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REVIEW

Uncovering the Depths of the Human Proteome:
Antibody-based Technologies for Ultrasensitive
Multiplexed Protein Detection and
Quantiﬁcation
Annie H. Ren1,2, Eleftherios P. Diamandis1,2,3, and Vathany Kulasingam1,3,*

Probing the human proteome in tissues and bioﬂuids such
as plasma is attractive for biomarker and drug target
discovery. Recent breakthroughs in multiplex, antibodybased, proteomics technologies now enable the simultaneous quantiﬁcation of thousands of proteins at as low as
sub fg/ml concentrations with remarkable dynamic ranges
of up to 10-log. We herein provide a comprehensive guide
to the methodologies, performance, technical comparisons, advantages, and disadvantages of established and
emerging technologies for the multiplexed ultrasensitive
measurement of proteins. Gaining holistic knowledge on
these innovations is crucial for choosing the right multiplexed proteomics tool for applications at hand to critically complement traditional proteomics methods. This
can bring researchers closer than ever before to elucidating the intricate inner workings and cross talk that
spans multitude of proteins in disease mechanisms.

Studying the proteome is central to understanding the
functional units of a cell. Proteins are involved in a breadth of
biological processes, from apoptosis, to cellular checkpoints,
to inﬂammation to name a few, all of which are pertinent to
diseases ranging from cancer, to neurodegenerative, cardiovascular, and infectious diseases (1–3). Studying the alterations in protein expression, secretion, and interactions in
biological ﬂuids can elucidate disease pathways and discover
novel therapeutic targets and noninvasive biomarkers (4, 5).
Recent breakthroughs in immunoassay-based multiplex protein technologies now allow for the simultaneous quantiﬁcation of hundreds to thousands of proteins in a single assay.
However, applying these novel platforms to map the circulating disease proteome requires superb technical sensitivity
to detect scarce disease-associated proteins, excellent
reproducibility, and cost-effective means for robustly powered
validation studies and clinical trials in the arduous effort of
bringing a novel drug or biomarker to the clinic. When it comes

to clinical practice, the technical demands further increase
with added expectations of realistic sample volume requirement and turnaround time. Equipped with a growing array of
ultrasensitive multiplex proteomics technologies, selecting the
right tool for the question at hand can be daunting without ﬁrst
acquiring considerable knowledge surrounding the variety of
technologies. We herein provide a comprehensive guide of the
technological principles, performance, strengths, and weaknesses of commercial immunoassay-based technologies for
the multiplexed ultrasensitive measurement of proteins in
human bioﬂuids. The principles, advantages, and drawbacks
of some of the technologies described in this Review have
been reviewed elsewhere (6–9). In these cases, we provide
updates on the rapidly evolving ﬁeld, where advancements in
the multiplexing capability and analytical prowess of the
technologies are unveiled on a yearly basis, to enable researchers to discover more of the human proteome.
CHALLENGES IN PROTEIN DETECTION AND MEASUREMENT

Unlike the rapid advances in whole genome sequencing,
traditional proteomics methods have lagged behind in terms
of improving throughput and sensitivity for measuring proteins
in bioﬂuids at the proteome-wide scale. In comparison with
the genome, which consists of about 20,000 genes, the proteome is far more complex with an estimated close to one
million proteins, after accounting for alternative splicing and
posttranslational modiﬁcations (1). It is therefore unsurprising
that it takes decades to develop the incredibly powerful
technical methods required to chart the complete human
proteome, let alone unravel how protein expression dynamically changes in various diseases (10).
Mass spectrometry (MS) remains the core tool for proteomics efforts, with the two main methodologies for the wide
detection of proteins being bottom-up and top-down MS
(reviewed elsewhere) (11–13). Bottom-up MS is 100-fold more
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sensitive than the latter method and is favored for discoverybased proteomics for its broader coverage and higher
throughput (11). Though capable of detecting up to several
thousand proteins in a single liquid chromatography (LC)-MS/
MS experiment, the method may hold bias toward highabundance proteins and delivers less robust detection of
low-abundance proteins (13). When it comes to using complex
biological matrices such as human serum or plasma, the
performance of MS techniques further deteriorates with even
targeted methods typically unable to detect proteins below
low μg/ml or high ng/ml levels without extensive sample
fractionation or enrichment to decrease the sample
complexity (14). To this end, the utility of MS for identifying
novel cancer biomarkers or drug targets is hindered by
insufﬁcient resolution of the human proteome (15). The typical
dynamic range of LC MS/MS is 4- to 6-log, while proteins in
bioﬂuids can span 12-log in concentration (13). Paired with
limited sensitivity, MS methods may often fall short on
detecting clinically relevant proteins, where candidate biomarkers with clinical applicability are often present in the sub
pg/ml to sub ng/ml range (14). For example, aberrant protein
structure and expression have been implicated in many cancers and neurodegenerative diseases (5, 16, 17). However,
clinically relevant proteins in these diseases, such as brainenriched proteins, tumor-related proteins, and cytokines, are
secreted into extracellular ﬂuids or leaked into the circulation
at extremely minute concentrations (sub pg/ml or lower),
thereby being virtually undetectable via MS methods without
various fractionation and enrichment (13, 15). The numerous
conﬁgurations and advancements in targeted MS-based
techniques, such as selective reaction monitoring and parallel reaction monitoring, for multiplexed protein measurement
are beyond the scope of this review and have been reviewed
elsewhere (18–20). However, it is notable that progress in
targeted MS techniques for quantifying proteins in biological
matrices has gradually reached detection limits as low as 50
to 100 pg/ml (14, 21). However, the techniques may see
hampered multiplexing capability to about 20 to 30 analytes
being measured in a single assay (14, 21).
Tackling the drawbacks of MS-based approaches, a new
generation of multiplexed proteomics technologies has
steadily gained traction with the goal of heightening sensitivity
while augmenting multiplexing abilities. The technologies
came from innovations on the enzyme-linked immunosorbent
assay (ELISA), which is the most used tool for protein quantiﬁcation in research settings and the gold standard of clinical
laboratories for detecting single analytes. ELISAs achieve 1 to
10 pg/ml detection limits with no need for sample pretreatment (22). The sandwich ELISA takes advantage of a pair of
antibodies that recognize different epitopes on a target antigen to enable the detection of proteins in complex bioﬂuids
with high speciﬁcity. However, measuring multiple analytes by
performing numerous ELISA immunoassays becomes tedious
and impractical owing to substantial demands on sample
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volume requirement, (which can be as high as 50 μl of sample
per analyte), turnaround time, and cost.
Multiplex measurements offer the unique opportunity to
gain a holistic view of the biochemically complex environments involved in pathogenesis and responses to treatment,
with alleviated demands on time, cost, and sample volume.
From a practicality standpoint, human biological samples from
clinical settings are often restricted in availability and quantity.
Therefore, multiplexing appeals to researchers for comprehending intricate physiological conditions with the convenience of a single, low-volume sample. The simultaneous
detection of multiple protein analytes can come with sizeable
obstacles, including nonspeciﬁc binding, interference, and
cross-reactivity due to the different subpopulations of antibodies and intervening factors in complex matrices (23). Novel
multiplexed proteomics technologies have created unique
solutions to overcome these age-old challenges with fundamental differences in the assay format, where the reactions
take place either on planar devices or microscopic beads. In
the ensuing sections, we explain in detail some of the
emerging and established commercial multiplex proteomics
platforms currently available to equip researchers with a
complete understanding of their advantages and limitations.
PLANAR IMMUNOASSAYS

