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No other methodological approach has transformed 
molecular biology more in recent years than the use 
of microarrays. Microarray technology has led the way 
from studies of the individual biological functions of a 
few related genes, proteins or, at best, pathways towards 
more global investigations of cellular activity. The 
development of this technology immediately yielded 
new and interesting information, and has produced 
more data than can be currently dealt with. It has also 
helped us to realize that even a ‘horizontally exhaustive’ 
molecular analysis is insufficient. A simultaneous ‘verti-
cal’ molecular and structural analysis is a prerequisite for 
the elucidation of the complex and interrelated processes 
that occur in biological systems.

From its origin as a new technique for large-scale 
DNA mapping1 and sequencing2 and its initial success as 
a tool for transcript-level analyses3, microarray technol-
ogy has spread into many areas by adaptating the basic 
concept and combining it with other techniques. For 
example, a more detailed analysis of genomic DNA has 
become possible with respect to sequence, copy number, 
identification and characterization of protein binding 
sites, structural variations and nucleotide modifications. 
At the same time, microarrays also have the potential to 
become a device for manufacturing purposes. However, 
although more mature applications are on the verge of 
becoming routine, others still have to pass the initial test 
of time (TABLE 1).

Here I focus on the range of applications that have 
been developed using the microarray platform and dis-
cuss their potential for functional analyses. In addition, I 

contemplate future directions for microarray technology, 
which are no longer determined by technical advances 
but by experimental requirements that derive from the 
objective of the assay.

Towards routine
Transcriptional profiling. To many, the term microarray 
analysis is equivalent to transcript analysis. Although 
transcriptional profiling is unquestionably the most 
widely used application at present, it might become less 
important in future because it focuses on a biological 
intermediate. RNA might be too volatile and prone to 
producing artefacts to be used for diagnostic purposes; 
furthermore, for identifying therapeutic approaches, 
RNA might be too far removed from the actual cel-
lular effectors, most of which are proteins. However, 
this might be different for regulatory RNAs, such as 
microRNAs4,5.

Although RNA profiling represents an advanced 
microarray application, many issues remain to be dealt 
with. Recent analyses have demonstrated that good 
reproducibility can be achieved across laboratories and 
platforms. The main factors that influence variation 
are the biological samples and human factors, rather 
than technical diversity 6–8. For example, as long as 
relatively brief hybridizations to array platforms with 
spots that differ in size by several orders of magnitude 
are expected to yield similar results — which they can-
not, for good biophysical reasons that relate to kinet-
ics and mass transport — scientists are insufficiently 
prepared for the routine use of the technology.
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Abstract | Understanding complex functional mechanisms requires the global and parallel 
analysis of different cellular processes. DNA microarrays have become synonymous with this 
kind of study and, in many cases, are the obvious platform to achieve this aim. They have 
already made important contributions, most notably to gene-expression studies, although 
the true potential of this technology is far greater. Whereas some assays, such as transcript 
profiling and genotyping, are becoming routine, others are still in the early phases of 
development, and new areas of application, such as genome-wide epigenetic analysis and 
on-chip synthesis, continue to emerge.
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Another issue relates to the analysis of results from 
microarray experiments. The assumption that changes 
of more than twofold are significant is still surprisingly 
widespread. This threshold is based on initial publica-
tions by the Stanford group who found, from concord-
ance analysis, that a more than twofold variation was 
significant for a particular set of experiments9. This 
factor of two was subsequently referred to by others as a 
universal significance threshold, without realizing how 
it came about. Limitations to data analysis (BOX 1) con-
tinue to be frustrating, although basic standards have 
been established10. However, even generally accepted 

analysis tools have not necessarily been firmly validated. 
For example, LOWESS11 — a normalization process 
— is used to correct a frequently observed curvature 
in regression plots that is attributed to an assumed 
dependence of the normalization factor on signal inten-
sity. However, there is no proof that this assumption is 
correct.

There is much to be improved with regard to data 
interpretation. A lack of change in the level of a tran-
script is just as important as no variation, especially in 
view of a systemic analysis. Today, this information is 
largely disregarded in data interpretation.

Genotyping. Genotyping technology has been instru-
mental to producing a high-resolution genetic map of 
the human genome (and others), yielding DNA blocks 
(haplotypes) that could help in the localization of disease 
genes by identifying those blocks that are associated with 
phenotypic traits (see the International HapMap Project 
web site)14. It can also be used to identify microrganisms, 
a process that is important in medicine, food produc-
tion or screening of the microbial content of waste-water 
treatment plants.

