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Systems biology holds the key for understanding biological
systems on a system level. It eventually holds the key for
the treatment and cure of complex diseases such as cancer,
diabetes, obesity, mental disorders, and many others. The
‘-omics’ technologies, such as genomics, transcriptomics,
proteomics, and metabonomics, are among the major
driving forces of systems biology. Featured as high-
throughput, miniaturized, and capable of parallel analysis,
protein microarrays have already become an important
technology platform for systems biology. In this review, we
will focus on the system level or global analysis of biologi-
cal systems using protein microarrays. Four major types of
protein microarrays will be discussed: proteome microar-
rays, antibody microarrays, reverse-phase protein arrays,
and lectin microarrays. We will also discuss the challenges
and future directions of protein microarray technologies
and their applications for systems biology. We strongly
believe that protein microarrays will soon become an indis-
pensable and invaluable tool for systems biology.
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Introduction

Unlike traditional biology, in which one gene or protein is
usually studied at a time, systems biology is trying to under-
stand life on a system level. It is based on the solid foun-
dation of modern biology. One of the very well recognized
definitions of systems biology is from Leory Hood and co-
workers [1]: systems biology does not investigate individual
genes or proteins one at a time, as has been the highly suc-
cessful mode of biology for the past 30 years. Rather, it
investigates the behavior and relationships of all the elements
in a particular biological system while it is functioning. The

biological systems are very complicate. They are formed as a
‘network of networks’. Systems biology has the power of
studying and understanding biological systems as a whole. It
may eventually hold the key for the cure of complex diseases
such as cancer, diabetes, obesity, mental disorders, and
many others, which are usually caused by multiple changes
of genes or proteins in more than one signaling pathway [2].
The ‘-omics’ technologies, such as genomics, transcrip-
tomics, proteomics, and metabonomics, are among the major
driving forces of systems biology. Featured as high-
throughput, miniaturized, and capable of parallel analysis,
protein microarrays have already become an important tech-
nology platform for systems biology [3–6] (Fig. 1).

Protein microarrays, also known as protein chips, are
miniaturized, parallel assay systems that contain small
amounts of purified proteins in a high-density format [7].
They allow the simultaneous determination of a variety of
analytes from small amounts of samples in a single exper-
iment. Early attempts to screen large numbers of protein/
protein fragments for biochemical activities included spot-
ting down bacterial strains and/or bacterial lysates of
protein expression cDNA libraries on nylon membranes
[8,9]. The major breakthrough came from a report by Zhu
et al., in which protein microarrays consisting of 5800
unique yeast proteins on a modified microscopic slide were
fabricated. Their utility has been shown by identifying
calmodulin- and phospholipid-binding proteins [5]. After
that, a variety of research groups have demonstrated numer-
ous applications of protein chips in various biochemical
assays, such as target identification of small molecules.

Protein microarrays are typically prepared by immobiliz-
ing proteins onto a microscope slide using a standard
contact [5,10] or a noncontact microarrayer [11–13]. A
variety of slide surfaces can be used. Popular types include
aldehyde- and epoxy-derivatized glass surfaces, Fullmoon
slides, and Schott NHS-derivatized slides for random
attachment through amines [10,14], nitrocellulose [15,16],
or gel-coated slides [17,18] for attachment through
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diffusion and adsorption/absorption, and nickel-coated
slides for affinity attachment of HisX6-tagged proteins.
After proteins are immobilized on the slides, they can be
probed for a variety of functions/activities. The reaction
signals are usually measured and recorded by fluorescent
or radioisotope labeling.

