
methylester-modified membrane, 166

MEMS (Micro-Electromechanical Systems), 156
MEMS devices

high density data storage devices, 140
Mendelian disorders, identification of disease genes,

447
Methacrylate polymers, 61
MGB EclipseTM (Epoch Biosciences) probe, 31
Michael addition, 170
Micro total analysis systems, 357
Microarray analysis of mRNA stability in yeast, 417
Microarray and fluidic chip for extracellular sensing,

47
antibody based biosensors, 50–51
biosensing system, 51
cell based biosensors, 52
cell culture, 67

neuron culture, 67–68
primary osteoblast culture, 68

cell patterning techniques, 60
cellular metabolism based biosensors, 55
cellular microorganism based sensors, 52
chemical agents, selection of, 65

ethanol, 69
hydrogen peroxide, 69
pyrethroid, 70
ethylene diamene tetra acetic acid (EDTA), 70

chemical agent sensing, 70
signature pattern for control experiments,

70–71
dielectrophoresis for cell patterning, 61
dielectrophoresis, basis of, 62
dielectrophoresis, microelectrodes and, 63–64

EDTA sensing, 76
single neuron sensing, 71
single osteoblast sensing, 71

electrical sensing cycle, 70
ethanol sensing, 71

single neuron sensing, 71
single osteoblast sensing, 71

environmental chamber, 66
enzyme based biosensors, 51–52
experimental measurement system, 67–68
extra-cellular potential based biosensors, 59–60
fluorescence based cell biosensors, 53–54
hydrogen peroxide sensing, 73

single neuron sensing, 73–74
single osteoblast sensing, 74–75

impedance based cellular sensors, 55–57
intracellular potential based biosensors, 57–58
ion channel biosensors, 51
nucleic acid based biosensors, 51
physiological changes due to effect of chemical

analytes, visualization of, 80
ethanol on neurons, 80–82
ethanol on osteoblasts, 81, 83–84
hydrogen peroxide on neurons, 83, 85–86
hydrogen peroxide on osteoblasts, 85, 87–89
pyrethroid on neurons, 88–91
pyrethroid on osteoblasts, 91–93
EDTA on neurons, 89
EDTA on osteoblasts, 91

pyrethroid sensing, 74
single neuron sensing, 71
single osteoblast sensing, 71

immunohistochemistry, 77
signal processing, 68

Microarray system, compact disc-based
fiber-optic microarray biosensor, 295
immunoassays, 14
piezoelectric inkjet applicator, 295

Microarray technologies, application of, 1
electronic, applications in genomics and

proteomics, 3–18
Microarrays

applications, 40
cDNA arrays, 35
in situ synthesized oligonucleotide, 37
protein interaction, 224
spotting techniques, 132
printed oligonucleotide, 36

Micro-centrifuge fluidics, 333
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Micrococcus lysodeikticus, DEP frequency response
for, 114–115

Micro-contact printing (µCP), for promoting cell
adhesion, 61

Microelectrodes, 63
Microelectronic arrays

for bioresearch, 137
for DNA clinical diagnostics, 140

Microelectronic arrays, applications of, 145
Microelectronic arrays, by Nanogen, for DNA

genotyping diagnostic applications, 141
Microelectronic MEMS devices, heterogeneous

integration of, 140
Microfluidic channel networks, 181
Microfluidic devices

biomedical, 351
clinical diagnostic applications, 351

Microfluidics propulsion techniques, 331
Microlithography, 146
Microlocations, 14
Micromanipulators, 67
Microorganisms, immobilised mixed culture of,

16, 52
Micro-patterning

contact printing techniques, 173
micro-mirror mediated patterning, 181
photolithografic technologies, 179

Microspheres, 147–149
MicrozoomTM optical probe, 66
Miniaturized electronic microarray system, 16
Miniaturized quantitative cell-based assays, 349
Minor groove binder (MGB), 31
Molecular beacon probes

configuration, 30
point mutations detection by, 30
polymorphisms detection by, 30
probe-target duplex, 30

Molecular beacons, components of
fluorophore, 30
loop, 30
stem, 30
quencher, 412

Molecular gene therapy and gene discovery,
engineered ribozymes, efficient tools for,
505

Molecular probes, nanostructured, 4
Motherboards, 140, 147
MPC. See mini-Pepscan cards
MRNA, expression of, inhibition by ribozyme,