Antibody Arrays
Antibody arrays are high-throughput forms of the traditional
ELISA, where a large collection of distinct capture antibodies
is immobilized onto a solid support surface (Fig. 1). The
captured antibodies can be adapted to proteins of interest for
the parallel analysis of multiple protein targets in a single
sample. Commonly available antibody arrays are based on a
sandwich or direct label format (Fig. 1), where their typical
workﬂow and applications in basic and clinical research have
been reviewed elsewhere (24). In general, sandwich formats
may beneﬁt from higher speciﬁcity as a pair of antibodies that
recognize different epitopes of the antigen is used, and an
assay signal is only generated when both antibodies have
bound to the target. However, multiplexing may be compromised because all pairs of antibodies must be validated to
avoid cross-reactivity rendering a practical capability of
measuring between 10 and 80 analytes in each subarray (8).
Multiple subarrays can be run in parallel to increase multianalyte detection, although this increases the sample volume
requirement.
The type of solid support used is also important for technical performance, with surfaces commonly made of glass or
nitrocellulose membrane. Assays that utilize membrane-based
supports generally rely on signal generation by ﬂuorescence
or chemiluminescence and are semiquantitative with an
approximate 4-log dynamic range, where fold-change in
protein concentration can be discerned by comparing signal
intensity (8). These devices beneﬁt from the convenience of
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FIG. 1. Antibody array. Distinct capture antibodies are immobilized onto a solid support surface. Glass slide arrays are typically organized into
2 × 8 subarrays. In the direct label assay format, proteins from the biological sample are extracted and labeled with biotin. The processed sample
is then incubated on the array to enable target analyte binding to the capture antibodies. After washing, labeled streptavidin is added, which
binds to the biotin tags. The resulting signal is visualized by an array scanner. In the sandwich label format, the biological sample is directly
incubated on the array to allow for target binding. After washing, the detection antibody, which is conjugated to a biotin tag, is added to form
immunocomplexes. After more washing, labeled streptavidin is added to generate signal, as visualized by an array scanner.

easy processing akin to western blot membranes without the
need of specialized equipment (8). Newer antibody arrays
mostly use glass slides for solid support, as it allows for

denser antibody printing, higher throughput, and multiplexing,
while providing absolute protein quantiﬁcation in some cases
(8). Specialized for convenience and automation, glass slide
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arrays that are spotted with distinct antibodies are typically
organized into 2 × 8 subarrays, which emulate two columns of
a 96-well microtiter plate, to allow for 16 samples to be
analyzed on each slide (Fig. 1). The inclusion of protein standards in some technologies establishes a calibration curve of
each analyte, thus permitting absolute quantiﬁcation. Four
slides can be arranged into a frame of the size of a 96-well
plate to facilitate automation of the incubation and wash
steps, which is critical for enhancing technical reproducibility.
To further augment measurement reliability, the same capture
antibodies are often spotted in several replicates on each
subarray such that signal intensities are obtained as a mean of
the readout from the technical replicates (8). Fluorescence
intensity is the most common source for signal readout, where
a microarray scanner is necessary for data acquisition. Advancements in glass-slide antibody arrays have proceeded at
astonishing speeds where many technologies have improved
in multianalyte detection by hundreds to thousands of proteins in the past 2 years. We provide an up-to-date list of
commercial antibody array platforms and compare their
technical performance (Table 1). In the following subsections,
we examine three distinct antibody array technologies that
offer some of the largest multiplexed protein libraries, to better
understand their advantages and caveats for wide-scale
proteomics screens.
Direct Label Array – The direct label antibody array offered
by Full Moon Biosystems provides semiquantitative measurement of 60 to 1358 human proteins in parallel, with biological relevance in inﬂammation, cancer, cell cycle, and
signaling pathways (25–29). Direct label antibody arrays
beneﬁt from higher multiplexing capability with hundreds to
thousands of antibodies covalently immobilized on a glassslide surface coated with 3-D polymer materials that
enhance binding efﬁciency and speciﬁcity. Each antibody type
is printed in 2 to 6 replicates to enhance data reliability.
Workﬂow of the assay starts with protein extraction and labeling with biotin. The processed sample is then incubated on
the array to enable the binding of analytes to the capture
antibodies. Signal detection is facilitated by the addition of
Cy3-labeled streptavidin to form ﬂuorescent immunocomplexes that can be visualized by an array scanner. Signal intensity is extracted from the array images and normalized
within each slide to determine fold changes in protein
expression between samples. For each analyte, an average of
the signal intensities from the technical replicates is determined, along with the coefﬁcient of variation (CV), to address
intraassay variation (30).
The main drawback to the direct label antibody arrays is the
lack of absolute quantiﬁcation of protein concentration. Due to
this limitation, the dynamic range and sensitivity of the arrays
are not well-established. Under optimized conditions, the assays can detect proteins in the ng/ml range in biological
samples. However, as reported by the manufacturer, the CV
between signal intensities from technical replicates can vary
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between 15% and 50% due to variations in sample preparation and array processing. Nevertheless, the arrays are advantageous for their low sample volume requirement, where
20 μl of serum/plasma is needed for analyzing up to 1358
proteins on a single slide. Each kit comes with two slides for
processing two unique samples and costs approximately
US$350 to $1580 depending on the array of analytes.
Competitive Protein Proﬁling – The competitive protein
proﬁling arrays offered by Sciomics is used for direct comparisons of protein expression levels between two samples.
The workﬂow relies on labeling the proteins extracted and
puriﬁed from the two samples up for comparison with two
different ﬂuorescent dyes each, such that each sample has a
distinct set of two ﬂuorescent tags. The two samples are then
mixed and incubated on typical glass-slide arrays, allowing for
competitive binding of the target proteins to the large
assortment of immobilized capture antibodies. Competition
for the binding sites means the sample with a higher concentration of target proteins will bind more efﬁciently and
prevalently to the capture antibodies, thus providing a direct
comparison of protein concentration in the two samples. The
array includes four technical replicates for each analyte. The
array incubation and handling steps are fully automated to
minimize variation. The ﬁnal slide is scanned and processed
through a four-channel excitation system to pinpoint the
amount of each speciﬁc analyte from each of the two samples.
The comparative proteomics technology allows for the
detection of 1300 human proteins in parallel in 10 μl of serum/
plasma. The 1300 analytes of interest represent signaling
pathway proteins, transcription factors, chemokines, and cytokines, as well as markers of apoptosis, cell stress, and
oxidative stress (31–36). Quality control data by the manufacturer showed intra-assay variation of less than 10% CV for
all analytes and sensitivity that is comparable or better than
conventional ELISA, at sub ng/ml concentrations.
Micro-ELISA Array – The micro-ELISA array technology from
RayBiotech combines 25 nonoverlapping glass-slide arrays to
perform up to 1000 miniature sandwich ELISAs simultaneously, targeting mostly inﬂammation-related proteins,
including cytokines, chemokines, growth factors, tumor
markers, and transcription factors (37–43). Each 75 mm ×
25 mm glass slide contains 16 identical antibody subarrays,
where each subarray multiplexes 40 different proteins arranged in technical quadruplicates. The high-throughput array
makes protein quantiﬁcation 80 times more efﬁcient than
traditional ELISA, giving results in 4 h. Akin to a sandwich
ELISA, capture antibodies are spotted onto each subarray.
After sample incubation and washing, a biotinylated detection
antibody is added. A streptavidin conjugated Cy3 dye is then
conveyed, and the ﬁnal resulting ﬂuorescence signals are read
via a microarray laser scanner. An absolute quantiﬁcation of
each analyte is calculated through the average of the technical
quadruplicate values, after accounting for intra- and interslide
normalization.