Protein microarrays can be classified into two types
according to their applications: analytical protein microarrays
and functional protein microarrays. Analytical protein micro-
arrays use well-characterized molecules that have known
specific activities as immobilized probes, such as antibodies,
peptide–MHC (major histocompatibility complex) com-
plexes, or lectins. They have become one of the most power-
ful multiplexed detection platforms and can be used for
monitoring protein expression, biomarker identification, cell
surface marker/glycosylation profiling, clinical diagnosis,
and environmental/food safety analysis. Traditionally, many
different proteins, or even the total proteome of an organism,
are spotted individually on a functional protein microarray.
Often these immobilized proteins are not well characterized.
Functional protein microarrays are mainly used to screen for
various types of protein activities, including protein–protein,
protein–lipid, protein–DNA, protein–drug, and protein–
peptide interactions, to identify enzyme substrates, and to
profile immune responses.

Till today, there are numerous formats of protein micro-
arrays [19–25]. A variety of applications could be devel-
oped on these microarrays. We are not intending to cover
the whole field of protein microarrays. Thus, we will focus
on the basic concept and discuss the latest advances of
protein microarray technology. Specifically, we will discuss
four major types of protein microarrays: proteome microar-
rays, antibody microarrays, reverse-phase protein arrays
(RPAs), and lectin microarrays. These microarrays are
capable of global and high-throughput analysis for systems
biology/systems biomedicine.

Proteome Microarray

A proteome microarray is defined as a protein microarray
immobilized with the majority or all of the open reading
frame (ORF)-coded proteins of an organism. It is highly
suitable for the unbiased global discovery study. According
to the fabrication strategy, the proteome microarray could
be simply classified into two types: expression based and
in vitro transcription and translation (IVTT) based (Fig. 2).
A vast amount of effort and cost is required for construct-
ing an expression-based proteome microarray. Since the
proteins need to be affinity purified, this type of proteome
microarray could be applied for all the possible protein-
related studies. As compared with the expression-based
proteome microarray, the IVTT-based proteome microarray
bypasses the most time-consuming protein expression and
purification step. Thus, the fabrication procedure of the
IVTT-based strategy is simple. However, since the proteins
have not been purified, application of this type of proteome
microarray is almost limited to serum biomarker
identification.

Several expression-based proteome microarrays have
been developed, such as the human protein microarray
[26], the yeast proteome microarray [5,27], and the
Escherichia coli proteome microarray [20]. These microar-
rays have recently been applied widely to discovery-based
biology, including protein–protein, protein–lipid, protein–
DNA, protein–drug, and protein–peptide interactions.

Protein–DNA interactions (PDIs) regulate a broad range
of functions essential for cellular differentiation, function,
and survival. As to profile sequence-specific PDIs globally,
Hu et al. [28] have combined bioinformatics and a human
transcriptional factor microarray to systematically character-
ize the human protein–DNA interactome. They identified
17,718 PDIs between 460 DNA motifs predicted to regu-
late transcription and 4191 human proteins of various func-
tional classes. Among them, they recovered many known
PDIs for transcription factors. Surprisingly, they also found
over 300 unconventional DNA-binding proteins, i.e.
RNA-binding proteins, mitochondrial proteins, and protein
kinases. The most striking result was that a well-known

Figure 1 Protein microarray is a key technology for systems
biology Theoretically, systems biology is a cycle of modeling–testing–

data analysis–remodeling. Eventually, we can use the established model to

predict the response of a given organism upon a given stimulation.

High-throughput technologies, especially the ‘-omics’ technologies, are the

major driving force for systems biology. In the post-genome era,

proteomics plays a fundamental role among those ‘-omics’ technologies.

Because of its high-throughput-analysis capability, miniaturized size, and

minimal sample and reagent consumption, protein microarray technology

has already become one of the most important technologies of proteomics.
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kinase—ERK2—was found to have transcriptional factor
activity.

Histone acetyltransferases (HATs) and histone deacety-
lases conduct many critical functions through nonhistone
substrates in metazoans. In order to address the question of
whether nonhistone HAT substrates exist in yeast, Lin
et al. [29], by using yeast proteome microarrays, identified
and validated many nonchromatin substrates of the essen-
tial nucleosome acetyltransferase of H4 complex. Among
these, acetylation sites of phosphoenolpyruvate carboxyki-
nase (Pck1p) were determined by tandem mass spec-
trometry. Acetylation at one site (Lys514) was crucial for
its enzymatic activity and the ability of yeast cells to grow
on nonfermentable carbon sources. Further data showed
that Pck1p activity could be linked to yeast chronological
life span.

