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ABSTRACT

DNA hybridization arrays [also known
as macroarrays, microarrays and/or high-
density oligonucleotide arrays (Gene
Chips)] bring gene expression analysis to
a genomic scale by permitting investigators
to simultaneously examine changes in the
expression of literally thousands of genes.
For hybridization arrays, the general ap-
proach is to immobilize gene-specific se-
quences (probes) on a solid state matrix (ny-
lon membranes, glass microscope slides,
silicon/ceramic chips). These sequences are
then queried with labeled copies of nucleic
acids from biological samples (targets). The
underlying theory is that the greater the ex-
pression of a gene, the greater the amount of
labeled target, and hence, the greater output
signal. In spite of the simplicity of the exper-
imental design, there are at least four differ-
ent platforms and several different ap-
proaches to processing and labeling the
biological samples. Moreover, investigators
must also determine whether they will utilize
commercially available arrays or generate
their own. This review will cover the status
of the hybridization array field with an eye
toward underlying principles and available
technologies. Future developments and tech-
nological trends will also be evaluated. 

INTRODUCTION

As investigators work on more com-
plete and annotated copies of the human
genome project, their attention turns to
methods for using this wealth of infor-
mation. Two questions generated by se-
quencing the entire complement of hu-
man genetic material are (i) how
differential expression of that informa-
tion is associated with health and disease
and (ii) how mutations or small natural
variations in that sequence produce ge-
netic disorders and/or increased risk for
disease. The former of these, gene ex-
pression, is the cornerstone of functional
genomics. In the present context, func-
tional genomics is defined as the study
of all the genes expressed by a specific
cell or group of cells and the changes in
their expression pattern during develop-
ment, disease or environmental exposure
(Figure 1). While sequence polymor-
phisms are sometimes included as part
of the functional genomics field, this re-
view will place such work under ge-
nomics because it represents variations
in DNA sequence. Specifically, this re-
view will look at the use of hybridization
arrays to study gene expression.

Hybridization arrays have created a
wave of interest and skepticism in the
past five years. While many scientists
view the use of arrays to monitor gene
expression for thousands of genes as
the dawn of functional genomics
(13,19,27), others see the technology as
expensive nonhypothesis-driven de-
scriptive research—the ultimate “fish-
ing experiment” (9,47). Both views
have valid points, and this controversy
can be typical of any new field of study.
Although gene expression studies using
multiplex hybridization arrays have
been performed on a wide range of re-
search topics including cell biology, ag-
ing, cancer, environmental toxicity and

drug abuse (20,29,37,42,54,75), per-
forming these experiments in a manner
that yields accurate results presents a
unique technical challenge.

This review will elaborate the techni-
cal underpinnings of hybridization ar-
rays and describe potential problems that
must be addressed for reliable determi-
nation of gene expression changes. The
basics of multiplex hybridization arrays
will be presented first, followed by the
descriptions of the four different types of
array platforms: macroarrays, microar-
rays, high-density oligonucleotide arrays
(Gene Chips; Affymetrix, Santa Clara,
CA, USA) and microelectronic arrays.
Next, probe selection and design will be
discussed. Subsequently, because all ar-
rays employ the same four basic compo-
nents: target labeling, target-probe hy-
bridization, detection and data analysis
(Figure 2), these steps will be individual-
ly discussed. Finally, central aspects of
experimental design will be reviewed.
This presentation is not intended to ad-
vocate a specific experimental approach
or any single version of the technology.
Neither will this commentary address
uses of arrays for multiplex sequencing
or polymorphism detection (21,32) (im-
portant topics worthy of independent
discussion in their own right; “ge-
nomics” in Figure 1). Rather, this discus-
sion focuses on the “good practice” use
of arrays for monitoring differential
gene expression with the realization that
the best choice of experimental options
depends on the specific application.

ARRAY BASICS

In the past, analysis of gene expres-
sion (through measurement of steady-
state levels of mRNA) was conducted
one gene at a time. Northern blotting,
dot blots and quantitative RT-PCR were
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the common methods for investigating
such changes in gene expression.
Northern blot analysis (3) works with
sample RNA that has been resolved by
agarose electrophoresis and bound to a
membrane. A gene-specific probe is
then labeled and hybridized to the im-
mobilized RNA, but large amounts of
RNA are frequently required, only one
gene is analyzed at a time and the ap-
proach requires the production of an in-
dividual and specific probe for each
gene of interest. Dot blots (35,59) are
an attempt to increase the throughput of
northern blots by eliminating the need
for electrophoretic resolution, but they
suffer from the same problems of sin-
gle-gene analysis. Quantitative RT-PCR
was subsequently developed in the hope
that it would increase the throughput
and reduce the sample size needed to
measure gene expression. Quantitative
RT-PCR certainly is more sensitive and
therefore requires less RNA than blot-
ting methods, but this procedure pre-
sents unique problems in the form of

designing appropriate amplification
standards and characterizing reaction
kinetics for each gene of interest (30). 