1–100,000 pg/ml 3- to 4-log

7–10%

Performance data by the manufacturer reports high precision with an average intra-assay CV of 7 to 10% and interassay CV of 10 to 15%, and a dynamic range of around 3- to
4-log concentration. However, the sensitivity of the analytes
varies substantially, ranging from 1 pg/ml to 100 ng/ml. A main
advantage of Raybiotech is its ﬂexibility in analyte multiplexing, offering one of the most exhaustive collections of
preassembled assays, with 160 Quantibody panels available
for the concurrent detection of 5 to 1000 human proteins. Kits
are available for running eight samples, 22 samples, or
50 samples, with prices for the panels ranging from $197 to
$4950 (for the eight sample kits). However, the sample volume
requirement for the kiloplex (1000 analytes) array is 1.5 ml,
meaning the micro-ELISA array may not be compatible with
studies employing limited sample volumes.

1000
Raybiotech

Glass slide

Fluorescence

Serum, plasma

Absolute quantitation

1.5 ml

Reverse-phase Protein Arrays

–, information not available.

<10%
–
sub ng/ml
Semi-quantitation
Serum, plasma
Fluorescence
1300
Sciomics

Glass slide

Serum, plasma,
Semi-quantitation
tissue/cell lysate
Fluorescence
Glass slide

10 μl

15–50%
Unknown

400
Abcam

20 μl

ng/ml

1150
Kinexus

1358

96
Abcam

Full Moon
Biosystems

–
–
–
50 μl
Absolute quantitation

–
–
–
–
Semi-quantitation

–
4-log
pg/ml
0.2–1 ml
Semi-quantitation

–

–
–
–
Semi-quantitation
119

Proteome Proﬁler
Antibody Arrays
Semi-quantitative
antibody arrays
Kinex KAM
microarray
Quantitative
antibody arrays
Full Moon direct
label antibody
array
scioDiscover
comparative
protein proﬁling
Quantibody Array

R&D Systems

Nitrocellulose Chemiluminescence Serum, tissue/cell
membrane
lysate, urine
Nitrocellulose Chemiluminescence Serum
membrane
Glass slide
Fluorescence
Serum, tissue/cell
lysate
Glass slide
Fluorescence
–

Sample
volume
requirement
Type of protein
quantiﬁcation
Type of
biological matrix
Type of detection
Type of
support
surface
Multi-analyte
detection
Vendor
Platform

TABLE 1
Technical parameters of commercial antibody array platforms

Sensitivity

Dynamic
Median
range intra-assay CV (%)
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Reverse-phase protein arrays (RPPAs) are widely used for
the quantitative, multiplexed, and high-throughput analysis of
phosphorylated and total protein in tissue lysates, cultured cell
lines, and biological ﬂuids (reviewed elsewhere) (44–49). RPPA
utilizes a dot-blot approach to measure the concentration of
hundreds of proteins in over a thousand samples simultaneously (46, 49, 50). The samples are printed and immobilized
in spots on planar microarrays (typically nitrocellulose-coated
glass slides), which are subsequently incubated and probed
with primary and secondary antibodies (49). Each array is
printed with control samples with varying amounts of predetermined protein concentration, to establish a calibration
curve and allow for absolute protein quantiﬁcation (51).
Detection is achieved through colorimetric methods, ﬂuorescence, or chemiluminescence (52). The analytical sensitivity of
the technology is reported to be at the picogram to femtogram
levels, with a CV of less than 10% between technical replicates (51, 52). The technology has been extensively employed
for proteomics research using cell and tissue lysates, such as
for tumor proﬁling, and demonstrated utility in therapeutic
clinical research trials (47, 48, 53, 54). On the other hand, the
platform is not as thoroughly explored for assessing serum
matrices. The complexity and large dynamic range of the
human serum matrix may pose a challenge for measuring
protein levels in the picoliter of sample volume that is spotted
onto the microarray (55). A few studies have demonstrated the
ability of RPPA to measure up to ten serum proteins (mainly
cancer biomarkers) in high-throughput formats, while assaying
hundreds to thousands of samples concurrently (55–60).

Electrochemiluminescence Multiarray
Although traditional antibody arrays are time- and costefﬁcient, the technique often sacriﬁces absolute quantiﬁcation and sensitivity. A new wave of technologies has placed
focus on ultrasensitivity for deep proteome proﬁling, reaching
detection limits that are up to 1000-fold lower than traditional
ELISA. The multiarray technology from Meso Scale Discovery

