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▼ The millennium of 2000 has ushered in
what could be considered as a new era for 
research into the molecular biology of hu-
mans. In early 2000, two research groups –the
International Human Genome Sequencing
Consortium and Celera – announced the se-
quencing of the entire human genome, com-
prising >3 billion base-pairs of nucleotides.
The results of their studies were published
simultaneously in the journals Science and
Nature [1,2], and indicated that the number
of genes in the human genome was much
smaller than expected, that is, in the order of
30,000–40,000 genes compared with the origi-
nal estimate of ~100,000 genes. This smaller
number of genes was disappointing to those
who believed humanity to be top of the evo-
lutionary heap, especially because the genome
of the modest nematode Caenorhabditis elegans
was found to encode 19,000 genes [3], and
the rice (Oryza sativa) genome topped the poll
with up to 50,000 genes [4,5].

Historical perspective
This wealth of genomic information has 
enabled researchers to begin the study of the
expression and function of every gene in 
the human body. But how does one begin to 
analyze the biology of >30,000 genes sim-
ultaneously in one experiment? One answer
lies in microarray technology, which, although
introduced in the 1990s, has only recently
come into widespread use. Although the first
gene expression microarray article was pub-
lished in 1995 [6], the concept of miniaturized
ligand-binding assays was developed in the
mid- to late-1980s [7]. For example, microspot
fluorescent immunoassays were described by
Roger Ekins in 1989 [8], and the use of double-
fluorescent labels for measuring protein ana-
lyte concentration was reviewed by the same
author in 1989 [9]. Although not exactly
equivalent, the use of fluorescent tags to meas-
ure nucleic acid hybridization is the mainstay
of most array studies, and is a logical extension
of earlier immunoassay studies. Thus, concep-
tually, the first microarrays were of the anti-
gen–antibody type, an area of research that is
also beginning to expand rapidly [10–14].

Technology overview
The microarray field is a good example of the
assembly and convergence of several technol-
ogies, including automated DNA sequencing,
DNA amplification by PCR, highly efficient
oligonucleotide synthesis, nucleic acid labeling
chemistries, and bioinformatics. A microarray
can be thought of as a miniaturized gene-
hybridization or -detection assay. Instead of
measuring signals in assays at the macro level,
such as in microtiter plates, membrane blots
and test tubes, individual microarray assays
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or elements are measured in microns.
For example, such ‘micro-elements’
range from 20 to 200 µm, as opposed
to 5000–10,000 µm for the bottom-
surface dimensions of microtiter plates.
One platform used for printing mi-
croarrays is the common microscope
slide, with dimensions of 25 mm ×
75 mm. The latest robotic printers can
easily fit 50,000 spots or elements onto
a slide if the spots are 100 µm in diam-
eter and spaced 50 µm apart. Thus, it 
is possible to place the entire human
gene complement on one slide – a 
remarkable accomplishment.

Each of the elements contains a DNA
sequence from one gene, and is used to
measure the expression of its corre-
sponding mRNA (mRNA) in a cell or
tissue sample. Messenger RNA from
control and experimental samples 
are used to synthesize fluorescently 
labeled cDNA or RNA probes, which
are then hybridized to the microarray 
elements. The fluorescent signal of the
hybridized probes is measured with 
a laser scanner capable of detecting
emission from a variety of fluorescent
dyes. The intensity of the signals from
control and experimental samples are
directly correlated with the original
concentration of mRNA in the cell or
tissue, and can therefore be used to 
deduce whether the expression of a
particular gene is upregulated, down-
regulated, unchanged or absent. The
sensitivity of the assay is high; mi-
croarrays have been reported to detect
the presence of one mRNA per cell,
that is, a concentration of one mRNA
per ≥100,000 molecules. This is the
basic method by which investigators
are now able to study the expression of
thousands of genes simultaneously in
the cell or tissue type of their choice.

Microarray platforms
The following section describes several
microarray platforms used for the study
of gene expression. This is not meant to
be an exhaustive review of all available

Figure 1. The three microarray platforms. (a) cDNA arrays. A library of cDNA clones
contained in 96- or 384-well plates are cultured in bacteria. CDNA inserts from plasmids
are amplified and products are spotted onto activated glass slides (25 mm x 75 mm).
Probes from mRNA are labeled, hybridized to slides and scanned. (b) Short oligonucleotide
arrays. Pairs of oligonucleotides with exact sequence and one mismatch are synthesized
in situ. Probes are hybridized to the set that are actually scattered throughout chip and
not in one row as shown. (c) Long oligonucleotide arrays. Algorithms are used to design
long oligonucleotides of the same size, but with little sequence homology. Protocols for
printing, hybridizing and analyses are similar to cDNA arrays.
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types, but covers those most relevant to the subject of 
this article.