Differential display (43,44), serial
analysis of gene expression (SAGE)
(71) and total gene expression analysis
(TOGA) (63) offer great promise be-
cause they are multiplex technologies,
but they have limited development and
acceptance. The very advantage of
these approaches (unbiased screening)
is the source of their greatest limitation
in that identified genes must then be se-
quenced, identified and analyzed in a
serial fashion. These procedures can be
time and labor intensive and prone to
false positives. However, these tech-
niques are still the best for gene discov-
ery—that is, finding unknown genes.
Hybridization array technology, on the
other hand, offers to bypass many of
the limitations of these techniques by
simultaneously creating labeled copies
of multiple sample RNAs and then hy-
bridizing them to many different gene-
specific fixed DNA molecules (Figure

2). The nomenclature has developed
whereby the labeled sample RNA is
termed the target and the individual
gene sequences placed on the array are
termed probes (Figure 2) (50).

It is noteworthy that, while arrays
are increasingly used for gene expres-
sion analysis, they only measure rela-
tive and not absolute levels of gene
transcription. That is, the relative levels
of RNAs can be described (e.g., Sam-
ple A has 50% more of the specific
RNA than Sample B), but absolute
amounts (e.g., Sample A has 1000
copies of the RNA and Sample B has
500 copies of the transcript) cannot be
determined. Most hybridization arrays
are not designed to differentiate be-
tween alternatively spliced transcripts
of the same gene and, in some cases,
between highly homologous members
of a gene family. Finally, a change in
mRNA does not necessarily correlate
with a change in protein (4), and the
translated protein often requires further
modification to realize its full activity.
These latter two points are a common
and legitimate criticism of the technol-
ogy. However, until proteomic tech-
nologies (49) (Figure 1) become uni-
versally accessible to the research
community, hybridization arrays are
the best opportunity for studying gene
expression on a genomic scale.

ARRAY TYPES

The hybridization array, an ingen-
ious inversion of the northern blot (fre-
quently considered the reverse north-
ern), has spawned a number of different
formats. Current array formats can be
categorized into four groups: macroar-
rays, microarrays, high-density oligo-
nucleotide arrays (Gene Chips) and
microelectronic arrays. While the nom-
enclature in the field is vague and vari-
able, we use these terms to describe
specific formats. In many places in the
literature, all of these formats are re-
ferred to as microarrays; however, we
will use the term hybridization array to
describe the technology as a whole,
while the term microarray will describe
a specific subset of hybridization ar-
rays. These varying platforms differ
according to matrix, probe number/den-
sity, array size and type of label. An un-
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Figure 1. The flow of genetic information. Genetic information flows from DNA into mRNA through
transcription and then from mRNA to protein through translation. The different technologies for each
level of analysis are indicated. It should be noted that there is some controversy over whether polymor-
phism analysis should be included in functional genomics. For the present discussion, we chose to in-
clude this under genomics because it represents structural variations in DNA sequence, albeit with the
potential to represent functional changes.



derstanding of the strengths and weak-
nesses of each platform is necessary to
decide which is appropriate for an indi-
vidual investigator’s research aims.

Macroarrays

Macroarrays (Figure 3A) are gener-
ally defined as those arrays that rely on
robotically spotted probes that have
been immobilized on a membrane-
based matrix. The term macroarray as
opposed to microarray (discussed next)
refers to the generally lower probe den-
sity on these arrays. While density
varies among arrays, the term macroar-
ray is useful because of other inherent
differences of membrane-based arrays.
The idea of macroarrays grew from ear-
ly hybridization experiments against
cDNA libraries (31,38). These experi-
ments were combined with improve-
ments in molecular biology and the use
of robotic workstations to spot individ-
ual cDNA clones onto membranes
(48,66,80). Currently, DNA clones,

PCR products or oligonucleotides are
all spotted onto membranes as probes.
Macroarrays are unique among hy-
bridization arrays in that they use ra-
dioactive target labeling, although
chemiluminescent labeling has also
been described (52). After radioactively
labeling the target, different samples are
hybridized to individual separate arrays.
Phosphorimagers (or less frequently X-
ray film) are then used to detect the
bound target. These arrays, typically
containing between 200 and 5000
genes, are commercially available for a
wide variety of organisms and genes
and can be obtained from a number of
companies. The number of commercial-
ly available macroarrays is rapidly ex-
panding, and these companies’ offer-
ings are listed on the Internet at www.
gene-chips.com/, www.wfubmc.edu/
physpharm/genetech/ and www.people.
cornell.edu/pages/alm13/chips.html.
Custom macroarrays can also be con-
structed in-house by hand or by robot
and can contain as few as a dozen or as

many as thousands of genes. The com-
plexity of generating these arrays is a
topic unto itself (15,16,24).