Mol Cell Proteomics (2021) 20 100155 5

Ultrasensitive Multiplex Proteomics Technologies

(MSD) is such an example, which pairs the classical sandwichbased
immunoassay
with
ultrasensitive
electrochemiluminescence (ECL) detection to measure up to 71
proteins simultaneously in complex biological matrices. At a
throughput of 960 data points in 1 to 3 min, the 123 various
multiplex panels available can simultaneously measure 7 to 71
proteins, while using 10 and 25 μl of sample per well in 96- and
384-well plates, respectively. Taken together, the platform
covers 180 unique human cytokines, chemokines, and biomarkers (56–62). Using the multispot technology, capture
antibodies are ﬁrst printed onto 96- or 384-well microtiter
plates at precise, predetermined positions (Fig. 2). Subsequent incubation of the sample allows for binding of the target
proteins, which are later subjected to a detection antibody that
is labeled with ruthenium (II) tris-bipyridine chelate. Finally,
tripropylamine (TPA) is added before the electrode surfaces of
the plate are energized, causing the ruthenium label to
generate an ECL signal. ECL involves an electrochemically
generated intermediate that undergoes an electron transfer
reaction to the electrode surface to produce excited states
that emit light upon relaxation to a lower-level state (63–66).
The advantages of signal transduction through ECL include
high sensitivity, wide dynamic range, and stability. Often,
biological samples and tissue culture media may contain
molecules that are autoﬂuorescent, which lead to high background signals when using standard ﬂuorescence techniques
(63–66). However, ECL detection lacks an excitation source
and instead, relies on light emitted from bound detection antibodies that are labeled with ruthenium, thus ensuring signal
speciﬁcity, high sensitivity, and minimal background (63–66).
Furthermore, ECL is highly stable. When a photon is emitted
through ECL, the ground state is regenerated, thus allowing
for the ruthenium label to undergo many reaction cycles to
release more photons (63–66). Overall, the ECL-focused immunoassays at Meso Scale provide multiplexed protein
detection at a dynamic range of over 5-log with sensitivity
down to sub fg/ml to sub pg/ml concentration for most analytes. Technical analysis by the manufacturer showed minimal
intra-assay variability with CV of less than 20%.

Proximity Extension Assay (PEA)
Based on the principles of immuno-polymerase chain reaction (PCR), the proximity extension assay (PEA) technology
runs 92-plex immunoassays in parallel to measure over 1000
proteins in 14 μl of sample (67–75). Immuno-PCR leverages
the extreme sensitivity of PCR and the speciﬁcity of immunoassays to measure proteins of low abundance. The general
principle of immuno-PCR consists of ﬁrst allowing protein
targets to bind capture antibodies and then introducing a
secondary antibody that is conjugated to an oligonucleotide
sequence (76–78). The formed immunocomplex is ﬁnally
detected by an oligonucleotide primer that is complementary
to the sequence on the secondary antibodies, to allow for
DNA polymerase-dependent extension and ampliﬁcation via
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PCR (76–78). Numerous ampliﬁcation cycles of the DNA
amplicon product allow the signal from the immunocomplex
featuring the target protein to be magniﬁed, thereby delivering
1000 times greater sensitivity compared with traditional ELISAs (76–78). The prevalent use of immuno-PCR has mainly
been tapered by complications with high background signals
and long turnaround times due to the incubation and washing
steps necessary in immunoassays and the ampliﬁcation
cycles in PCR (78). The PEA technology offered by Olink
Proteomics was developed by Landegren et al. to use
proximity-dependent DNA ligation to overcome these hurdles
(79–81). The assay relies on matched pairs of antibodies that
bind to adjacent epitopes on the target protein. The pairwise
antibodies are conjugated to either 3′ or 5′ ends of a singlestranded DNA (ssDNA) sequence unique to the target protein, serving as a barcode. The loose ends of the strands are
complementary to each other in each antibody pair (Fig. 3).
Upon binding of both antibodies to the target protein, the
complementary ssDNA ends on the pair of antibodies hybridize to each other as a result of their physical proximity. The
hybridized structure acts as a primer that enables DNA
polymerase-dependent extension in a qPCR reaction. The
goal of hybridization and resulting ampliﬁcation of the DNA
sequence is to produce an ampliﬁed reporter DNA strand,
from which the concentration of the target protein can be
inferred. Signal detection is achieved through qPCR, where
oligonucleotide probes labeled with distinct ﬂuorescent tag
hybridize to speciﬁc double-stranded DNA amplicons through
complementary base pairing. The signal intensity of each
unique amplicon is proportional to the concentration of the
associated protein in the sample. In the case of the 92-plex
reactions, 1 μl of a biological sample (such as serum or
plasma) is channeled into a microwell and incubated with 92
pairs of matched, ssDNA-conjugated antibodies, along with
DNA polymerase, detection probes, and internal controls for
the hybridization, extension, and ampliﬁcation steps. The dual
recognition feature via matched, pairwise antibodies and selective hybridization of the complementary ssDNA sequences
are key in reducing background signal and ensuring speciﬁcity. This effectively eliminates the wash steps in traditional
immunoassays to substantially diminish the run time. However, a main disadvantage of the PEA technology is that it
does not provide absolute quantiﬁcation of protein concentration. Instead, the qPCR readout of the frequency of the
amplicons is relayed into an arbitrary unit on a log2 scale
termed, normalized protein expression (NPX), which provides
a relative quantiﬁcation of the associated protein present in
the sample. NPX values are determined by normalizing to the
median qPCR readout of a run and therefore are only
comparative within the same run. For this reason, the multiplex panels using PEA are valuable tools for exploratory
studies where relative protein concentrations between samples are sufﬁcient for determining candidate targets or biomarkers. If researchers are looking for absolute quantiﬁcation

Ultrasensitive Multiplex Proteomics Technologies

FIG. 2. Electrochemiluminescence (ECL) multiarray. Capture antibodies are printed onto 96- or 384-well microtiter plates at precise,
predetermined positions. Each spot (1–10) is a barcode for a speciﬁc analyte of interest. Biological sample is incubated in the wells, allowing for
binding of the target proteins. After washing, detection antibody that is conjugated to a ruthenium tag is added. After ﬁnal wash steps, tripropylamine (TPA) is added before the electrode surfaces of the plate are stimulated, causing the ruthenium label to create an ECL signal in the
form of light. Redrawn based on https://www.mesoscale.com/en/technical_resources/our_technology.
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FIG. 3. Proximity extension assay (PEA). First, 92 pairs of antibodies that are conjugated to unique DNA sequences that are complementary
to each other are incubated with the sample to allow for antigen binding. The DNA sequences on the pairwise antibodies come into proximity
upon antigen binding, facilitating the complementary sequences to hybridize. DNA sequences from non-pairwise antibodies that are nonspeciﬁcally bound to the antigen are not complementary to each other and do not hybridize, thereby ensuring assay speciﬁcity. Each hybridized
sequence is extended by DNA polymerase and ampliﬁed through PCR, serving as a unique DNA barcode for its corresponding target antigen.
The amount of each ampliﬁed DNA sequence is detected by ﬂuorescent readout using microﬂuidics qPCR. The qPCR readout of each DNA
sequence, acting as a barcode to a speciﬁc target antigen, correlates to the relative concentration of the protein. Redrawn based on Toribio et al.
(161).

