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Abstract: It is now 20 years since the term proteomics was first coined and soon thereafter began 

appearing in the scientific literature. In this review, we describe the opportunities and challenges 

in proteomics as an approach to understand disease at the molecular level. Proteome complexity is 

a fundamental challenge, which limits our ability to perform a comprehensive analysis of protein 

expression in cells or tissues. Not surprisingly, most progress has been made in homogeneous 

model systems, such as cell lines, using approaches that reduce the size and complexity of the 

proteome under investigation, eg, by affinity enrichment strategies. Targeted protein profiling 

methods are another approach to tackle this complexity. Here, antibody-based arrays can play 

an important role, because of their exquisite selectivity and sensitivity, even in complex matri-

ces where mass spectrometry-based methods are not suitable. We conclude that in the future 

successful proteomics studies will combine discovery and targeted platforms, to obtain new 

insights as well as ensure robust validation.
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Introduction
It is now 20 years since the term proteomics was first coined by Mark Wilkins1 at 

the 1994 “From Protein Maps to Genomes” meeting in Siena, which at the time was 

mostly devoted to two-dimensional electrophoresis.2 As illustrated in Figure 1, it took 

a while before the term started appearing in the scientific literature, but once it did, 

there was a strong, almost exponential increase for 6 years. From 2003 onwards, the 

growth has started to level off, even coming to a halt in 2013. As a comparison, the 

number of papers citing genomics has been on a continuous climb for 27 years straight 

(Figure 1). One explanation for this difference is certainly that after the widespread 

use of “gene chips”, the advent of next generation sequencing has led to a second 

revolution in gene (expression) profiling. Current proteomics technologies, however, 

are not fundamentally different from those used 10 or 15 years ago. Obviously these 

publication statistics tell only part of the story, but in our opinion, for proteomics they 

do reflect that the field has faced some obstacles, and new approaches are needed to 

overcome these to increase the impact of proteomics on the understanding of disease 

and drug development.

In this review, we describe the opportunities and challenges in proteomics as an 

approach to understanding disease at the molecular level. The focus is on why we require 

“open” and “closed” proteomics approaches and the important role antibody-based 

arrays can play in a field that is leaning so heavily on mass spectrometry (MS).
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Current proteomics technologies 
and applications
Complexity is the fundamental challenge, which limits 

our ability to perform a comprehensive analysis of protein 

expression in cells or tissues. Complexity manifests itself 

at different levels in a proteomics analysis: at the proteome 

level, ie, the sheer number of different proteins in a cell; at 

the expression level, the dynamic range between the most 

and least abundant proteins; and at the analytical level, the 

diversity of physical properties a protein can have.

If proteomics is defined as the analysis of all proteins in 

a cell, one would be tempted to conclude that proteomics 

does not exist, since that goal has never been achieved and 

may not ever be achieved. Without belaboring the point, 

co-translational and post-translational modifications of the 

primary gene products will result in the presence of at least 

100,000 protein species in a mammalian cell, representing 

10,000–15,000 primary gene products. The abundance of 

these proteins/gene products spans beyond a million-fold 

dynamic range, from more than 107 copies per cell for a 

protein like actin, to ten or fewer copies for the least abun-

dant proteins.3,4 In proteomics workflows, MS is the key 

technology for protein identification. In most cases though, 

for MS analysis, proteins are first digested to peptides with 

proteolytic enzymes such as trypsin. On the one hand, this 

is done because the masses of the smaller peptides can be 

measured with high accuracy and therefore be more readily 

matched to a sequence database (see Figure 2). On the other, 

post-translational modifications lead to heterogeneity at the 

protein level and hence to multiple masses for a single gene 

product. At the peptide level this is less of an issue, because 

usually there is a sufficient number of tryptic peptides with 

no or few modifications. A drawback of peptide-based 

analysis is that sample complexity increases by more than 

an order of magnitude, since an average protein will yield 20 

or more tryptic peptides, which are typically 10–25 amino 

acids long.

So, in the end, the ability of the mass spectrometer to deal 

with this mixture of hundreds of thousands of peptides will 

determine how comprehensive the analysis of the proteome 

in question will be. In fact, the analytical challenge is not 

unlike that encountered in next generation sequencing. If 

peptide “counting” could be done at a similar speed as is com-

mon for next generation sequencing instruments, sufficient 

analytical depth would be possible, even at the proteome 

level. In reality, mass spectrometers can currently achieve 

speeds of 10–20 peptides per second. Hence, 100 million 

“reads” would require more than 100 days of measurement 

time per sample. Admittedly this is a simplified comparison, 

but it serves to show that analytical depth remains a major 

challenge in proteome analysis, and is a recurring theme in 

this review.