Microarrays

Microarrays (Figure 3B) can be dif-
ferentiated from macroarrays in three
ways. First, microarrays use a glass or
plastic slide as a matrix. Second, they
use fluorescent dye-labeling detection.
Third, they tend to have a larger num-
ber and higher density of probes than
macroarrays. As with macroarrays,
probes are made from either clones,
PCR products or oligonucleotides spot-
ted robotically. A leader in this area has
been P.O. Brown at Stanford Universi-
ty, who introduced this form of micro-
array in 1995 (20,55,58). This approach
has advantages in that hybridization
takes place in a flow cell or small hy-
bridization chamber, which uses a
much smaller hybridization solution
volume as compared to macroarrays,
thereby increasing the relative target
concentration. A competitive fluores-
cent scheme allows both sample groups
(control and treated) to be hybridized to
the same array and is discussed further
in the section on detection. Like macro-
arrays, an ever-expanding number of
microarrays are commercially available
and listed on the Internet (www.
api.com, www.gene-chips.com/, www.
wfubmc.edu/physpharm/genetech/ and
www.people.cornell.edu/pages/alm13/
chips.html). Many research institutions
are currently investing heavily in the
equipment to produce custom microar-
rays in-house. This process has been
reviewed (15,16,24) and allows re-
searchers to focus on specific genes of
particular interest to their research. One
caveat with custom production, howev-
er, is that it is an involved effort (requir-
ing intensive bioinformatics and mole-
cular biology), and many groups find
that scale-up times are about a year.

High-Density Oligonucleotide
Arrays

High-density oligonucleotide arrays
(Figure 3C) differ from other formats in
that the probe is generated in situ on the
surface of the matrix. The leader in
these arrays is Affymetrix and their
combinatorial synthesis method (40).
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Figure 2. Hybridization array experimental scheme. All hybridization arrays are based on the same
four steps. (i) RNA is isolated from samples. (ii) An array with many gene-specific probes for the organ-
ism being studied is purchased or constructed. (iii) Labeled targets are created from the sample RNA. (iv)
The targets are hybridized to the probes, and the relative signals are measured. In the case of microar-
rays, fluorescent dyes are used to label the RNA targets (one color for each condition). These are then
mixed and used to query the array in a competitive manner. The detection system discriminates the rela-
tive signal outputs. High-density oligonucleotide arrays and microelectronic arrays use the same fluores-
cent dye with a separate array for each sample. In the case of macroarrays, the RNA is converted to ra-
dioactively labeled cDNAs, and the control and experimantal targets are used in separate hybridization
and washing experiments.



This method makes use of a process
called photolithography to construct
probes on the array surface by making
oligonucleotides one base at a time.
This synthetic scheme has been de-
scribed in detail elsewhere (28,46). Be-
cause the combinatorial synthesis
scheme has a 95% efficiency at each
step, synthesis of oligonucleotides
longer than 25 bases is problematic. As
a result of using these 25-mer oligonu-
cleotides for gene expression analysis,
mismatches and spurious target-probe
binding can take place because of the
limited specificity and binding affinity
for a 25 residue oligonucleotide. To

overcome this problem, a series of
oligonucleotides that differ by a one-
base mismatch from the gene-specific
probe are also included on the array and
can be used to determine the amount of
mismatch hybridization, which can
then be subtracted from the signal (41,
78). These arrays, which are available
only from Affymetrix, contain between
40 000 and 60 000 probes (including
multiple mismatch controls for each
gene) and provide the highest density
of probes of any array. The greatest hin-
drance to widespread use of this tech-
nology has historically been the high
cost and limited organisms available.

Microelectronic Arrays

Microelectronic chips (Figure 3D)
are one of the newer formats for hy-
bridization arrays. They are the result of
a combination of advances in molecular
biology and semiconductor microfabri-
cation techniques. Instead of a mem-
brane or a glass slide platform, these ar-
rays consist of sets of electrodes
covered by a thin layer of agarose cou-
pled with an affinity moiety (permitting
biotin-avidin immobilization of probes).
Each microelectrode is 80 µM in diam-
eter and is capable of generating a cur-
rent (22,60). The incorporation of
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Figure 3. Array types. (A) Macroarrays use a nylon or nitrocellulose membrane matrix onto which nucleic acid probes have been deposited. Samples are ra-
dioactively labeled and hybridized in parallel. Detection is best accomplished through phosphorimaging (although film autoradiography can be employed). (B)
Microarrays use a silicon or plastic matrix and a fluorescence-based labeling scheme in which both control and experimental samples are hybridized to the same
array in a competitive manner. Fluorescent scanners are used for detection. (C) High-density oligonucleotide arrays are constructed by in situ synthesis of probes
on the silicon matrix. The probes are limited in length and therefore specificity. A mismatch detection scheme is used to determine specific hybridization. (D)
Microelectronic arrays use an electric field generated by individually controllable electrodes to immobilize probes and to control target hybridization. Reversal
of the electric field is used for washing the chips.



controllable electric fields gives a new
degree of control over probe deposition
and target hybridization (see hybridiza-
tion section) (14,33). This technology is
still under development by Nanogen
(San Diego, CA, USA) but has great po-
tential because of its ability to move nu-
cleic acids (and proteins) around on the
surface of the chip.