Protein phosphorylation plays a central role in most cel-
lular processes and biological functions. Trying to explore
the high-throughput power of proteome microarrays, Ptacek

et al. [30] accomplished a large-scale ‘Phosphorylome
Project’ using yeast proteome microarrays. Eighty-seven
yeast kinases or kinase complexes were individually
probed on the yeast proteome arrays. Totally, 1325 distinct
protein substrates were identified, which represent 4129
phosphorylation events. These results provided the first
global network that connected kinases to their potential
substrates and offered a new opportunity to identify new
signaling pathways or cross-talk between pathways.

Although the applications described above are mostly
basic research, expression-based protein microarrays also
have a profound impact on clinical research. When proteins
on a functional protein microarray are viewed as potential
antigens that may associate with particular diseases, it
becomes a powerful tool in biomarker identification. In
order to identify serum biomarkers for ovarian cancer,
Hudson et al. [31] used protein microarrays and auto-
antibodies from cancer patients to identify proteins that are
aberrantly expressed in ovarian tissue. Sera from 30 cancer
patients and 30 healthy individuals were used to probe on
microarrays containing 5005 human proteins. Ninety-four
antigens were identified, which exhibited enhanced reactiv-
ity from sera in cancer patients relative to control sera. The
differential reactivity of four antigens was tested by immu-
noblotting and tissue microarrays. The combined signals
from multiple antigens were proved to be a robust test to
identify cancerous ovarian tissue.

A list of IVTT-based proteome microarrays for clinically
significant pathogens has also been fabricated in recent
years [32,33]. Compared with the expression-based strat-
egy, the major difference of the IVTT-based strategy is that
the proteins are expressed in an E. coli-based cell-free
IVTT system, and the crude reactions containing expressed
proteins were printed directly onto nitrocellulose-coated
slides without purification. These protein microarrays are
suitable for determining the antigen-specific humoral
immune response triggered by the corresponding
pathogens.

Mycobacterium tuberculosis is a high-mortality patho-
gen, killing almost two million people annually. The dis-
covery of novel biomarkers for monitoring active
tuberculosis (TB), and evaluating treatment outcome and
vaccine development, is on the top priority list for TB
study. Kunnath-Velayudhan et al. [34] fabricated an
M. tuberculosis proteome microarray. The microarrays
carried 4099 M. tuberculosis proteins, which corresponded
to .99% of the ORFs in M. tuberculosis H37Rv DNA.
Full-length M. tuberculosis proteins were detected in
.95% of the printed spots, as assessed by monoclonal
antibody reactivity to epitope fused to recombinant protein
termini. More than 500 TB suspects’ sera collected at
various sites worldwide with epidemiological and clinical
parameters were probed on the microarray. The results

Figure 2 Proteome microarray fabrication and application There are

two strategies for proteome microarray fabrication: the traditional

protein-expression-based strategy and the IVTT-based strategy. The only

difference between these two strategies during the process of protein

microarray fabrication lies in the preparation of proteins for microarray

printing. The expression-based strategy goes through the traditional cell

culture-inducing-affinity purification procedure, while the IVTT-based

strategy takes the cell-free IVTT system and without protein purification

as a short-cut. As compared with the IVTT-based strategy, the

expression-based strategy has many broad applications, especially for

functional assays, although it takes much more time and labor. However,

the application of protein microarrays fabricated by the IVTT-based

strategy is only limited to serum profiling and biomarker identification.
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showed that sera from worldwide TB suspects recognized
�10% of the bacterial proteome. This result defines the
M. tuberculosis immunoproteome, which is rich in
membrane-associated and extracellular proteins.