512
MRNA, secondary structure, computational programs

to predict, 424
Multiarray-based biochip technology, 93
Multiplex hybridization analysis, 11
Multiplex PCR-amplified DNA, 360

Multistep functionalization
glass surface, 173
pretreated titan surfaces, 168

Myc-tag, 195

Nano chip rmicroarray, 100-site, 4
NanoChip array

assays format, 9
capabilities of, 8
cartridge of, 16
fabrication of, 4–5
permeation layer of, 5
workstation of, 5

NanoChip microarray, active hybridization technology
and passive hybridization technologies, 4

Nanochip technology application in genomics,
examples of, 11

NanoChipTM cartridge, 7, 143
assembly, 143

NanoChipTM molecular biology workstation, 143
NanoChip workstation, 7–8
Nanoelectronics

applications for, 138
nanoelectronic devices, 138

Nanofabrication,
bottom-up processes for, 138–139
DNA chips, 142
Electric field assisted process, 146

Nanogen’s 400-site NanoChiparray and cartridge, 16
Nanogen’s electronic microarray technology, 5
Nanogen’s microelectronic DNA chip device, 8
Nanogen’s Nanochip Workstation, 8
Nanogen’s portable electronic microarray detection,

10, 16
Nanomechanical devices, light powered, 463
Nanoparticles, 137
Nanoparticles, as antennas, 465

solution phase synthesis of, 466
with reactive ligands, 468

Nanoparticles, DEP behavior of, 116
Nanoparticles, in controlling biomolecules, 473

dehybridization of DNA by RFMF heating of
nanoparticles, 471

determination of effective temperature by RFMF
heating of nanoparticles, 469

selective dehybridization of DNA by RFMF heating
of nanoparticles, 471

technical approach, 468
Nanoparticles, RFMF heating of, 467
Nanoprobe design issues for homogeneous assays, 405
Nanoprobes for imaging, sensing and therapy, 401
Nanospheres, 140, 147–148

DNA sequence, 140
production of, 140

Nanotubes, 137–138, 146–147
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Nanowires, 137
NASBA. See Nucleic acid sequence-based

amplification
Necrosis, 84, 88, 224–225, 231
Neuroblastoma cell cultures, 88
Neuronal cultures on microelectrode array, 59
Neuron-EDTA frequency spectrum, 78
Neuron-ethanol frequency spectrum, 72
Neuron-hydrogen peroxide frequency spectrum, 74
Neuron-pyrethroid frequency spectrum, 76
Neurons and osteoblasts, parameters for positive and

negative DEP for, 65
NMDA gated channels, 73–74, 83, 86

activation of, 73–74, 86
NMDA gated channels, 83, 86
NMDA receptor gated Cl−and Na+ ion channels, 76
NMDA receptors
N-methyl-d-aspartate (NMDA) receptor dependent,

80
Non contact printing, peptide arrays of

by piezoelectric device
piezoelectric ink-jets, 204

Non-fluorescent (“dark”) quencher, 28
Northern blotting, 23, 403, 422
Nuclear magnetic resonance (NMR), to study DNA

flexibility, 287, 459, 465, 509
Nuclease invader technique, 449
Nuclease mutation detection method, 449
Nucleic acid based biosensors, 51
Nucleic acid fragmentation, 93
Nucleic acid probes, microscale printing of, 36
Nucleic acids, 48, 139, 167, 404, 409, 418, 420–421,

423, 425
Nucleosome formation, 491
Nucleosome reconstitution, 491–492
NUX cleavage site, 513
NUX triplet, 510

OBOC (one-bead one-compound)
peptide libraries, 284
encoded, OBOC small molecule combinatorial

libraries, 287–288
combinatorial library methods and chemical

microarray techniques, 283
OBOC peptide libraries, 283–284
Oligocarbamates, 188
Oligonucleotide (ODN) probes, 419–420
Oligonucleotide microarray expression profiles, 44
Oligonucleotide microarray, 36–37, 39, 43–44, 200,

228, 299
Oligonucleotide microarrays, in situ synthesized

Affymetrix GeneChipmicroarrays, 37–38, 42, 44
manufacture by light-directed method, 37