Other Formats

A number of alternative formats to
hybridization arrays are under develop-
ment. Xanthon (Reseach Triangle Park,
NC, USA) uses a microplate and elec-
trochemical detection. Lynx Therapeu-
tics (Hayward, CA, USA) has devel-
oped a cell sorter-based scheme (10).
Interactiva (Ulm, Germany) employs a
gold matrix for arrays. Finally, Gene
Logic (Berkeley, CA, USA) has pro-
duced fiber optic bundle, bead-based
arrays. All of these technologies have
interesting capabilities, but few pub-
lished reports are available on their use
in gene expression experiments. Their
future is dependent on being easier,
cheaper and more reliable than current
hybridization arrays.

PROBES

Probe design and production are the
key developments that have made hy-
bridization arrays possible. Without the
wealth of sequence data available from
various genome projects and sequence
databases, the generation of probes
would not be possible. Using these ge-
netic databases, specific probes can be
constructed for each gene to be placed
on the array. Probes should be both or-
ganism- and gene-specific; otherwise,
nonspecific hybridization can compro-
mise the experiment. Some probes can
be used across species, among humans
and higher primates, for example,
where there is a high degree of se-
quence identity (29). Probes for homol-
ogous gene families should also be
constructed to hybridize to regions with
the lowest sequence conservation.
Physically, probes take three different
forms: complex cDNA clones, PCR
products and oligonucleotides. Clones,
PCR products and oligonucleotides are
used with macroarrays, microarrays

and microelectronic arrays, whereas
high-density oligonucleotide arrays use
only short oligonucleotide probes.
Clone-based probes are spotted onto ar-
rays as whole genes or fragments of
genes and are usually obtained from
clone libraries. Frequently, the se-
quences of these clone-based probes
are not specifically designed for re-
gions of low homology to other genes.
This can result in nonspecific hy-
bridization. Clone probes can be any-
where from a few hundred base pairs to
several kilobases. PCR Product probes,
when properly designed, represent non-
homologous regions of a gene generat-
ed by PCR from a cDNA clone, library
or RNA and tend be 200–500 bp in
length. Oligonucleotide probes differ
from the other probes in that they can
be deposited by printing or synthesized
in situ on the array matrix by photolith-
ography (28,45). In situ synthesized
oligonucleotide probes generally do not
exceed 25 bases in length because of
reaction efficiency limits. Because 25
bases are not often enough to be gene
specific, a number of different oligonu-
cleotide probes are used per gene on
high-density oligonucleotide arrays
with deliberate mismatches incorporat-
ed to discriminate mispriming (41).
One limitation of this process is that
high-density oligonucleotide arrays
generally cannot be used across
species, and custom arrays cannot be
readily produced by researchers as with
other formats.

TARGET LABELING

To measure the amount of probe-tar-
get hybridization, a labeled target must
be created. This is usually accom-
plished by a reverse transcription reac-
tion where one of the nucleotides in the
reaction mixture contains either a ra-
dioactive or fluorescent label. A label
as such is any chemical or radiochemi-
cal that can later be used for detection.

The most basic method for creating
a labeled cDNA is reverse transcription
with the retroviral enzyme reverse tran-
scriptase. Reverse transcription requires
a primer for initiation, which can be oli-
go(dT) (to target 3′ ends of messenger
RNAs), random hexamers (to indis-
criminately copy all RNA) or gene-spe-

cific primers. While gene-specific
primers reduce noise by copying only
the genes for which there are probes on
the hybridization array, their use also
requires the production of hundreds or
thousands of primers. Other labeling
techniques include amplified antisense
RNA (70,73), tyramide signal amplifi-
cation (TSA) (36), strand displacement
amplification (SDA) (76) and PCR
(62,69). These methods have the advan-
tage of signal amplification during la-
beling by creating multiple copies or
labels. This helps overcome problems
associated with low expression of some
genes or small sample sizes. The kinet-
ics of the amplification step, however,
must be exactly reproducible in these
approaches; otherwise, changes ob-
served on the array could be the result
of differential amplification artifacts.