The use of microarrays for genotyping is techni-
cally further advanced than for transcript profiling. 
One reason for this is that a qualitative analysis is usu-
ally adequate for genotyping: simple discrimination is 
sufficient to detect individual base differences (SNPs). 
Genotyping experiments also generally contain direct 
internal controls, which enable better data interpreta-
tion. For example, if detection is done by hybridization 
of a sample DNA to an oligonucleotide array, three of 
the four oligonucleotides that represent a SNP function 
as mismatch controls. Compared with an assay that is 
based on the analysis of signal intensities after mere 
hybridization, better discrimination can be achieved 
by a primer-extension reaction on oligonucleotides 
that bind adjacent to the base in question. Labelled 
dideoxynucleotides that are complementary to the base on 
the opposite strand are incorporated during the extension 
reaction. The combination of the discriminative effect of 

Table 1 | Status of microarray-based processes

Process Status*

Transcriptional profiling Mature, but still to be improved

Genotyping Mature, but still to be improved

Splice-variant analysis In progress

Identification of unknown exons Early stages

DNA-structure analysis Pilot phase

ChIP-on-chip In progress

Protein binding Under development

Protein–RNA interaction Idea

Chip-based CGH In progress

Epigenetic studies Under development

DNA mapping Mature

Resequencing In progress

Large-scale sequencing Under development

Gene/genome synthesis Early stages

RNA/RNAi synthesis Pilot phase

Protein–DNA interaction Under development

On-chip translation Under development

Universal microarray Under development

*From most to least developed: mature, in progress, under development, early stages, 
pilot phase, idea. CGH, comparative genomic hybridization; ChIP-on-chip, on-chip chromatin 
immunoprecipitation.

Box 1 | Data analysis and interpretation

Techniques that are involved in microarray production have advanced considerably and have achieved a sufficient quality 
that they are no longer a limiting factor. However, data analysis is still lagging behind, although it is gathering momentum. 
Although basic image analysis is well advanced, there are no standards at the level of filtering, which is done according to 
the researcher’s experience, leading to discrepancies at this early stage and preventing a high degree of reproducibility. As 
a consequence, data comparison is difficult. Normalization, a process that adjusts microarray data for effects that arise 
from variation in the technology rather than from biological differences, is another important early step in the analysis 
process. Fortunately, continuous progress in normalization issues is being made12,13. Only with the establishment of 
commonly accepted protocols and routines will a better cross-evaluation become feasible. The Microarray Gene 
Expression Data (MGED) Society is pushing towards common protocols for transcript analysis. This effort needs to be 
expanded to other areas of microarray-based analysis.

Apart from quality issues, data interpretation is currently the main bottleneck in microarray analyses. In particular, the 
automated integration of complementary information in analysis algorithms is not yet well established. In part, this is 
because a common nomenclature has been lacking and data are not stored in a format that can be easily queried. The 
Gene Ontology Consortium and similar initiatives have taken on the crucial task of providing such a common framework. 
Although not intrinsic to microarray technology, these efforts are fundamental for the success of the technology. Open-
source initiatives such as Bioconductor provide a means for developing, testing and disseminating new algorithms. 
Comprehensive expert systems that carry out data interpretation automatically are under development but are unlikely 
to be available in the near future, even for the most commonly used techniques.
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genomic region by a set of 
overlapping DNA fragments.

hybridization with the base-pairing specificity of 
polymerases15,16 leads to an improved base-calling 
accuracy. Probably the most precise currently avail-
able assay is based on a continuous detection of 
the hybridization process (dynamic allele-specific 
hybridization)17. The association and dissociation 
curves of the duplexes that form following hybridi-
zation allow more accurate SNP detection. Once 
such a dynamic measurement over time is possible 
with highly complex microarrays, accuracy and 
throughput will not be limiting; instead, sensitivity
and sample preparation will. Both these limitations 
could be overcome by label-free detection; for exam-
ple, this can be achieved by using secondary-ion mass 
spectrometry to identify the phosphates of hybrid  -
izing nucleic acids on microarrays that are made of 
peptide nucleic acid (PNA)  oligomers18, by detecting 
mass changes that introduce an alteration in the vibra-
tion frequency of arrayed cantilevers19, which in turn 
translates immediately into electronic signals, or by 
using conductance and impedance measurements20.

Sophisticated adaptations
Expanding RNA studies. An important realization that 
came from genome-sequencing studies was that it is 
the molecular interpretation of the encoded message, 
and not so much the number of genes, that is respon-
sible for the variation between organisms. At the 
level of RNA, splicing differences contribute to inter-
individual variation. The transcriptional representa-
tion of exons can be analysed by placing at least one 
representative (PCR fragment or oligonucleotide) of 
each onto an expression microarray. The ability to 
carry out such combined analysis of differences in 
splicing and transcript levels usually depends on the 
quality of the genome sequence annotation. Even in 
the rather simply structured genome of Saccharomyces 
cerevisiae, several hundred ORFs were initially missed, 
and in Drosophila melanogaster, the initial underesti-
mation of the number of genes was even greater21. Non-
coding transcribed sequences are even more likely to be 
missed. Although the number of protein-coding genes 
in the human genome that have gone unnoticed could 
be relatively small, there might be many exons that are 
unaccounted for. Intron–exon junction sequences can 
be used as an alternative to probes that represent exon 
sequences22.