Candida albicans is an opportunistic pathogen and
little is known regarding the dynamics of its coloniza-
tion and pathogenesis. Mochon et al. [35] developed a

C. albicans protein microarray with 336 cell surface
proteins to profile the immunoglobulin G response
during commensal colonization and candidemia. Specific
cell surface antigens were successfully identified for
different phases (i.e. acute, early, and mid convales-
cence) of candidemia. A set of 13 cell surface antigens
were identified, capable of distinguishing acute

Table 1 Published proteome microarrays

Organism Published year/PI Proteins Applications

Expression based

Yeast 2001/M. Snyder [5] 5800 Interactions: protein–protein,

protein–phospholipids [5]; protein–

DNA [53]; phosphorylation network

[30]; glycosylation [6,27].

2005/M. Snyder [27] 5854

Arabidopsis 2005/B. Kersten [19] 1690 Phosphorylation [19]; protein–

protein interaction [54,55]; PDI/

transcriptional network [56].

2007/S.P. Dinesh-Kumar [54,55] 1133

2008/X.W. Deng [56] 802

SARS -CoV 2006/M. Snyder [57] 100% of SARS-CoV and

the majority of five other CoVs

Serum biomarker identification for

SARS-CoV diagnostics [57].

E. coli 2008/H. Zhu [20] 4256 DNA repair protein identification

[20]; inflammation bowel disease

(IBD) biomarker screening [58].

Human 2005/ProtoArrayw V1.0 .1000 Serum profiling [59]; kinase substrate

and inhibitor screening [60];

ubiquitination and sumoylation [61].

2010/ProtoArrayw V5.0 .9000

IVTT based

Vaccinia 2005/P.L. Felgner [32,33] 185 Serum biomarker identification for

diagnostics and vaccination.

E. coli 2006/H. Yanagawa [62] 4337 Protein–protein interaction.

Francisella tularensis 2007/P.L. Felgner [63] 1741 Serum biomarker identification for

diagnostics and vaccination.

Coxiella burnetii 2008/P.L. Felgner [64] 1988 Serum biomarker identification for

diagnostics and vaccination.

P. falciparum 2008/P.L. Felgner [65] 250 Serum biomarker identification for

diagnostics and vaccination.

Burkholderia pseudomallei 2009/P.L. Felgner [66] 1205 Serum biomarker identification for

diagnostics and vaccination.

Chlamydia trachomatis 2010/L.M. de la Maza [67] 225 Serum biomarker identification for

diagnostics and vaccination.

C. albicans 2010/H.P. Liu [35] 336 Serum biomarker identification for

diagnostics and vaccination.

Brucella melitensis 2010/P.L. Felgner [68] 1406 Serum biomarker identification for

diagnostics and vaccination.

M. tuberculosis 2010/M.L. Gennaro [34] 4099 Serum biomarker identification for

diagnostics and vaccination.
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candidemia from healthy individuals and uninfected hos-
pital patients with commensal colonization.

Malaria is a worldwide burden. The targets of protective
antibodies and the basis of their inefficient acquisition are
unknown. Addressing these knowledge gaps could acceler-
ate malaria vaccine development. To this end, Crompton
et al. [36] developed a protein microarray containing
�23% of the Plasmodium falciparum (Pf ) 5400-protein
and used this microarray to probe plasma from 220 individ-
uals between the ages of 2–10 and 18–25 years in Mali
before and after the 6-month malaria season. Episodes of
malaria were detected by passive surveillance over the
8-month study period. They found that most of the anti-
body reactivities to Pf proteins were short lived.

The above examples of IVTT-based proteome microar-
rays have been tested against a limit number of samples.
These microarrays, if validated in a larger set of samples
and in other epidemiological settings, could be proved to
be a useful strategy for identifying novel diagnostic bio-
markers and novel vaccine targets, and for a better under-
standing of the fundamental properties of the human
immune response to pathogens.

