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Microarray analysis1–5 is based on stan-
dard molecular biology, with a principal
advantage being higher throughput and
greater precision than traditional filter
and blotting techniques6,7. Microarrays
use high-density microscopic array elements, planar glass sub-
strates, low reaction volumes, multicolor fluorescent labeling,
high binding specificity, high-speed instrumentation for man-
ufacture and detection, and sophisticated software for data
analysis and modeling. The array elements react specifically
with labeled mixtures, producing signals that reveal the iden-
tity and concentration of each labeled species in solution.
These attributes provide miniature biological assays that allow
the exploration of any organism on a genomic scale.
Microarray analysis, similar to recombinant DNA8 and the
polymerase chain reaction (PCR)9, is a foundational technol-
ogy with broad applications in areas including genetic screen-
ing, proteomics, safety assessment and diagnostics.

Expression profiling, the original microarray assay
Expression (transcript) profiling allows researchers to generate
quantitative gene expression information for many genes in
many samples, using one- and two-color fluorescent schemes.
In one-color analysis, used primarily in the context of chips
made by photolithography4,10,11, expression profiles for each
sample are generated on a different chip using a single fluores-
cent label (for example, phycoerythrin) and then the different
images are compared (Fig. 1a). In two-color formats1–3,5,12, two
RNA samples are labeled separately with different fluorescent
tags (for example, cyanine 3 and cyanine 5 (Cy3, Cy5)), hy-
bridized to a single microarray and scanned to generate fluores-
cent images from the two channels. A two-color graphical
overlay can then be used to visualize genes that are activated or
repressed (Fig. 1b). Both one- and two-color strategies allow
comparisons of tissue types such as heart versus brain, normal
versus diseased tissue samples, or time-course samplings of cell
cultures subjected to different treatments or conditions, and
both schemes yield high-quality gene expression data13.

Technological underpinnings
Nucleic acid microarrays primarily use short oligonucleotides
(15–25 nt), long oligonucleotides (50–120 nt) and PCR-amplified
cDNAs (100–3,000 base pairs) as array elements. Genotyping ap-
plications, such as those designed to detect single-nucleotide
polymorphisms (SNPs), require single-mismatch discrimination
and use short oligonucleotides (oligos) to maximize the effect of
chemical destabilization caused by mispairing. Short oligonu-
cleotides and cDNAs also work well for expression analysis1–5,10–13,
although both types of elements have shortcomings. Short
oligonucleotides sometimes lack the specificity required to en-
sure single-gene specificity in complex hybridizations, and for
this reason a ‘tiling approach’ with multiple short oligos per
gene is often used. Because of their extended length, PCR-

amplified cDNAs produce strong signals
and high specificity. The cDNA inserts are
obtained readily from cDNA libraries, and
are typically used for organisms for which
there is limited genomic sequence avail-

able, although careful attention must be paid during sample
preparation to avoid tracking errors.

Long oligonucleotides offer strong hybridization signals,
good specificity, unambiguous sample identification and af-
fordability14,15. They require the availability of genomic se-
quence information for each organism under study, but the
copious amounts of sequence information now flowing from
large-scale genome sequencing projects should help in this re-
gard. Long oligonucleotides can be synthesized in 96- and 384-
well formats, providing array elements optimized for binding
specificity, melting temperature, concentration and purity. A
large number of vendors (see Supplementary Table A online)
provide high-quality long oligos for use in conjunction with
microarray printing technologies. As an alternative, long
oligonucleotides can also be synthesized in situ using ink-jets
and micromirrors to control combinatorial synthesis directly
on the microarray substrate (see Supplementary Note online).

Substrates for microarray analysis must provide stable at-
tachment of array elements, low background signals, homoge-
neous surface chemistry and high-quality data. Glass (silicon
dioxide) is the most common substrate material, and a
plethora of glass slides and substrates are available, including
those with atomically flat surfaces (see Supplementary Table B
online). Typically, reactive amine, aldehyde or epoxide groups
are attached covalently to silicon dioxide molecules on the
glass surface using silane chemistry, and such surfaces allow
stable attachment of oligonucleotides, cDNAs, proteins16 and
other molecules (see Supplementary Note online).