Whereas the lack of hybridization signals at the cor-
responding oligomers easily identifies exons that are 
false positives from annotation efforts, the identifica-
tion of unknown exons requires extra steps. One option 
is to synthesize oligonucleotides that correspond to the 
sequences at the exon–intron boundaries with their 
5′ ends attached to the chip surface. A polymerase 
extension reaction is carried out on hybridization of 
the RNA or cDNA. The reaction also includes a mix 
of primers that are complementary to the next anno-
tated exon, although it might also be possible to attach 
the second primer to the chip surface next to, or mixed 
with, the first one. For each RNA/cDNA–oligomer 
duplex, on-chip PCR yields a defined fragment that 

is attached to the support. The length of the fragment 
can be determined by scoring the signal intensities 
obtained in a secondary hybridization with a labelled 
heptamer library or by adding a DNA-specific dye 
(FIG. 1). Compared to given standards, the signal inten-
sities will indicate DNA length, thereby revealing any 
extra DNA if there is an unknown exon between the 
two exonic sequences that were used for priming.

Instead of using annotation-based DNA frag-
ments, the entire genome could be represented on a 
microarray. Whereas for a microrganism a tiling path 
of oligonucleotides can be sufficient for complete cov-
erage, only portions of a mammalian genome can be 
covered23. By definition, a complete coverage would 
represent all the transcriptionally active units. For 
large genomes, a complete genomic representation is 
currently only feasible in the form of fragments in the 
kilobase range24.

Apart from changes introduced by splicing variation, 
more subtle differences in sequence or even in the speed 
of transcription might also have considerable conse-
quences on the folding of RNA, and therefore its activity.  
Based on analyses — initiated by Edwin Southern and 
colleagues25 — of the influence of RNA structure on its 

Figure 1 | Scheme for identifying unknown exons. 
RNA or cDNA molecules are hybridized to an array-
bound exon-specific primer oligomer. A second primer 
that is known to bind to the next annotated exon is 
added and on-chip PCR is carried out. In an alternative 
approach, the second primer is also present on the 
microarray surface. The binding of a dye to the dsDNA 
or ssDNA created by the amplification process indicates, 
by the signal intensity, whether an unexpected piece of 
DNA (an unknown exon) is contained in the newly 
synthesized molecule.
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binding to oligonucleotides that represent a tiling path 
of the entire RNA sequence, structural variants of RNA 
molecules (which are themselves active, for example, as 
ribozymes or as part of structural cellular components) 
could be scored. Any change in structure is likely to bring 
about a transformation in activity or functionality.

Probing with genomic sequences. The interaction 
between proteins, such as transcription factors, and 
DNA is important in many analyses of transcription. 
In on-chip chromatin immunoprecipitation26 (ChIP-
on-chip) (FIG. 2), a protein is crosslinked to DNA on 
binding. The protein is then used as a tag to pull out 
the bound DNA by means of an antibody. Hybridization 
of the isolated DNA to a genomic tiling path of DNA 
fragments identifies its position, and therefore 
the genomic position of the protein binding site. 
The specificity of the protein–DNA interaction and 

the epitope recognition by the antibody are crucial factors 
in ChIP-on-chip, although many other factors also 
influence its outcome, such as the crosslinking reagent27.

A recent study in yeast demonstrated how ChIP-
on-chip can yield functional information28. The study 
revealed that the general transcription machinery is 
present but largely inactive in quiescent cells. RNA 
polymerase II is bound upstream of numerous early 
response genes that become activated as soon as the cell 
is released from the stationary phase. 

The interest in the interactions between proteins and 
RNA is likely to increase, given the growing realization 
that RNAs have more functions than have until now been 
appreciated. Technically, all analyses that are carried out 
with DNA are feasible at the level of RNA also.

Another assay format that uses probes derived from 
genomic sequences is comparative genomic hybridiza-
tion (CGH) (FIG. 3), a method that is used to analyse 
variations in DNA copy number, which can vary 
significantly on a regional basis. This variation can 
be measured by hybridizing a labelled genomic DNA 
sample to a genomic array. An increase or decrease of 
the signal indicates areas of deletion or amplification, 
respectively. Cancer-related variations were the first 
to prove the direct connection between such changes 
and disease29 and are used in diagnosis30. Although it 
is likely that copy-number variation is used as another 
mechanism of regulation in normal cells, there is lit-
tle evidence to support this hypothesis. Many changes 
are likely to be too locally confined to be picked up on 
metaphase chromosomes, but clone-based microarray 
equivalents significantly improve the resolution and 
ease of such assays31. BAC-based arrays have proved 
highly effective in defining the location of copy-number 
changes, frequently within a range of about a megabase. 
More precise positioning is possible with microarrays 
that contain BAC contigs that are tiled across a locus 
of interest. Such continuous coverage has even been 
achieved for the entire human genome32. cDNA micro-
arrays can also be used for this purpose, although the 
density of genes varies significantly across a genome33. 
Labelling techniques and the quality of the arrayed oli-
gomers have improved markedly over the past few years, 
so that even short oligonucleotides can be sufficient for 
high resolution in complex genomes34,35. For kinetic rea-
sons, however, a reduction of the genome complexity is 
required before hybridization to such arrays36.