MS-based proteomics: technical 
possibilities and challenges
The concept of using protein expression profiling to character-

ize biological systems predates the advent of “proteomics” by 

roughly 20 years. Already in 1975 several groups recognized 

the potential of two-dimensional electrophoresis to generate 

reproducible protein patterns.5–7 However, at that time, the 

identification of protein spots was the major obstacle to using 

the patterns effectively. This changed with the introduction of 

novel MS methods and the establishment of in-gel digestion 

protocols, which meant that a differentially expressed protein 
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Figure 1 Numbers of publications in PubMed using the word “proteomics” (dark bars) or “genomics” (light bars), since 1987.
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could be identified directly.8 Subsequently, the combination of 

two-dimensional gels and MS became the de facto standard 

in proteomics, and was applied to a wide variety of biological 

samples and questions, ranging from prokaryotes9 to brain 

tissue of psychiatric patients.10 While two-dimensional gel 

electrophoresis is still unsurpassed in resolving complex 

mixtures of proteins, peptide analysis by MS (see Figure 2) 

has taken its place as the core profiling approach in pro-

teomics.11 Moreover, MS technology continues to develop 

at such a pace that indeed the majority of expressed human 

proteins can be/has been identified, not only looking across 

many studies,12 but even in a reasonable time frame within 

one experiment.11 In the latter case though, the information 

obtained on each protein is inherently limited, eg, it does not 

include important post-translational modifications.

Despite those technological developments, the complex-

ity of the proteome has been a major hurdle for impactful pro-

tein profiling studies in the biomedical field. Unfortunately, 

the potentially most interesting samples, ie, patient tissues 

or biofluids, are also the most challenging.

Typically, a cellular protein profiling experiment requires 

protein amounts equivalent to at least hundreds of thousands 

of cells. Hence, such tissue samples will inevitably be a 

mixture of different cell types, thereby often diluting cell 

type-specific differences to below the detection level. In 

biofluids, the most important issue is the dynamic range 

between the ten most abundant proteins and the more relevant 

markers or mediators of disease.13 Moreover, because of the 

reasons described above, proteomics analyses are relatively 

time-consuming, making it hard to perform them at the scale 

required for the discovery of robust disease associations, and 

which has become the standard in genomics.14

Selected proteomics applications
Not surprisingly, the practical limitations discussed in 

the previous paragraph are reflected in the more and less 

successful applications of proteomics to biomedical and 

pharmaceutical research. In general, most progress has been 

made in homogeneous model systems, such as cell lines, 

using approaches that reduce the size and complexity of the 

proteome under investigation, eg, by affinity enrichment strat-

egies. One example is chemical (or chemo-) proteomics, ie, 

the use of immobilized compounds as affinity tools to study 

drug–protein interactions, with the goal to discover novel 

pathway nodes or desired and undesired targets.15,16 Initially, 

chemical proteomics was mostly used to identify targets of 

compounds from phenotypic assays, in which compounds 

are not screened against a defined (protein) target, but 
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Figure 2 Short backgrounder on protein identification by mass spectrometry. 
Notes: The figure shows the sequence of events during peptide identification. From a full scan (MS1), one peptide is selected by mass (here 756.42), fragmented by collision-
induced dissociation (CID), and its fragments analyzed in a second mass analyzer (MS2, also termed MSMS). The sequence can be determined from the MS2 spectrum 
(right). In almost all cases proteins are first digested to peptides using a proteolytic enzyme like trypsin, generating peptides of an optimal size (10–25 residues) for the mass 
spectrometer. Peptide mixtures, from a single protein or a complex sample, are usually separated on a reverse-phase high-performance liquid chromatography (HPLC) 
column, the outlet of which is “spraying” fine droplets of the effluent directly into a mass spectrometer. The HPLC solvent is acidic, resulting in positive charges on the peptide 
(ionization), which are necessary to move the peptide through the electrical fields in the mass spectrometer. In a sense, peptides compete for the available ionization capacity, 
leading to suppression (bad ionization) in complex mixtures, especially for peptides with unfavorable properties like negative charges (eg, phosphorylation). Ionization and 
suppression are key factors in the detection sensitivity: a peptide molecule that is not ionized will not make it into a mass spectrometer and is not detected. The actual mass 
spectrometry analysis of peptides proceeds in a recurring cycle of three steps. The process starts with a full scan (MS1) to survey all the peptides that are eluting from the 
HPLC column at that time point. Subsequently, one peptide (selected by mass) is passed through to a collision cell (CID, for collision-induced dissociation) where the peptide 
is collided with an inert gas, resulting in fragmentation of the molecule, primarily at the peptide bonds. Finally, the masses of these fragments are measured in a second mass 
analyzer (MS2) to determine the peptide sequence. The fragments starting from the N-terminus or C-terminus are called b-ions or y-ions, respectively. In the spectrum 
shown, the y-series is dominant and allows a partial sequence read. In practice, both the accurate mass determined from the MS1 spectrum and the MS2 fragmentation pattern 
are used for identification. If the mass is determined with high accuracy (eg, 10 ppm, 0.01 Da per 1,000 Da), the number of potential sequences fitting that mass is limited. 
Next, the software generates a theoretical fragmentation pattern based on the sequence and compares that with the measured MS2 spectrum. The best match is determined 
by statistical means. Each MS1 scan is typically followed by 5–20 MS2 scans of the most intense peaks to identify as many peptides as possible. Such a cycle takes 1–5 seconds, 
depending on the speed of the mass spectrometer. Hence, in theory, tens of thousands of peptides can be identified per hour.
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using a “biological readout” like viability17 or reporter gene 