Oligonucleotide microarrays, methods for production
of, 39

Oligonucleotide probes, microinjection of, 30, 36–37,
144, 404–405, 418–419

OligoWalk Probe/RNA interactions tools, 418
Oncogene, inactivation of, 512
One step grafting procedure, 167
One-bead one-compound (OBOC) combinatorial

libraries to chemical microarrays, 287
chemical microarray, application of, 297

cell-binding studies, 300
diagnostic studies, 301
drug discovery and cell signaling, 300
non-biological applications, 304
post-translational modification, enzyme-substrate

and inhibitor studies, 299
protein binding studies, 298

detection methods in chemical microarrays, 299
detection methods to identify post-translational

modification of proteins, 299
identification and characterization of bound

proteins, 296
encoded OBOC small molecule combinatorial

libraries, 287
peptide and chemical microarrays, 289
OBOC peptide libraries, 284

CD, microfluidics, fiber optic microarray,
multiplex beads, 295

immobilization methods for pre-synthesized
libraries, 289

in situ synthesis of microarrays, 292
One-bead one-compound. See OBOC
Optical tweezers, integration of, for manipulation of

live cells, 153
Ordered cell networks, 61
Organic quencher molecules, 408
Osmotic pressure pumps, 312
Osteoblast-EDTA frequency spectrum, 79
Osteoblast-ethanol frequency spectrum, 73
Osteoblast-hydrogen peroxide frequency spectrum, 75
Osteoblast-pyrethroid frequency spectrum, 77
Osteoblasts and neurons, parameters for positive and

negative DEP for, 66
Osteoblasts, 87
Oxidized silicon wafers, 142
Oxygen electrode, Clark-type, 53
Oxygen, dissolved, Clark-type probe for, 53

PACs (P1 artificial chromosomes), 368
Paired mismatch (or MM), 37
Parasites, TWD theoretical model for manipulation,

separation and characterization of, 119
Pathogen isolation, two-level-stacked

microlaboratory, 16
Pathogens, rapid identification of, 16
Patterned surfaces, generalization of, 173, 181
PBFI ester, staining with, 88
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PBFI, AM ester of, 88
PCR amplicon, biotinylated, 8–9, 143
PCR amplicons, 143
PCR cycle number, 28
PCR cycle number, 28
Pentafluorophenylesters, 167
Pentanedione, 5-(4”-chlorosulfo-1’,

1”-diphenyl-4’-yl)-1, 1, 1, 2, 2-pentafluoro-3,
5-(CDPP), 443

Peptide arrays in proteomics and drug discovery, 161
applications of, 161

antibodies, 162
application of peptide arrays: miscellaneous, 228
enzyme-substrate and enzyme-inhibitor

interactions, 226
peptidomimetics, 231
protein-protein interactions, 224

assays for, 224
read-out, 219
screening, 215

generation of, 128
coherent surfaces and surface modification,

163–178
generation of micro-structured surfaces, 173
peptide array preparation, 182
techniques for array production with

pre-synthesized peptides, 200
library types, 200

de novo approaches, 210
protein sequence-derived libraries, 204

Peptide arrays, 182
architectures

gel pad arrays of, 172
gold electrodes arrays of, 56–57

assays, 215
read-out, 219
screening, 215

cell binding, 300
micro-structured surfaces, 173
preparation, 173

chemoselective reactions, 196
contact printing, 61, 173, 200
non contact printing, 129, 200

pre-synthesized peptides, 200
screening 215
surface modification, 163

Peptide arrays, applications of
4 α-helix bundle mini-protein of, 217, 229
antibodies, 162
antibody paratope mapping of, 224
bibliography of, 162, 231, 265
chaperone activity, 225
characterization of peptide ligand, 229
DNA binding, 228
enzyme-inhibitor interactions, 226

enzyme–substrate interactions, 95
linear epitopes, 222
metal ion binding peptides, 229
optimization of peptidic ligands, 229
peptide ligands, 210–211, 213
polyclonal antibody epitope mapping, 224
protein interaction domain-ligand interactions,

206
Peptide arrays, read out of,

chemoluminescence, 162, 219
chromogenic, 162, 219
fluorescence, 162, 219
label-free, 162, 219
radioactivity, 130, 162, 219