Epigenetic studies. About 4% of the cytosine residues 
in the human genome are modified by methylation at 
their C5 position. This epigenetic programme provides 
an important level of regulation of gene expression, 
adding another dynamic feature to the frequently pre-
sumed static DNA that regulates the interpretation of 
genetic information. It is generally assumed, for exam-
ple, that epigenetic misregulation of cancer-related 
genes has an important role in cellular transformation. 
Owing to its exceptional biochemical stability, DNA 
methylation is a particularly attractive biomarker. 
Microarray-based technologies provide an opportunity 
for a genome-wide determination of methylation 

Figure 2 | On-chip chromatin immunoprecipitation 
(ChIP-on-chip). Genomic DNA is incubated in the 
presence of protein (yellow). DNA–protein complexes are 
stabilized by crosslinking. The protein is then precipitated 
using an appropriate antibody. Subsequently, all protein is 
removed by digestion and the DNA molecules are labelled. 
On hybridization to a representation of the genome 
(represented on a microarray), the origin of the 
precipitated DNA-fragments can be deduced from their 
binding positions (indicated by the red spot on the array).

R E V I E W S

NATURE REVIEWS | GENETICS  VOLUME 7 | MARCH 2006 | 203



© 2006 Nature Publishing Group 

 

Region 3

Microarray hybridization

Target production
and labelling

Region 1

Region 2

R
eg

io
n 

2

R
eg

io
n 

1

R
eg

io
n 

3

Allele 1
Allele 2

Allele 1
Allele 2

Sample A

R
eg

io
n 

2

R
eg

io
n 

1

R
eg

io
n 

3

Sample B

R
eg

io
n 

2

R
eg

io
n 

1

R
eg

io
n 

3

R
eg

io
n 

2

R
eg

io
n 

1

R
eg

io
n 

3

Amplification

patterns with a locus-specific resolution. Based on 
the bisulphite conversion of unmethylated cytosine 
to uracil and, following PCR, eventually to thymine, 
methylation patterns represent chemically introduced 
‘SNPs’ and can be analysed accordingly using different 
microarray-based approaches. In one approach, DNA 
is labelled and hybridized directly to arrays of either 
CpG-island fragments37,38 or oligonucleotides39,40; the 
former assumes that all CpG dinucleotides within an 
island have the same methylation status, which might 
not always be the case40. The latter requires a careful 
selection of oligonucleotides, because the complex-
ity of the genomic sequence is reduced to essentially 
three bases, with most cytosines being converted into 
thymines. In addition, the CpG dinucleotides at which 
almost all methylation occurs are frequently packed so 
densely that a given oligonucleotide might correspond 
to more than one CpG dinucleotide. As an alternative, 
enzymatic primer-extension reactions could improve 
the analysis in terms of throughput and resolution, as 
discussed above for standard SNP typing.

‘Old’ techniques revisited
Microarray technology was initially developed for 
DNA-mapping41 and sequencing-by-hybridization 
(SBH)42–44 applications.

In DNA-mapping applications, arrayed DNA frag-
ments were hybridized to several different oligonucle-
otides. The fragments could be ordered on the basis of 
their individual hybridization fingerprints. Initial func-
tional information could also be assigned at the same 
time if it was encoded in the DNA sequence (for example, 
retroviral sequences, Alu repeats and exon–intron bound-
aries)45. With so many organisms (especially miroorgan-
isms) being sequenced, and with the ability to produce 
complex mixtures of oligonucleotides in small quantities 
and at low cost, but at concentrations that are sufficient 
for molecular biology (see below), this kind of analysis 
could be expanded and refined to the metagenome 
level46. Instead of being sequenced, DNA fragments from 
environmental isolates (for example, soil47 or water48) can 
be placed on microarrays for a comparative analysis49. 
By hybridizing mixtures of short oligomers, individual 
fragments can be attributed to a particular microbial 
family or their cellular function can be identified by the 
degree of their homology to sequences from character-
ized genomes. At the same time, new micro organisms 
can quickly be related to the phylogenetic tree by such 
means. Because most fragments would have come 
from microorganisms, the arrayed DNA would mainly 
consist of coding sequence, allowing a global transcrip-
tional analysis and comparison of metagenomes without 
the need to have previously identified its components. 
Ultimately, the sequence of each fragment can be inferred 
from hybridization information50.

(Re)sequencing. Sequencing can be thought of as an 
extended form of SNP typing. Technically, the only dif-
ference is that for sequencing comprehensive coverage of 
a DNA fragment is required. Initially, a comprehensive 
octamer library of some 65,000 oligonucleotides was 
thought to be optimal for this purpose, especially if each 
oligonucleotide was arranged in a tandem of tetramer 
oligonucleotides, split by a dimer of non specific base 
composition51. A read-length of more than two kilobases 
was possible in principle. Currently, however, arrays 
that contain oligonucleotides of some 20 nucleotides in 
length are used52,53. With the advent of techniques that 
allow the flexible production of complex oligonucle-
otide microarrays, such as micromirror-based, photo-
controlled in situ synthesis54,55 (BOX 2), any region can be 
resequenced in comparison to a given standard.