HYBRIDIZATION

Hybridization and washing are criti-
cal to the generation of high-quality hy-
bridization array gene expression data.
Regardless of the format, the even dis-
tribution of both hybridization and
wash solutions is important for opti-
mization of target-probe interactions
and minimization of background, re-
spectively. Recall that the purpose of
hybridization is to enable complemen-
tary target and probe sequences to
specifically bind. To accomplish this,
the hybridization solution must be
evenly mixed to permit targets (in the
hybridization solution) to be evenly dis-
tributed over the probes (on the solid
matrix). Similarly, wash solutions must
be evenly distributed over the array to
remove nonhybridized probes, reduce
nonspecific hybridization and minimize
background. In that there are several
physical types of arrays, there are also
different ways in which they can be hy-
bridized and washed. In this section,
three different hybridization techniques
will be reviewed: (i) traditional nylon
membrane methods, (ii) glass micro-
scope slides in flow cells and (iii) elec-
tric field-enhanced methods. Generally,
macroarrays use traditional membrane
methods, microarrays and high-density
oligonucleotide arrays use flow cells,
and microelectronic chips use a direct-
ed electric field in solution.
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Traditional Methods

Since Edwin Southern’s introduc-
tion of nucleic acid blotting (61), most
hybridization schemes have relied on
hybridization taking place in sealed
bags or solution-filled bottles. Hybridi-
zation bottles are designed to roll or ag-
itate in a temperature-controlled envi-
ronment. These bottles are also used for
the sequentially more stringent washes
(lower salt concentration and higher
temperatures) that serve to minimize
background. Conveniently, most nylon
membrane-based arrays are hybridized
in this way. Therefore, molecular biol-
ogy researchers familiar with mem-
brane hybridization techniques can im-
mediately use existing hybridization
equipment for macroarray experiments.

A technical challenge exists, howev-
er, in that arrays are hybridized and
washed in different bottles and yet are
compared to each other. Differences in
hybridization or washing between the
two membranes can result in inconsis-
tent, poor-quality data. Therefore, when
using this technique, great care must be
taken to ensure identical conditions dur-
ing hybridization and washing of both
macroarrays in an experiment. 

Flow Cells

Microarrays and high-density oligo-
nucleotide arrays use a glass slide or sil-
icon chip matrix that is anchored to the
bottom of a sealed chamber through
which solutions can be directed. Tem-
perature is controlled by a metal plate
beneath the slide. Alternatively, small
hybridization cassettes, into which the
solutions can be added, can be used in
water baths. In either format, tempera-
ture and volume control are optimized,
and consistent hybridization and wash-
ing steps are attainable. Though most
laboratories are not equipped with this
hardware, many researchers believe that
the increased throughput and hybridiza-
tion efficiency make the technology
worth the investment.

Electric Field

The previous two hybridization
techniques rely on the random, passive
interaction between matched targets
and probes. The passive approach has
inherent difficulties. Different target-

probe pairs have different melting tem-
peratures and hybridization kinetics.
The temperature and salt concentra-
tions of hybridization solutions repre-
sent the best conditions for the probe
population mean and therefore will not
be optimal for some pairs. In addition,
the kinetics of hybridization are depen-
dent on the target concentration in solu-
tion, and low concentration targets will
require a longer time to hybridize, if
they hybridize at all. Using an electric
field to control hybridization can poten-
tially eliminate many of the problems
of passive hybridization.

During electric field-driven hy-
bridization (or active hybridization), a
current is generated at a single test site,
drawing all targets in the hybridization
solution toward the site because of
DNA’s inherent negative charge. Active
attraction increases the effective con-
centration of target at a probe site and
thus speeds the process to such an ex-
tent that only minutes are required for
hybridization, compared to hours for
passive hybridization. Next, by revers-
ing the current, the site can be washed
of any mismatches and spurious binding
because any incompletely hybridized
targets will not possess the hydrogen
bonding strength required to overcome
the repulsive forces of the current. A
further advantage of this technique is
that multiple samples can be assayed by
the sequential hybridization of individ-
ual samples to different sets of probes
on the same array. This technology is
currently under development (Nanogen)
and, if it can be made inexpensive
enough, could represent the future of
hybridization arrays (14,33).

DETECTION

Whether elucidating developmental
gene expression changes or characteriz-
ing a tumor cell line, array experiments
all share a common thread in their de-
sign—creating a clear picture. Thus,
sensitive and accurate signal output de-
tection is imperative. In this section, two
methods of detection will be discussed:
(i) radioisotopic and (ii) fluorescence.