Microarray manufacturing technologies can be divided into
two main categories: synthesis and delivery17. The synthesis ap-
proaches build DNA sequences directly on the microarray sub-
strate by joining nucleotide building blocks (that is, A, G, C
and T) in succession to produce the array elements.
Photolithography, micromirrors, ink-jets and other technolo-
gies are used to deliver light, nucleotides and other reagents to
the microarray surface for array element synthesis18–20. The de-
livery approaches use microarray elements prepared ‘offline’,
depositing them onto the microarray substrate after synthesis
using pins, ink-jets and other dispensers1–3,21. Synthesis tech-
nologies are generally used for commercial microarray manu-
facture, and delivery strategies tend to predominate in research
laboratories where microarrays are manufactured ‘in house’
(see Supplementary Table C online). Contact and non-contact
printing methods (see Supplementary Table D online) impart
very high precision, with spot diameters varying by <5–10%
from feature to feature21,22.

Clean-room environments with low particle counts, regu-
lated temperature and humidity levels, and controlled static

Microarrays permit the analysis of gene expression, DNA sequence variation, protein levels, tissues, cells and other
biological and chemical molecules in a massively parallel format. Robust microarray manufacture, hybridization,
detection and data analysis technologies permit novice users to adapt this exciting technology readily, and more

experienced users to push the boundaries of discovery. 
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electricity, organic vapors and biological contaminants can im-
prove the quality of microarray manufacture in all settings,
ranging from the smallest research laboratories to the largest
commercial facilities (see Supplementary Note online).

Fluorescent probes for expression profiling are typically pre-
pared from total RNA or messenger RNA (mRNA) by reverse
transcription, although many different labeling strategies are
available. Methods that use T7 RNA polymerase produce large
amounts of amplified RNA and are widely used to generate
probes from small amounts of sample. Because amplified RNA
is produced by linear amplification with T7 polymerase, popu-
lation skewing and the loss of quantitation are minimal.
Control and experimental samples can be labeled separately
with fluors that have non-overlapping emission spectra, in-
cluding cyanine, Alexa, and other fluorescent derivatives. Two
samples labeled with different fluors can be hybridized to a sin-
gle chip to derive absolute and comparative expression infor-
mation in the two samples.

Post-hybridization detection techniques, including intensely
fluorescent dendrimer reagents23, offer some major advantages
over direct labeling procedures. Direct labeling generally re-
duces the efficiency of enzymatic synthesis and can introduce
fluor-dependent labeling bias, mandating the use of larger
amounts of RNA and ‘dye-swapping’ strategies to obtain strong
signals and avoid experimental artifacts. Unincorporated dyes
can also elevate fluorescent background if not removed before
hybridization. Post-hybridization detection methods can re-
duce or eliminate these complications and provide cleaner,
more reproducible results23. The use of ‘less invasive’ nu-
cleotide analogs, such as aminoallyl derivatives, also obviates
some of the complications seen in direct fluorescent labeling.

Microarray detection can be accomplished using a variety of
fluorescence detection technologies including instruments
that contain confocal optics, photomultiplier tubes (PMTs),
and charge-coupled devices (CCD) (see Supplementary Table E
online). Detection instruments produce graphical images in
standard tagged-image file format (TIFF), which are two-
dimensional, 16-bit numerical representations of microarray
surfaces, with intensity values ranging from 0 to 65,536 (216).
Numerical values are used to assign an expression value to each
gene, and the data are typically saved in a tab-delimited format

to allow their import into software pro-
grams for data mining and modeling24.

Transformed and normalized data are
represented and modeled using a variety

of software tools, including scatter plots, principal component
analysis (PCA), cluster diagrams, self-organizing maps (SOMs),
neural networks and other algorithms25–29. Although the math-
ematical and statistical basis of the computational tools is com-
plex, each endeavors to provide functionally relevant
relationships between genes and gene products, assign putative
function to unknown sequences, identify potential disease
markers, elucidate the biochemical basis of drug and hormone
action, and so forth (see Supplementary Table F online). The
experimental aspects of microarray analysis are linked to data
extraction, analysis and modeling in the microarray workflow
process (Fig. 2). Intranets and the Internet, together with rela-
tional database warehouses, figure centrally in generating,
mining, storing and retrieving microarray data (Fig. 2).
Downloadable software (‘shareware’) packages are available
free of charge to microarray researchers worldwide (see
Supplementary Note online). Forums on microarray data
analysis, such as the Critical Assessment of Microarray Data
Analysis (CAMDA), endeavor to provide much-needed bioin-
formatics standards (see Supplementary Note online).

Where is the technology headed?
As microarray platforms mature and expand into more re-
search venues, including university core facilities, small re-
search centers, public health laboratories and testing clinics,
major trends are emerging in such areas as assay diversifica-
tion, microarray density, genomic and focused arrays, pro-
teomics and genetic screening.