Peptide libraries
split-mix synthesis method, 283–284, 289

Peptide ligands, de novo approaches for identification
of, 211

combinatorial library, 231, 285
random scan, 285

Peptide microarrays, 163, 197, 199, 221, 226–228,
230

immobilization methods, 289
in situ synthesis, 185, 191, 200, 289

Peptide nucleic acids (PNAs) nucleotide analogs, 167,
190, 228

Peptide sequence,
combinatorial explosion of 210

Peptide synthesis on coherent surfaces, principle of,
186

Peptide
SPOT synthesis 162–163, 190–192

Peptide/ligand interaction, 171
Peptidomimetrics, 266
Perfect match (or PM) features, 37, 431
Periodic granular rimming flow, 350
Phage 434 binding specificity, 486
Phage, gene expression of, 478
Phage-display libraries, 128
Phil’s revised assembly program (Phrap), 376,

385
Phil’s Revised Editor (Phred), 376
Phosphorylation, 18, 173, 220–221, 227
Photo-induced graft copolymerization, 165
Photolithographic masks, 178
Photolithography for patterning of surface free

energies, 183
Photolithography techniques, 61
Photolithography, “topdown” process of, 147
Photonic crystals, 153
Photoresist coatings, 178
Photosensitizers, 165
Phrap score, 377, 386
Phrap. See Phil’s revised assembly program
Phred. See Phil’s Revised Editor
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Physiometric Effects, 118
PhysioNetics, 111
PKA assay, 18–19
PKA inhibitors, 19
Plastic devices, 312, 314, 316

microfluidic devices, 311
direct fabrication, 316

laser ablation, 316
mechanical machining, 316

replication
casting, 316
compression molding, 316
embossing, 316
injection molding, 316

Plastic microfluidic devices for DNA and protein
analyses, 315 detection, 316

DNA analyses, 318
integrating PCR and DNA fragment separations,

318
DNA sequencing, 320
DNA sample purification, 321

materials, 312
electrokinetic pumping, 312
plastic devices, 312

device fabrication, 316
pumping and detection, 316

protein analyses, 311
enzymatic digestion for protein mapping, 324
isoelectric focusing for studying protein

interactions, 323, 326
Pneumatic pressure pumps, 312
Polarizability factor, 108, 119
Polarization, double layer, 107
Polyethylene, 162, 165, 167, 170, 284
Poly-L-Lysine, 61, 181
Poly-lysine coated glass slides, 173
Polymers, amino modified, 162
Polymers, methacrylate and acrylamide, 61
Polymorphism discrimination assays, 31
Polymorphism

restriction fragment length, 449
single strand conformational, 449

Polymorphism, melting curve single nucleotide, 449
Polypropylene, 162, 165–166
Polystyrene, 147, 165
Polyurethane films, 164
Power spectral density analysis, 68–69
Printed cDNA microarrays, methods for production

of, 39
Printed oligonucleotide microarrays

manufacturing of synthetic DNA, 139
pre-synthesized DNA probe, 36
synthetic oligonucleotide probes, 36

Probe-target binding, 406
Probe-target hybridization kinetic rate, 406

Probe-target hybridization, thermodynamic
parameters of, 407

Protein analyses, 311
enzymatic digestion, 324
isoelectric, 323

Protein chip array, 298
Protein interactions, detection by

ELISA-based sandwich approach, 130
surface plasmon resonance method, 130, 162, 296,

299
rolling circle amplification method, 130, 449

Protein microarrays, 127
for analysis of proteins involved in

recombination & DNA repair
protein expression microarrays, 130–132
protein interaction arrays, 132–133

generation of, 128
proteins, 128
antibodies, 128–129
surface chemistry, 129
microarray production, 129
detection, 130

protein arrays,133
Protein microarrays, classification of, 127
Protein sequence-derived libraries

amino acid substitution, 206–207, 209
combinatorial deletion, 208
cyclization scans, 208
duotope scan, 204, 206
hybritope scan, 204
overlapping peptides, 204
substitutional analysis, 207–208
trancation, 208
types of, 210

Protein synthesis, localization of mRNPs in, 414
Protein-DNA interactions, 132
Protein-DNA specificity, levels of, 478
Protein-protein interactions, 224
Proteins, 128
Proteins, ARE binding, 422
Proteins, bound, detection of

grating couplers, 296
label-free optical techniques, 296
reflectometry, 296
surface plasmon resonance, 296

