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CHAPTER

Viral Chip Technology in
Genomic Medicine

Zeno Foldes-Papp

INTRODUCTION

The advances discussed in this chapter should be relevant to a
broad and heterogeneous readership because of their signifi-
cance, novelty, or wide applicability of viral chip technology
in genomic medicine. These advances are making an outstand-
ing contribution to the development of an important field of
research. The state-of-the-field, particularly as it has evolved over
the last years, is surveyed. As the field is already too expansive for
a single article, I apologize in advance for the many omissions,
but hope that this chapter captures the excitement of recent
achievements in viral chip technology for genomic medicine.

Viruses are a heterogeneous group of infectious agents
composed mainly of nucleic acids, either DNA or RNA, packed
tightly inside the protein coat. The outer shell mainly protects
virus from physical, chemical, or enzymatic damage. Following
entry into the cell by specific receptors (Table 48.1), the virus
uses the host cellular regulatory system and the host cell’s syn-
thetic machinery to produce enzymes required for its replica-
tion, and in many cases the viral genome encodes proteins,
which act, for example, as RNA-polymerases, transcriptases that
are needed in replication. These components are then assembled
and released as viral particles.Viruses also use host cell ribosomes
to translate viral proteins.Viruses can only replicate within cells.
Thus, viruses are an exception to what is understood as the con-
cept of “life”
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ROLE OF VIRUSES IN HUMAN
INFECTIOUS DISEASE

Viruses cause diseases ranging from acute infections (e.g., poli-
omyelitis) to chronic infections that are relatively benign (e.g.,
herpes) to life-threatening chronic infections (e.g., AIDS).
As shown in Table 48.2 and in the recommended general ref-
erences, different viruses lead to markedly different diseases,
reflecting the diverse processes by which they damage human
tissues and cells. Some common viruses are listed with typical
examples of diseases caused in humans. The variety of viruses
has required potential hosts to develop two crucial features of
adaptive immunity. First, the need to recognize a wide range of’
different DNA and RNA pathogens had driven the develop-
ment of receptors on B and T cells of equal or greater diversity.
Second, the distinct habitants and life cycles have to be coun-
tered by a range of different effector mechanisms. Characteristic
features of each virus are its mode of transmission, its mecha-
nism of replication, its pathogenesis or the means by which it
causes disease, and the immune response it elicits.

Elimination of a viral infection generally requires the
destruction of virally infected cells by osmotic lysis, which fol-
lows natural killer (NK) or cytotoxic T-cell (CTL) activation.
Activation of these immune cells involves cytokines secreted
by antigen presenting cells such as macrophages and dendritic
cells, or Type I cytokine producing CD4+ T cells. NK and CTL
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TagLe 48.1

Virus Cell surface receptor?®

Influenza Glycophorin A

Rhinovirus Adhesion molecule ICAM-1
Reovirus f-adrenergic hormone receptor
Rabies Acetylcholine receptor

Vaccinia Epidermal growth factor receptor

Epstein-Bar B cell complement receptor

HIV T cell, macrophage CD4 receptor

4All viruses need to bind to a specific cell surface molecule in order
to enter into the cell. The binding can be blocked by antibody, but
there are cases in which the antibody helps the virus to get in.

cells differ in killing virus—infected cells mainly at the recogni-
tion site. NK and CTL cells active in these processes recognize
unique surface features of virally infected cells, which are not
present on non-infected cells. NK cells can use several difterent
receptors that signal them to kill, including lectin-like recep-
tors that recognize carbohydrate on self cells, killing inhibitory
receptors (KIRs) that recognize “free” major histocompatibil-
ity complex (MHC) class I molecules encoded by genes of the
human leukocyte antigen (HLA) C region and overrule the
actions of the killing activation receptors (KARs). Once recog-
nition has occurred, the cytotoxic mechanisms of the NK and
CTL cells are similar.

During the initial phase of viral infection and when the
viruses bud from the cell, the particles can be targeted by IgM
and IgG antibodies, leading to opsonin-mediated phagocytosis
and/or neutralization. Phagocytosis and neutralization by anti-
bodies are components of the natural and adaptive immune sys-
tem in response to viral infection when the virus is disseminated
via lymph, blood, or interstitial fluid, rather sequestered within a
cell. Immune response to viruses also varies according to the site
where the virus penetrates the human organisms and whether
the infection is primary or secondary.

General Problem of Needing to Identify
the Relevant Virus

Because viruses are sequestered within host cells and replicate
rapidly, viruses produce mutations rapidly. When these mutations
occur at the antigenic epitope, previously active immune effector
cells may no longer recognize the altered virus. Immunological
resistance develops. Many disease states have been associated with
immune dysfunction of varying degrees of severity and signifi-
cance, for example HIV/AIDS, flu, or colds. Antigenic diversity
is the result of extensive antigenic variation in the past.

Viruses interfere with the proper functioning of the cytokine
network. For example, adenoviruses and rotaviruses inhibit
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interferon formation, hepatitis B virus does not induce inter-
feron, and the EBV releases inhibitory cytokines suchas IL-10.

Not all virus infections cause disease. The objective of the
virus is to survive and be transmitted. Sometimes this may cause
pathology; for example, diarrhea helps the rotaviruses (see Table
48.2) to get into water and to infect another host. Some viruses
are obliged to destroy cells in order to spread, but many viruses
inhabit the human body without causing disease symptoms for
a long time, and these could be regarded as the most successful
viruses. EBV in the throat and HSV-1 in the ganglia are exam-
ples of this.

How Were Viruses Identified Prior to the
Development of Chip Technology?
Diagnosis depends on the detection of antiviral antibody and/
or viral antigen, not on immunological markers. The nature of
investigations undertaken should be selected accordingly. For
example, immune cell proliferation is often abnormal in viral
infections but does not help in identification of the relevant
virus. Accurate monitoring of viral load is now performed by
quantitative real-time PCR.

In general, there are three main and well-established
approaches to identify a virus in the human (for overview, see
Striebel et al., 2003):

(i) Isolation and cultivation techniques

These techniques have some disadvantages, in particular long
cultivation times from 3 up to 30 days, lack of sensitivity, and
the rather limited number of viruses that can be identified in
comparison to the broad spectrum of possible viruses that cause
infection and/or disease. Identification of isolates from cell cul-
tures occurs by titration with different serum pools. This is addi-
tionally hampered by constant evolving of new viral subtypes.
Alternatively, type specific detection may directly be performed
using monoclonal antibodies, immunofluorescence, or enzyme
immunoassay (EIA).

(ii) Indirect virus detection by virus-specific antibodies

Indirect virus detection methods include serological determina-
tion of specific antibodies by immunofluorescence assay, enzyme
immunoassay, or by titration. After infection, only a few viruses
release antigens in amounts sufficient to be detectable in body
fluids by antibody assays (ELISAs). The presence of antibod-
ies indicates immunity of the human organism in most virus
infections, whereas re-infections do not show any symptoms.
Antibody generation is detectable shortly after disease breaks out
(e.g., in patients with viral hepatitis), but not during the highly
infectious incubation time. Diagnosis of infections by cytopath-
ogenic viruses, such as influenza or respiratory infections,
may be easily performed in late states of these diseases, but are
hardly possible during early disease states. While serotyping of
viruses is mostly done by conventional immunological methods,
many clinical isolates remain unclassifiable due to the limited
number of antibodies against virus surface proteins, for exam-
ple, of enteroviruses. Array-based assays are able to detect several
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TaBLE 48.2

Virus

genome

DNA(ds)

(ds)

(ds)

(ss)

(ds)

(ds)
RNA(ss)

(ss)

(ss)
(ss)

(ds)

(ss)

(ss)

(ss)

(ss)

(ss)

Virus family

Herpesvirida

Adenoviridae

Poxviridae

Parvoviridae

Papillomaviridae

Hepadnaviridae

Orthomyxoviridae

Paramyxoviridae

Coronaviridae

Picornaviridae

Reoviridae

Togaviridae

Flaviviridae

Arenaviridae

Rhabdoviridae

Retroviridae

Some common viruses that cause diseases in humans?

Virus Genus with type species

Simplex virus with human herpesvirus 1 and 2 or
herpes simplex type 1land 2 (HSV-1, HSV-2)

Varicellovirus with human herpesvirus 3 or
varicella-zoster virus (VZV)

Cytomegalovirus with human herpesvirus 5 (CMV)

Lymphocryptovirus with human herpesvirus 4 or
Epstein-Bar virus (EBV)

Roseolovirus with human herpesvirus 6 (HHV-6)

Mastadenovirus with human adenoviruses types 3
(HAdV-A), 4 (HAdV-E), and 7 (HAdV-B)

Orthopoxvirus with vaccinia virus

Erythrovirus with human parvovirus B-19

Human papilloma virus with human papilloma
virus types (strains) 16, 18, and 31

Orthohepadnavirus with human hepatitis B virus

Influenza virus A with types HINI, H2N2, H3N2,
and H5N1

Morbillivirus with measles virus
Rubulavirus with Mumps virus
Coronavirus with SARS coronavirus
Hepatovirus with hepatitis A virus

Enterovirus with polioviruses and
coxsackieviruses

Rhinovirus with human rhinovirus A

Rotavirus with rotavirus A, and B

Coltivius with Colorado tick fever virus
Rubivirus with rubella virus

Flavivirus with yellow fever virus, or Dengue virus

Hepacivirus with hepatitis C virus

Arenavirus with lymphocytic choriomenigitis virus
Arenavirus with Lassa virus

Lyssavirus with rabies virus

Deltaretrovirus with human T-lymphotropic virus

Lentivirus with human immunodeficiency virus 1
and 2 (HIV-1 and HIV-2)