activation.16 Alternatively, broad spectrum binders to protein 

classes such as kinases or histone deacetylases can be used as 

a more generic compound screening tool.15,18 Recently, this 

approach has evolved even further, being applied to profile the 

expression of members of the target class, eg, active kinases 

in models of resistance to cancer drugs.19

Another area where proteomics has made a significant 

impact is the study of post-translational modifications 

(PTMs). PTMs such as phosphorylation, ubiquitination, 

acetylation, and glycosylation, just to name some of the 

best studied ones, are key in the regulation of protein 

stability, activity, and localization. Since PTMs are inher-

ently introduced post-translationally (and sometimes 

co-translationally), they can only be studied at the protein 

level. For a comprehensive analysis, many PTMs require a 

specific enrichment step, mainly because they reduce the 

net positive charge of and thereby the MS “sensitivity” for 

the peptide (see Figure 2). Antibodies are available to enrich 

tyrosine-phosphorylated,20 ubiquitinated,21 and acetylated22 

peptides, while all types of phosphopeptides can be purified 

by metal-affinity chromatography.23 Many motif-specific 

or site-specific antibodies are available for both analysis 

of phosphorylation and chromatin modifications. Those 

can be used in conjunction with MS,24 but are even more 

broadly applied in immunoassays like Western blotting, 

enzyme-linked immunosorbent assays (ELISAs), and arrays 

(see section on Antibody-based arrays). While there is no 

equivalent generic method for glycopeptides, subclasses can 

be enriched with lectins, and N-linked carbohydrates can 

be localized indirectly after enzymatic removal with PNGase 

F [peptide-N4-(acetyl-β-glucosaminyl)-asparagine amidase 

from Flavobacterium meningosepticum], which converts 

the asparagine on the protein that was carrying the sugar into 

an aspartic acid.25 Structural analysis of the protein-linked 

carbohydrates requires specialized MS techniques.26

A third main category of focused proteomics experi-

ments is the analysis of protein complexes. Since most 

cellular proteins perform their job in close (physical) 

interaction with other proteins, it was hypothesized that 

systematic analysis of protein complexes would rapidly 

result in the attribution of functions to unknown pro-

teins and the discovery of novel pathway nodes.27 There 

is little doubt that the analysis of immunoprecipitated 

proteins has become the most widely used application of 

proteomics technologies, culminating in high-throughput 

experiments and protein interaction maps with thousands 

of proteins,28 as well as in-depth analyses of specific protein 

complexes.29,30 The interpretation of such experiments, 

on any scale, has remained challenging because of ever-

increasing MS sensitivity and the concomitant high back-

ground levels of abundant and “sticky” proteins in every 

experiment, aptly termed the “CRAPome”.31

As discussed under MS-based proteomics, “global” 