Proteins, fluorescence, 55
Proteomic analysis by protein array, concept of, 127
Proteomics and genomics, application of electronic

microarray technology in, 3–18
Proteomics, applications in, 18
Prothrombin, 10
Psoralen, crosslinker agent, 152
Pyrethroid sensing, 75

single neuron sensing, 75
single osteoblast sensing, 76
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Pyrethroid, visualization of physiological changes due
to effect of

on neurons, 88–91
on osteoblasts, 91, 91–93

Pyroccocus furious crystal structure, 131
Pyrrole-modified peptides, electrochemical

copolymerization of, 197

Qiagen quantiprobeTM, 27
Qiagen, 31
QuantiProbeTM, 31
Quantitative assay of specific RNA target, 29
Quantum dots, 137–140
Quantum dots, 140
Quick Spin protein desalting column, 345

RAD51B-histone interactions, 133
Reactive oxygen species, 84
Reads

misassembled, 376
overlapping, 376
shotgun, 376

Real time RT-PCR, 31
Real-time PCR, mechanism of, 32
Reciprocal chromosomal translocations, 502, 513
Recombinant his-tagged proteins, 129
Reporter dyes, wavelength shifting, 408
Resonant mirror-based biosensor (Lab Systems), 50
Restriction digest fingerprinting, 370
Restriction enzymes, 370, 478
Restriction fragment length polymorphism (RELP),

449
Reverse transcription-polymerase chain reaction

(RT-PCR), 23
RFLP See Restriction fragment length polymorphism
RFMF heating of nanoparticles, 469
RFMF heating of nanoparticles, determination of

effective temperature by, 469
Ribozyme expression systems, 499, 515

functional analysis of genes, 497
gene therapy, 497
pol III system, 499

Ribozyme, subcellular localization of, 501
Ribozymes into cells, methods for introduction of, 506
Ribozymes

administration of, 498–499
RNA-protein hybrid, 498, 505

Ribozymes, as therapeutic agents, 515
Ribozymes, engineered, efficient tools for molecular

gene therapy and gene discovery, 505
maxizymes, allosterically controllable ribozymes,

508
allosterically controllable maxizyme, design of,

509
maxizyme technology, generality of, 512

oncogene, inactivation in mouse model, 512
hybrid ribozymes, identification of genes using,

513–514
shortened hammerhead ribozymes as dimers, 508

methods for introduction of ribozymes into cells,
497–499

ribozyme expression systems, 499
higher-order structure, and their activity,

relationship between, 149, 499
Pol III system, 499–500
subcellular localization and efficacy, 501
tRNA-ribozymes, export from nucleus to

cytoplasm, mechanism of, 504
RNA-protein hybrid ribozymes, 505

accessibility to ribozymes of their target mRNAs,
505

hybrid ribozymes that efficiently cleave their
target mRNAs, 505

Ribozymes, secondary structures of, 500
Ribozymes, subcellular localization and efficacy of,

499, 501
factors affecting efficacy, 507

RMS power, 69
RNA constructs, 137
RNA detection, living cell, 411

cellular delivery of probes, 419
intracellular probe stability, 419, 424
intracellular RNA detection, 434

RNA polymerase T7, mediated amplification of, 12,
38

RNA processing, RNases roles in, 412–413
RNA protection, 23
RNA study

ABI Prism 7900HT SDS, 32
analytical sensitivity, 33

limit of detection (LOD), 34
limit of quantitation (LOQ), 34

bias percentage 33
RNA targets, intracellular, 411
RNA viral load tests testing, TaqMan hydrolysis

probes in, 29
RNA, secondary structure of, 418
RNA: DNA duplexes, detection of, 37–38
RNAm localization in nucleus, 413–414
RNAm, splicing of, 412–413
RNA-protein hybrid ribozymes, 505
RNAs, functional, in cultured cells, activities of, 511
Rolling circle amplification (RCA), 130, 449
RRNA pre-transcripts, degradation of, 426

Saccharomeyces cerevisiae, proteome of, 128
SBFI, AM ester of
Scanning force microscopy, to study DNA flexibility,

484
ScorpionTM Primer/Probes, 26, 30
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Screen-sequence-screen-sequence approach for clone
cluster, 370

Secondary ion mass spectroscopy, 163
Sensitizers, 165
Separation buffer, 65, 68
Sequence data, hierarchical approach of

assembly, reconstructing sequences, 373
finishing, filling gaps of, 367, 378
mapping, source clone, 378
sequencing, raw data, 366–367

Sequence dependent elasticity, experimental
consequences of, 486

Sequence dependent
aspects to double helix elastic constants, 484
bending of double helix
structure atlas of DNA, 485