of protein concentration and already have candidate biomarkers in mind, there is an option to create a custom 21-plex
panel as a service provided by Olink, which would include
protein calibration standards for each analyte to generate
quantitative data.
PEA technology allows for concurrent analysis of 14 92-plex
panels with biological relevance spanning from cardiovascular, immuno-oncology, and neurology to oncology, among
others. Since the entire process is automated and 1 μl of each
sample is channeled into a microwell per 92-plex reaction,
14 multiplex panels can be run in parallel using a total sample
volume of 14 μl to measure 1288 proteins. Despite the merits
of immunoPCR, multiplexing in qPCR is constrained by the
availability of probes labeled with optically distinct ﬂuorescent
tags. To traverse this barrier, the qPCR readout detection was
recently upgraded to an innovative play on next-generation
sequencing (NGS) to give rise to the PEA-NGS technology,
as described by Darmanis et al. (82). The purpose of conventional NGS techniques is to match unknown DNA sequences to a reference genome, in order to map out exomes,
gene sequences, mutations, and even the whole genome.
Conversely in PEA-NGS, known DNA amplicons are matched
to a pre-built reference library and counted, to correlate to the
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concentration of the associated target protein in the sample.
This latest platform consists of running four 384-plex panels in
parallel to provide 1536 protein measurements in 2.8 μl of
sample. In general, 384 samples can be analyzed in a 384-well
plate for each 1536-protein run, producing over 500,000 data
points in less than 36 h. The new 384-plex panels yield a
6.5-fold increase in throughput compared with the 92-plex
panels. Both the 92-plex and 384-plex assays span a broad
dynamic range of 10-log, with sensitivity down to sub fg/ml
and CVs of less than 15% for >96% of the proteins as reported by the manufacturer.

BEAD-BASED IMMUNOASSAYS

Microsphere Bead Capture
The microsphere bead capture technology by Luminex is
built on the foundation of sandwich ELISA, but with the capture antibodies immobilized on 6.5-micron superparamagnetic microsphere beads (83–85). To facilitate
robust multiplexing, the beads are internally entrapped with a
range of concentrations of differently colored ﬂuorescent dyes
with each optically distinct subpopulation of beads adhered to
capture antibodies speciﬁc to a given analyte (Fig. 4). After the
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FIG. 4. Microsphere bead capture assay. The superparamagnetic microsphere beads are internally entrapped with a range of concentrations of differently colored ﬂuorescent dyes with each optically distinct subpopulation of beads adhered to capture antibodies speciﬁc to a given
analyte. Biological sample is incubated with the bead mixture to allow for target analyte binding. Then, secondary antibodies that are labeled
with the ﬂuorescent reporter dye, phycoerythrin (PE), are introduced and bind to the proteins. For signal detection, the content of each well is
drawn into an array reader, which utilizes either a ﬂow cytometry/laser-excitation-based system or light-emitting diode (LED)/image-based
platform. A red classiﬁcation laser excites the internal ﬂuorescent dye in each bead to sort it into its speciﬁc spectral identity, corresponding to
analyte speciﬁcity. A green reporter laser excites the PE conjugated to the secondary antibodies, with the PE emission intensity correlating to the
concentration of the target proteins bound on each bead. The LED-based readers use microﬂuidics to draw the beads into a chamber,
which then magnetically immobilizes the beads. Classiﬁcation and reporter excitation, like in ﬂow cytometer, are achieved by LEDs.
Redrawn based on https://www.emdmillipore.com/CA/en/life-science-research/protein-detection-quantiﬁcation/Immunoassay-PlatformSolutions/luminex-instruments/xmap-technology/OUGb.qB.D_kAAAFB6sYRRk_Q,nav.
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binding of target proteins, secondary antibodies that are
labeled with the ﬂuorescent reporter dye, phycoerythrin (PE),
are introduced and bind to the proteins. The experiment can
be performed in 96- or 384-well microtiter plates, permitting
for high throughput. For data acquisition, the content of each
well is drawn into an array reader, which utilizes either a ﬂow
cytometry/laser-excitation-based system (Bio-Plex 100/200)
or light-emitting diode (LED)/image-based platform (MAGPIX
or FLEXMAP 3D). Flow cytometry was the originally developed
detection method for Luminex, where precision-ﬂuidics aligns
the beads into a single ﬁle through a ﬂow cell and each bead is
subjected to a dual-excitation system. A red classiﬁcation
laser excites the internal ﬂuorescent dye in each bead to sort it
into its speciﬁc spectral identity, corresponding to analyte
speciﬁcity. A green reporter laser excites the PE conjugated to
the secondary antibodies, with the PE emission intensity
correlating to the concentration of the target proteins bound
on each bead. The newest LED-based readers use microﬂuidics to draw the beads into a chamber, which then
magnetically immobilizes the beads. Classiﬁcation and reporter excitation, like in ﬂow cytometry, are achieved by LEDs.
In both methods, signal recording for analyte speciﬁcity and
concentration is generated at high speed with throughput of
up to 1000 samples a day. The signals are converted into
digital readings in real time with a detection range around 1 to
10 pg/ml and dynamic range of around 3- to 4-log (8). However, the LED-based system, FLEXMAP 3D, allows for the
highest multiplexing power with up to 500 analytes being
measured in 12.5 μl of sample. Currently available multiplex
panels feature biologically relevant proteins, including functions in immuno-oncology, proinﬂammatory pathways,
apoptosis pathways, kidney toxicity, immunotherapy
response, immune checkpoint, cardiology, and angiogenesis,
to name a few (86–92).

Single-molecule Array (Simoa)
The sensitivity of bead-based immunoassays (1–10 pg/ml)
is left wanting compared with advancements in planar immunoassays (often with sensitivities at fg/ml). The singlemolecule array (Simoa) technology, commercialized by
Quanterix, tackled this problem with a digital bead-based
sandwich ELISA that provides protein quantiﬁcation down
to sub fg/ml concentration (93). Paramagnetic beads are
coated with the capture antibody speciﬁc to each analyte
and added to a sample (Fig. 5). The beads are subsequently
incubated with the biotinylated detection antibody, followed
by streptavidin-B-galactosidase, to ensure that each
captured target protein forms an enzyme-labeled immunocomplex. The bead mixture is then subjected to a
microﬂuidics-integrated device, the Simoa analyzer, which
involves arrays of femtoliter-sized wells that each ﬁt exactly
one bead and are ﬁlled with ﬂuorogenic substrate. When the
beads are present in large excess to the concentration of the
target protein, based on Poisson distribution statistics, the
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majority of beads will each bind to either none or one single
target protein molecule. A negligibly small number of beads
will bind more than one protein molecule. If a well contains a
target protein-bound bead, the associated immunocomplex
will react with the substrate and yield a ﬂuorescent product.
Due to the tremendously small reaction volume, ﬂuorescent
signal from even one immunocomplex will reach detectable
threshold. As hundreds of thousands of wells are analyzed
simultaneously, a digital readout of the ratio of the number of
wells with and without a ﬂuorescent signal, corresponding to
the absence or presence of the target protein molecule, is
efﬁciently generated at 68 tests per hour and 2.5 h per
96-well plate. At higher protein concentrations, each bead
will carry more than one target protein and multiple corresponding enzyme labels. In this case, the average number of
enzyme labels on each bead can be calculated from a
measure of the average ﬂuorescence signal intensity of the
active beads. This concept allows the Simoa platform a
dynamic range of 4-log of protein concentration (93). By
conﬁning the signal detection to femtoliter-sized wells,
Simoa also manages to eliminate the common problem of
nonspeciﬁc background signals due to the possible optical
absorbance of solutions and reagents used in the assay.
Owing to the minuscule volume of the detection well, only
the appropriately labeled detection antibody can give off a
detectable signal, making it clear-cut that each signal is
associated with an immunocomplex.
Simoa technology has been developed into fully automated multiplex assays by coating distinct dye-encoded
beads with speciﬁc capture antibodies and labeling them
with different ﬂuorescent dyes for optical discrimination of
the subpopulations of beads (93–95). Simoa technology
currently allows for the simultaneous detection of 2 to
12 proteins in human biological matrices, with biological
functions categorized as chemokines, cytokines, neurological molecules, and angiogenesis factors (96–102). The
10-plex panel requires 12.5 μl of serum or plasma sample
and achieved a lower limit of quantiﬁcation (LLOQ; threshold
where protein concentration can be conﬁdently quantiﬁed) of
100 to 1400 fg/ml for all proteins (103). The main advantage
of Simoa is ultrasensitivity and high precision with a median
CV of <10% as reported by the manufacturer. Although
ultrasensitivity is desirable for probing the deep proteome,
the existing limitations in multiplexing hinders the use of
Simoa for drug target and biomarker discovery as there can
be tens to hundreds of culprits in aberrant protein pathways
that contribute to pathogenesis.