As with genotyping, primer extension is another 
option in resequencing. Arrayed oligonucleotides 
are extended on hybridization to the target DNA 
that serves as a template. Nucleotides that carry a 
base-specific fluorescent label cannot be extended as 
long as the label is attached. After scoring the type 
of fluorophore that is incorporated in one round of 
extension, the label is removed and the molecules are 
extended by another nucleotide56. By analysing many 
individual molecules, a large amount of data could 
be generated in a single experiment57. The resulting 
sequence reads would be about 25-nucleotides long 
and could be assembled according to existing sequence 
information for the identification of differences, such 
as mutations.

Figure 3 | Comparative genomic hybridization (CGH). Two genomic DNA samples 
(sample A and B) are labelled with different fluorophores (red and green). If a particular 
region is present in more copies in one of the two samples, equivalently more labelled 
fragments are generated. The difference in copy number can be detected by a 
competitive hybridization of both samples to an array of genomic fragments. In this 
example, a stronger red signal component is yielded at region 2.
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expression
A method for analysing 
transcription patterns. A short 
cDNA tag sequence of 10 to 
14 bp is isolated for each 
transcript. They are linked at 
random to form long 
concatemeric molecules that 
can be sequenced to 
determine the frequency of 
each tag sequence, and 
therefore the respective RNA, 
in the entire population.

Solid-phase synthesis
A chemical synthesis reaction 
during which the synthesized 
molecules are continuously 
attached to a solid support 
medium.

Phosphoramidite chemistry
The chemistry of choice for 
oligonucleotide synthesis; the 
stable tri-coordinated 
phosphorous function of one 
nucleoside phosphoramidite is 
activated by a weak acid and 
reacts with the hydroxyl 
moiety of another nucleoside.

RNAi
RNA-mediated, sequence-
specific transcriptional 
silencing of gene expression.

Massively parallel signature sequencing (MPSS)58 
is another option for obtaining sequence information 
in a highly parallel manner. Instead of cycles of nucle-
otide incorporation, it involves 4 to 5 cycles of cleav-
age of target DNA with a type II restriction enzyme 
that produces a 4-nucleotide protrusion. Sequence-
specific ligation of a fluorescent linker follows, so that the 
identity of the overhang can be queried (see REF. 59 for 
a recent review of high-throughput sequence-analysis 
techniques).

All sequencing approaches can be adapted for other 
purposes. such as transcriptional profiling to count the 
presence of individual cDNA fragments in a process that 
is equivalent to serial analysis of gene expression (SAGE)60.

On-demand synthesis
From probe production to gene synthesis. Automation of 
DNA synthesis has benefited from the combination 
of solid-phase synthesis and phosphoramidite chemistry61. 
Today, standard DNA synthesizers produce oligo-
nucleotides in the nanomole to micromole range. 
Oligomer synthesis for biomedical purposes has been 
dominated by two diametrically opposite tendencies. 
For applications such as oligomer-based therapy, gram 
or even kilogram amounts of only a few oligonucle-
otides are required; in molecular biology, quantities in 
the picomole to femtomole range are usually adequate, 
but large numbers of different oligomers are needed. 
To meet this demand, procedures that are aimed at 
the simultaneous production of different oligonucle-
otides in small quantities have been developed62,63. 

Early experiments showed that oligonucleotides of 
sufficient quality and quantity could be synthesized 
on microarray surfaces and released subsequently for 
applications in molecular biology 64. Recent work has 
extended this technique to synthesizing whole genes 
and optimizing their translation efficiency by sequence 
alterations65–67. Programmable light-controlled 
in situ synthesis in microfluidic devices seems to be 
most suited to this application54. The technique is 
expanding, because near-quantitative yields can be 
achieved68 and the direction of chemical synthesis 
can be selected69. Therefore, either the 5′ or 3′ ends of 
the produced oligo nucleotides are defined accurately, 
because synthesis starts there. If synthesis proceeds 
from the 5′ end to the 3′ end, the 3′ termini of all 
shorter derivatives, which result from the low propor-
tion of unextended molecules in each synthesis cycle, 
can be blocked selectively so that only full-length 
molecules remain reactive in subsequent polymerase 
reactions, thereby defining a common 3′ end for all 
reactive molecules.

Yielding RNAi. An increasing number of eukaryo-
tic genes are being found to have naturally occur-
ring antisense transcripts70. RNAi is a useful tool for 
functional analysis71,72. Unfortunately, the degree of 
transcriptional silencing varies significantly and does 
not rise beyond 95%. Therefore, individual mol-
ecules are frequently insufficient for effective interfer-
ence. Moreover, owing to molecular compensation, 
even complete removal of gene function does not 

Box 2 | Microarray production

Consistent quality in array technology is now possible and ensures that a high degree of reproducibility can be achieved 
within and between platforms. Two basic processes are used in microarray manufacture: in situ synthesis and spotting of 
pre-produced molecules; they can be used individually or in combination. In situ synthesis is either controlled by light, 
electro-chemistry or by a directed application of the monomer phosphoramidites (for example, by piezo elements). For 
large-scale production, the photolithographic approach is currently the gold standard in terms of reproducibility. No other 
currently established technique can compete, especially with respect to the number of oligonucleotides per chips. 
However, depending on the protection chemistry used, the achievable length of the oligonucleotide is limited. 
Photolithography also lacks the flexibility of creating new content designs, which is inherent to other processes. Using a 
micromirror device instead of masks introduces this flexibility into photo-controlled synthesis. Attachment of pre-existing 
molecules, usually long oligonucleotides or PCR products, is still a valid alternative for many purposes, and provides the 
freedom of operation that could be advantageous in some areas.