cDNA arrays: robotic printing
Before the availability of complete or near-complete 
eukaryotic genome sequences, genes expressed in cells, tis-
sues or organs were identified through sequence analysis
of cDNA banks. cDNA clones from cDNA banks of Arabidopsis
and human peripheral blood lymphocytes were used in the
construction of the first cDNA expression arrays [6,15]. The
inserts of each plasmid were PCR amplified using universal
primers corresponding to the vector sequences adjacent to
the gene sequences. The amplified products were analyzed
by gel electrophoresis, quantitated, arrayed by robotic print-
ing onto surface-modified glass slides, fixed, and then used
to study gene expression as described previously (Fig. 1a).
Amplified DNAs can be fixed onto the slides electrostati-
cally, or through crosslinking by heat or UV. Alternatively,
the PCR products can be covalently attached at their 5′
ends to modified slides via an amine or other active group.
This method, or minor variations thereof, has been the
foundation of most gene expression research where the
starting material is plasmids from cDNA banks [16–18].

Short oligonucleotide arrays: in situ synthesis
The first large-scale manufacturing of microarrays was de-
veloped by Affymetrix (http://www.affymetrix.com) using
photolithographic methods similar to the production of
computer chips [19] that were subsequently adapted to
gene expression studies [20,21] (Fig. 1b). In brief, synthetic
linkers with photolabile protecting groups are attached to
a glass substrate, and a mask is used to direct light to pre-
determined areas on the substrate to remove the exposed
groups. These de-protected groups are then available for re-
action with bi-functional deoxynucleosides, resulting in
chemical coupling. A new mask is used to direct coupling
at other sites, and the step is repeated until the desired se-
quence and length of oligonucleotide is synthesized. The
present format is a 1.28 × 1.28 cm chip containing up to
500,000 different oligonucleotide sequences of 25 bases 
in length, with each element being 18 × 18 µm in size.
Eleven-to-twenty different oligonucleotides are made for
each transcript or gene sequence to ‘tile’ or cover a portion
of the 3′ end of the mRNA. Oligonucleotides are synthe-
sized as perfect match (PM) and mismatch (MM) pairs
[20,21]. The MM oligonucleotide has a one-base mismatch
in the center position, and is used as a control to detect
background noise and cross-hybridization from unrelated
probes. The latest chip design contains the sequences of 
up to 20,000 genes, but there is space for more genes if
fewer oligonucleotides are used to query each gene. A new

approach for synthesizing oligonucleotides photolitho-
graphically using digitally controlled micro-mirrors [22–24]
could simplify the production of arrays, but the technology
is not yet widely available. Further information on similar
technologies is available at company websites (febit, http://
www.febit.de; Combimatrix; http://www.combimatrix.com).

Long oligonucleotide arrays: in situ synthesis
The photolithographic method is very efficient at produc-
ing thousands or millions of identical arrays, but is some-
what inconvenient and expensive for the creation of new
arrays with added or different gene content. Technology
has progressed to such a point that publication of a new
genome sequence has become commonplace; therefore,
the flexibility in designing and producing new arrays to
capitalize on this wealth of sequence data is an important
issue. The production of new arrays via the synthesis 
of long, 60-mer oligonucleotides by an ink-jet printing
process addresses this point [25–27]. In this method, mod-
ified ink-jet pumps, similar to those used in printers, are
used to dispense 100-picoliter reagent droplets onto a
hydrophobic surface containing chemically active hydroxyl
groups. The droplets contain phosphoramidite DNA
monomers that react and are covalently bound. After
washing and de-protection, the process is repeated until
the desired oligonucleotide length is reached. The advan-
tages of the in situ inkjet method are that no masks are re-
quired, synthesis is faster because each cycle attaches one
base (four cycles per base are required with photolithogra-
phy), and new arrays can be created by simply program-
ming the computer with directions on how to synthesize
the new set of oligonucleotide sequences. This versatile
system can routinely produce arrays with >25,000 elements
[25–27].