Radioisotopic Detection

Detection of nucleic acids on macro-
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arrays is most commonly accomplished
through the use of a radioactive isotope
in conjunction with an imaging plate/
phosphorimaging system. After hybridi-
zation and washing, the array is apposed
to an image plate, and the signal intensi-
ty is detected when the plate emulsion is
excited by the high-energy radioactive
particles (recall that the labeling step
yielded a radiolabeled cDNA) (53). Fol-
lowing an appropriate exposure time,
the image plate is developed by scan-
ning with a laser of an appropriate
wavelength, thus releasing the energy of
the excited electrons. This release is de-
tected by the phosphorimager yielding a
digital image of the radioactivity (both
location and intensity). After image cap-
ture, analysis is performed using com-
puter software that ascribes signal inten-
sities to all of the pixel within each spot.
In this way, the intensity of a gene-spe-
cific spot on the control array can be
compared to the same spot on the exper-

imental array. Classically, X-ray film
has been used to image radioactivity;
however, phosphorimaging’s superior
dynamic range, shorter exposure times
and direct digital output have made it
the method of choice. 

Fluorescence Detection

Fluorescence detection is used with
microarrays, high-density oligonucleo-
tide arrays and microelectronic chips.
The main reason for using fluorescence
is that gene expression experiments can
use a competitive hybridization scheme
in which both experimental and control
samples are hybridized to the same ar-
ray. It is possible to differentiate the sig-
nals from the control and experimental
samples because of a fluorescence phe-
nomenon known as the Stokes shift.
The Stokes shift of a fluorescent tag is
the difference between its excitation
and emission wavelengths. Fluorescent

tags are compounds that absorb light of
a certain wavelength, exciting electrons
within the compound to a higher energy
state. From this higher energy state,
photons are emitted at a specific wave-
length for each compound. Therefore, if
two samples (control and experimental)
are labeled with different fluorescent
tags having different emission wave-
lengths, their respective signals can be
detected separately within the same ex-
periment. Because the emission of en-
ergy is generally linear, the amount of
signal detected is relative to the amount
of fluorescently labeled cDNA hy-
bridized to the probe. For example, one
sample is labeled with a red dye and the
other is labeled with a green dye. When
the samples are mixed and used to
query an array, if there is more mRNA
for a given gene in one sample, there
will be more dye of that particular color
and, following hybridization, a predom-
inance of that dye signal over the other.
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The advantage of a competitive hy-
bridization scheme such as this is that
comparison of inter-array hybridiza-
tion, as seen with the macroarray for-
mat, is eliminated.

Fluorescence is generally detected
using a confocal scanning microscope,
which uses lasers for generating light of
the correct excitation wavelength and
photomultiplier tubes for detection
(57). The confocal nature of these de-
vices is such that having a pair of focal
points restricts the detection of light to
one direction and reduces light from
spurious sources above, below or to the
side of the part of the array being
scanned. A drawback of confocal scan-
ners, however, is that each excitation
wavelength must have its own expen-
sive laser, and they therefore tend to be
costly. Charge-coupled device (CCD)
detectors have been used in an attempt
to provide more flexibility because they
can use a single light source with dif-
ferent filters for different excitation
wavelengths. The CCD detectors are
hampered by hardware issues, however,
and time will tell if they can become a
competitor of the confocal microscope.

DATA ANALYSIS

The creation, hybridization and de-
tection of hybridization arrays may
seem to be a daunting task. It would
appear that once an image of the array,
with relative intensities for each sam-
ple, has been generated, the experi-
ment would nearly be finished. Unfor-
tunately, this is not the case as
scientists are now learning that the
massive amounts of data generated by
arrays pose a new challenge (6,11,
26,65,72). In this section, basics in ar-
ray normalization and data manage-
ment will be presented, along with a
look at the mathematical models being
developed to help create a relevant bio-
logical story from expression data. 

Basics

The first steps in data analysis are
background subtraction and normaliza-
tion. The principals of both are similar
to the techniques used with convention-
al nucleic acid or protein blotting.
Background subtraction pulls the non-

specific background noise out of the
signal detected for each spot and allows
comparison of specific signals. For il-
lustration, if the signal intensities for
the control and experimental spots are 4
and 6, respectively, it would appear that
the experimental is 50% higher. How-
ever, if a background of 2 is subtracted
from both signal intensities, the experi-
mental value is actually 100% higher
than the control. Background is often
taken from the blank areas on the array.
A complication to background subtrac-
tion is that variations in background
across the array can affect some spots
more than others. An alternative is to
use either a local background for the
area around each spot or spots with the
lowest signal intensities for background
determination. The latter may be a
more accurate determination of non-
specific background because it repre-
sents the nonspecific binding of targets
to probe. Background intensities from
blank areas (no nucleic acids) do not
contain probe and are arguably a differ-
ent form of background. 