Sequence-ready clones, retrieving from clone library,
369

Sequencing by hybridization, 382
Sequencing human genome, approaches in

construction of chromosome tiling paths, 385
data sharing, 385

Sequencing of human genome, large-scale, research
network for, 389

Sequencing source clones, methodological challenges,
381

Sequencing source clones, strategy used for, 368,
381–382, 386, 388

Sequencing technologies, revolutionary, 382
Sequencing, 382
Serial analysis of gene expression (SAGE), 23, 403
Short tandem repeat (STR) forensics analysis, 137
Short tandem repeats (STRs), 10
Short tandem repeats, 10
Shotgun sequence reads generation from source clone,

generic procedures for
base-calling, 374, 378, 382
data curation, 374
detection, 374
fragmentation, 372
sequencing, 372
size selection, 373
source clone DNA preparation, 372
subcloning, 373
template DNA preparation, 373

Shotgun sequencing of gene, 372–373, 375, 381–383,
386

Shotgun sequencing, basic framework of
level of redundancy, 383
read length, 372
robots for DNA template preparation, 385
sequencing reactions, 368, 373
template, 383

Signal processing, 60, 68–69
Signature pattern for single osteoblast, 75

Signature pattern vector (SP), 69
Signature pattern vector (SPV) of cell, 70
Signature patterns of cell based biosensors, 52
Signature patterns of specific chemical agent, 52, 60
Signature Patterns, 47, 52, 60, 65, 98
Silicon wafers, transformation into mercapto-modified

surfaces, 197
Silicon, oxidized, 170
Single fluorophore experimental design, 38
Single nucleotide polymophisms (SNPs), 10
Single nucleotide polymorphism, 405, 409, 412
Single nucleotide polymorphisms (SNPs), 23, 448
Single platinum micro-electrode pad on the NanoChip

rmicroarray, 6
Single strand conformational polymorphism (SSCP), 449
SNP discovery, 448
SNP genotyping analysis, 145
SNP genotyping, 30
SNP identification technique, 449
SNP. See Single nucleotide polymophisms, 10
SNP-IT, robotic version of, 449
SNPs, diseases associated with, 10, 447
SODA. See synthesis on defined areas
Soman and VX (GD), chemical warfare agents, 57
Source clone DNA preparation, 372, 374
Source clone, gaps of, 393
Source clones acquisition, 368
Source clones

strategies for mapping of
clone insert end sequencing, 370
FISH, 370, 372, 378
library screening, 286, 369–371
restriction digest fingerprinting, 370–371

Spearman rank correlation coefficient, 42–43
SPOT concept, application of, 189
SPOT synthesis, 167
SPOT synthesis, 162, 167, 189–190, 210, 214, 219,

222–223, 225–227, 230–231, 298
SPOT. See spot synthesis of peptides
SSCP. See Single strand conformational

polymorphism
Stacked microlaboratory, fabrication of stacked

structure, 15–16
Stainless steel foils, 171
Stainless steel foils, functionalization of, 171
Staphylococcus enterotoxin a (SEA) and b (SEB), 14,

17
Starbust dendrimer coating, 179
Stem cells

DEP spectrum of, 116, 122
DEP behavior of, 113–116

Stem sequences, 30
fluorescent PCR primers, 30
hairpin loop probe structure, 30
SNP genotyping, 30, 145
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STR loci, multiplex hybridization analysis of, 10–11
STR. See Short tandem repeats
Strand displacement amplification (SDA), 9, 17
Streptolysin O (SLO), poreforming bacterial toxin,

422
Striatial cholingeric internurons, extracellular

potentials of, 58
Super ATM and Super TTM, 31
SuperbaseTM, 31
Superposition-TWD, 119
Surface activation

polyethylene, 165
polypropylene, 165
polystyrene, 164

Surface charge effects, 113–116
Surface modification, 162–163, 165, 173, 196, 321

γ-radiation, 164
adsorption of structured α-helical peptides, 173
corona treatment, 164
graft copolymerization, 164–165
hydrophilic surface modification, 165
hydroxy-functionalized surfaces, 167
Maleinimide-modified, 170
non-selective immobilization, 191, 193
silicon wafers, 142, 197
silylation, 164

Surface plasmon resonance (SPR), 130
Surface plasmon resonsance biosensor (BIAcore), 50
Surface tensin arrays, generalization of, 185
Surface tension arrays, generation of, 179, 185
Surface-enhanced laser desorption/ionization

time-of-flight mass spectrometry
(SELDI-TOFMS), 162

SYBR Green assay, 25
SYBR green DNA and ethidium bromide,

intercalating dyes, 25
Syringe drive pumps, 312
Systems integration, challenges for, 380

challenges for sequencing human genome, 381
methodological challenges for sequencing, 381