Figure 4 | In situ synthesis of RNAi libraries. Templates for RNA polymerase are synthesized on microarrays. Instead of 
using a primer-extension reaction, dsDNA is obtained by a back-folding reaction of the synthesized oligonucleotides, 
length permitting. The RNA-polymerase reaction takes place on the chip or on PCR fragments that are eluted from the 
microarray.
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necessarily lead to a phenotypic effect . So, for 
increased effectiveness, the simultaneous inhibition 
of several transcripts can be advantageous, although 
inclusion of more than 100 small interfering RNA 
(siRNA) molecules makes the solution difficult to 
handle owing to its viscosity. Synthesis of compre-
hensive RNAi libraries is extremely expensive and 
requires frequent resyntheses to replace molecules 
that turn out to be ineffective. Instead, RNAi tem-
plates can be synthesized on microfluidic microarrays 
for each experiment73. All oligodioxyribonucleotides 
that are synthesized contain an identical promoter 
sequence that is adjacent to the complement of an 
RNAi molecule. In fact, the promoter fragment can 
be attached chemically in a single step; in this case 
DNA synthesis proceeds from this common fragment. 
At the end of the synthesis, an identical T7-RNAi-
hairpinloop-RNAi-terminator-adaptor is coupled to 
each oligomer. Subsequently, double-stranded mol-
ecules are produced by an extension of added prim-
ers that are complementary to the terminal sequences 
shared between all molecules (FIG. 4). RNA is produced 
by an enzymatic reaction either on the chip or after 
elution of the PCR products. Because of the high 
activity of RNA polymerases, relatively large amounts 
of RNA can be produced. As a positive potential side 
effect, the molar ratios of the different RNAi mol-
ecules could be manipulated. With miniaturization of 
genomic and proteomic approaches proceeding at an 
ever faster rate74, the yield from such RNAi synthesis 
could suffice for several assays and even for combina-
torial approaches. Although combinatorial techniques 
are well established in chemistry they are not yet a 
firm part of biological sciences.

On-chip translation. Many proteins cannot be 
expressed well from Escherichia coli or other cell-
based expression systems. Examples include proteins 
with intra-chain disulphide bonds, such as antibod-
ies, that tend to denature and form inclusion bodies, 
and proteins that are toxic to the bacterial host. For 
these, and for individual protein domains, produc-
tion by cell-free synthesis directly from the DNA can 
be advantageous. One technique that addresses these 
problems is protein in situ synthesis75,76. PCR products 
that have appropriate initiation sequences and stop 
codons are used to make the protein in a cell-free 
transcription/translation system. The proteins include 
a tag sequence for immobilization, and translation is 
carried out on surfaces that are coated with agents 
that bind the tag. This approach facilitates a single-
step production of protein arrays from DNA without 
the need for protein handling or purification.

Approaching new horizons
Protein binding. Protein binding can be analysed 
directly using epitope-tagged proteins (obtained, for 
example, from fusion-protein libraries)77 as an alter-
native to using ChIP-on-chip. The proteins are incu-
bated with microarrays that contain spots of dsDNA. 
Once attached to their binding sites, the proteins are 

Figure 5 | A universal chip that is based on l-DNA. A single microarray design is used 
for all applications (central panel). Rather than using a solid support, appropriately 
designed molecule mixtures are incubated with the analyte in a homogenous solution. It 
is only subsequently that they are physically separated by a tag sequence, which is 
distinct for each oligomer and has its complement on the microarray. This experimental 
design allows for combinations of different analysis types to be carried out 
simultaneously. Some typical applications are listed but more are possible. The use of 
l-DNA for the ‘zip-code’ tag avoids background. Also, l-DNA is more stable than the 
natural D-form owing to the inability of degrading enzymes to use it as a substrate. More 
details are shown for the performance of genotyping (top panel) and transcriptional 
profiling (bottom panel). In both applications, chimeric oligonucleotides that consist of 
an l-DNA tag and a primer portion are incubated with the sample DNA or RNA in a 
homogenous solution. In genotyping, the complementary dideoxynucleotide is 
incorporated, which carries a nucleotide-specific label. For transcript profiling, standard 
cDNA labelling reactions are carried out on two RNA samples, incorporating either of 
two labels. On application to the array, the molecules are physically separated by 
hybridization of their respective tags and can be analysed individually. CGH, comparative 
genomic hybridization.
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Padlock probes
Linear DNA molecules of 
70–100 nucleotides that 
become circularized by DNA 
ligation in the presence of a 
target sequence that is 
complementary to both 
terminal sequences of the 
probe molecule.

detected with a labelled antibody. Many transcription 
factors, for example, have unknown DNA-binding spe-
cificities and regulatory roles. In combination with the 
flexibility of in situ synthesis of dsDNA molecules78, 
the reaction of transcription factors on variations on a 
given sequence could be analysed in great detail, as the 
effect of many sequence permutations can be analysed 
quickly and at low cost.