Representative proteome microarrays are summarized in
Table 1. Benefiting from the exploding sequencing power
of the next-generation sequencing technologies, we are
highly confident that more proteome microarrays for other
important organisms will be developed in the near future,
which will greatly facilitate the systems biology/biomedi-
cine study of these organisms.

Antibody Microarray

Because of the specificity of the antibody–antigen binding
and the commercial potential for clinical diagnostics,
numerous antibody microarrays have been developed. And
for most of them, only a handful of antibodies are arrayed
on glass or membrane surfaces. The most exciting appli-
cation of antibody microarrays for systems biology is pro-
teome profiling and proteome comparison between paired
samples, which is very similar to the gene expression
microarray [37] (Fig. 3). Theoretically, if we can have one
specific antibody for each human protein, we will be able
to profile the human proteome globally in only a few
hours. Once fabricated, this type of pan-antibody microar-
ray will have unprecedented advantages over the currently
dominant protein profiling technology, i.e. mass spec-
trometry. To achieve this goal, the biggest challenge we are
facing is the high-throughput production of antibodies with
high specificity and affinity. Because the traditional
method for generating monoclonal antibodies is time-
consuming and laborious, researchers have recently sought
alternative approaches. For example, phage antibody-
display, ribosome display, systematic evolution of ligands

by exponential enrichment (SELEX), mRNA display, and
affibody display have been developed to expedite the pro-
duction of antibodies with high specificity [38–41]. All
these methods involve the construction of a large library of
viable regions with potential binding activity, which can
then be selected by multiple rounds of affinity purification.
The binding affinity of the resulting candidate clones can
be further improved using maturation strategies. In a most
recent study, Reddy et al. [42] bypassed the monoclonal
antibody cell screening step by using high-throughput
DNA sequencing and bioinformatics analysis to mine anti-
body variable region (V)-gene repertoires from bone
marrow plasma cells of immunized mice. They found that
generated antibodies using this strategy from six mice, each
immunized with one of three antigens, were overwhel-
mingly antigen specific (21/27 or 78%). Another efficient
strategy is to generate the so-called monospecific antibody
[43], which is a compromise of polyclonal and mono-
clonal. The Human Proteome Atlas Project is majorly gen-
erating monospecific antibodies against human proteins,
and its long-term goal is to have one validated antibody
toward all nonredundant human proteins and provide a first
draft of the human proteome by 2014. However, the ideal
selection system that is not only fast, robust, sensitive, and

Figure 3 Antibody microarray for protein profiling and comparison
The key for antibody microarrays is the quality of the antibodies.

Antibodies could be either commercially obtained or home-made. They

must pass the strict quality control step of both specificity and efficacy

prior to microarray fabrication. The protein profiling part is similar to the

gene expression microarray. In brief, the paired samples (treated/untreated

or patient/health) were labeled with Cy3 and Cy5, respectively. Then the

labeled samples were mixed at equal amounts and probed on the antibody

microarray. The pseudo-color represents the ratio of a given protein

between sample A and sample B.
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of low cost but also automated and minimized has yet to
be fully developed.

Despite the challenge involved in obtaining specific anti-
bodies, many studies using antibody microarrays have
recently been reported, and also the list of commercial anti-
body microarrays is expanding rapidly. The representatives
of published or commercial antibody microarrays are listed
in Table 2. In a pioneer study by Haab et al. [44], the first
high-density antibody microarray was used to test whether
a linear relationship could be detected between an antibody
and antigen pair in an array format. They investigated the
ability of 115 well-characterized antibody–antigen pairs to
react in high-density microarrays on modified glass slides:
30% of the pairs showed the expected linear relationships,
indicating that a fraction of the antibodies was suitable for
quantitative analysis. Sreekumar et al. [45] have created
antibody arrays with 146 distinct antibodies against pro-
teins involved in stress response, cell cycle progression,
and apoptosis and used these arrays to monitor the altera-
tions in protein quantity in LoVo colon carcinoma cells.
The reference standards and samples were labeled separ-
ately using either Cy5 or Cy3 dyes, and the fluorescent
signals of the bound proteins were detected. The authors
were able to obtain differential expression profiles, with
radiation-induced up-regulation of apoptotic regulators

such as p53, DNA fragmentation factors, and tumor-
necrosis-factor-related ligands.