The first microarray paper featured the small mustard plant
Arabidopsis thaliana1, but the technology quickly spread to
studies of yeast30, human3 and mouse4. Assay diversification
has continued at a brisk pace, with >100 organisms featured to
date (see http://arrayit.com/e-library). Microarrays from one
organism can be used to examine evolutionarily related
species, permitting phylogenetic analysis on a genomic
scale31,32, and, coupled with DNA sequencing data, can be used
for functional genomic analysis of any organism in the bio-
sphere. Diversification of the microarray platform is also occur-
ring at the level of array elements, which are quickly
expanding beyond DNA to include cellular proteins33, organic
molecules34, carbohydrates35, peptides36 and nanotube precur-
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Fig. 1 Expression analysis by microarray. a,
One-color expression analysis uses a single flu-
orescent label (green wavy lines) and two chips
to generate expression profiles for two or more
cell samples. Activated and repressed genes
(green and red squares, respectively) are ob-
tained by superimposing images obtained from
different chips. b, Two-color expression analy-
sis uses two different fluorescent labels (green
and red wavy lines) and a single chip to gener-
ate expression profiles for two different cell
samples. Activated and repressed genes (green
and red spots, respectively) are obtained by su-
perimposing images generated in different
channels on a single microarray. Genes ex-
pressed equally in the two samples appear as
yellow squares or spots in the two analyses.
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sors37. Microarray density, defined as the number of array ele-
ments per square centimeter of substrate, has also increased
steadily over the years, permitting the manufacture of microar-
rays with tens of thousands of array elements and the analysis
of entire genomes on single chips38–40. Concomitant with
trends toward whole-genome analysis is the use of ‘focused mi-
croarrays’ containing only a few hundred elements. Focused
microarrays complement whole-genome studies by providing a
highly economical approach to detailed pathway analysis in-
volving carefully selected gene subsets41–43.

Microarray technology is also rapidly coming into use in the
field of proteomics44–48. Small reaction volumes conserve ex-
pensive protein reagents and allow extremely rapid binding ki-
netics, and the parallel format permits the simultaneous
measurement of binding constants, catalytic activities and
other important parameters across all of
the proteins in the cell, providing a com-
prehensive view of protein function.
Advanced coupling chemistries allow ef-

ficient protein attachment in mild buffers
at neutral pH, and fluorescent labels obvi-
ate the need for radioisotopes and improve
assay safety. The high concentration of
printed protein molecules stabilizes pro-
tein structure, and sophisticated printing
buffers protect proteins against oxidation
and permit ambient storage. A wide spec-

trum of biochemical processes can be studied by microarray,
including protein–protein interactions (Fig. 3), protein-drug
interactions, post-translational modifications and others.
Protein–protein interactions that impart the activity of hor-
mones, transcription factors, molecular motors and the like
can be examined in the context of all of the proteins expressed
in the cell, providing a detailed view of biochemical function.
Pharmaceutical compounds that bind directly to cellular pro-
teins and alter their function can be studied on a global scale,
improving the efficiency of drug discovery. Glycosylation,
phosphorylation, acylation, myristylation, prenylation and
other post-translational modifications can also be studied by
protein microarray, allowing a first-hand look at protein modi-
fication at the level of the proteome. It is anticipated that pro-
tein microarrays will increasingly replace many of the
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Fig. 3 Protein microarray technology. 
a, Schematic illustration of a protein binding to
an epoxide microarray substrate. Primary
amines on the protein surface mediate nucle-
ophilic attack and covalent coupling to the sur-
face. b, Schematic illustration of the primary
and secondary antibody interactions shown in
panel c. The yellow icons depict primary anti-
bodies bound to the substrate, and the green
and red antibody icons depict Cy3- and Cy5-
labeled secondary antibodies, respectively. 
c, Two-color protein microarray data in which
monoclonal and polyclonal rabbit and mouse
antibody samples were printed on an epoxy sur-
face and stained with a 1:1 mixture of Cy3-goat
anti-rabbit and Cy5-goat anti-mouse secondary
antibodies. The Cy3 and Cy5 fluorescent data
were compiled into a single, composite image.
Bar represents 200 µm.
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Fig. 2 Information workflow. Shown are the
major phases of microarray analysis (colored
icons) and their connectivity (arrows) in the mi-
croarray workflow process. Adherence to sound
methodological principles ensures accurate data
analysis, modeling and warehousing. Fully rela-
tional database designs and powerful query tools
improve the usefulness of archived data. Two-way
information flow via the Internet maximizes the
benefits of electronic databases and resources,
and Intranet designs allow limited access to the
data warehouse. Facilitating tools and technolo-
gies from hundreds of sources superimpose read-
ily over the experimental components of the
process (see Supplementary Note online).
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traditional macroscopic protein techniques, such as filter bind-
ing, column chromatography and gel-shift assays, in the com-
ing years. The availability of gentle contact printing methods
allows protein microarrays to be manufactured readily (see
Supplemental note and Supplementary Tables B-D). Continued
advances in surface chemistry, the preparation and purifica-
tion of cellular proteins on a genomic scale, peptide synthesis,
and fluorescent and colorimetric labeling and detection
schemes will speed the proliferation of protein microarray as-
says. All of the basic principles established for DNA microarrays
are extendable to protein microarrays, though the tools must
be tailored to provide for the inherent differences between nu-
cleic acids and proteins.