Slow Off-rate Modiﬁed Aptamer
The slow off-rate modiﬁed aptamer (SOMAmers) assay
(SOMAscan) from SOMAlogic uses the concept of highafﬁnity aptamers to reach new heights in multiplex capability
for protein detection without compromising ultrasensitivity
(104–106). Aptamers are short oligonucleotide sequences that
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FIG. 5. Single-molecule array (Simoa). Paramagnetic beads are coated with the capture antibody speciﬁc to each analyte and added to a
sample for target analyte binding. The beads are then incubated with the biotinylated detection antibody, followed by streptavidin-Bgalactosidase, to ensure that each captured target protein forms an enzyme-labeled immunocomplex. The bead mixture is then subjected to
a microﬂuidics-integrated device, the Simoa disk analyzer, which involves arrays of femtoliter-sized wells that each ﬁt exactly one bead. The
beads will settle into the wells and the wells are subsequently ﬁlled with ﬂuorogenic substrate. The wells containing a bead with an
immunocomplex will generate an enzymatic signal, which is detected as a ﬂuorescent signal. Redrawn based on Cohen et al. and Lambert et al.
(162, 163).

Mol Cell Proteomics (2021) 20 100155 11

Ultrasensitive Multiplex Proteomics Technologies

bind to a single protein target with high afﬁnity. Aptamers are
developed through many cycles of afﬁnity selection for the
oligonucleotide sequence that binds to the target protein with
the highest avidity and speciﬁcity (107, 108). The nucleic acid
side chains in aptamers are further modiﬁed to improve stability and afﬁnity in biological matrices (109). These modiﬁcations, usually found at the deoxyuridine triphosphate (dUTP)
regions, often imitate the hydrophobic properties of the amino
acids, tryptophan, and phenylalanine, which are found naturally in various protein–protein binding sites (109). The resulting aptamers possess high afﬁnity for the target analyte with
extremely low dissociation constants of less than 1 nM and
are compatible with ﬂuorophore labeling, making them ideal
for multiplexed reactions (107, 108). The workﬂow for
SOMAscan is as follows: each SOMAmer is modiﬁed with a
biotin, photocleavable group, and ﬂuorescent tag. After incubating the SOMAmer mixture with the sample, any formed
aptamer–protein complexes are captured by streptavidincoated beads. The proteins are then labeled with biotin
before the complexes are released from the beads through
photocleavage and washing. Subsequently, another set of
beads is added to the mixture to recapture the SOMAmertarget complexes by the biotinylated proteins. Elution using
speciﬁc pH conditions releases the SOMAmers, which can
then hybridize to corresponding complementary DNA sequences on a proprietary microarray chip. These long incubation and wash steps, plus the addition of polyanionic
competitors, such as dextran sulfate, deter nonspeciﬁc and
cross-reactive interactions with irrelevant proteins. Thus, only
the SOMAmers that are unequivocally bound to their target
will remain at the end of the arduous process. Lastly, the
concentrations of SOMAmers, correlating to the concentrations of the target proteins, are quantiﬁed by ﬂuorescence
intensity.
In the recent years, the multiplexing ability of the SOMAscan
assay evolved from measuring 1305 human proteins to
quantifying up to 7000 analytes simultaneously in a volume of
55 μl serum, plasma, and other biological sample with ultrasensitivity (claimed LLOQ of 125 fg/ml) (110–117). An 8- to
10-log dynamic range is attained through three serial dilutions
of every sample in efforts to detect high- and low-abundance
proteins (118). In general, 85 study samples and 11 control
samples are run on each 96-well plate. The workﬂow is highly
automated to allow for efﬁcient multiplexing and high
throughput, where 680 study samples are analyzed per day.
Despite the broad coverage and high throughput, the technical variability of the assay showed a median CV of 3.5% for
5000 protein measurements (119). Speciﬁcally, 50% of
SOMAmers show a CV of less than 4.6%, while 95% of the
SOMAmers show a CV of less than 10% (119). There are also
possible caveats of the aptamer-based assay, particularly with
target speciﬁcity. Joshi et al. (120) showed that 7% of
SOMAmers showed cross-reactivity to a different protein,
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27.6% detected nonhuman plasma proteins at greater signal
intensity, and 35% displayed altered afﬁnity for their target in
the presence of single-nucleotide polymorphisms in
individuals.