Universal chip platform. Most microarray platforms 
are designed to address a specific set of questions in 
a specific organism. This means that a specific micro-
array platform needs to be established and produced 
for each application. Moreover, many assays that are 
carried out on microarrays would work even better in 
a homogenous solution rather than on a solid support. 
The establishment of ‘zip-code’ arrays can address 
these problems by separating the actual assay from the 
microarray hybridization79. Such microarrays contain 
a set of unique and distinct oligonucleotides that are 
immobilized at known locations. Because they should 
not be complementary to any sequence in any organ-
ism and are made solely to identify the ‘address’ of a 
particular location on the microarray, they are called 
zip-code sequences (FIG. 5). The oligonucleotides are 
designed to have similar thermodynamic properties: 
therefore hybridization can be carried out at one tem-
perature and under defined stringency conditions. 
Instead of having to produce many different micro-
arrays, a single design can be used for various assays. 
The target molecules are composed of assay-specific 
sequences that are linked to a zip-code complement. 
Reactions that involve target molecules take place in 
solution. Only subsequently are the molecules physi-
cally separated and therefore made available to scoring 
by hybridization to the zip-code microarray.

The first array of this kind was used to identify 
yeast mutants80. Instead of a deletion, each mutant 
contained two 20-nucleotide sequence tags. Following 
simultaneous PCR amplification of the tags from all 
the mutants that were grown in a given culture, the 
relative abundance of each mutant in the mixture was 
determined by hybridization to a microarray contain-
ing the complementary oligonucleotides. In principle, 
any kind of assay can be carried out along these lines, 
as long as the probe contains a zip-code sequence 
adjacent to its assay-specific part. For example, a 
primer extension can be carried out in solution for 
genotyping. Each primer terminates one base before 
the polymorphic site, and has a zip-code portion 
that is attached at the 5′ end. After incorporation of 
dideoxynucleotides, which is carried out with complex 
primer mixtures in homogenous solution, the sample 
is hybridized to the zip-code microarray, separating 
the individual molecules to known positions on the 
chip. This means that the incorporated label can be 
scored for each primer individually81.

In another setting, padlock probes were used to iden-
tify SNPs without the need for amplifying the genomic 
regions of interest beforehand82. Only zip-code 
sequences of padlock probes that found a complementary 

sequence in as little as 1 ng of genomic DNA were 
amplified after binding and discrimination, and 
could therefore be identified on hybridization to 
the array.

Another option involves using the l-DNA enanti-
omer83 — the mirror image form of ‘normal’ d-form 
DNA — for the zip-code oligomers (N.C. Hauser & 
S. Matysiak, personal communication). Because l-DNA 
forms a left-helical duplex, there is no cross-hybridiza-
tion between l-DNA and d-DNA. However, chimeric 
molecules that are made of l-form and d-form stretches 
can be produced by standard chemistry. Therefore, 
d-DNA primers are produced with an l-DNA zip-
code tag that binds to the l-DNA complementary 
oligo nucleotide on the microarray. l-DNA micro arrays 
are stable, because l-DNA is resistant to nuclease 
activities. Simultaneously, only the zip-code part of 
the molecules that is used in homogenous solution is 
able to hybridize to the array. Neither the d-formed 
primer portion nor the analyte (for example, genomic 
DNA or RNA preparations) will cross-hybridize 
with the array.

Alternative approaches to amplification — the sensi-
tivity issue. For many applications, sensitivity is still 
a crucial issue. Apart from being able to detect rare 
molecules, the dynamic range increases with better 
sensitivity, allowing more accurate measurements. 
In many cases, amplification is required to achieve 
high sensitivity; therefore samples are frequently 
amplified before hybridization, which can introduce 
a bias. Carrying out amplification at the end of the 
process, once molecules are physically separated on 
the microarray, reduces competition and other effects. 
Optimally, a process should detect a single molecule 
and not involve any enzymatic step. 

Rolling-circle DNA amplification (RCA)84 is a well-
established procedure. It results in sufficient sensitivity 
to detect a few hybridization events on glass surfaces 
when visualized by fluorescence. By using oligonucle-
otides that are tagged with a DNA primer that is com-
plementary to a circular ssDNA, it is possible to generate 
(under isothermal conditions, with either linear or geo-
metric kinetics) long ssDNA concatemers that contain 
many tandem repeats that are complementary to the 
original circle sequence. Up to 104 copies of the circle 
can be produced, which yield an equivalently enhanced 
hybridization signal.

Another option involves a self-assembly reaction 
of branched DNA molecules (Z. Li and J.H., unpub-
lished observations). The branched DNA molecules 
are synthesized by standard chemical reactions, taking 
advantage of a symmetrical doubler phosphoramidite. 
These structures have a specific DNA sequence in 
their stem while the branches contain a common, 
repetitive sequence and a fluorophore at each termi-
nus. The molecules are applied to microarrays in a 
second hybridization, following hybridization of the 
analyte. The initial binding to array-bound analyte 
molecules occurs through the specific stem sequence. 
Signal amplification occurs owing to the formation of 
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a network of molecules through the self-assembly of 
the nonspecific branch sequences. No labelling of the 
analyte and no enzymatic reaction are required. The 
detection limit is a few hundred molecules.