protein profiling has been significantly less successful in 

generating novel insights in disease biology, especially when 

attempting to discover correlations between protein expres-

sion and disease state in primary (human) samples.32 Never-

theless, there is a clear trend towards ever larger proteomic 

datasets, with a current focus on cancer in the framework of 

the Clinical Proteomic Tumor Analysis Consortium,33,34 to 

address some key shortcomings of “first-generation” clini-

cal proteomics studies. Besides technological developments, 

standardization of methods across laboratories is an essential 

factor for such studies to be successful.35,36 Obviously, this 

short section only touches on some basic principles of pro-

teomics applications, and does not do justice to the thousands 

of smaller and bigger success stories in proteomics over the 

last two decades. For more information, the reader is referred 

to these recent publications as a starting point.12,37–40

Targeted proteomics
So far, we have discussed proteomics methods of the so-

called “open” or “discovery” type, ie, experiments that aim 

to map all the components of a (sub-) proteome. Early on, 

a complementary “targeted” approach was advocated and 

pioneered by the laboratory of Aebersold, in which the mass 

spectrometer is set to detect and quantify specific peptides.41 

This type of analysis, also referred to as single reaction moni-

toring or multiple reaction monitoring, has been described in 

detail in several excellent reviews.36,42 The basic principle is 

that, for each protein of interest, representative and unique 

peptides are selected and the mass spectrometer is set up to 

specifically detect those “proteotypic” peptides. In a sense, 

these single reaction monitoring assays are the MS equivalent 

of an anti-peptide antibody, with the option of achieving very 

high specificity by detecting multiple peptides per protein. 

Using an intelligent experimental design, tens to hundreds 

of proteins can be detected and quantified in a single MS 

run, thereby creating the equivalent of an antibody array. 

Moreover, by generating proteotypic assays for every known 

protein, the targeted approach can be and has been extended 

to measure protein quantities at a proteome scale.42,43 The 

latest development in MS-based proteomics combines the 

best of discovery and targeted approaches by using so-called 

data-independent acquisition44 to collect a comprehensive 
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peptide map of a sample, which then serves as a reference 

for further targeted experiments.45

One might think that these novel targeted MS methods 

provide the ultimate protein detection technology, which is 

universal, highly specific, and independent of cumbersome 

steps like antibody generation and testing. However, not 

even these methods are perfect. Sensitive MS detection of 

peptides can only be achieved if two requirements are ful-

filled (see also Figure 2); the peptides in question have to be 

ionized and produce intense fragment peaks. Unfortunately, 

the best case scenario is when a pure and unmodified peptide 

is injected into the mass spectrometer. In real life, the pres-

ence of other peptides, which are injected simultaneously, 

reduces the ionization efficiency and important modifica-

tions such as phosphorylation can affect both ionization and 

fragmentation.46 Contrary to this, antibodies and other affin-

ity reagents can bind to their targets efficiently in complex 

matrices. Below we discuss how the latest developments, with 

respect to availability of reagents, miniaturization, detection 

methods, and throughput, are transforming affinity-based 

protein detection into a true proteomics technology.

Antibody-based arrays
Antibodies have played an important role in targeted protein 

detection for many decades, from early applications in precip-

itation assays47,48 through milestones like the development of 

the ELISA49 and Western blotting techniques50 to today’s min-

iaturized chip-based systems where samples can be interro-

gated for expression of hundreds of proteins simultaneously.51 

While these classical immunodetection methods still form 

the basis and often also the logical follow-up for array-based 

experiments, the key advantages of the latter are the parallel 

analysis of many samples and/or detection reagents, thus 

maximizing the information that can be gleaned from large 

numbers of samples which are often only available in small 

amounts. For the purpose of this review, we will distinguish 

antibody-based arrays in two main types: the forward array 

(also known as capture array or forward phase protein array) 