The antibody microarray with a moderate or large set of
antibodies is a very promising tool for protein profiling;
however, there was no standard protocol. Thus the microar-
ray data were hard to compare and interpret among labs.
To address this problem, Alhamdani et al. [21] recently
fabricated an antibody microarray with 810 antibodies,
most of them related to signaling pathway and disease.
Using this antibody microarray, they established a standar-
dized protocol that could permit robust analyses of protein
extracts from mammalian tissues and cells rather than body
fluids. The factors optimized were buffer composition for
surface blocking, blocking duration, protein handling and
processing, labeling parameters such as type of dye, molar
ratio of label versus protein, and dye removal, as well as
incubation parameters such as duration, temperature,
buffer, and sample agitation.

Reverse-phase Protein Array

In contrast to protein microarrays that immobilize individ-
ual proteins, in 2001 Paweletz et al. [46] developed the
so-called ‘reverse-phase’ protein array that relies on
immobilized lysate, which represents the state of individual

Table 2 Representative research groups and companies of antibody microarrays study

PI/Company Antibody/Number Application

Academic

B.B. Haab [69,70] Glycosylation and disease related Serum protein profiling

Methodology establishment

J.D. Hoheisel [21] Signaling pathway and disease related/810 Methodology establishment

Disease proteomics

C. Wingren; C.A.

Borrebaeck [71,72]

Signaling pathway related Methodology establishment

Disease proteomics

L. Belov; R.I.

Christopherson [73–75]

A variety of anti-CD antibodies Live cell surface profiling, cell surface

marker

Industrial

RayBiotech Cytokine, angiogenesis, disease related/507 (reactivity:

human)

Biotinylate sample for easy processing

Sigma XPRESS Profiler725 Kit/725 (reactivity: human) General

Full moon Explorer Antibody Array/656 (reactivity: human) General

Phospho Explorer Antibody Microarray/1318 (reactivity:

human, mouse)

Phosphorylation event monitoring

A variety of other antibodies

Kineuxs Phosphorylation-related antibodies, KinexTM 800

Antibody Microarray/810 (reactivity: human)

Phosphorylation event monitoring,

phosphorylation network

SpringBio A variety of important biological functions/722

(reactivity: human)

General

Clontech Ab Microarray 500/507 (reactivity: human) General
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tissue cell populations undergoing disease transitions.
Technically, tiny amounts of (a) cellular lysates, from
intact cells or laser capture microdissected cells, and (b)
body fluids such as serum, cerebrospinal fluid, urine, vitr-
eous, saliva, etc. are immobilized as individual spots on a
microarray. This microarray is then incubated with a single
specific antibody to detect expression of the target protein
across many samples. A single microarray can accommo-
date hundreds to thousands of samples that are printed in a
series of replicates. Detection is usually performed using a
primary and a secondary labeled antibody. Multiplexing is
achieved by probing multiple arrays spotted with the same
lysate with different antibodies simultaneously. In addition,
since RPAs are utilizing cell lysate, they can provide direct
quantifiable information on protein post-translational modi-
fications. Thus, the greatest advantage of RPAs is that they
allow for high-throughput, multiplexed, and sensitive
detection of proteins from small amounts of input material.
RPAs have increased sensitivity and are capable of detect-
ing proteins in the picogram or even the attogram range
[47]. The high sensitivity of RPAs allows for the detection
of low-abundance proteins or biomarkers such as phos-
phorylated signaling proteins from very small amounts of
starting material such as biopsy samples. Using laser
capture microdissection, lysates can be analyzed from as
few as 10 cells [48]. Another advantage of RPAs is the
uniformity of results, as all samples on the chip are probed
with the same set of primary and secondary antibody. This
allows for the quantification of differences in protein levels
across all samples. The biggest limitation of RPA is that its
success is highly dependent on the quality of the antibody
set used. All the antibodies for RPA have to be extensively
validated, to ensure its reactivity and specificity.