Human disease

Cold sores, genital herpes, encephalitis

Chickenpox, shingles

Mononucleosis

Mononucleosis, Burkitt’s ymphoma

Erythema subitum, roseola infantum

Acute respiratory disease (ARD)

Cowpox, vaccinia, smallpox

Erythema infectiosium, seronegative
arthritis, hydrops fetalis

Cervical cancer

Hepatitis B

Spanish flu, Asian flu, Hong Kong flu, or
pandemic threat in 2006-7 flu season

Measles

Mumps

Severe acute respiratory syndrome (SARS)
Hepatitis A

Poliomyelitis and infectious myocarditis by
coxsackievirus B

Common cold (acute viral nasopharyngitis)

Severe diarrhea among infants and
children, or adult diarrhea by rotavirus B

Colorado tick fever
Rubella

Yellow fever, or Dengue hemorrhagic fever
found in the tropics

Hepatitis C

Lymphocytic choriominigitis
Lassa fever

Rabies

T-cell leukaemia and T-cell lymphoma in
adults

Acquired immunodeficiency syndrome
(AIDS)

2 For general information, see: Rich, R.R., Fleisher, T.A., Shearer, W.T., Schroeder, H.-W.,, Frew, A.J. and Weyand, C.M. (eds.) (2008). Clinical
Immunology: Principles and Practice, 3rd edition. Mosby Ltd., New York.



serotypes with high accuracy. Highly sensitive array-based assay
may become a useful alternative in clinical diagnostics.

(iii) Direct detection of viral antigen or genomic features
Nucleic acid detection methods in virology may be separated
into two basic groups: in vitro nucleic acid-amplifying tech-
niques such as PCR including reverse transcriptase (RT)-PCR
and non-amplifying techniques. Analysis of virus specific nucleic
acids without in vitro amplification may be performed best by
hybridization of gene specific probes, followed by radioactive
or immunological detection methods (i.e., ELISA, or chemilu-
minescence). Practical applications of these direct methods are
rare, as sensitivities often are too low in comparison to quanti-
tative real-time PCR or RT-PCR by LightCycler or TagMan.
However, PCR and RT-PCR bear increased risks of contamina-
tion by non-specific amplification products but the main limita-
tion resides in the difficulty of designing compatible multiplex
primer sets for large numbers of viruses to be screened in a sin-
gle assay, being restricted to a limited number of viral families.
By contrast, serial analysis of gene expression and differential
display is a powerful high-throughput methodology (Conejero-
Goldberg et al., 2005).

Chip Technology

Modern DNA microarray technology started in the mid-1990’s
when Pat Brown and his colleagues at Stanford University first
reported a high-capacity system in which DNA sequences spe-
cific to individual transcripts were immobilized at defined loca-
tions in an array format on a solid surface (Brown et al., 1999;
DeRisi and Iyer, 1999; DeRisi et al., 1996; Schena et al., 1995),
either through mechanical spotting (Lipshutz et al., 1995) or
some implementation of in situ synthesis (Fodor et al., 1991).
With the original DNA chip technology, microarrays were pre-
pared by high-speed robotic printing of complementary DNAs
on glass. Because of the small format and high density of the
arrays, hybridization volumes of 2L could be used that ena-
bled detection of rare transcripts in probe mixtures derived from
2ng of total cellular messenger RNA (Schena et al., 1995).
Differential expression measurements were performed by means
of simultaneous, two-color fluorescence hybridization in parallel.
This microarray-based genome-wide expression analysis of 45
genes first provided an unbiased view of the transcriptional state
of a cell population (from Arabidopsis).

DNA chips/microarrays are the biotechnology tool of our
decade. Pathogen detection, resequencing, comparative genome
analysis, and gene expression — they do it all. The amount of
data they are generating is overwhelming. The expression lev-
els of thousands of viral genes as well as many mutant variants
are documented for numerous states of growth and disease. It
is inevitable that DNA chips/microarrays will drive genomic
medicine to new horizons.

In the early 1990%, we purified DNA, ligated it, transformed
it, and the cloned gene had to be somewhere. We screened thou-
sands of clones by hand with an oligonucleotide just to find one
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insert. Of course, positive selection vectors facilitated screening,
but still we had to do the hard stuft by hand.Today’s DNA chip/
array technology reverses that early approach. Instead of screen-
ing an array of unknowns with a defined probe like a synthetic
oligonucleotide, PCR product or cloned gene, now a defined
probe occupies the chip and then the chip is probed with the
unknown sample. Today, identification of disease-relevant genes
or proteins often starts with transcription profiling experiments
on DNA chips and/or proteomics approaches. The interpreta-
tion of the measured data is largely based upon the complete
sequences of the human genome and the most important model
organisms, respectively.

The overall objective of this chapter is twofold. First, the
objective is to increase awareness in clinical medicine of the
challenges and opportunities presented by DNA microar-
ray technology and the emerging and rapidly changing field of
genomic medicine. Second, the aim is to publicize to a broader
research community additional challenges associated with the
use of microarray technology in medically relevant genome
research.

MICROFABRICATION

Probe selection and microarray/chip design are central to the reli-
ability, sensitivity, specificity, and robustness of viral arrays. Because
common viral microarray/chip manufacturing technology synthe-
sizes probes with defined sequences, positions, and lengths, array
performance can be optimized using data collected from multi-
ple databases, bioinformatics tools, and computer models. Viral
oligonucleotide sequences can be designed according to open
reading frames sequences obtained from Entrez Genome and
Nucleotide Databases  (http://www.ncbi.nlm.nih.gov/). The
probe selection should be based on the criteria for specificity, sen-
sitivity, and uniformity (Hughes et al., 2001; Wright and Church,
2002). Arrays can be designed with Array Designer 2.02 software
(http://www.premierbiosoft.com). Recently, a bioinformatic
platform and database were developed with specific probes of all
known viral genome sequences to facilitate the design of diagnos-
tic chips (Lin et al., 2006: http://www.bioinfo.csie.ncu.edu.tw/).
Some of the key elements of viral chip microfabrication are
shown in Figure 48.1 and are common to the production of all
microarrays/chips. Probe concentration, probe DNA length, and
printing buffer need to be optimized for high quality chip per-
formance depending on the surface chemistry. Slide autofluo-
rescence, spot morphology, reproducibility of arraying, binding
efficiency and purity of probes are crucial for the accuracy and
reliability of chip data analysis. The manufacturing process ends
with a comprehensive series of quality control tests (Foldes-Papp
et al., 2004). Additionally, a sampling of arrays from every wafer
is used to test the batch by running control hybridizations. A
quantitative test of hybridization is performed using standardized
control probes. For example, the results of 12,900 hybridization
reactions on about 150 configured human herpes virus microar-
rays for the parallel detection of HSV-1 and HSV-2,VZV, EBV,
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CMYV, and HHV-6 showed that the established microarray/chip-
based typing procedure was reproducible, virus-specific and
sufficiently sensitive with a lower limit of 100 viral copies per
mL sample (Foldes-Papp et al., 2004, 2005b). A core element
of array design, the perfect match/mismatch probe strategy,
is also universally applied to the production of viral chips. For
each probe designed to be perfectly complementary to a target
sequence, a partner probe is generated that is identical except
for a single base mismatch in its center. These probe pairs, which
are called the perfect match probe and the mismatch probe,
allow the quantization and subtraction of signals caused by non-
specific cross-hybridization. The difference in hybridization
DY

]

v

Sample preparation

v

DNA/RNA extraction

signals between the partners, and their intensity ratios, serve as
indicators of specific target abundance.

The efficiency with which RINA target molecules are cap-
tured by, or hybridized to, surface-immobilized oligonucleotides
depends upon secondary and tertiary structure of the RNA tar-
get strand. To overcome this limitation, RNA is often fragmented
to reduce structural effects. The hybridization efficiency of the
resulting fragments was determined as a function of fragment
length and the amount of RNA captured was evaluated qualita-
tively by fluorescence intensity normalized to an internal stand-
ard (Mehlmann et al., 2005). Optimized conditions for influenza
RNA were determined to include a fragmentation time of
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Striebel et al., 2003).



20-30min at 75°C. These conditions resulted in a maximum
concentration of fragments between 38 and 150 nucleotides in
length and a maximum in the capture and label efficiency.

In the case of viral chips, for example, an online platform
and database that provide users with specific probe sequences
of all known viral genome sequences was established to facili-
tate the design of diagnostic chips (Lin et al., 2006). A user can
select any number of different viruses and set the experimen-
tal conditions such as melting temperature and length of probe.
The system then returns the optimal sequences from the data-
base. The experimental design of a microarray determines the
confidence that can be assigned to the data. Specificity, sensitiv-
ity, reproducibility, and robustness of the experimental data are
essential to a successful use of a viral DNA chip (Foldes-Papp
et al., 2005b). The microarray-chip platform to be chosen has
high value for “multiplex” array diagnostics, that is the parallel
determination of several parameters from one sample. There are
several platform categories available, such as amplified ¢cDNAs,
oligonucleotides chemically synthesized from known sequences,
and one-color and two-color samples labeled and hybridized
to a chip. The selected chip platform has an effect on the com-
plexity and flexibility of the generated data. For example, the
analysis of one-color chips is more straightforward than the
analysis of two-color chips. Data formats like CEL, CHP, MAS
5, RMA GenePix, or ImaGene affect the signal intensity and
quality of data for downstream analysis. In differential gene
expression studies, thousands of genes are simultaneously inter-
rogated, and this in turn determines the statistics to be applied
(Draghici, 2002) and the use of real and simulated chip data for
testing multiple hypotheses (Reiner et al., 2003). The applica-
tion of z-score statistics to gene ontology terms is described in
Doniger et al. (2003). Because microarray experiments produce
tremendous amounts of data, data management by databases
efficiently organizes and retrieves the raw data. Sharing the data
both within the lab and with collaborators requires web-based
system access.