and the reverse array (lysate array or reverse phase protein 

array). One additional array type, which in a sense is also 

antibody-based, is the tissue microarray, a collection of tens 

to hundreds of tissue cores, which can be probed by immu-

nohistochemical techniques. Typically, tissue microarrays 

are used in a semi-quantitative fashion, eg, to characterize 

expression levels in a few categories from low to high.52 A 

recent review of tissue microarrays and their use has been 

published by Remotti.53 In this review, we will not discuss in 

any depth “protein arrays”, large collections of more or less 

functional proteins, which are used for various purposes like 

(auto-) antibody screening, compound binding and enzyme 

substrate finding.47,54 The different types of arrays all share 

the requirement that their content, be it proteins, peptides, 

nucleic acids, or small molecules, has to be immobilized 

onto a solid support, either covalently or more commonly 

by non-covalent forces.55 Multiple substrates are available to 

accommodate different physical and chemical properties of 

the proteins. The choice of the right solid support depends 

on several factors, such as the immobilization principle 

(covalent binding, adsorption, affinity binding), the sample 

source (eg, purified versus non-purified), the complexity of 

the test sample, and the desired sensitivity. Choosing the 

proper surface chemistry is crucial to the effective usage of 

any type of array. The most commonly used solid supports are 

glass slides covered with a three-dimensional nitrocellulose 

coating (eg, Sartorius UniSart® 3D Nitro, Grace Bio-Labs 

Avid Chips), but to date a large repertoire of two-dimensional 

and three-dimensional solid supports with different surface 

chemistries is available (eg, aminosilane, polyacrylamide, 

and polystyrene among others). Figure 3 illustrates the two 

main types, ie, the forward and reverse array, that we will 

focus on because they are the basis for most of the work that 

has been done in the context of disease proteomics. In the 

forward phase arrays, an affinity or capture agent, such as an 

antibody or antigen, is immobilized onto a solid phase and 

finally incubated with the test samples. In recent years, as 

an alternative to planar microarrays, other types of carriers, 

such as microsphere-based, suspension-based, or bead-based 

Capture

Unlabeled Sandwich

Immobilization

Reverse array

Forward array

Detection

Detection

Direct Labeled

Figure 3 Schematic representation of the two main antibody-based array types. 
Notes: In forward arrays (top) the antibody (or another affinity reagent) is 
immobilized to the solid phase. After capture of the sample, detection is performed 
either by using a second affinity reagent (sandwich) or directly, in case of a previously 
labeled sample. In reverse arrays (bottom), a protein extract/lysate is “immobilized” 
(adsorbed) to the solid phase, usually a chip surface or a membrane. Each array is 
then incubated with a single antibody (followed by a labeled secondary if required) 
which is subsequently detected.
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microarrays have been developed (eg, Luminex xMAP®). 

Their main advantages are the multiplex format, the high-

density arrays, and the low sample consumption. The main 

disadvantages are the high costs and the laborious immobili-

zation procedure. This assay format is mainly used to detect 

cytokines or antibodies in serum. With their high flexibility 

and easy sample preparation process, these commercially 

available suspension arrays have replaced the ELISA in the 

case of multiplex immunoassays.56

In contrast to the suspension microarrays, planar or chip 

arrays are mainly used for studying protein expression levels 

and pathway signaling in complex mixtures such as tissue 

or cell lysates. In addition, these analytical arrays are also 

used for biomarker detection and to measure parameters like 

binding specificity and affinity.57

Reverse phase protein arrays are generated by immobilizing 

the samples of interest, eg, tissue lysates, samples derived from 

laser capture microdissection, cell lysates, protein fractions, 

peptides, or body fluids onto the surface of a solid support.58,59 

The technology provides the opportunity to analyze phospho-

rylated, glycosylated, cleaved, or total cellular protein expres-

sion levels simultaneously in many samples at once. Even fixed 

samples, like formalin-fixed, paraffin-embedded or ethanol 

fixed tissues, can be applied and processed by reverse phase 

protein array technology. The signal detection is based on a 

specific antibody–epitope interaction, which limits the amount 

of different analytes to the availability of specific antibodies 

directed against the targets. These multiplexed assay formats 

have been successfully used for analysis of signal transduction 

pathways60 and prospective biomarker identification, as well as 

in diagnostic and/or for prognostic information in the context 

of clinical applications.61

Clearly, the two main array types have different, 

even complementary, strengths and weaknesses, and the 

choice between them depends on the particular application 

(see also Table 1). Reverse arrays have their advantages 

when it comes to designing smaller, flexible antibody panels 

with a focus on higher sample throughput, while the forward 

array format can accommodate medium to large optimized 

collections of antibodies, which allow for analysis of a fixed 

set of tens to hundreds of proteins in parallel. And as already 

mentioned, neither of these array formats is limited to the use 

of antibodies, but can be applied in conjunction with other 

affinity reagents, such as aptamers.

Before discussing various aspects of antibody-based 

arrays, a few words on (functional) protein arrays, which are 

mainly used to study the biochemical properties and functions 

of native proteins, peptides, or domains printed on a solid sup-

port. Protein arrays have been used to study the interaction of 

the immobilized probes with proteins/antibodies, but also with 

other (bio-)molecules such as DNA, RNA, small molecules, 

lipids or glycans. The analytes are either immobilized on the 

chip surface after extensive purification using cell-based meth-

ods or by using cell-free expression systems.62 The cell-based 

format requires expression of the proteins of interest in host 

systems such as Escherichia coli or yeast, whereas cell-free 

expression microarrays rely on in situ protein synthesis from 

their corresponding DNA templates.56,63

Antibodies are the most commonly used affinity agents on 

arrays. One of the key factors in the usage of antibody-based 

arrays, or in fact all antibody-based assays, is the confirmation 

of specificity towards its antigen. In our experience, valida-

tion of the antibodies remains a bottleneck, especially since it 

is inevitable to combine pre- and post-array validation steps. 