Another noteworthy trend is the expansion of labeling and
detection techniques. One interesting non-fluorescent labeling
and detection technology, based on resonance light scattering
(RLS), uses gold and silver nanoparticles of defined diameter as
molecular labels49,50. RLS particles emit intense monochromatic
light in the presence of white excitation light, and the particles
are extremely stable even when exposed to intense light
sources. Another emerging labeling and detection scheme ex-
ploits conventional colorimetric labels, including enzyme reac-
tion products, which exhibit a high degree of spatial resolution
on microarrays printed on glass substrates coated with white
membrane materials such as nitrocellulose and related poly-
mers. Colorimetric labels pave the way for the conversion of nu-
merous traditional enzyme-linked immunosorbent assay
(ELISA) formats into microarray tests and the concomitant use
of traditional flatbed scanners for signal detection51–54. The small
scale of colorimetric microarrays as compared to standard ELISA
assays provides much greater information content and consid-
erable cost reductions.

Genetic screening is another bright horizon for microarray
analysis. In genetic screening applications, DNA samples are ex-
amined to identify single-nucleotide changes, deletions and
other minor sequence variants in genes that underlie genetic and
infectious disease. Two main types of microarray formats have
been developed for genetic screening and diagnostic applica-
tions. The first format uses oligonucleotide microarrays to detect
sequence variants in a single-patient sample55–57. One advantage
of ‘single-patient’ microarrays is that a large number of sequence
variants can be screened in a single test (Fig. 4a), providing ex-
tremely affordable genotyping information on a genomic scale. A
disadvantage is that the cost per patient is rather high, because a
separate chip is required for each individual tested.

‘Multipatient’ microarrays offer a cost-effective alternative to
oligonucleotide microarrays, particularly in applications in
which a large number of patients must be screened for a relatively
small number of loci. In the multipatient format, patient samples
containing defined gene segments are printed into microarrays at
distinct locations, and the microarrays are hybridized with fluo-
rescent oligonucleotides complementary to the gene loci of inter-
est (Fig. 4b). Normal, carrier and disease genotypes are scored
easily because the printed patient samples hybridize to the fluo-
rescent oligonucleotides with different efficiencies depending on
the genotype of the patient. The main advantage of multipatient
microarrays is the capacity to examine thousands or even tens of
thousands of patients on one chip58. One disadvantage is that the
patient samples must be printed into microarrays before genotyp-
ing, adding additional time to the assay as compared to
preprinted oligonucleotide microarrays.

How good are the data?
Microarray analysis represents a classic ‘precision in–precision
out’ technology. Experiments based on sound experimental
design, optimized protocols, properly designed array elements,
pure samples, robust manufacturing and surface chemistry,
high-quality scanning, and correctly applied sample tracking,
quantification and data mining tools yield highly valuable re-
sults. The current state of the art provides ≤5–10% variation in
signal intensities among replicate array elements on the same
microarray, and ∼ 10–30% variation among corresponding
array elements on different microarrays59. The variability intro-
duced by the contributions of cell doubling time, differing bi-
ology of individual transgenic animals, clonal variation,
environmental effects on gene expression and so forth almost
always exceeds the technical components of microarray assays.
These biological contributions need to be accounted for and
dealt with in data analysis, through the use of replicates and
downstream validation. Bioinformatics programs are begin-
ning to encompass confidence measures of the data using
analysis of replicate hybridizations. These advances will even-
tually allow microarray expression data to be used as stand
alone metrics of biological function.