Normalization is the process of ac-
counting for differences between sepa-
rate arrays. All macroarray and high-
density oligonucleotide experiments
and any other multiple array experi-
ments may require the use of normaliza-
tion for consistent comparisons. For ex-
ample, when a pair of macroarrays
representing control and treated sam-
ples shows a difference in overall or to-
tal signal intensity, such differences can
arise from unequal starting amounts of
RNA or cDNAs, from labeling reac-
tions of different efficiencies or from
subtle differences in hybridization effi-
ciencies. Any of these factors can skew
the results. One common method of
normalization is to use a housekeeping
gene, thought to be invariant under ex-
perimental conditions, for comparison
(74). If the signal for this gene is higher
on one array than the other, it can be
used to normalize the data. Housekeep-
ing genes are problematic for many ex-
periments because housekeeping genes
do in fact vary under some experimental
conditions (64). To overcome the vari-
ability of these genes, some researchers
have turned to a “basket” or “sum” ap-
proach for normalization. This strategy
is based on the precept that the overall
or global levels of gene expression are
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unaffected by the experimental condi-
tions, and changes are equally distrib-
uted between inductions and reductions.
Therefore, arrays can be normalized by
taking the sum of the intensities for all
control and experimental spots and
equilibrating them. Even this approach
is invalid for some experiments, howev-
er, and exogenous synthetic RNA stan-
dards have been used to normalize (23).

Clustering Analysis

Because the sheer quantity of data
generated by arrays exceeds the ability
of manual human assessment, new
modes of analysis are needed to effec-
tively and exhaustively explore hy-
bridization array results. To this end,
there have been advances in computa-
tional biology and bioinformatics that
have helped to create a biological story
out of the databases generated by hy-
bridization array data (6,18,79). As this
topic warrants an in-depth review of its
own, the current discussion will pro-
vide only a basic overview of histo-
grams and clustering algorithms.

For binary experiments, where there
is a control and a single experimental
condition, a common first step in data
analysis is to create a histogram. His-
tograms serve to rank genes in order of
magnitude of change from greatest in-
duction to greatest reduction (29,51).
Moreover, the histogram provides a vi-
sual sense of the distribution (between
induction and reduction) and any skew
to the results. Such a comparison high-
lights those genes that show the great-
est fold (+ or -) changes. These genes
can subsequently be made into a simple
list and examined further at the level of
protein or activity.

For more complex experimental de-
signs, where there are two or more
experimental conditions (typically, an
experiment looking at multiple time-
points, doses or groups), the computa-
tional requirements are much greater.
The question then becomes not one of a
simple change under one condition, but
of how one gene (out of thousands)
changes over multiple conditions. The
first step in understanding such com-
plex relationships is to plot the expres-
sion of each gene over the various con-
ditions. With large experiments
analyzing thousands of genes, these

data increase dramatically, and as a re-
sult, it can be difficult to find patterns in
the data. To this end, clustering algo-
rithms have been employed. Stated
simply, these approaches seek to find
groups of genes, or clusters, that be-
have similarly across the experimental
conditions. Clusters and the genes
within them can subsequently be exam-
ined for commonalities in function or
sequence to better understand how and
why they behave similarly (17). A
number of different methods: k-means,
self-organizing maps, hierarchical clus-
tering, vector machines and Bayesian
statistics are employed for clustering
analysis (2,7,12,25,34,67,68,75,77). In
contrast to an expression histogram that
focuses only on the genes whose ex-
pression changes, an advantage of clus-
tering analysis is that it uses all of the
data generated. In a multi-endpoint ex-
periment, clustering analysis can also
identify groups of genes that do not
change their expression pattern under
some, or all, of the conditions. The fact
that a group of genes is unperturbed or
unresponsive in a specific experimental
condition can lead to valuable biologi-
cal insights. Clustering analyses will be
critical for the mining of public expres-
sion databases that are being generated
(References 8, 18 and Web sites: www.
cmgm.stanford. edu/pbrown/, www.
nhgri.nih.gov/DIR/LCG/15K/HTML/
index.html and www.arraydata. org).

Clustering techniques are also being
used to combine gene expression data
generated from hybridization arrays
with other experimental data. This is the
likely direction of functional genomic
research in the future. The goal is being
able to make correlations between
seemingly disparate measures such as
biochemical, electrophysiological or be-
havioral observations. This type of clus-
tering, which combines gene expression
with other data, has begun to be demon-
strated in the cancer field (54,56).

EXPERIMENTAL DESIGN

All successful science is based on
sound experimental design. From a
practical standpoint, this is especially
true of hybridization array experiments
because the time and resources that can
be wasted on poorly designed function-

al genomic research is staggering. For
both the beginning researcher and those
already conducting experiments using
hybridization arrays, it is worth exam-
ining the concerns of sample collection,
fold changes, sensitivity and post-hoc
confirmation.