Encoded Porous Gel Microparticle
Setting itself apart from the microsphere bead capture
technology, the encoded gel microparticles are made of
porous bio-inert hydrogel that allows for target capture in its
3D space (121). Compared with solid magnetic beads that
adhere targets on its surface, porous gel particles possess
considerably higher surface-to-volume ratio for immobilizing
capture antibodies (122). The porous gel FirePlex microparticles, commercialized by Abcam, support 2 × 108 higher
binding capacity per particle, translating to broader dynamic
range and enhanced sensitivity. The gel microparticle is
cuboidal in shape with dimensions of 40 × 40 × 220 microns
and contains functional regions (Fig. 6). The center contains
antibodies against the target protein and the two ends contain
distinct ﬂuorescent labels acting as a barcode. In the center
3D section of the particles, the target analytes bind to the
capture antibodies. Then, biotin-labeled detection antibodies
are added, followed by the addition of streptavidin-conjugated
to a reporter dye. Finally, contents in the microwell are subjected to triple-recognition ﬂow cytometry for data generation.
The green channel excites all three sections of the particle to
record its presence. The red channel excites the center region
with signal from the labeled targets being proportional to analyte concentration. The yellow channel generates signals
from the two end regions, where their varying ﬂuorescence
intensities act as unique barcodes for each speciﬁc analyte.
An advantage of the gel microparticle is its compatibility with
common ﬂow cytometers (Millipore's Guava EasyCyte, BD
Biosciences' Accuri, and Thermo Fisher's Attune). To enhance
technical reliability, on average, 20 gel microparticles speciﬁc
to each analyte are incubated with each sample, producing
20 reads per analyte and over 2700 data points per 96-well
plate in 2.5 h. The average assay sensitivity is 500 fg/ml,
with <10% CV, and a dynamic range of 4- to 5-log concentration across all analytes, which are signiﬁcant improvements
from the widely used microsphere bead capture-based systems. The microparticle technology that is run in 96-well
plates allows for multiplexing of up to 70 proteins (mainly
cytokines and inﬂammatory markers) in 12.5 μl of sample per
well (123–125). The cost of the 70-plex assay for a 96-well
plate is US$9385. More recently, the FirePlex immunoassay
is made available for analysis using 384-well and 1536-well
plates with a minimal sample volume requirement of 6.5 μl
and 2.5 μl per well, respectively. Each 384- and 1536-well
plate measures up to ten and ﬁve analytes and costs
US$990 and US$1330, respectively. An automated workﬂow
enables readouts to be generated in 20 min for the 384-well
assay and in an hour for the 1536-well assay. However, this
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FIG. 6. Encoded gel microparticle capture assay. The gel microparticle is cuboidal in shape with dimensions of 40 × 40 × 220 microns and
contains functional regions. The center contains antibodies against the target protein and the two ends contain distinct ﬂuorescent labels acting
as a barcode. Biological sample is added to the wells and incubated with the gel microparticles. Each well contains 20 of the sample microparticles for each target protein to generate 20 signals per analyte per well. Following target binding, biotin-labeled detection antibody binding,
and labeling with a streptavidin-conjugated reporter dye in the center 3D section of the particles, contents in the microwell are subjected to
triple-recognition ﬂow cytometry for data generation. The green channel excites all three sections of the particle to record its presence. The red
channel excites the center region with signal from the labeled targets being proportional to analyte concentration. The yellow channel generates
signals from the two end regions, where their varying ﬂuorescent intensity acts as unique barcodes for each speciﬁc analyte. Redrawn based on
https://www.abcam.com/kits/ﬁreplex-particle-technology-1 and https://www.abcam.com/kits/multiplex-immunoassays-fully-customizableand-highly-sensitive.

considerable advancement in throughput comes with hindered analytical parameters compared with the 96-well assay,
where the analytical sensitivity of the 384-well and 1536-well
assays ranges from 1 to 100 pg/ml, with <15% intraplate
CV, and a dynamic range of 2.5 to 3 logs, according to the
manufacturer (123–125).

Microsphere Bead Chip
Another twist on the microsphere bead capture technology
is the novel chip-based assay from AYOXXA Biosystems,
which merges the merits of antibody-coated microspheres
with the exceptional throughput of planar microarrays.
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a

Serum, plasma
Serum
75
12
Abcam
AYOXXA

500
12
5000
Luminex
Quanterix
SomaLogic

1196
Olink Proteomics

Peripheral blood mononuclear cell.
Cerebrospinal ﬂuid.
c
A variety of other sample types are compatible such as ﬁne needle biopsies, micro-dialysis ﬂuid, dried blood spots, synovial ﬂuid, plaque extract, and saliva.

<10%
<10%
4- to 5-log
3- to 4-log
500 fg/ml
sub pg/ml
12.5 μl
3 μl

10%
10%
4.6%
3- to 4-log
4-log
8-log
1–10 pg/ml
sub fg/ml
100 fg/ml
13 μl
13 μl
50 μl

8%
10-log
fg/ml–pg/ml
13 μl

15–50%
<20%
sub pg/ml–ng/ml 3- to 4-log
sub fg/ml–pg/ml 5-log
10 μl–1.5 ml
10–25 μl

Serum, plasma, tissue/cell lysate
Serum, plasma, cell culture supernatants,
PBMCsa, urine
Serum, plasma, tissue/cell lysate, CSFb,
urine, saliva, etcc
Serum, plasma
Serum, plasma, tissue/cell lysate
Serum, plasma, tissue/cell lysate, CSFb
See Table 1
Up to 1300
Meso Scale Discovery
71

Microsphere bead capture assay
Single-molecule array (Simoa)
Slow off-rate modiﬁed aptamer
(SOMAmer) assay
Encoded gel microparticle capture assay
Microsphere bead chip-based assay

With ﬁerce competition and ongoing evolutions of multiplex
proteomics technologies, it is a matter of time before these
platforms become commonplace for global proﬁling of the
human proteome. We summarize the analytical features of
each commercial immunoassay-based technology in Table 2.
The trade-off between technical reliability and highly multiplexed protein detection comes with challenges that researchers should take into account when selecting the right
proteomics tool. Nonspeciﬁc binding remains a major problem

Platform

LIMITATIONS AND TECHNICAL COMPARISONS

Antibody arrays
Electrochemiluminescence
(ECL) multiarray
Proximity extension assay (PEA)

Sensitivity
Sample volume
requirement
Type of biological matrix
Multi-analyte
detection
Vendor

TABLE 2
Technical parameters of commercial immunoassay-based multiplex proteomics platforms

Microbeads bound to capture antibodies for speciﬁc targets
are ﬁt snugly and immobilized onto the bottom surface of
microwells on a chip. Each planar chip is proved unique with a
random distribution of the different subpopulations of
microbeads to eliminate density and location bias. A log of
each chip records the precise location and capture antibody
type on each microbead to spatially map out the identity of
each analyte. The workﬂow of the microsphere bead chip
assay mimics that of a sandwich ELISA, where 3 μl of sample
is incubated in a chip well to allow for target binding.
Fluorophore-tagged detection antibodies are added to yield
immunocomplexes that are ﬁnally detected through imaging
of the chip. Each chip carries thousands of microbeads bound
to different antibodies, which are visualized in high resolution.
The analyte concentration is calculated by the mean ﬂuorescence intensity emitted by the hundreds of microbeads carrying the same capture antibody. This is converted into a
numerical intensity value that correlates to the protein concentration. The LUNARIS Reader records the mean ﬂuorescence intensity for each microbead and antibody pair to
provide fully automated readouts of a 96-well array in
approximately 10 min and a 384-well array in less than an
hour. By aligning the chips into proprietary frames that can
accommodate either 96 or 384 wells, the chips are compatible
with equipment used for standard microtiter plates for convenience. The 96-well format allows for the analysis of 40
samples in duplicate, while the 384-well format allows for the
analysis of 160 samples in duplicate. With over a hundred data
points per analyte, the redundancy assures signal detection of
low abundance analytes, with claimed sensitivity down to sub
pg/ml, a dynamic range of 3- to 4-logs, and an intra-assay CV
of <10%. Compared with conventional bead-based immunoassays that are performed in suspension, the microsphere
bead chip assay mitigates some technical inconsistencies
caused by the aggregation of beads, competition for binding
sites, density and sedimentation artifacts, and signal
quenching, where ﬂuorescent signal intensity may be reduced
in suspension formats due to proximity with neighboring
ﬂuorophore-tagged antibodies that are in excited states (126).
Currently, 3 to 12 human proteins can be detected concurrently, with biological functions categorized into inﬂammation/
cytokines, ophthalmology, and immuno-oncology (127–132).