Long oligonucleotide arrays: robotic printing
As described previously, the flood of new sequence data en-
ables researchers to design their own arrays in silico, com-
pletely bypassing the need to use cumbersome cDNA banks
(Fig. 1c). As the cost of manufacturing oligonucleotides has
been significantly reduced, obtaining a large gene-library
of oligonucleotide sequences is now within the reach of
most researchers. Long oligonucleotides are defined here,
somewhat arbitrarily, as 40–80 bases in length. At this
length they can be treated as ‘short cDNAs’ and there is
much less chance of spurious cross-hybridization with un-
related sequences compared with short oligonucleotides.
For those experienced in using cDNA arrays, working with
long oligonucleotide arrays is a relatively easy transition.
The oligonucleotides can be printed onto the same sub-
strates (slides) as cDNAs, with the same printing device,
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the hybridization and washing conditions are similar, and
no new analytical programs for expression analysis are 
required [28-37]. The design of the oligonucleotides, how-
ever, is of upmost importance. Commercial sources have
proprietary algorithms for this purpose, although there are
several programs in the public domain [38–41] if one
wishes to create their own set of sequences. Basically, the
oligonucleotides should have very similar melting temper-
atures or G–C (guanosine–cytosine) content, have very little
homology with other oligonucleotides, be entirely con-
tained within an exon, and have no repetitive- or hairpin-
sequences. Oligonucleotides of any size can be printed
onto appropriate substrates, and complex libraries from
several commercial sources are now available (ClonTech,
http://www.clontech.com; Compugen, http://www.cgen.com;
MWG Biotech, http://www.mwg-biotech.com; Operon,
http://www.operon.com). This platform is probably the
most amenable for researchers who print their own arrays
owing to its flexibility, and facile creation of both very
high- and low-density arrays.

Comparison of expression experiments
A PubMed query of microarray literature from January
1995 to October 2002 yields a total of >2300 hits. Most of
these appeared in the past two years, indicating an expo-
nential increase in the number of microarray publications.
The majority of these publications reported the use of
short oligonucleotides or cDNAs; only a small number re-
ported the use of long oligonucleotide arrays, as this tech-
nology is only now becoming available. Probably owing to
cost and time, there have been very few attempts to repli-
cate and/or compare expression data across different plat-
forms. In addition, these types of studies are hindered by
many array results not being confirmed by other methods
such as northern blots [42] or quantitative RT–PCR [43,44].
In addition, there is a general lack of standardized experi-
mental design or controls, so it is almost impossible to
compare results across platforms (or even within platforms),
and large-scale management and analysis of expression
data becomes very difficult [45–51]. 

These problems are being addressed by the Microarray
Gene Expression Data Group (MGED group) – an interna-
tional consortium of microarray enthusiasts [52,53]. Their
efforts have resulted in the journal Nature [54] having rela-
tively strict guidelines for the submission of microarray
data for publication [Minimum Information About a
Microarray Experiment (MIAME) guidelines]. Hopefully,
other journals will follow suit [55], as such rules will be 
extremely helpful in removing much of the confusion 
surrounding the interpretation and replication of micro-
array data.

cDNA arrays vs short oligonucleotide arrays
NCI cancer cell-line comparisons
Are expression results from different microarray platforms
directly comparable? The answer at this point is ‘yes and
no’, depending on the method of analysis. For example,
results published from experiments using Stanford-type
cDNA arrays and Affymetrix chips were used to examine
the suitability of applying cross-platform data in measur-
ing gene expression [56]. Messenger RNA measurements
from 2895 matched genes in 56 cell-lines from the National
Cancer Institute’s standard panel of 60 cancer cell-lines
(NCI 60) were used to compare the two platforms. In gen-
eral, there was poor correlation between the two platforms
in all measurements of similarity, such as clusters of genes
and cell-lines, and the study suggested that cDNA array
data cannot be combined with the short oligonucleotide
array results. As a cautionary note, the authors state that
the experiments were carried out at different times, at 
different laboratories, and using different materials and 
protocols, and this might explain the discordant results.
However, if the results from the two platforms are so 
dependent on protocol, material and time, as far as the
characterization of cancer lines goes, the data could be
considered useless. By contrast, the optimist might say the
data tell us something about the biology of the cell lines.
The authors state that, without a third source of data, they
could not recommend one platform above the other.