Several aspects of probe selection and array design are
dictated by an array’s intended use. To select probes for viral
microarrays/chips, sequence and annotation data from multiple
databases are integrated. Custom arrays can be designed for sub-
sets of known genes.

Structured Substrates

Traditional hybridization assays used nitrocellulose and nylon
membranes, and measurements were carried out by autoradiog-
raphy. Microarrays and other chip assays are based on solid sup-
ports, usually glass. Measurements are commonly performed by
fluorescence labeling and detection. In contrast to membrane-
based macroscopic arrays, microarray/chip supports (substrates)
are non-porous, and therefore prevent absorption of reagents
and samples on the substrate matrix. Non-porosity permits fast
removal of organic and fluorescence substances during chip
microfabrication and application. Microarray/chip supports allow
highly parallel reactions, as well as significant increase in accuracy
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of measured data (Schena, 2001). These advantages maintain
high sample concentrations and fast hybridization kinetics.

In general, glass substrates are characterized by high repro-
ducibility of the fluorescence signal during hybridization of
immobilized oligonucleotides with fluorescence-labeled samples
due to low autofluorescence and thus high signal-to-noise ratio.
They also show high reaction stability over extended time peri-
ods. Borofluorate glass substrates are particularly suitable because
of their low alkali content and therefore low autofluorescence.

Spotters, Growers, and Grabbers

Spotting

Probe immobilization can be achieved using spotters for creat-
ing the arrays. The spatial resolution of the robotics determines
the density of the array. Mechanical pins (contact printing) and
ink-jetting usually gives spots of 100 wm in diameter. The pin
diameter and shape, solution viscosity, and substrate characteris-
tics lead to some variation in spot size, shape, and concentration
of solution transferred. A number of companies offer robotic sys-
tems for spotting arrays, but only commercially available DNA
chips will pack as many spots as possible onto a chip. Modern
inkjet-like printers reduce the spot volume into the picoliter
range. Efficient covalent immobilization of biological molecules
on solid supports is a crucial step during microarray produc-
tion (Pirrung, 2002). Biomolecules need to be immobilized
firmly enough to prevent their replacement during reaction and
hybridization steps, but flexibly enough to allow conformational
changes and binding of target molecules.

An advantage of spotting of prefabricated oligonucleotides
onto solid supports (substrates) followed by chemical immobili-
zation is the independence from the length of oligonucleotides
to be immobilized. Oligonucleotides of 20—70 nucleotides in
lengths are usually aminomodified and covalently bound onto
the support. For glutaraldehyde immobilization, aminated slides
and 5’-aminated oligonucleotides may be used (Pease et al.,
1994). Glutaraldehyde-mediated coupling of biomolecules to
solid supports is the classical chemical immobilization method.
In order to covalently attach oligonucleotides to the chip, pre-
activated or surface-modified solid supports, homo- or het-
ero-bifunctional crosslinkers, and modified oligonucleotides are
needed. Table 48.3 surveys common immobilization techniques
(see also Wittmann 2005).

To immobilize modified DNA, glass slides with reactive
aldehyde, amino, mercapto, or epoxy groups are commercially
available. Another covalent and direct immobilization of DNA
on glass with oxidic surface (Jung et al., 2001) requires position-
ing of DNA droplets on a heated surface with an efficiency of
150-300 finol/mm? during the coupling reaction. Lindroos et al.
(2001) compared six different commercial slides with respect to
fluorescence background, turnover efficiency and signal-to-noise
ratio. They found that attachment chemistry affects genotyping
accuracy when mini-sequencing is used for genotyping on micro-
arrays. Genotyping results were best when mercaptosilane-coated
slides were used to attach disulfide-modified oligonucleotides.
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TasLE 48.3

Immobilization Examples

Non-covalent complexation Biotin—avidine/streptavidine
Self assembled monolayer
Inclusion/ crosslinking

Polymerization

A selection of DNA immobilization techniques on microarrays/chips (see Striebel et al., 2003)

Alkanethioles, mercapto- or epoxysilane-compounds
NH,-dextrane matrix, aminoethylcellulose, polyacrylamide

Co-polymerization of pyrrole and oligo-nucleotides with pyrrole residue at 5’ -ends, pyrimidine-

pyrimidine-dimers, vinylsubstituted nucleotides

Silanization by bifunctional
reagents

Aminopropyltriethoxysilane (aminofunction with succinic anhydride convertible into
carboxic acid function), 3-mercaptopropyl-triethoxysilane (disulfide bridge/ thioether),

glycidoxypropyltriethoxysilane, p-amino-phenyltrimethoxysilane (ATMS)/diazotation chemistry
and unmodified oligonucleotides

Covalently by
linkerphotoactivated
crosslinking

3'-Hydroxyfunction, 5’ phosphate residue, bromcyan, cyanurchloride, carboxylfunction,
aldehyde, primary amine, DNA coupling by thymidines, DNA coupling via alkylamines,
photolinkage (i.e., psoralen, p-nitrophenyl-3-diazopyruvate)

Diazotized chip surfaces are described for immobilization of
unmodified oligonucleotides (Dolan et al.,, 2001). Using p-
aminophenyltrimethoxysilane (ATMS), diazotization chemistry
was developed, and microarrays were fabricated and analyzed.
The method produced uniform spots containing equivalent
or even larger amounts of DNA than those obtained by com-
mercially available immobilization techniques Oligonucleotides
with hairpin stem-loop structure and multiple phosphorothioate
moieties in the loop were used to anchor the oligonucleotide
to glass slides that are pre-activated with bromoacetamidopro-
pylsilane (Zhao et al., 2001). Consolandi et al. (2002) describe
two robust procedures for oligonucleotide microarray prepara-
tion based on polymeric coating. Chemical procedures include a
glass functionalization step with y-aminopropyltriethoxy-silane-
APTES, or poly-L-lysine, or polyacrylic acid-polyacrylamide
co-polymer, which is covalently bound to the modified glass.
A surface activation step allows attachment of amino-modified
oligonucleotides. Results show high loading capacity, good uni-
formity, ready availability of immobilized DNA to hybridization
targets, and stability to thermal cycles.

The AR Chip Epoxy obtained from two competi-
tors (3D-Link™ and Easy Spot) was compared with respect
to slide autofluorescence, spacer length and signal-to-noise
ratio (Preininger and Sauer, 2003). The two chip surfaces were
assayed by hybridizations with the same targets, and under the
same hybridization and scanning conditions. When polyamide
(PAMAM) dendrimers containing 64 primary amino groups were
used as linkers, signal intensities could be increased significantly
compared with amino and epoxy silanized surfaces (Benters et al.,
2002). It was shown that dendritic PAMAM linker systems reveal
high immobilization efficiencies for amino-modified DNA-
oligomers. This was used to assay the performance of dendrimer-
based DNA microarrays for discrimination of SNPs.

Aminated glass slides are the most common functionalized
supports available. The slides may be used for biomolecule immo-
bilization by reaction of the amino groups with glutaraldehyde,

which in turn is coupled to amino groups of target molecules
in a sandwich-like manner. Resulting Schiff bases need to be
reduced to secondary amines. This may be performed by sodium
cyanoborohydride (Birch-Hirschfeld et al., 2002). The method
has disadvantages such as complex storage conditions for chemi-
cally fully active glutaraldehyde and low biomolecule binding
capacity. In addition, glutaraldehyde coatings often do not meet
the criteria for low fluorescence background due to impurities
and artifacts acquired during production.

Another immobilization chemistry is based on epoxy-
coated slides. For preparation, activated glass slides are coated
with 3-glycido-oxypropyltrimethoxysilane (GOPS), dissolved
in toluene. When low-fluorescence glass substrates are used, the
resulting microarray supports show greatly reduced fluorescence
background, combined with superior DNA immobilization
properties (Foldes-Papp et al., 2004; Striebel et al., 2003, 2004).

A hetero-bifunctional photoreactive cross-linking reagent,
4-nitrophenyl 3-diazopyruvate (DAPpNP), reacts with glass
slides bearing amino groups (Foldes-Papp et al., 2004; Striebel
et al., 2003). After design and spotting of NH,-modified probe
oligonucleotides, the DAPpNP-coated glass slides are irradiated
at 360 nm.This UV-radiation leads to conversion of diazogroups
into reactive ketene groups, which react with amino groups
of the DNA (Goodfellow et al., 1989; Harrison et al., 1989;
Kalachikov et al., 1992). In aqueous solutions, ketene groups
formed by UV-irradiation of diazopyruvic acid are transformed
into carboxyl groups, which then may be used to react with 5'-
amino-modified 2'-deoxynucleotide oligomers in the presence
of carbodiimide (Penchovsky et al., 2000).

A further light-driven oligonucleotide immobilization
technique applies psoralen-mediated covalent coupling of com-
plementary DNA strands (Kittler and Lober, 1995; Pieles and
Englisch, 1989). In a first step, an oligonucleotide of 15 alternat-
ing adenine and thymidine nucleotides is synthesized directly on
a glass support. The sequence carries an amino group at its 3'-end
and a psoralen group at its 5'-end. Psoralen may be added using



2-[4'-(hydroxymethyl)-4,5",8-trimethylpsoralen]-hexyl-1-O-
[(2-cyanoethyl)-(IN,N-diiso-propyl)[phosphoramidite. A strand,
which is complementary to the synthesized support oligonucle-
otide carrying a stem of five thymidines plus the favored cDNA
sequence at its 3'-end, is then hybridized to the support. In an
irradiation step (2min at 280nm), the psoralen function of the
support oligonucleotide is bound covalently to the complemen-
tary sequence. Microarrays generated that way may be hybrid-
ized to single- or double-stranded, Cy3-labeled probe DNAs.
Advantages of the psoralen-based technique are: oligonucle-
otides may be synthesized completely in the standard 3’ to 5’
direction; densities of immobilized oligonucleotides are opti-
mally suited for subsequent hybridizations, and the light-driven
coupling process may be performed in an aqueous environment
without impairing bases or other parts of the DNA carrying the
cDNA sequence (Foldes-Papp et al., 2004).