The main appeal of microarrays—and the reason the tech-
nology is proliferating over competing platforms such as beads,
filters, gels, mass spectroscopy and PCR—derives from the in-
herent attributes of parallelism, miniaturization and automa-
tion, and the accuracy of the data59 vis-à-vis the sophisticated
instruments and software tools that are available to the re-
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Fig. 4 Genetic screening by microarray.
a, Oligonucleotide microarrays. A large
number of oligonucleotides representing
many alleles and gene loci are synthesized
at discrete locations on a solid surface and
hybridized with a fluorescent patient sam-
ple, yielding genotyping information for
one patient at many genomic locations in
parallel. b, Multipatient microarrays. A
large number of patient samples represent-
ing multiple alleles and gene loci are
printed at discrete locations on a solid sur-
face and hybridized with fluorescent
oligonucleotides, yielding genotyping in-
formation for many patients at multiple ge-
nomic locations in parallel.
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searcher. The capacity to conduct tens of thousands of gene de-
terminations in a single reaction vastly improves the precision
of the data and reduces the cost as compared to that of serial
methods. A $500 microarray, yielding gene expression mea-
surements for 10,000 genes, provides highly quantitative data
for $0.05 per gene. The affordability of microarrays, the space-
saving aspects of miniaturization and high throughput con-
ferred by automation, and the widespread availability of
commercial microarrays (see Supplementary Table G online)
impart clear advantages over non-chip technologies.

Pushing the envelope
What will microarray assays look like ten years from now?
Although nobody has a crystal ball to look into the future,
many exciting applications can be envisioned as the technol-
ogy progresses. Microarrays will continue to transform basic re-
search, both technologically and methodologically. The
technical transformation will see the replacement of radio-
isotopes and other low-tech methods with fluorescent micro-
array assays and computational approaches to biology.
Methodologically, there will be a continued shift in the direc-
tion of discovery-based research at the expense of hypothesis-
driven studies.

Recent successes in benchmarking microarrays by the US
Food and Drug Administration60–65 suggest broad applications
for assessing the safety of food, drugs, vaccines, medical de-
vices and other products of consumer interest. Identification
of food-borne bacterial pathogens by microarray would re-
duce the incidence of food poisoning, illness and death asso-
ciated with bacterial contamination of meat, seafood, dairy
products and other foods. A related use of ‘bacto-chips’ would
be in clinical settings, to establish the identity of organisms
in patients admitted to hospitals with systemic bacterial in-
fections. The capacity to type unambiguously all the com-
mon bacteria on a single chip within a few hours of sampling
would allow high-speed testing in agricultural, manufactur-
ing and clinical settings.

The efficacy and safety of pharmaceuticals is also amenable
to microarray analysis, and both genotyping and gene expres-
sion assays can be envisioned in clinical trials. Genotyping mi-
croarrays could be used to parse the clinical trials population
into responders and non-responders, enhancing the accuracy
of drug-testing results, and allowing drugs to be tailored to spe-
cific subsets of the population according to clearly identifiable
markers in the patient population. Gene expression microar-
rays could be used to examine the physiological effects of drug
administration, allowing the analysis of pathways and the
identification of side reactions in which drugs bind promiscu-
ously to cellular proteins, producing toxic side effects.
Promising lead compounds could be optimized at the chemical
level to minimize side reactions, using gene expression infor-
mation as the functional readout. Expression arrays could also
be used to profile and test medical devices that emit γ-rays, X-
rays, microwaves, radio waves and other forms of electromag-
netic radiation to explore interactions between biological
tissues and various forms of radiation.

Population-based screening also holds great promise for
identifying disease carriers, thereby reducing the incidence of
genetic disease. Particularly in the case of common genetic dis-
orders that exhibit carrier frequencies of ≥1%, affordable mi-
croarray-based genotyping assays could be used to identify
disease-causing alleles in the population and reduce the

chances of passing along inherited disorders. Both oligonu-
cleotide and multipatient microarrays can be used for patient
screening, and the availability of this technology may promote
the availability of home testing kits for breast cancer, cystic fi-
brosis, sickle cell anemia and other common genetic diseases.
In one model, consumers would obtain testing kits from a pub-
lic health clinic or local pharmacy, self-sample a droplet of
blood that contains their genetic material, send the sample to a
central microarray testing facility, and enter a private access
code to obtain the confidential testing results through the
Internet. Armed with accurate genotyping information, pa-
tients could then work closely and confidentially with their
family physician or health care professional to obtain accurate
and up-to-date information on lifestyle issues, drug therapies
and family counseling advice to ensure the highest-quality
health care vis-à-vis their genetics.

Note: Supplementary information can be found on the Nature Medicine website.
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