T cells, 120
TWD velocity for, 119

T lymphocytes, membrane capacitance values of, 118
T lymphocytes, separation of, 120
TAMRATM, 28
Taq DNA polymerase, 5′-exonuclease activity

of, 28
Taq DNA polymerase, exonuclease activity of, 28
TaqMan assay, 449
TaqMan expression profiles, 42
TaqMan hydrolysis probes, 29
TaqMan probes, 30
TaqMan real-time RT-PCR, 28
TaqMan real-time RT-PCR, 28–29

target amplification and labeling, 37
single fluorophore experimental designs, 37–39

TASµ See Micro Total Analysis Systems
Tat peptide transduction, 423
Teichuronic acid, 114
Template DNA preparation, 373
Tetramethylrhodamine, 472
TETTM, 26
TGF-β gene in PBMC, expression level of, 13
TGF-β, expression level of, 13
TGF-β, expression levels of, increased, after LPS

treatment, 13
TH01, STR loci, 11
Thermal denaturation profiles of window of

discrimination, 410
Thermal expansion pumps, 312
Three-dimensional coatings

acrylamide gel pads, 173
agarose films, 173
gelatine pads, 173
hydrogels, 173
semi-wet gels, 173

Threshold cycle (CT), 28
Thrombosis associated SNPs,

factor V (Leiden), 10
factor II (prothrombin), 10
methylenetetrhydrofolate reductase (MTHFR), 10

Tiling-path arrays, 189
Time-resolved fluorescence polarization

anisotropy(TR-FPA) techniques for torsional
measurements, 489

Time-Resolved fluorometry, 437
TMR. See Tetramethylrhodamine
TMR: FAM, ratio of, 472
TNF-α, expression level of, 13
TNF-α, expression levels of, increased, after LPS

treatment, 13
Torsional measurements, TR–FPA techniques for, 489
TPOX, STR loci, 11
Transcription by the pol II system, 499
Transcription factors

helix-loop-helix, 478
helix-turn-helix, 478
leucine, 478
zinc finger, 478

“Transcriptome”, 24
Transducers in biosensors, types of

electrochemical, 48
mass-sensitive, 48
optical, 48
thermometric, 48

Transport of tRNA-type ribozymes in cytoplasm, 504
Traveling Wave Dielectrophoresis, 118

junction of, 119
models of, 119
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Trypan blue dye, 65
TWD junction, 119
TWD velocity for T cells, 121
TWD. See Traveling Wave Dielectrophoresis
Two fluorophore experimental design, 39

two fluorophore experimental designs, 39–40
applications, 40–41

gene expression profiling methods, comparison of,
41

cDNA arrays and other gene expression profiling
methods, 41–42

oligonucleotide arrays and other gene expression
profiling methods, 42–44

cDNA and oligonucleotide microarray
expression profiles, 44

U937 cells expression levels of IL-1, TNF-α, and
TGF-β, increased, after LPS treatment, 12–14

U937 cells, expression level of, 12–14

Vapor phase photo-grafting, 165
Variable angle spectral ellipsometry, 163
Vertical Cavity Surface Emitting Lasers (VCSEL),

153 Laguerre mode, 155
Very large scale immobilized polymer synthesis, 187
VIC r©, 26

Visualization of physiological changes due to effect of
chemical analytes effect of, 80

EDTA on neurons, 89
EDTA on osteoblasts, 91
ethanol on neurons, 80
ethanol on osteoblasts, 80
hydrogen peroxide on neurons, 83
hydrogen peroxide on osteoblasts, 84
pyrethroid on neurons, 86
pyrethroid on osteoblasts, 88

Vollum, sensitivity study for, 18
VX and soman (GD), chemical warfare agents, 57

Water-borne pathogens, in Salmonella, 409
Wavelength shifting reporter dyes, 408

X-ray photoelectron spectroscopy, 163

Yeast, 105, 107
Yeast, TWD theoretical model for manipulation,

separation and characterization of, 119
Yeast, viable and unviable, DEP separation of, 65
Yersinia pestis (plague), DNA identification, 17

Zebrafish, 91
Zipper electrodes, 109
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