Growing

In addition to spotting, oligonucleotide/DNA sequences can
be grown directly on the microarray/chip. Photolithography
opened the way for in sifu fabrication of defined oligonucle-
otide arrays (Fodor et al., 1991). The oligonucleotide sequence
grows on the surface of a glass wafer in a manner similar to con-
ventional solid-phase oligonucleotide synthesis but modified to
include a light-sensitive deprotection step. Masks are used to add
photospecific bases to selected points on the chip to create a
series of oligo-nucleotides with a variety of different sequences.
The process, which comprises solid-phase synthesis, photo-
lithography, and affinity labeling, allows the synthesis of up to
250,000 different oligonucleotides (or oligopeptides) per square
centimeter on a glass slide by light-directed, spatially addressable
chemical synthesis with spot sizes of about 20 wm in diameter.
Optimal spacer lengths are crucial for hybridization behavior
and fluorescence yields. Difterent spacer compositions to reduce
steric interference of immobilized oligonucleotides with the
support were studied in order to improve hybridization behavior
(Shchepinov et al., 1997). Optimal spacer length was determined
to be at least 40 atoms in length, yielding up to 150-fold increase
in hybridization. These spacers are composed of a variety of
monomeric units that are synthesized using phosphoramidite
chemistry, by condensation onto an amino-functionalized poly-
propylene support (Matson et al., 1994). Steric hindrance during
hybridization may also become problematic, if the immobilized
oligonucleotides are too close to each other. Surface coverage
was varied using a combination of cleavable and stable linkers.
Results showed that highest hybridization yields were obtained
from surfaces containing approximately 50% of the maximally
possible oligonucleotide concentration.

High-density oligonucleotide arrays are one of these
tools for large-scale hybridization. With their ability to pro-
duce global views of genome sequences and activity, they have
emerged as a key analytical research tool. A vast amount of data
must be collected and analyzed to understand biological func-
tions. Affymetrix Inc. creates breakthrough tools for genomic
applications. The unique combination of photolithography and
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combinatorial chemistry eliminates the need for individual labo-
ratories to produce and test their own chips. Using technologies
adapted from the semiconductor industry, GeneChip™ manu-
facturing begins with a 5-inch square quartz wafer. Initially the
quartz is washed to ensure uniform hydroxylation across the
surface. Because quartz glass is naturally hydroxylated, glass pro-
vides a very good substrate for the attachment of chemicals such
as linker molecules that are later used to position the probes
on the chips. The wafer is placed in a bath of silane that reacts
with the hydroxyl groups of the quartz glass surface, and forms
a matrix of covalently linked molecules. The distance between
these silane molecules determines the probes’ packing density,
allowing arrays to hold over 500,000 probe locations, or fea-
tures, within a mere 1.28 cm>. Linker molecules attached to the
silane matrix provide a surface that may be spatially activated by
UV light. Probe synthesis occurs in parallel and results in the
addition of an A, C, T, or G nucleotide to multiple growing
chains simultaneously. To define which oligonucleotide chain
will receive a nucleotide in each coupling (growing, propaga-
tion step), photolithographic masks, which carry 18-20 square
micron windows corresponding to the dimensions of individual
features, are placed over the coated wafer. The windows are dis-
tributed over the mask based on the desired sequence of each
probe. When UV light is shone over the mask in the initial step
of oligonucleotide synthesis, the exposed linkers become depro-
tected and are then available for nucleotide coupling. Critical to
this step is the precise alignment of the mask with the wafer.
To ensure that this critical step is accurately completed, chrome
marks on the wafer and on the mask are perfectly aligned. Once
the desired features have been activated, a solution contain-
ing a single type of deoxynucleotide with a removable protec-
tion groups is flushed over the wafer’s surface. The nucleotide
attaches to the activated linkers, initiating the synthesis process.
Although the synthesis process is highly efticient, some activated
molecules failed to attach the new nucleotide. To prevent these
“outliers” from becoming probes with missing nucleotides, a
capping step truncates them in each round of oligonucleotide
synthesis. In addition, the side chains of the nucleotides are pro-
tected to prevent the formation of branched oligonucleotides.
In the next round of synthesis, another mask is placed over the
wafer to allow the next cycle of deprotection, coupling and cap-
ping. The cyclic process is repeated until the probes reach their
full length, usually 25 nucleotides. Although each position in the
sequence of an oligonucleotide can be occupied by one of four
nucleotides resulting in an apparent need for 25 X 4 = 100 dif-
ferent masks per wafer, situations are identified when the same
mask can be used repeatedly. Once the synthesis is complete, the
wafers are deprotected and diced. Disadvantages of this method
are oligonucleotide lengths that are limited to approximately
30 nucleotides, as well as an unfavorable oligonucleotide ori-
entation, where the 3’-end is bound to the solid support. This
is important since hybridization efficiencies depend on orien-
tation and accessibility of the immobilized probe (Southern
et al., 1999). A further disadvantage of photolithographic array
generation is the accumulation of truncated sequences that
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cannot be removed (fidelity of the synthesis process: Foldes-
Papp et al., 1994). For optimal performance, for example, of a
photolithographically generated microarray, requirements are
therefore (Foldes-Papp et al., 1994): (i) Minimization of failure
sequences during chemical synthesis of oligonucleotides. This
may be achieved by keeping side reactions of chemical synthe-
sis low. Side reactions comprise clustering, depurination in the
detritylation reaction, substitution of nucleotides at nucleo-
bases, or breaking of internucleotide bonds. (ii) Minimization of
homologous sequences. Oligonucleotides become increasingly
more similar in their physico-chemical properties with increas-
ing chain lengths. Therefore, sequences of the type N-1, N-2,
N-3, and so forth (NN stands for the number of nucleotides in the
projected probe oligonucleotide/DNA sequence) are to be min-
imized by optimization of the coupling and capping reactions.
(iii) Suppression of incomplete reactions during chemical cycles.
Incomplete reactions are due to masking of non-converted ends
by degradation of protection groups. (iv) High reproducibility of
chemical syntheses within single steps.

The chemical criteria “yield” (e.g., trityl yield) and “cou-
pling and capping efficiency” used in practice do not meet the
demands of the quantitative characterization of chemical oligo-
nucleotide/DNA/RNA/peptide syntheses. Yields, coupling and
capping efficiencies only relate to single-reaction steps, but do
not consider the length N of projected probe sequences; there-
fore, these parameters do not say anything about the frequency
distribution of failure (truncated, false, erroneous) sequences, and
they do not express the dynamics with multi-cyclic syntheses. If
syntheses of different nucleotide lengths are compared regarding
the optimization of external and internal synthesis conditions,
then a lower yield of achieved full length sequences does not
mean poorer synthesis conditions. Synthesis conditions leading
to more probe sequences of lengths N are better optimized if
fewer false sequences are synthesized (Foldes-Papp et al., 1995a,
b, 1996, 1997a, b, 1998). From theoretical considerations, exact
measures of cyclic multistep syntheses, such as chemical oligo-
nucleotide/DNA/RNA/peptide syntheses, were derived. The
studies showed that fractal dimensions are such measures for oli-
gonucleotide/DNA/RNA/peptide syntheses. They are superior
to commonly used parameters like trityl yield and coupling efti-
ciencies, and they can be applied to the experimental separation
of crude synthesis products by high-resolution ion-exchange
HPLC, capillary electrophoresis, and gel electrophoresis. Based
on experiments, the dynamics of the syntheses on solid sup-
port was modeled by stochastic processes with nucleotide chain
length N, propagation/elongation (coupling, oxidation), and
termination (capping) probabilities as the basic parameters. The
following Eqn. 48.1 provides an exact measure for quantitative
assessment and comparison of multi-cyclic syntheses of different
target length, such as chemical oligonucleotide/DNA/RNA/
peptide syntheses:

dON—l L
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(N> o) 1—dN"T

(48.1)

Here, N is the projected length of the probe sequence,
and d, the average (constant) coupling (propagation/elongation)
probability that can be expressed, for example, as averaged trityl
yield in the case of chemical oligonucleotide/DNA synthe-
ses (Foldes-Papp et al., 1995a, b). Oligonucleotide syntheses of
different projected probe lengths are equally well optimized
regarding their synthesis conditions, if the fractal dimensions
D = D(N, dy) are equal; syntheses showed less propagation and
accumulation of erroneous sequences with respect to their pro-
jected target lengths N, which is formulated by Eqn. 48.1 and
experimentally tested and validated (Foldes-Papp et al., 1995a, b,
1996, 1997a, b, 1998).

Grabbing

A grabber is an electronic addressing technology. A chip is
flooded with a solution of a probe, and a charge is introduced
onto the surface by electrical activation of a row or spot on the
chip. The oligonucleotide/DNA probe concentrates close to
the charge and is then chemically bonded in place. The chip is
washed and another probe solution is introduced. One mm? of
the microarray/chip contains 25 up to 400 wire-bonded elec-
trodes, or even 10,000 sites.