RPA has a wide range of possible applications from
basic biology, translational and clinical research, such as
quantitative analysis of protein expression in cancer cells,
body fluids or tissues for biomarker profiling, cell signal-
ing analysis and clinical prognosis, diagnosis, or thera-
peutic prediction. It has also been used for monitoring
protein dynamics in response to various stimuli or doses of
drugs at multiple time points. Some other applications of
RPA include exploring and mapping protein signaling
pathways (Fig. 4) and understanding a candidate drug’s
molecular mechanism. It has also been suggested as a
potential early screening test in cancer patients to facilitate
or guide therapeutic decision making. For example,
Paweletz et al. [46] used RPA to analyze the pro-survival
checkpoint proteins in patient-matched samples at the
microscopic transition stage from histologically normal
prostate epithelium to prostate intraepithelial neoplasia
(PIN) and then to invasive prostate cancer. Cancer pro-
gression was associated with an increased phosphorylation
of serine/threonine protein kinase (Akt), suppression of

apoptosis pathways, and decreased phosphorylation of
extracellular-signal-regulated kinases. At the transition
from histologically normal epithelium to PIN, a significant
increase in phosphorylated Akt and a concomitant suppres-
sion of downstream apoptosis pathways were observed,
preceding the transition into invasive carcinoma. Using the
same strategy, two promising diagnostic markers (villin
and moesin) for distinguishing colon from ovarian adeno-
carcinomas [49] were also revealed. Similarly, the same
group constructed another reverse protein microarray [50]
on which the lysates represented 60 human cancer cell
lines (NCI-60). Fifty-two mouse monoclonal antibodies
were probed individually to test the expression of 52 pro-
teins on the microarrays. Using this reverse-protein micro-
array, the authors found that cell-structure-related proteins
almost invariably showed a high correlation between
mRNA and protein levels across the NCI-60 cell lines,
while non-cell-structure-related proteins showed a poor
correlation.

Lectin Microarray

One of the latest and most interesting developments of
protein microarrays is the cell-surface-specific protein
microarray for monitoring the cell surface characteristics

Figure 4 RPA for signaling pathway analysis High-quality tissue

samples (usually from patients) and high-quality antibodies are the

prerequisite for the success of RPA. The tissue will be lysed and printed

directly onto a membrane-coated substrate slide for fabricating RPA. The

high-quality antibodies of one or a few related specific signaling pathways

will be probed individually onto the RPA. With the help of

bioinformatics, significant differences of specific pathways among

different tissues will be easily identified.

Protein microarrays for systems biology
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globally. These microarrays have the potential to elucidate
the behavior of both normal and abnormal cells by allow-
ing researchers to characterize cells on a global scale from
a complex mixture at the molecular level.

Kuschel et al. [51] have generated an extracellular
matrix (ECM) protein microarray by using a piezoelectric
microarray printer to print ECM protein solutions onto
nitrocellulose-coated glass slides. Five thousand or fewer
cells could be applied to an array of 4 � 4 mm2, consisting
of 64 microspots. Using this ECM microarray, differences
in the adhesive properties of three cell lines to 14 different
ECM proteins were identified.

Glycosylation of bacterial cell surfaces is a critical factor
in symbiosis, pathogenesis, cell–cell interactions, and
immune evasion. Hsu et al. [52] have fabricated a lectin
microarray with 21 lectins in profiling surface lipopolysac-
charides (LPS) in bacterial cells. When labeled E. coli cells
were incubated on the lectin microarrays, the lectins were
able to capture bacterial cells onto the chip surfaces via
interactions with LPS on the surface of bacteria. Two
closely related E. coli strains, JM109 and HB101, could be
distinguished by their differences in cell surface glycosyla-
tion. In addition, dynamic changes in the surface glycosy-
lation of the neonatal meningitis-associated E. coli strain
RS218 were observed.