cDNA vs short oligonucleotide arrays
Incyte platform vs Affymetrix
Similar results were obtained with cDNA arrays from Incyte
Genomics (http://www.incyte.com) versus the Affymetrix
platform in a study of the differences between normal 
peripheral blood mononuclear cells and large granular
lymphocytic leukemia [57]. In this case, experiments were
performed in the same laboratory and with the same 
material, which could explain the poor correlation in the
study described previously. However, there were differences
in quantitation; for example, the gene encoding perforin
showed a 103.0-fold change in the Affymetrix array, and
only 3.8-fold change in the cDNA array. Their northern
blot analyses gave a value somewhere between the two ex-
tremes. Large discrepancies such as these, spread through-
out many genes, could easily explain why there seems to
be little correlation between the platforms when applying
clustering analysis and other algorithms to these data.
Another study using cDNA arrays and short oligonucleotide
arrays appears to confirm this explanation [58]. The study
measured gene expression in a human neuroblastoma cell
line, and after treatment of the cells, measurements from
Affymetrix chips and Incyte cDNA arrays showed an increase
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in the mRNAs of 218 genes and 4 genes, respectively. The
four genes were a subset of the 218 RNAs. Nine genes out
of the 218 were confirmed as upregulated by RT–PCR. In
this case, the authors conclude that short oligonucleotide
arrays are more reliable for measuring gene expression
changes compared with data from cDNA microarrays. In
several studies, the short oligonucleotide format appears 
to have a higher dynamic range than the cDNA format,
which could explain why more genes are flagged when
studying changes in mRNA levels. However, this is not 
always the case, as other studies show that the cDNA plat-
forms perform as well or better than the short oligonucleo-
tide arrays [59,60].

Long oligonucleotide array studies
Owing to their relative novelty, there are only a few papers
comparing data from long oligonucleotide arrays with
other formats. Data from the validation of these types of
arrays can be found on the websites of companies pro-
ducing oligonucleotide libraries (ClonTech, Compugen, 
MWG Biotech, and Operon) or pre-printed slides (Agilent,
http://www.agilent.com). Recently, the assessment of the
sensitivity of 50mer arrays compared with cDNA was 
described [61]. Here, the 50mers and PCR products were
spotted on the same slide and their performances evalu-
ated. In this case, no difference in sensitivity between the
two were found, and both could detect the equivalent of
~10 mRNA copies per cell. The method was highly specific
as cross-hybridization required that the probe have >75%
homology with the oligonucleotide. At this level of homol-
ogy, the probe is probably a related gene and would also
have hybridized to its cDNA counterpart. An elegant study
comparing short and long oligonucleotide arrays as well as
cDNAs was reported by the Rosetta Inpharmatics group
(http://www.rosettabio.com) [26]. Oligonucleotides were
synthesized in situ with a range of 20–60 bases. The study
demonstrated that the 60mer length gave the best combi-
nation of sensitivity and specificity. The sensitivity was re-
ported as close to one in one-million, or ~0.1 mRNA copies
per cell, assuming 100,000 transcripts per cell. This level is
as good or better than those reported for short oligonu-
cleotide or cDNA arrays. Comparing the 60mer arrays with
cDNA arrays also gave good results. Using an array of one
oligonucleotide per gene, they found a close correlation
with results from the cDNA array (r = 0.97). That one long
oligonucleotide per gene was sufficient for expression stud-
ies was an important finding as it significantly simplifies
both the in situ synthesis and robotic printing approaches
to making arrays. This platform was also used to show that
a particular gene expression profile can be used to predict
the clinical outcome of breast cancer [27]. The group studied

samples from primary breast tumors and determined a
gene expression signature strongly predictive of poor prog-
nosis, in addition to establishing an expression signature
of BRCA1 carriers. These data, along with other publica-
tions [28–37], indicate that use of long oligonucleotides is
an excellent approach to the study of gene expression.

Discussion
The microarray field is now entering a phase of widespread
use, similar to the development of PCR technologies in the
late 1980s. The availability of complete genomic sequences
from many different organisms, advances in microarray in-
strumentation, and large-scale commercial involvement,
gives the researcher a wide choice of platforms from which
to choose when conducting gene expression studies. As
was the case early in the PCR era, the microarray field is
now suffering from enthusiastic use, and growing pains.
With several thousand publications already in existence, it
has become apparent to many microarray aficionados that
a large number of studies cannot be reproduced or repli-
cated, and that related studies from different laboratories,
or even in the same laboratory, are not comparable.
Establishment of the MIAME guidelines [52–55] for publi-
cation will go far to alleviate the confusion in the reporting
of microarray experiments. These guidelines include details
of: (1) how the experiment was designed, (2) the design of
the arrays or the name and location of spots on arrays, (3)
sample name, extraction and labelling, (4) hybridization
protocols, (5) methods for image measurements, and (6)
the controls used. Obviously, good experimental design is
the first important step, and details of how to properly 
design microarray experiments are described in recent 
reviews [50,62–64].