These steps have two different purposes: prevalidation is 

done to eliminate antibodies with poor specificity, while post-

validation aims to confirm that the antibody works reliably in 

a specific sample. The challenge is that inadequate antibodies 

Table 1 Properties of the main antibody-based array types

Forward array Reverse array

Sensitivity Best sensitivity because of concentration effect of capture step Detection at “natural abundance” in lysate
Throughput Multiplexing of analytes up to .1,000 Many samples (tens to hundreds) but one analyte per array
Sample requirements Capture requires more or less native sample Compatible with denatured/inactivated sample
Key challenges 1. � The larger the collection, the more limited the control over  

affinity and selectivity
2. � Diversity of antibody properties makes quantification across  

samples difficult

1. � Sensitivity inherently limited
2. � Adsorption properties vary significantly between 

proteins

Key strengths 1. � Format allows for multiple reagents for the same analyte, 
mitigating the challenges

2. � Potential for discovery proteomics with “proteome-wide” arrays

1. � Reliable quantification possible by applying multiple 
concentrations of the same sample

2. � Limited reagent panel can be highly validated
Typical application Few samples, many analytes Many samples, few analytes

Notes: Some key features for matching the right application to the right array format. For example, if sensitivity is the number one criterion, the choice would be a forward 
array format. However, for the detection of phosphorylation events a reverse format may be more suitable, since any enzyme activity in the cell lysate can be “frozen” by 
denaturation.
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can usually be identified rapidly, but much more time and effort 

have to be invested to confirm that an antibody is “good”. As 

an illustration, in the authors’ laboratories,64 prevalidation of 

antibodies for utilization on reverse arrays was done in sev-

eral steps: first the antibodies were screened against a human 

cell lysate (eg, HeLa) using a Multiwestern blotting device, 

in which around 30 antibodies can be tested against a single 

sample. At this stage, anything showing more than the expected 

(usually a single) number of bands was discarded. Next, the 

remaining antibodies were tested against a small panel of cell 

lines, including one from the mouse and rat. Finally, a test was 

done on the arrays themselves. In our case, the majority of 

the inadequate antibodies failed already in the first validation 

step. This is probably explained by the fact that we were using 

basically the same lysate conditions for arrays and Westerns, 

resulting in good consistency between both platforms. If anti-

bodies are to be used in a forward array format, where lysis 

conditions are quite different, an ELISA may be a better pre-

dictor of binding. Nevertheless, Western blotting is somewhat 

of a gold standard for antibody validation because it reveals 

what is bound and not just binding per se. Inevitably, however, 

the interaction of antibodies with their targets will alter under 

changing assay conditions, including cross-reactivity or loss of 

binding activity after immobilization and therefore some level 

of customization will always be required. Post-array validation 

is essential to further confirm and validate the observations, 

since the sample under investigation will hardly ever have 

been used for upfront validation. That can be done by either 

going back to a Western blot with the specific sample or even 

using immunoprecipitation and MS in cases where binding is 

not preserved under blotting conditions. If stringent validation 

criteria are used, the number of antibodies with the desired 

behavior will be rather small. Therefore, efficient ways of 

finding an existing antibody targeted against an antigen of 

interest are a key first step towards success, eg, using supplier 

information which usually includes some level of validation. 

A major step forward is the Human Protein Atlas, a multidis-

ciplinary initiative set up to enable systematic exploration of 

the human proteome using antibody-based proteomics.65 This 

is accomplished by combining high-throughput generation of 

affinity-purified antibodies with protein profiling in a multi-

tude of tissues and cells assembled in tissue microarrays. The 

database is updated annually and the current release52 contains 

more than 21,900 antibodies, targeting proteins from more 

than 16,600 human genes.

Specificity is the most important but not the only criterion 

for the suitability of antibodies or other affinity reagents for 

array-based applications. Affinity is another key factor for 

achieving sensitive and reproducible quantification. This 

factor is easier to control in the reverse format, where it is 

straightforward to apply the sample at multiple concentrations, 

and test for the linearity of the response.66 In a forward array 

format with hundreds or more antibodies/affinity reagents, 

this is much more challenging, and particular care should be 

taken if samples are to be compared quantitatively. In general, 

one can say that antibody-based arrays are a good format for 

screening many antibodies and/or samples, but in each case 

hits should be followed up with alternative methods, such as 

Western blotting and ELISA, to confirm that observed differ-

ences are not due to technical causes.