Almost all the known membrane proteins of mamma-
lian cells are glycosylated. These surface glycans are
highly related to cell–cell communication, host–patho-
gen interaction, development, cancer metastasis [25], etc.
To high-throughput profile the live surface glycan,
Tao et al. [25] have constructed a lectin microarray
with 94 lectins for defining mammalian cell surface
glycan signatures. Using the lectin microarray the
authors established a binary analysis of cell binding and
hierarchical organization of 23 mammalian cell lines.
The array was also used to document changes in cell
surface glycosylation during cell development and
differentiation of primary murine immune system cells.
To establish the biological and clinical importance of
glycan signatures, the lectin microarray was applied in
two systems. Breast cancer cells and their corresponding
cancer stem-like cells were compared on the lectin
microarray. Interestingly, three lectins, Lycopersicon
esculentum (tomato) lectin (LEL), Aleuria aurantia
lectin (AAL), and Wheat germ lectin (WGA), were
identified as only binding to parental cancer cells. Using
LEL-conjugated magnetic beads, the cancer stem cells
could be enriched dramatically after two rounds of
depletion of the parental cells. Finally, the stem-cell
characteristics were validated through tumor-growing
experiments on nonobese diabetic/severe combined
immunodeficient mice.

Perspectives

Protein microarray technology has been shown to be a
useful tool for systems biology studies. Femtomolar sensi-
tivity has been achieved for analytical protein microarrays,
and the number of applications of functional protein micro-
arrays has grown dramatically. Novel applications utilizing
protein microarrays and new protein microarray technol-
ogies are continually emerging. However, there are still
several issues that need to be resolved before protein chip
technology can be widely applied. First, the traditional
cloning–expressing–purification–printing approach is still
the gold standard for making protein microarrays, especially
for proteome microarrays. Because of the sophisticated
expertise required and the high cost of production, it is
almost impossible for most laboratories to make their own
microarrays, but the price for commercial protein chips is
unacceptably high. A variety of promising strategies have
already been tested to bypass the traditional procedure.
However, none of them are close to being used for the
large-scale fabrication of protein microarrays. Thus, to make
protein microarray technology more applicable, a simpler
and more powerful strategy is needed. Second, there is no
widely accepted experimental standardization protocol for
protein microarrays. Fortunately, this issue is now being
investigated by the Human Proteome Organization, which is
developing guidelines for experimental design and data
annotation. Third, at present most protein microarray results
are only semi-quantitative. In order to reach the goal of
accurate quantification, which is very critical for most
systems biology studies, new technology is eagerly antici-
pated. Fourth, clinical biobanking (clinical sample collect-
ing, management, and sharing) lags far behind technology
development. One of the ultimate goals of systems biology
is to understand the biological systems and to facilitate the
cure of complex diseases. As a key technology for systems
biology, protein microarrays have been largely applied for
clinical related research. To ensure the success of this kind
of study, a high-quality sample set is a prerequisite. There
are already some organizations/consortia specific for bio-
banking, such as (BiobankUK, Stockport, Greater
Manchester, UK) and (Victorian Cancer Biobank, Carlton
Victoria, Australia). However, for China, although we have
the largest population and the richest clinical sample
resource, we still do not have any internationally well-
recognized organization for clinical biobanking. To lead or
at least secure a prestigious position in the worldwide com-
petition of systems biology in future, and thus contribute
more to clinical research in the long run, there is an urgent
need for us to make extensive efforts on clinical biobanking.

Although still in its developing stage, protein microar-
rays will no doubt prove to be one of the most powerful
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tools for systems biology. Improvements in our ability to
generate large sets of high-quality proteins and antibodies
or their mimetics will play a key role in quantitative analy-
sis and promote the extension of this technology to many
model organisms.
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