Labeling Strategies and Fluidics Workstations

Once the DNA microarray/chip is fabricated, some form of
chemistry has to occur between the sample and the array. The
simplest approach is direct labeling of the viral target DNA with
fluorophores. Common methods employ enzymatic incorpo-
ration of fluorescent nucleotides, or PCR amplification with
fluorescent primer pairs. RNA probes are usually prepared
from cloned DNA by incorporation of fluorescent nucle-
otides via RNA polymerase. Selection of fluorescence dyes for
primer labeling depends on the filter system of the microarray
reader and scanner, respectively. As fluorescence dyes are large
hydrophobic molecules, care has to be taken to avoid intercala-
tion of these dyes during PCR (Foldes-Papp et al., 2001a, b).
Suitable dyes that provide a good long-time stability, such as
cyanide dyes Cy3 or Cy 5, are commercially available. Cyanide
dyes show an intensive fluorescence and are all water-soluble.
This property, combined with their good quantum yield, makes
them superior to many other fluorescence dyes (Wessendorf and
Brelje, 1992).

Usually, the dyes are attached to the respective DNA
sequences in the form of their N-hydroxy-succinimide (NHS)
esters. The attachment requires an amino group at the 3’ or 5'-
ends of the DNA, which may be introduced via an amino link.
Additionally, the method allows introduction of spacers of difter-
ent lengths (Foldes-Papp et al., 2001a, b). Optimal spacer lengths
were obtained using C6-amino link reagents.

If solvents and pH values are appropriately adjusted (reac-
tions of some fluorescence dyes require heterogeneous phases),
covalent fluorescence dye coupling may be achieved within 1h.
Subsequently, an HPLC purification step is required.



An alternative to NHS ester coupling is coupling of some
fluorescence dyes in the form of their phosphoramidite deriva-
tives. Dye-phosphoramidites are easily attached covalently to
DNA 5’-ends in computer-assisted automatic oligonucleotide
synthesis without any difficulties. After cleavage from the sup-
port and chemical removal of protection groups, purification is
carried out by preparative Rp18-HPLC.

Incorporation of fluorescent dyes, such as Cy3, Cy5, or
fluorescein into nucleic acids, can also be performed with their
appropriate 2’'-desoxyuridine-5’-triphosphates. These commer-
cially available compounds carry the respective dyes that are
attached to spacers at nucleotide 5'-positions. With this inter-
nal incorporation of the dye-labeled nucleotides, false base pair-
ing cannot be excluded during PCR reactions. In particular, this
holds true for multiplex PCR reactions. Additionally, these dye-
tagged nucleotides need to be added in excess, since they are
less well inserted by DNA-polymerases than naturally occurring
nucleotides (Foldes-Papp et al., 2001a, b).

A serious problem of viral diagnostics is the variable, often
small quantity of viral particles in patient samples. The amount
may vary between one and several thousands of virus cop-
ies per milliliter. Signal intensities may be amplified by adding
dendrimer building blocks at 5'-ends of PCR primers, allowing
multiple coupling of fluorescence dyes per primer (Striebel et al.,
2004). The review article of Caminade et al. (2006) focuses on
the improvements that hyperbranched and perfectly defined
dendrimers also called nanomolecules can provide to DNA
microarrays. Two main uses of dendrimers for such purpose
have been described up to now (Caminade et al., 2006). Either
the dendrimer is used as linker between the solid surface and
the probe oligonucleotide, or the dendrimer is used as a multila-
beled entity linked to the target oligonucleotide. In the first case
the dendrimer generally induces a higher loading of probes and
an easier hybridization, due to moving away the solid phase. In
the second case, the high number of localized labels (generally
fluorescent) induces an increased sensitivity, allowing the detec-
tion of small quantities of biological entities.

Using dendrimer technology for multilabeling of viral DNA,
Striebel et al. (2004) incorporated dendrimer building blocks at
DNA ends during oligonucleotide synthesis, and then fluores-
cence dyes coupled to amino groups at dendrimers’ branches via
NHS ester chemistry. In this way, two, four, or eight fluorescence
dye molecules may be attached covalently to a primer, using
“doubler” dendrimer building blocks. By using “trebler” den-
drimer building blocks, three or nine fluorescence dyes may be
linked to a primer. In oligonucleotide chemistry, branched oli-
gonucleotides are already being used for signal amplification in
hybridization assays. Branched oligonucleotides allow detection
of a concentration below 100 human CMV copies per millili-
ter sample (template) in the case of 5'-(Cy3);-dendrimer-labeled
CMV DNA:s (Striebel et al., 2004). The fluorescence signal was
enhanced via the dendrimers up to 30 times compared with the
quenched single Cy3-labeled human HSV-1 DNA.The on-chip
signal-amplifying effect depended upon the number of branches
and the concentration of fluorophore-labeled pathogenic DNAs.
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Treblers were superior to doublers, as trebler-labeled nucleic
acids had fluorescence-signal-enhancing effects over a broad
range of labeled DNA concentrations exemplified for the
quenched single Cy3-labeled HSV-1 and non-quenched single
Cy3-labeled CMV DNA:s.

Fluorescence dye labeling invariably involves hybridiza-
tion of the sample to the oligonucleotides/DNA present on the
array. Because chip-bound DNA is often quite short and var-
ied in sequence, a single stringent hybridization condition that
is optimal for every spot on the chip is impossible. However,
it is possible to find temperature and salt conditions that gives
acceptably strong signals for the desired hybridization products
and much weaker signals for mismatches. Unbound viral target
DNA is then washed away, and the chip is ready to be scanned.
Fluidics workstations are available to automate some or all of the
wet working steps.

The traditional array detection strategy was autoradiography
of radiolabeled samples, but other options are available includ-
ing electronic signal transduction. With bioelectronic detection,
electron transfer reactions from the DNA to the substrate allow
fast and probe-cell specific detection systems. The ability of mass
spectroscopy to identify and, increasingly, to precisely quantify
genes and genome sequences (as well as proteins) from com-
plex samples can be expected to impact broadly on biology and
medicine. The systematic analysis of the much larger number of
genes expressed in a cell, an explicit goal of functional genomics,
is now also rapidly advancing, due mainly to the development of
new experimental approaches. Using MALDI-TOF, DNA frag-
ments are analyzed with the SpectroChip™ from Sequenom Inc.

A piezoelectric gene sensor microarray for HBV quantifi-
cation in clinical samples was constructed using crystal units that
oscillate independently (Chen et al., 2005a, b).

Imaging and Scanning, Data Processing

Scanning a fluorescence-labeled DNA array is conceptually
quite simple. A light source excites the labeled samples and a
detector system measures and records the emitted fluorescence.
However, the instrumentation requirements differ according to
the precise nature of the array. Most image capture instruments
and microarray readers, respectively, use a scanning detector
similar to line-scanning detector systems for DNA sequenc-
ing instruments. The number of discrete points that the detec-
tor can sample across the array and the row-to-row step interval
determine the size of the features that the detector can image.
It is important that the detector pixels are sufficiently small to
gather data from enough significant pixels in each probe cell.
Confocal laser-scanning systems for fluorescent microarray bio-
chips should have a spatial resolution of a detector on the order
of 1/8 to 1/10 of the diameter of the smallest element in the
microarray. While the absolute number of DNA molecules that
can be crammed into a small space will probably prevent the
field from reaching the 0.2 um features found in semiconduc-
tors, 5 um probe cells appear attainable. This would put about
four million features on a 1cm? chip.
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Image analysis is performed by placing a grid over the array
to allow integration of the signal from each probe cell. If the
signals from the arrays are strong and fairly consistent, a thresh-
old algorithm is usually adequate, but weak signals demand a
computationally intensive approach. The background signal or
baseline is the fluorescence from the support matrix. Raw fluo-
rescence intensity data are background subtracted. Hybridization
outcomes can be represented as log, fluorescence intensity
ratio of test versus reference samples. To virtually enrich viral
specific concordant probes, data filtration can be further filtered
by elimination of spots below signal intensity and a predefined
absolute log, ratio; this eliminates outlier data from further
analysis due to labeling bias. The processing improves data cor-
relation. Hierarchical clustering and visualization of data can be
performed using Gene Cluster and Tree View software (Stanford
University, USA). High-density DNA chips with thousands of
probe cells need special managing software for microarray probe
tracking and data analysis like Affymetrix’s LIMS workstation,
BioDiscovery’s Clone Tracker software or GeneSpring, a soft-
ware package offered by Silicon Genetics. Based on observed
microarray hybridization patterns an algorithm called E-Predict
is reported for microarray-based viral species identification.
E-Predict compares observed hybridization patterns with theo-
retical energy profiles representing different viral species in a set
of clinical samples but its relevance to other metagenomic appli-
cations is discussed (Urisman et al., 2005).

Viral Genotyping

Regardless of how the microarrays and chips, respectively, are
made, viral chip technology is superior to conventional PCR
methods for the fast, sensitive, specific, and parallelized diag-
nostics of heterogeneous populations of different viral species
and strains (Li et al., 2001; Striebel et al., 2003). Viral genotyp-
ing is an approach made possible by the availability of viral gene
and genome sequence databases and technical and conceptual
advances in chip technology. Interest exists in providing high-
throughput platforms and readout technologies that can selec-
tively examine changes in the transcript levels of specific genes
in response to multiple treatments. Although conventional
microarrays (DeRisi et al., 1996; Schena et al., 1995; Wang et
al., 2002) have, in principle, the necessary throughput, they were
limited with respect to cost and dynamic range and therefore
are not well suited for the task of producing genotyping data for
multiple viruses from which accurate reliable information can
be calculated. For routine clinical testing, it is not possible to test
thousands of genes on a microarray. Therefore, some research-
ers have called for “less” genes to be put on the array, because
most of the other data points are inconsequential (Wooster,
2000) or even detrimental to the usefulness of a set of classifier
genes (Draghici et al., 2003). Can array data be used to iden-
tify a handful of critical genes that will lead to a more-detailed
taxonomy and can this or similar array data be used to predict
clinical outcome (Wooster, 2000)?