There are many sources of variation in microarray stud-
ies, and the type of platform used is a major source of this
variability. At present, arrays can contain oligonucleotides
of 25, 30, 40, 50, 60, 65, 70 to 80 bases in length, and
cDNAs of hundreds-of-bases to several kilobases in length.
Although some of these platforms are being used for other
purposes, such as SNP analysis and diagnostics, it would be
helpful if the platforms for gene expression analysis were
standardized. The use of short 25-base oligonucleotide and
cDNA methods are prevalent, partly because they were the
first to be used extensively, and because researchers are
usually hesitant to change if a large part of their research
programs are based on one particular platform.

Advantages and disadvantages
Short oligonucleotide arrays
The short oligonucleotide approach has been commercially
available for several years and has a strong manufacturing
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base, resulting in reagents and chips that are readily avail-
able. In addition, there are a large number of published
studies using this system, and it is a generally accepted
method for expression analysis by many laboratories and
journals. With complex eukaryotic genomes, there might
be problems with cross-hybridization of the oligonucleo-
tides to unrelated probes because of the short length of the
target, but the use of several oligonucleotides per gene 
appears to help eliminate this problem. One main disad-
vantage with this approach is that changes are not readily
accommodated, for example, when new sequence infor-
mation becomes available or if different arrays are desired.

cDNA arrays
The cDNA approach has the advantage that no sequence
information is necessary before setting up the arrays. The
PCR products from cDNA banks can be synthesized using
universal primers, and interesting genes can be sequenced
after array analysis. The large size of the PCR product is
also helpful in enabling stringent hybridization conditions
and lowering cross-hybridization of unrelated genes, 
although closely related gene families will still be able to
anneal to some extent. Although PCR production of DNAs
for microarrays is not difficult per se, the large number 
of DNAs required for complete coverage of a complex
genome is taxing for most laboratories. To produce, ana-
lyze, purify, aliquot and keep track of 20,000–40,000 differ-
ent PCR products is not easy, and is a difficult feat even for
commercial sources dedicated to such a task.

Long oligonucleotide arrays
The completion of numerous genomic sequences and in-
creased efficiency of production has combined to make the
use long oligonucleotide (50–80 bases) for gene expression
studies a highly attractive alternative to short oligonu-
cleotide or cDNA arrays. There are several advantages to
this platform over the others. Their longer length enables
more specificity in hybridization than shorter lengths, and
they can therefore be treated similarly to cDNA arrays.
Every oligonucleotide is of the same length and has almost
the same melting temperature and G–C content, enabling
more consistent hybridization conditions for every gene
on the array. Compared with cDNA arrays, it is much easier
to deposit the same concentration of DNA per spot with
oligonucleotides. The oligonucleotides are single stranded
and do not require a denaturation step as with the 
cDNA format; this also eliminates the problem of re-natu-
ration, which can decrease hybridization efficiency. The 
molar concentration of oligonucleotides in arrays of long 
oligonucleotides is much higher than the short oligonu-
cleotide or cDNA versions, with an ~100-fold difference in

concentration. This enables more probe molecules to be
annealed, and more than makes up for the shorter length
relative to the cDNA arrays. Through appropriate design,
long oligonucleotides can distinguish between alterna-
tively spliced mRNAs [65,66] – something that is not possible
with cDNA arrays. Finally, additions, changes or modifica-
tions in the arrays are more straightforward compared with
photolithographic methods or cDNA arrays. This is a major
advantage to the researcher when new sequence information
becomes available or when experimental results require
more focused arrays.

Concluding remarks
The microarray field is in great need of standardization to
take full advantage of the tremendous wealth of genomic
data. Reducing the number of microarray platforms would
be a good first step, and the long oligonucleotide approach
is a good candidate to replace cDNA arrays, leaving the 
researcher with two basic array methods for the study of
gene expression. Although there are other, non-array meth-
ods for analyzing gene expression, such as SAGE [67–70],
the simplicity of the oligonucleotide approach makes it the
most attractive option for the general research community.

The ‘final’ human genome sequence is scheduled to be
released in the spring of 2003, in time for the 50th an-
niversary of the publication of the structure of DNA. For
those engaged in drug development, this means, in essence,
that every possible drug target encoded in the genome will
be available for testing. Therapeutic drug discovery will no
longer be hampered by a shortage of targets but, rather,
hindered by an excess of targets. Microarrays will play an
essential role in overcoming this obstacle in both target
identification and in the long road of drug discovery and
development [71–76]. Standardized oligonucleotide array
platforms will be crucial in helping the pharmaceutical 
industry to take full advantage of this genomic treasure
chest.
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