Some of the limitations associated with polyclonal or 

monoclonal antibodies can be minimized by using recom-

binant antibody libraries designed for microarray applica-

tions as the probe source.67,68 Large libraries of recombinant 

antibody-related molecules (,1010 members) provide instant 

access to a vast number of specific probes.69,70 In contrast to 

the conventional antibody production process, recombinant 

antibody libraries can be already designed with predefined 

properties for selectivity, affinity, and stability in an economi-

cally feasible manner.71

A completely different class of affinity reagents inves-

tigated in the context of microarrays is aptamers. Aptamers 

are short, single-stranded RNA or DNA oligonucleotides 

that can bind to a wide range of target molecules with high 

affinity and specificity.72 Recent improvements in aptamer 

technology have resulted in a large library of validated aptam-

ers, which can be used to quantify more than 1,000 proteins 

simultaneously.73 While the in vitro selection of high-affinity 

aptamers appears to be more straightforward than antibodies, 

it has not been possible yet to generate good aptamers against 

small linear epitopes, such as (modified) peptides.

Detection methods
Over the last decade, the detection techniques for antibody-

based arrays have been significantly improved. Along with 

the rapid development of this technology, the most critical 

parameters such as limit of detection, sensitivity, dynamic 

range, and the resolution have been substantially optimized. 

The detection technologies used for the analysis of arrays can 

be divided into two major classes, ie, label-based and label-

free systems. To date, the majority of array applications are 

using the direct or indirect label-based systems, mainly due 

to their ease of use and the common availability of reagents 

and instruments. To further lower the limit of detection 

and to measure even low abundant proteins in complex 

mixtures, signal amplification systems like the rolling circle 
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amplification, nanorolling circle amplification,74 proximity 

ligation assay,75 or tyramide signal amplification76 are promis-

ing tools to improve the sensitivity.

In addition to the conventional labeling methods, many 

novel labels, such as gold nanoparticles, Raman dye-labeled 

nanoparticles,77 quantum dots, or bio-barcode nanoparticles, 

have been developed to increase the sensitivity, reproducibil-

ity, and stability of the signal. Along with the development 

of novel dyes, a variety of confocal, non-confocal, or planar 

wave guide technology-based scanners is available for read-

ing such arrays.78

In contrast to the label-based techniques, label-free detec-

tion methods rely on measurement of inherent properties of 

the molecule of interest, such as mass or dielectric property. 

Label-free techniques are capable of measuring biomolecular 

interactions and reaction kinetics in real time.79 A variety of 

technologies have been adapted to protein microarray detec-

tion, such as atomic force microscopy and surface plasmon 

resonance, among many others.

Array-based proteomics
Being a “closed” profiling tool, in other words probing only 

a predefined set of analytes, antibody-based arrays have 

inherent limitations in discovery proteomics. Therefore, 

MS-based methods have become the de facto standard in 

areas where such limitations of the analyte space are unde-

sired, like target discovery. This is especially true at early 

stages of the discovery process, where samples are often 

derived from cellular or preclinical models, for which some 

of the already mentioned challenges for MS-based methods 

are less pronounced. Clearly, this is very different when it 

comes to clinical samples and/or the analysis of biofluids. 

Here the array-based methods can take maximal advantage 

of their affinity reagents, which excel under conditions and 

with samples where MS-based methods are not suitable 

or would only work with a much lower throughput and 

sensitivity.80 Cytokine arrays in different formats are prob-

ably the most widely applied antibody-based arrays, having 

already evolved into a routine tool. Cytokine analysis is a 

perfect application for forward arrays, targeting a fairly well-

defined set of analytes in complex samples like biofluids with 

a focus on sensitivity. While the main applications remain 

in immunology research81 or in analyzing biomarkers in 

immune disease,82 the use of cytokine arrays is even extend-

ing into seemingly remote fields like resistance to cancer 

drugs, which can be driven by cytokines and their activation 

of growth and survival pathways.83 At the other end of the 

spectrum of forward arrays, one can find antibody collections 

covering a large variety of putative cancer biomarkers, where 

the selection appears to be at least partially based on the 

availability of antibodies.51

Reverse arrays have found their main niche in the analy-

sis of signaling pathways. One reason for this is that both 

membrane-type and chip-type arrays are compatible with 

denaturing lysis buffers,61 which help to conserve phospho-

rylation states, as well as expose some of the phosphopeptide 

epitopes that may be less accessible in the native protein. 