In genotyping applications, one looks for sequence varia-
tion that has previously been characterized. Oligonucleotides of
known sequence variants of a viral gene or collections of viral

genes are represented in the chip. Genotyping arrays that are
designed to examine viral DNA sequences are listed in Table
48.4. The viral chip has the enormous strength that only one
chip is needed to analyze a mixture of different viral DNA
sequences.

In practice, there may be some pitfalls, as exemplified by
long-term variability studies of the human herpes simplex virus
type 1 (HSV-1) genome. The HSV-1 genome consists of itera-
tive DNA sequences of variable amounts. The HSV-1 genome
from a HSV-1 DNA pool has an isomolar genome organiza-
tion with L and S components. Genome complexity is due to
tetra-isomers derived from the rolling circle-like intracellular
replication process. In the L-S region, transient variabilities are
formed by insertions or deletions of the repetitive a-sequences.
The genomic changes are more or less strain-specific. Outside
the L-S junction the virus progeny under study showed no or
negligible deviations from the parent strain. The viral DNA
material of three HSV-1 strains F (Roizman), Mst (Ulm) and
AK (Ulm) was sampled after intracellular self-assembled virus
particles were formed (Foldes-Papp et al., 1997a; Klauck et al,,
1995). The DNA replication was carried out in Vero cell infec-
tions and the purified viral DNA was digested with BamHI
restriction endonuclease (Foldes-Papp et al., 1997a). The result-
ing BamHI-K,-fragments of HSV-1 were extracted from aga-
rose gels by electroelution, ligated into plasmid pBR322 or
pAT153 and cloned in E.coli K 12 C600 cells for hybridization
in Southern blots. The restriction patterns obtained by endonu-
cleases Kpnl, and Sall were analyzed by hybridization with K,-
fragments of HSV-1 (F) labeled by the random priming method
with [*?P]a-dCTP. Blots were autoradiographed and the bands
quantified by scanning densiometry. We found that the nucle-
otide sequence pattern of the HSV-1 genome in the L-S region
can be approximated by distribution profiles of digested compo-
nents expressed in powers of nucleotide length N of the largest
component in the region. The largest components of interest
studied had nucleotide length N of 13,500 base pairs obtained
with Kpnl of HSV-1 strains E Mst, AK and nucleotide length N
of 9730 base pairs obtained with Sall of HSV-1 strains F Mst,
AK. We obtained the fractal dimensions D = 1.63 (strain F),
D = 1.66 (strain Mst), and D = 1.66 (strain AK) with restric-
tion endonuclease Kpnl. With restriction endonuclease Sall,
we found the fractal dimensions D = 1.36 (strain F), D = 1.36
(strain Mst), and D = 1.39 (strain AK). The fractal dimen-
sion D is here a measure for producing internal repeats in the
L-S region of strains E Mst, AK during replication at the viral
genome level (Foldes-Papp et al., 1997a). Here, a lower value
of the fractal dimension D indicates a distribution of sequence
variability with lower amounts of internal repeats. The fractal
dimension D was obtained from the scaling to the largest nucle-
otide length of interest, N, and is interpreted as typical long-
term DINA sequence variability.

Viral Sequence Determination

At its most complex, viral genotyping using a DNA chip
involves complete determination of the nucleotide order via
resequencing by hybridization. Viral resequencing discovers
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TaslE 48.4 Representative examples of viral genotyping studies with microarrays/chips

Viral species and strains

Herpes viruses including Epstein-Barr virus

HSV-1, HSV-2,VZV, EBV, CMV, HHV-6

vzv

Influenza viruses

Adenovirus

SARS

Noro- and astroviruses
Hepatitis B and C viruses
Hepatitis B virus

Drug resistant HBV
Hepatitis C virus

Human papilloma viruses

Polioviruses

Orthopoxviruses including variola,
monkeypox, cowpox, vaccinia

Measles virus

Human group A rotaviruses
Hantaviruses

Flaviviruses

HIV

Drug resistant HIV-1

Baculoviruses

Examples

Mezzasoma et al. (2002); Duburcq et al. (2004); Conejero-Goldberg et al. (2005)
Foldes-Papp et al. (2004, 2005b); Striebel et al. (2004)

Sergeev et al. (2006)

Chen and Evans, (2001); Sengupta et al. (2003); Ivshina et al. (2004); Kessler et al.
(2004); Mehlmann et al. (2006); Townsend et al. (2006); Dawson et al. (2007);
Dankbar et al. (2007)

Lin et al. (2004)

Wang et al. (2003); Wong et al. (2004)

Jadskeldinen and Maunula, 2006

Zhao et al. (2003); Perrin et al. (2003); Duburcq et al. (2004)
Song et al. (2006)

Tran et al. (2006); Chen et al. (2005a, b)

Simmonds (2001); Martell et al. (2004); Daiba et al. (2004)

An et al. (2003); Cho et al. (2003); Klaassen et al. (2004); Oh et al. (2004); Hoffmann et al.
(2004); Park et al. (2004); Delrio-Lafreniere et al. (2004); Wallace et al. (2005); Albrecht
et al. (2006); Gheit et al. (2006); Son et al. (2006); Min et al. (2006); Kim et al. (2006);

Seo et al. (2006); Lin et al. (2007); Luo et al. (2007)

Cherkasova et al. (2003)
Laassari et al. (2003); Ryabinin et al. (2006)

Neverov et al. (2006)

Chizhikov et al. (2002); Lovmar et al. (2003)

Nordstrom et al. (2004)

Nordstrom et al. (2005)

Giinthard et al. (1998); Bean and Wilson, (2000); Ghedin et al. (2004); Boriskin et al. (2004)
Cherkasova et al. (2003); Duburcq et al. (2004); Gonzalez et al. (2004)

Yamagishi et al. (2003)

novel sequence variations (see Table 48.5). The longer the tar-
get DNA, the longer the oligonucleotides must be to eliminate
ambiguities. For example, a viral chip was designed after divid-
ing each viral genome into overlapping 70-mer oligonucleotides
using sequencing analysis tools BLASTn (Wang et al., 2003;
Wong et al., 2004). The 70-mers were ranked by the number
of viral genomes to which significant homology were found
by alignments. Virus resequencing of the genomes in infected
humans was performed with the Affymetrix™ SARS rese-
quencing GeneChips (Sulaiman et al., 2006, 2007). High-density
resequencing GeneChips have potential biodefense applications
and may be used as an alternate tool for rapid identification of
smallpox virus in the future.

For sequencing of any viral DNA/RNA, a gene of
unknown sequence can be rapidly screened. In this approach,
oligonucleotide probes represent all possible combinations of

sequence in a given length. The number of probe “cells” can be
calculated by four to the power of the oligonucleotide length,
that is 65,536 8-mers, 262,144 9-mers, and so forth. The viral
target sequence to be sequenced is broken into small pieces,
fluorescently labeled, and hybridized with the immobilized oli-
gonucleotides on the chip. However, the random sequencing
procedure is weak for non-random sequences such as direct and
inverted repeats.

Viral Gene Expression

There is a diverse range of experimental objectives and uses for
viral gene expression microarray data, which makes the areas
of experimental design and data analysis quite broad in scope
(see Table 48.6). As such, there are many ways to design expres-
sion profiling experiments, as well as many ways to analyze and
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TaBLE 48.5

Viral species and strains Examples

Rota et al. (2003); Ksiazek
etal. (2003); Wong et al.
(2004); Sulaiman et al. (2006)

SARS coronavirus

Smallpox viruses (variola Sulaiman et al. (2007)

virus)
Coccolithovirus Allen et al. (2007)

Human influenza virus

TaBLE 48.6

Viral species and strains

Wang et al. (2006)

Examples

Pan-viral Wang et al. (2002, 2003)

Human and mammalian Seifarth et al. (2003)

retroviruses

Choristoneura fumiferana
nucleopolyhedrovirus

Yang et al. (2007)

Human immunodeficiency virus type  Ghedin et al. (2004)
1, Human T cell leukemia virus types

1 and 2, Hepatitis C virus, Epstein-

Barr virus, Human herpesvirus

6A and 6B, and Kaposi's sarcoma-

associated herpesvirus
HSV-1 and HSV-2 Aguilar et al. (2006)

HPV18 (E2 mutants) Thierry et al. (2004)

mine data functional genomics expression profiling experiments,
including transcriptional analysis of normal biological processes
of viral and host replication, discovery and validation of viral
drug targets, and studies into the mechanism of action and tox-
icity of pharmaceutical compounds.

Chambers et al. (1999) described the first viral DNA micro-
array for the temporal profiling of viral gene expression human
cytomegalovirus, CMV. Basically, viral DNA microarrays/chips
that apply a genomic approach from known open reading frames
allow analysis of many virally encoded genes at the steady-state
level of mRNA in the cell for a single (Kellam, 2001) or multi-
ple pathogen detection (Wang et al., 2002).