Accurate quantification of the absolute amounts of 
target material that bind at the features of a micro array 
is crucial. At present, relative measurements are carried 
out in most cases. Although they are useful, determi-
nation of the absolute numbers makes an important 
difference to the basic understanding of biological 
processes. For example, it is important to know whether 
there are 5 and 2 copies or 5,000 and 2,000 copies of 
a particular molecule in diseased and normal tissue, 
respectively. For any antisense experiment, for example, 
the design depends crucially on this kind of informa-
tion. Although initial algorithms for real quantification 
do exist, most depend on calibrated reference samples 
that need to be included in the analysis85. There are 
ways to avoid this86, but they require further experi-
mental refinement before they can be used in routine 
applications.

Structural analyses. By and large, structural variation 
remains an unexploited feature of DNA, although it 
could have an important effect on regulation. The twist 
angle of the double helix can vary from about 30° to 40° 
(REF. 87). Its precise structure depends on the sequence 
and is important to the recognition of target sites by 
DNA-binding proteins, for example.

DNA is also known to occur in conformations that 
are different from the typical right-handed double helix. 
The fact that alternating purine–pyrimidine sequences 
and especially CpG stretches — particularly methylated 
CpG dimers — are the DNA sequences that most easily 
form left-helical Z-DNA structures under physiological 
conditions88 could of course be coincidence. No cellular 
function has been assigned to Z-DNA so far. However, 
only longer stretches of alternating purines and pyrimi-
dines have been analysed for their possible function. It 
might be that a dinucleotide is sufficient for a functional 
effect of this transition in DNA structure.

DNA topology can be modified on a microarray, 
thereby providing a platform on which to screen for the 
effects of structural variations. Attaching both ends of a 
molecule to the microarray surface allows the introduction 
of turns in either direction. Even highly supercoiled DNA 
can be generated this way 88. Given the capacity of 
DNA to memorize information in its structure rather 
than its base composition89, such assays could yield new 
insights into DNA-based regulative effects.

Beyond nucleic acids. Many of the basic techniques that 
have been developed for the analysis of nucleic acids could 
be adapted for the analysis of other molecular entities, 
such as proteins90,91, tissue samples92 and even living cells93 
(see for example the MolTools web site). By being able 
to revisit individual spots94 and re-analyse micro arrays 
— for example, an optical detection followed by mass 
spectrometry — it will be possible to analyse more and 
more combinations of different biological components  
on the same chip platform.

Conclusions
Microarray technology has initiated an experimental 
approach that is based on unbiased sample screening 
and accumulation of data, preceding the formulation of 
hypotheses. To an extent, it has placed data production 
before intellectual concepts, although of course further 
and more detailed studies are required to confirm and 
refine the hypotheses that result from such studies. In 
this respect, biology is becoming more similar to phys-
ics. Although the value of this approach in biology is still 
a subject of debate, physics has clearly demonstrated its 
power. However, even those who are used to microarray 
technologies sometimes still need to dissociate themselves 
more fully from a hypothesis-driven view, as it is not data 
production but data interpretation that is still often biased 
by pre-existing ideas.

The global view obtained by microarray approaches 
might also lead to a more diffuse description of biological 
systems. This does not necessarily reflect an inability to 
produce quantitative data, but rather is a manifestation of a 
system’s complexity. Likelihood values might describe 
a process better than exact numbers because complex-
ity brings about variability, which is difficult to quantify 
because of its redundancy and ability to compensate.

Expansion towards experimentally complex systems 
will be an important direction of future development. 
Because the integration of information that is obtained 
in separate experiments at many molecular levels is 
crucial, this will eventually move beyond being carried 
out in silico only — experimental multiplexing by ana-
lysing different processes on a single system platform 
will become important. For example, in principle, all 
genes of an organism could be placed on a chip, includ-
ing their promoter regions and other control units of 
transcription and translation. Many aspects of regula-
tion, transcription, translation, protein modification 
and protein action, as well as their immediate effects 
on the other elements of the system (for example, 
protein activity on transcription), could be assayed 
in vitro in series or in parallel, in different combina-
tions. Therefore, current in silico systems biology could 
translate into ever more complex experimental set-ups 
that allow the evaluation of a biological issue in a sys-
temic experimentation. Given that surfaces have such a 
crucial role in biology, microarrays might be the arche-
typal platform for an eventual model of a cell. Systems-
biology descriptions of both physical and biological 
surface effects, such as aspects of mass transport95, 
will be crucial for this outcome.

Microarray technology has grown into a lively 
teenager, with all the features that are typical of this 
age. Although approaching adulthood, it is also still 
in a phase of trying to find its way and defining its 
goals. There is a lot of enthusiasm, which is typical 
for this age and which also reflects recent advances 
in performance. However, one should keep in mind 
that the technique’s current behaviour is not always 
at its best, although the real blunders of the rough-
and-tumble time are gone. At the same time, new and 
surprising sides become apparent and the complexity 
of the character continues to grow.
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