Moreover, the reverse array format provides the flexibility to 

select signaling antibody panels that are adapted to the specific 

sample(s) or pathway(s) being studied. Reverse array-based 

signaling pathway analysis has gained increased attention, 

concomitant with the increased understanding of kinase dys-

regulation in disease, particularly in cancer and immunology, 

and the development of therapeutics to correct that. One spe-

cific drug discovery application is cellular profiling of kinase 

inhibitors,84 but the majority of published studies describe the 

profiling of patient samples for the discovery of biomarkers. 

An example from cancer research is patient stratification 

based on the actual pathway “activation state” as measured 

with antibodies against key signaling nodes.85,86 By correlat-

ing those signaling profiles with observations in the clinic, 

predictive models for treatment responses and relapses are 

starting to develop.87,88 Reverse arrays are also being used for 

the analysis of the adaptive responses generated by tumor cells 

to overcome growth inhibition by pathway blockers, which 

is already a major problem in the clinic.89,90 And of course, 

the approach is equally suitable for investigation of in vitro 

models to map out basic signaling mechanisms.66,91 Besides 

reverse array platforms, there are also various forward array 

formats with focused or broad collections of antibodies to 

detect protein phosphorylation.92–94 The focus on cancer in this 

review should not suggest that use of arrays does not extend to 

other fields like gastrointestinal disease95 and aging.93 For their 

part, aptamer-based arrays appear to be particularly suitable 

for the analysis of biofluids,73,96 another type of sample where 

classical proteomics methods are inadequate.

Coming back to the pros and cons of targeted proteom-

ics using antibody-based arrays, one can summarize that the 

affinity tools are invaluable to achieve exquisite selectivity 

and sensitivity, but their generation and the concomitant assay 

development are typically cumbersome. Here, targeted MS 

has a clear advantage, since large numbers of assays can be set 

up in a limited time.42 Nevertheless, we believe that the ability 

to generate comprehensive protein expression and pathway 

profiles of patient samples is going to have a significant impact 

on the development of personalized therapies. Going forward, 
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patients will no longer be classified based on macroscopic 

observations, but on the precise disruptions that are hap-

pening at the molecular level and consequently therapies 

will focus on correcting these disruptions. Moreover, only a 

protein/proteome level analysis can elucidate the key events 

that happen post-translationally. The more that is known 

about a certain area of biology, the easier it is to build an 

antibody-based array with the right, limited set of readouts. 

However, the application of arrays will not stop at the level 

of such panels. The ongoing efforts in generating large, even 

proteome-wide, libraries of antibodies or aptamers imply that 

the border between “closed” targeted analysis and “open” 

discovery proteomics is slowly fading and array-based global 

protein profiling is about to become reality.97,98

Conclusion
Coming back to one of the points raised at the beginning of 

this review, it can be concluded that both MS-based and array-

based protein analysis are starting to approach proteome 

scale, as long as we define proteome scale as “at least one 

measurement (entity) per protein”.11 The Human Proteome 

Atlas project has shown that it is not just a theoretical pos-

sibility to generate an antibody for each protein, and the 

large-scale collections of proteotypic peptides are something 

like the equivalent for targeted MS. Is there a clear favorite 

proteome analysis approach among all the options discussed 

here? In our opinion, the best approach will be a hybrid for 

the foreseeable future. While antibodies (and other affinity 

reagents) have the enormous advantage that they can be 

used almost irrespective of sample complexity, it will not 

be feasible to generate specific affinity reagents for all pos-

sible forms of a protein. One solution could be to employ 

an affinity reagent that binds to all variants of a protein to 

reduce the complexity of a sample to a level where a mass 

spectrometer can read out all the different (modified) forms 

with high precision. Quite likely, this could be multiplexed 

to tens or hundreds of proteins using an array-type format. 

A slightly different form of this hybrid has already been 

implemented in the SISCAPA (stable isotope standards and 

capture by anti-peptide antibodies) technology,99 combining 

antibody enrichment of a proteotypic peptide from a complex 

sample such as serum, and MS detection in a single reac-

tion monitoring type of experiment. And, besides utilizing 

different bespoke technologies, it will be equally important 

to combine discovery and targeted platforms, to obtain new 

insights and at the same time ensure the necessary throughput 

to validate novel targets or biomarkers in a statistically robust 

manner.
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