Single Pathogen Detection

Viral RNA expression monitoring studied for a single patho-
gen identified patterns of immediate early, early, and late
gene expression for some herpes viruses (Aguilar et al., 2004;
Chambers et al., 1999; Stingley et al.,, 2000). Lytic expres-
sion profiles of viral herpes genes are established following

reactivation from latency (Jenner et al., 2001; Leenman et al.,
2004; Paulose-Murphy et al., 2001). The predicted open read-
ing frames of the human CMV and an established protocol for
simultaneously measuring the expression of all CMV genes have
been studied by Yang et al. (2006). In order to study the global
pattern of VZV gene transcription, VZV microarrays using 75-
base oligomers to 71 VZV ORFs were designed and validated
(Kennedy et al., 2005). A human herpes virus chip for six latent
EBV genes (EBNA1, EBNA2, EBNA3A, EBNA3C, LMP1,
LMP2), and four lytic EBV genes (BZLF1, BXLF2, BKRF2,
BZLF2) allowed Bernasconi et al., 2006 to accurately measure
EBV gene transcription changes triggered by treatment inter-
ventions. The EBV infection rate and the gene expression profile
of EBV in tumor biopsies were determined using EBV genome
chips (Li et al., 2006). By using Affymetrix™ human gene chip
and NetAffx analysis through the Affymetrix™ website, the
gene expression profiles of variant core proteins were implicated
in HCV replication, pathogenesis, or oncogenesis in the Huh-7
cell line, which is useful for our understanding of HCV variant

core protein biological function and its pathogenic mechanism
(Dou et al., 2005).

Multiple Pathogen Detection

A viral detection DNA microarray composed of oligonucleotides
corresponding to the most conserved sequences of all known
viruses identified the presence of gammaretroviral sequences in
c¢DNA samples that impair function of RNase L, particularly
R462Q, from seven of 11 R462Q-homozygous cases, and in
one of eight heterozygous and homozygous wild-type cases in
human prostata tumors (Urisman et al., 2006). The novel virus,
named XMRY, is closely related to xenotropic murine leuke-
mia viruses (MuLVs), but its sequence is clearly distinct from all
known members of this group. Attempts to identify differentially
expressed transcripts in complex neuropsychiatric disorders, such
as schizophrenia, have shown the necessity of screening a large
sample set in order to rule out medication effects and normal
individual variation when attempting to determine disease asso-
ciation (Conejero-Goldberg et al., 2005; Wang et al., 2002). The
genome wide gene expression profile aids in the understanding
of genes that may be regulated in a particular pathological con-
dition-like cardiovascular disease and how it pertains to viral and
parasitic infections of the heart (Mukherjee et al., 2006).

Viral Chips for Several Diagnostic Purposes

Recent successes with viral chips illustrate their role as an
indispensable tool for molecular and cellular biology and for
the emerging field of systems biology. Studies focusing on the
analysis of viral populations from cells or tissues typically pose
challenges owing to the high degree of complexity of a mix-
ture of numerous viral species and the low abundance of many
of the viruses, which necessitates highly parallelized analysis.
The ability of viral chips to identify thousands of viruses from
complex samples can be expected to impact broadly on biology
and medicine (Wang et al., 2002). However, the use of viral chips



for a diagnostic purpose is still limited because there is little
agreement as to which portion of the viral genome is specific for
diagnostics and allows establishment of intra- and inter-species
relationships (Foldes-Papp et al., 1997a; Striebel et al., 2003).

One application is the “forecast” of the efficacy of drugs for
therapy (Chambers et al., 1999; Murphy, 2002). Identification of
mutations responsible for resistances of bacterial and viral par-
ticles (i.e., mycobacteria, HIV), including the proof of special
resistance genes, plays an important role (Giinthard et al., 1998;
Hamels et al., 2001; Ramaswamy et al., 2003; Rogers and Barker,
2002; Schembri et al., 2002). Studying pathogen—host relations
contributes to the understanding of disease pathogenesis and
helps develop therapeutic strategies for new drugs (Cummings
and Relman, 2000; Haselbeck et al., 2000; Kato-Maeda et al.,
2001; Mahony, 2002; Peek et al., 2001). Since phenotype-based
testing of resistance with virus isolation and growth on cell cul-
tures is very time and labor consuming, genotype-based testing
of resistance represents a meaningful alternative. In hepatitis C,
duration and success of an interferon therapy mainly depends
upon the HCV genotype (Zein, 2000), apart from other factors
such as age, duration of infection and height of the HCV RNA
titer before specific therapy starts.

So far, there have been very few applications of microar-
rays/chips for quantitative estimations of viral loads. Preliminary
studies are reported for quantification of hepatitis B virus (HBV)
DNA in serum (Kawaguchi et al., 2003). Because of the high
clinical importance of virus quantification, in particular for esti-
mation of virus replication and therapy monitoring, there is a
great potential for chip application. For example, a quarter of the
chronically infected people suffer from SNPs in the precore/basal
core promoter region of the HBV genome, causing the loss of
HBeAg expression. These HBeAg-negative patients often remain
asymptomatic and viremic until the alanine aminotransferase level
in serum is persistently elevated (Lai et al., 2003). It would there-
fore be important to develop methods to detect the precore/basal
core promoter mutations of the HBV genome at an earlier stage
of infection for large-scale clinical and diagnostic analysis. The
conventional and common methods for detecting mutations such
as single-strand conformation polymorphisms, denaturing gradi-
ent gel electrophoresis, direct sequencing and chemical cleavage
are not practical for detecting multiple SNPs in high-throughput
format. The arrayed primer extension method (APEX), which is
based on a hybridization of short single-stranded DNA templates
with an array of immobilized oligonucleotide probes on a glass
surface followed by a polymerase-assisted incorporation of dif-
ferent fluorescently tagged dideoxynucleotides (Tonisson et al.,
2000), enables large-scale SNP detection. All methods of mutant
detection so far described can only identify mutants in the serum,
and cannot determine the proportion of those mutants. Li et al.
(2005) reported the development of a novel technique that can
quantify the relative proportion of mutants in serum utilizing
gene microarray technology.

Clinical applications of microarray technology predominantly
refer to collections of virus variants and to difterentiation of sub-
types. A pan-virus DNA microarray (Virochip) was used to detect
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a human metapneumovirus (hMPV) strain associated with a criti-
cal respiratory tract infection in an elderly adult with chronic lym-
phocytic leukemia (Chiu et al., 2007). Using the Virochip, human
parainfluenzavirus 4 (HPIV-4) infection was detected in an immu-
nocompetent adult presenting with a life-threatening acute respi-
ratory illness (Chiu et al., 2006). So far, viral chip technology has
no practical applications in clinical diagnostics due to its high costs
and insufficient standardization; it so cannot be compared to bio-
logical chip experiments. This technology thus only can be a use-
ful supplement to other diagnostic methods (Wang et al., 2002).

The main focus of clinical diagnostics with viral DNA chips
will be to find answers to a handful of questions about viruses
safely, quickly and inexpensively. Clinical diagnostics approaches
using viral DNA chip technology simply ask the question
whether particular genes, which are indicative of particular
viruses, are present in a sample or not. For example, the knowl-
edge-based, low-density “focused” microarray is based on the
molecular diagnostics of six human herpesvirus types: HSV-1,
HSV-2, VZV, EBV, CMV, HHV-6 (Foldes-Papp et al., 2004,
2005b; Striebel et al., 2004). These studies attempted to opti-
mize parameters of chip design, surface chemistry, oligonucle-
otide probe spotting, sample labeling, and DNA hybridization.
The well-designed and tailored chip platform developed utilizes
low-fluorescence background coverslips, epoxy surface chemis-
try, standardized oligonucleotide probe spotting, PCR-labeling
with Cy3 of isolated viral DNA, array hybridization, and detec-
tion of specific spot fluorescence by an automatic microarray
reader. Korimbocus et al. (2005) reported on the simultaneous
detection of major CNS pathogens HSV-1, HSV-2, CMV; all
serotypes of human enteroviruses, and five flaviviruses (West
Nile virus, dengue viruses, and Langat virus) using amplifica-
tion by PCR and detection of amplified products by a DNA
microarray. Consensus primers for the amplification of all mem-
bers of each genus and sequences that are specific for the iden-
tification of each virus species were selected from the sequence
alignments of each target gene. A multiplex PCR-based DNA
array for EBV, CMV, and Kaposi’s sarcoma-associated herpesvi-
rus (KSHV) may serve as a rapid and reliable diagnostic tool for
clinical applications (Fujimuro et al., 2006).

The macroarray test of Fitzgibbon and Sagripanti (2006)
for capturing generic members of the orthopox- or alphavi-
rus families and a collection of additional oligonucleotides to
bind specifically nucleic acids from five individual alphaviruses,
including Venezuelan equine encephalitis, or DNA from each
of four orthopoxviruses, including variola virus (VAR) is easy
to perform, inexpensive, relatively fast, uncomplicated to inter-
pret, and its end point is read visually without the need of addi-
tional equipment. This nucleic acid hybridization assay onto
nylon membranes in macroarray format can help in detecting
or excluding the presence of threat viruses in environmen-
tal samples and appears promising for a variety of biodefense
applications. A microarray-in-a-tube system, for example, in an
eppendorf-tube format, was first suggested by Foldes-Papp et al.
(2005a, b). It is a solution to complicated handling and expen-
sive microarry equipment. Recently, a microarray-in-a-tube
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system with a 5 X 5 oligonucleotide “microarray” was devel-
oped by Liu et al. (2007), for detecting four respiratory tract
viruses (severe acute respiratory syndrome-associated coronavi-
rus, influenza A virus, influenza B virus, and enterovirus) in a
specially designed Eppendorf cap with a flat, optically transpar-
ent window.

NANOFABRICATION

Nanofabrication combines different metals, semiconductors,
or carbon in spherical particles as quantum dots and in linear
particles as nanowires, nanotubes, or nanorods. Nanofabrication
reduces the amount of biological samples and reagents for the
detection of viruses. A number of assays of metal nanoparti-
cles for DNA detection and analysis and their basic principle,
advantages, disadvantages and detection limits are very recently
reviewed (Moller and Fritzsche, 2007). The detection schemes
can aptly be divided into optical category such as quantum dots,
stripped nanovirus and electrical/electrochemical category such
as semiconducting nanowires and carbon nanotubes (Rosi and
Mirkin, 2005). However, I distil the salient features of nanofabri-
cation for viral detection.