Sample Collection

Sample collection is a basic element
of experimental design for many molec-
ular biological experiments, but it is
worth reiterating. Depending on the
cells or tissue being examined, it is often
unavoidable that a sample will contain
multiple cell types. In complex samples
such as brain tissue, there is routinely a
heterogeneous cell population. There-
fore, observed changes may represent a
change in one cell type or all cell types.
Similarly, smaller changes occurring in
only one cell type may be hidden. Thus,
researchers must be mindful of this het-
erogeneous population when drawing
conclusions. Similarly, in comparing
normal and cancer samples, there will
be obvious differences in the proportion
of the cell types (i.e., cancer cells will be
over-represented). Therefore, interpreta-
tions of differences in gene expression
may be complicated by the sheer mass
of one cell over another. A promising
technological solution is laser capture
microdissection, which allows very
small and identified cellular populations
to be dissected (42). 

The timing of tissue collection goes
hand-in-hand with the nature of the col-
lected tissue, and, therefore, sample col-
lection times will be important. For ex-
ample, in an experiment in which cells
undergo programmed cell death, the
collection time point will determine if
causative changes or endpoint changes
are observed. If a late timepoint is cho-
sen, it becomes increasingly difficult to
distinguish changes due to the general
breakdown of cellular processes from
those that have triggered cell death.

Detection Sensitivity

Detection sensitivity in array re-
search takes two very distinct forms.
The first, termed threshold sensitivity,
is the ability to detect one RNA species
out of a population and is a concern for
rarely expressed messages, for small
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sample sizes and is the traditional issue
of sensitivity common to other tech-
niques. The second sensitivity parame-
ter is “fold-change sensitivity”, the abil-
ity of hybridization arrays to reliably
determine a certain magnitude differ-
ence in expression. The claimed fold-
change sensitivity of different platforms
varies from 2- to 0.75-fold for fluores-
cence-based protocols and 1.5- to 0.66-
fold for radioactivity-based methods.
Determination of this parameter is cru-
cial to characterizing the technology
and ensuring that researchers choose
the technology most appropriate to their
goals (5). For research involving sys-
tems that undergo large gene expression
changes (e.g., yeast cell-cycle regula-
tion or organ developmental processes
where tenfold changes are expected),
one can detect such changes with fluo-
rescent protocols. Other research ef-
forts, for example in neuroscience,
where gene changes are less dramatic,
may find radioactivity-based methods
more applicable.

Post-Hoc Confirmation

One of the most common criticisms
of hybridization arrays is that when
hundreds or thousands of genes are ex-
amined at once, some will appear
changed by random chance. This is a
statistical reality and highlights the re-
quirement for post-hoc confirmation of
changes seen with arrays. This is be-
cause a single array experiment, repre-
senting an n of one, lacks the sample
size needed for statistical analysis.
Therefore, tests on individual samples
themselves are necessary to produce
statistical significance. Such corroborat-
ing experiments can examine the gene
changes at the level of mRNA (North-
ern blot, quantitative RT-PCR), protein
(immunoblot) or activity (enzymatic ac-
tivity, DNA binding or other measures).
The protein and activity tests are recom-
mended because they assess the gene of
interest at a level closer to function or
actually address the function itself. Pro-
tein analysis is important because in-
creased levels of transcription do not al-
ways translate into increased levels of
protein (4). In addition, protein assess-
ment is achieved with fundamentally
different experimental techniques and
may not be subject to the same sources

of error as the array. Unfortunately, im-
munoblotting and activity assays would
appear to return researchers to the sin-
gle-gene assay that hybridization arrays
were intended to avoid. This is not true
in practice because large amounts of
genes have already been screened by
the array. The optimal solution to as-
cribing relevance to the data is to devel-
op techniques by which confidence in-
tervals for individual genes can be
generated from arrays and these results
can be combined with proteomic tech-
niques under development (49). Alter-
natively, as costs are decreased, ex-
periments will ultimately permit
hybridization arrays for each sample.
Many researchers are exploring the use
of small (in terms of the number of
genes) arrays that focus on a specific
gene family or pathway. Regardless of
the confirmation strategy used, the ulti-
mate goal of hybridization array-based
experiments is not technical showman-
ship but the creation of biological narra-
tives to illuminate the issue at hand.

CONCLUSION

Potential applications for hybridiza-
tion arrays exist anywhere the levels of
gene expression are of interest. As de-
lineated in this discussion, the technolo-
gy will have to be optimized and tested
for each area of application. Foremost is
the need for probes specific to many dif-
ferent animal and plant models. This
will be made possible by the growing
number of genome projects for model
organisms [e.g., Arabidopsis thaliana
(39) and Drosophila melanogaster (1)].
Similarly, targeted (custom) arrays will
need to be generated for areas such as
cancer biology, neuroscience and devel-
opmental biology.

As detailed in this review, DNA hy-
bridization arrays will revolutionize
gene expression research. Like any new
method, researchers will have to be si-
multaneously aware of its power and its
limitations. The scientific community
and marketplace have embraced this
technology, as witnessed by the re-
search funding opportunities to acade-
mics and capitalization of array-based
companies. Hybridization arrays will
therefore clearly be a major tool of the
postgenome era.
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