Quantum Dots

Quantum dots are also known as nanocrystals or artificial atoms.
They consist of clusters of a few hundred to a few thousand
atoms. Their diameter is in the nanometer range. Quantum
dots (QD) are made from metals such as gold, silver, cobalt, and
semiconductor materials such as cadmium sulfide, cadmium
selenide, or cadmium telluride (Gerion et al., 2003). QDs are
characterized by broad absorption spectra from the ultraviolet
to the far infrared, good photostability, and a narrow emission
spectrum. These properties could improve the sensitivity of bio-
logical detection and imaging by 10- to 100-fold. Conjugated
gold nanoparticles with nucleic acids were used as labels for DNA
microarrays (Taton et al., 2000). With this method, target nucleic
acids at concentrations of 500 femtomolar were detected (Bao
et al., 2005; Liang et al., 2005; Park et al., 2002). QDs have also
been applied to the detection of viral species (Perez et al., 2003).
To detect specific DNA sequences without first perform-
ing an amplification step, Wang and colleagues developed an
ultrasensitive nanosensor that uses QDs linked to DNA probes
(Zhang et al., 2005). The nanosensor can detect less than 50
copies of DNA and has much less background fluorescence than
conventional fluorescence resonance energy transter (FRET)
systems. The nanosensor includes two oligonucleotide probes
that bind to separate regions of an assayed strand of DNA (target
DNA). The reporter probe is labeled with a Cy5 fluorophore,
and the capture probe is labeled with biotin. The probes bind
the target DNA, and a streptavidin-coated QD binds to the cap-
ture probe. This process brings the Cy5molecule close to the
QD for FRET to occur. Because QDs have broad absorption
and narrow emission spectra, the QD-based nanosensor system

can be finely tuned so that background fluorescence is negli-
gible. QDs also concentrate the FRET signal by binding many
target—probe complexes. To detect FRET signals, the researchers
developed a novel confocal fluorescence microscopy platform.
The QD-target—probe complexes were continuously flowed
through a microcapillary past two detectors that were specific
for signals from either FRET donors or acceptors. When the
system was tested with a single-stranded target DNA, the fluores-
cence was observed with both detectors. However, when the
target was absent or when a non-complementary DNA strand
was used, only donor fluorescence was observed. Wang and col-
leagues also compared the performance of the QD nanosen-
sor with that of a molecular beacon, which is typically used in
FRET assays. The QD nanosensor was about 100 times more
sensitive. Finally, the researchers combined the nanosensor with
an oligonucleotide ligation assay. This method allowed the dis-
crimination of point mutations in DNA samples from ovarian
cancer patients.

Stripped Nanowires

These can be made of metals such as Au, Pt, Ni, Co, or Cu
by chemical vapor deposition or more commonly by elec-
trodeposition. The length of the stripped nanowires depends
upon the electrochemical deposition time for each metal band
(Nicewarner-Pena et al., 2001). Nanowires consisting of two
metals and 13 strips are metallic barcodes in biological assays
with up to 4160 distinguishable patterns. Stripped nanowires of
three metals yield 8.0 X 10° different tags (Keating, 2003). On
the surface of nanorods, the barcoded nanowire molecular bea-
con approach with a quenched fluorophore was used to detect
DNA binding of human immunodeficiency virus (HIV), hepa-
titis B (HBV) and hepatitis C (HCV) virus sequences.

Semiconducting Nanowires

They are building blocks for nanoscale electronics. For exam-
ple, they are set up for field-effect transistors for the real-time
detection of DNA. The hybridized nucleic acid is used as sub-
strate for the deposition of metal and construction of a nanowire.
There are several nucleic acid metallization chemistries avail-
able. Hybridization between target DNA and the probe bound to
the nanowire or a support followed by metallization of
nucleic acid changes conductance. The hybridized and metal-
lized nucleic acid is electrocatalytically detected by applying
voltage to one of the two electrodes in each test structure and
measuring the increased current of a redox indicator or the changes
in conductivity or capacity (Jianrong et al., 2004). Semiconductor-
based oligonucleotide microarrays were used for rapidly identify-
ing influenza A virus hemagglutinin subtypes 1 through 15 and
neuraminidase subtypes 1 through 9 (Lodes et al., 2006).

Silicon Nanowires

Silicon semiconducting nanowires transport electrons and holes
(Cui and Lieber, 2001; Cui et al., 2001). They can be synthesized
by chemical vapor deposition, electrochemical size reduction, and



pulsed laser vaporation. Slicon nanowires with 20 nm gold clus-
ters as catalysts, silane as reactant, and diboran as p-type dopant
are label-free, electrochemical biosensors that were used for the
detection of herpesvirus type 1 and 2 DNA (Patolsky et al.,
2004). With an antibody functionalized nanowire, single influ-
enza A viruses could also be detected.

Carbon Nanowire

The graphitic surface chemistry and electronic properties
depend upon the tube diameter and chirality. Carbon nanowires
can be metallic or semiconducting and yield semiconductor—
semiconductor and semiconductor—metal junctions. They can be
functionalized with nucleic acids, proteins and antibodies (Cai
et al., 2003).

Stochastic
SPSM-FCS
experiment

/
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Are There Additional Alternatives to Diagnostic Microarrays?

ARE THERE ADDITIONAL
ALTERNATIVES TO DIAGNOSTIC
MICROARRAYS?

For phenotype screening in functional genomics, live-cell chips
are powerful new tools. For example, a cell-based microarray on
primary and cancer cells based on the localized reverse infec-
tion by retroviruses (Carbone et al., 2007). Viral vectors are
immobilized on a nanostructured titanium dioxide (ns-TiO2)
film obtained by depositing a supersonic beam of titania clus-
ters on a glass substrate. We validated the retroviral cell array by
overexpression of Green Fluorescence Protein reporter genes in
primary and cancer cells, and by RINA interference of p53 in
primary cells by analyzing effects in cell growth.

/
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The repertoir of single-molecule spectroscopy in solution
Tyifs is extended to continuous observation of an
* individual (“selfsame” single) molecule within the measurement
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Synopsis of a new physically grounded technology of fluorescence fluctuation spectroscopy for observing single
molecules at longer time scales than currently available. (See also Foldes-Papp, 2001¢, 2002, 2005, 2006, 2007a, b, c; Foldes-Papp
etal., 2001, 2005a) In many respects, such methods are an alternative to DNA chip technology (Féldes-Papp et al., 2005a, b). They
detect the molecular Brownian movement of fluorescent particles in a very tiny volume of the laser focus. Quantitative understanding
of molecular interactions at the level of single molecules within single cells is the next step in basic and applied biomedical research for
the analysis of the dynamics and localization of molecules in a variety of physiological and pathophysiological processes.
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The technical solutions for high mutation and recombination
rate studies are power-low fluidic chips. The state-of-the-art in
microfluidics is that different systems at different scales are avail-
able; almost any macrosystem can be micro. This novel direction
in chemical/biochemical analytics offers the possibility of using
nanofluidic functional elements (Mulvaney et al., 2007) and elec-
trodynamic separation in nanochannels (Pal et al., 2005; Schwartz
et al., 2004; Ye et al., 2005). However, technologies in the labs are
not available in a cheap-and-easy form (Zaytseva et al., 2005).

A further trend is single molecule detection. It has the
advantages of small volume platform, digital analysis, elimination
of processing steps, approach for real-time measurements, and
automation of sample preparation. This is definitely good work
and is likely the trigger for further investigations on the behav-
ior of single molecule. Current technologies can only measure
biological mechanisms as an average of a population of mole-
cules, as only their combined effect can be detected. The simpli-
fication ignores the fact that biological macromolecules oscillate
between different activity and conformational states. Figure 48.2
summarizes a new physically grounded approach in single-mol-
ecule fluorescence fluctuation spectroscopy and imaging that is
based upon the meaningful-time concept (Foldes-Papp, 2006,
2007a, ¢). If we want to perform a single-molecule measure-
ment in solution without immobilization or hydrodynamic flow,
or within a live cell then we do not want to collect (integrate)
data longer than we have to. The minimum time that we need
for the measurement with one single molecule is:

T = Caif
", N, AV - expi—c, N, AV}

(48.2)

where T,, 1s the meaningful time that one can study the selfsame
molecule, for example the viral nucleic acid, Ty 1 the measur-
able diffusion time of the single fluorescent viral nucleic acid
molecule at the measurable number of viral molecules N <1 in
the confocal probe volume AV of about 0.2 fL =2 X 107'1° L
and less, ¢, is the molar concentration of viral nucleic acid mol-
ecules of the same kind in the bulk solution (sample), and N is
Avogadro’s number of [mol ™ '].
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genomic medicine.
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Recommended Resources

Websites

National Center for Biotechnology Information and resource for
molecular biology information. NCBI creates public databases,
conducts research in computational biology, develops software
tools for analyzing genome data, and disseminates biomedical
information: http://www.ncbi.nlm.nih.gov/5

Software to accelerate research in molecular biology: http://www.pre-
mierbiosoft.com

DeRisi Lab: E-Predict Download. derisilab.ucsf.edu/epredict/

Stanford microarray database: genome-wwwb5.stanford.edu/

ArrayExpress of EMBL-EBI: http://www.ebi.ac.uk/arrayexpress/

Microscale products and services for Biochemistry and Molecular
Biology at the Open Directory Project: http://dmoz.org/dmoz.
org/Science/Biology/Biochemistry_and_Molecular_Biology/
Products_and_Services/Micro_Scale/
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