Dynamic Median intra-assay
range
CV (%)
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for measuring multiple analytes, which can occur between
molecules in a complex sample, with assay reagents, and the
structural surface of the devices. Nonspeciﬁc binding of antibodies can hinder target binding and amplify background
noise, hence reducing the signal and underrepresenting the
actual protein concentration. Biological samples also often
contain interfering substances that can increase the background signal. An eclectic array of proprietary assay reagents,
blockers, and surface pretreatment methods have been
incorporated in each platform to address this issue. The validation of high-afﬁnity reagents, such as antibodies and
aptamers, is also critical to ensure they do not cross-react
with the myriad of biomolecules in an assay. Furthermore,
some proteins exist in various isoforms and conﬁgurations in
addition to their native form, hence necessitating a mixture of
high-afﬁnity reagents that recognize the assortment. It is
crucial for all analytes to perform well to avoid false discoveries. For example, a 1% false discovery rate among 1000
analytes will yield ten false-positive hits that will require time
and costs to validate separately only to fail validation.
In a race to attain the next generation of ultrasensitivity, it is
critical not to overlook the dynamic range. As the concentrations of different proteins can span 12 orders of magnitude in
bioﬂuids, it is valuable to not only focus on quantifying low
abundance proteins but also embodying the highly abundant
ones. Some known and potential cancer biomarkers have
shown to ﬂuctuate by many orders of magnitude in healthy
versus disease states (133–135). Many proteins that are
potentially predictive of treatment response also exhibit radically altered levels in response to drug administration, whether
in situations of favorable or adverse effects (136, 137).
Therefore, a wide dynamic range is essential for analyzing
different biological samples to compare the different levels of
proteins in conditions such as healthy, benign versus malignant conditions, or before and after treatment.
Besides the analytical parameters of accuracy, sensitivity,
and dynamic range, the reproducibility of an assay is also
associated with technical superiority. Few studies have
directly compared the reproducibility and concordance of results from various ultrasensitive platforms to each other.
Yeung et al. (138) performed a cross-platform assessment of
nine ultrasensitive technologies, including ECL multiarray
(Meso Scale), microsphere bead capture assay (Milliplex
which uses Luminex technology), Simoa, and high-sensitivity
ELISA (from eBioscience or R&D Systems), for measuring
four cytokines in human serum. Simoa showed an intra-assay
CV of ≤10% and interassay CV of ≤14%, Meso Scale showed
≤14% and ≤26%, and Luminex exhibited ≤17% and ≤23%.
In comparison, the high-sensitivity ELISA showed ≤17 to 22%
intra- and inter-assay CV. Simoa showed the highest sensitivity with lower detection limits of 0.02 to 0.28 pg/ml, while
Meso Scale ranged from 0.38 to 2.36 pg/ml, and Luminex
ranged from 0.49 to 2.93 pg/ml. As a benchmark, the highsensitivity ELISA yielded sensitivities ranging from 0.32 to

0.50 pg/ml. Finally, Luminex showed poor pairwise Pearson
correlation with Meso Scale, Simoa, and ELISA results
(r = −0.18 to 0.58) for all four cytokines. Simoa and Meso Scale
showed high correlation with each other and ELISA (r ≥ 0.80)
for IL-6. TNFα showed weak correlation between Simoa, Meso
Scale and ELISA (r = 0.46–0.56). IL-2 and IL-17a showed poor
correlation across all the comparisons. In another study,
Schipke et al. (139) showed high correlation of measurement
for three biomarkers of Alzheimer’s disease in cerebrospinal
ﬂuid using the ECL multiarray from Meso Scale compared with
ELISA (r = 0.80–0.99). Correlation between Meso Scale and
Luminex platforms for measuring ﬁve proteins biomarkers of
kidney injury in urine showed analyte-dependent correlation
(r = 0.086–0.935) (140). Similarly, Chowdhury et al. (141) found
analyte-dependent reliability for plasma cytokine proﬁling,
where Luminex showed higher precision and Meso Scale had
higher sensitivity overall. Two studies have observed favorable
correlation of PEA with ELISA in candidate biomarkers for
ovarian cancer and glioma (114, 142). A latest study employed
the micro-ELISA array from Raybiotech to identify new diagnostic biomarkers in ovarian cancer and validated nine candidates using ELISA (143). However, Ren et al. (41) reported
incongruities between the micro-ELISA array and ELISA data
for nine protein candidates in pancreatic cancer. The overall
ﬁndings illustrated that inconsistencies in protein quantiﬁcation between different ultrasensitive multiplex immunoassays
are highly analyte-dependent. These comparison studies
highlight the importance of validating assay performance with
reliable reference standards, such as the orthogonal ELISA, to
avoid technical inconsistencies that can tamper biomarker
discovery and drug development efforts.
An expanding selection of multiplexed proteomics tools has
enabled multiplatform approaches to biomarker discovery. A
multiplatform investigation revealed complementarity and
correlation of PEA to untargeted LC-MS/MS in the detection
and quantiﬁcation of plasma proteins (144). Graumann et al.
(114) identiﬁed ovarian cancer biomarkers using PEA and
cross-validated the ﬁndings with SOMAscan, demonstrating
high interplatform correlation and concordance with ELISA. A
large study used SOMAscan to map 3622 plasma proteins
with genetic associations and used PEA to cross-validate the
expression of 266 proteins (145). The study illustrated a
valuable application of novel multiplex proteomics technologies for tethering genetic factors to pathologic protein pathways to aid in the discovery of novel therapeutic targets and
drug development (145). Giudice et al. (146) employed
SOMAscan to measure >1000 plasma proteins to identify a
ﬁve-marker signature of acquired aplastic anemia, which was
validated with Luminex. Complementarity of SOMAscan to
LC-MS/MS was also observed for enhancing the molecular
characterization of mesenchymal stem cells, where both
methods showed comparable reproducibility and dynamic
range (147). Notably, SOMAscan elucidated very lowabundant proteins that were below the detection limit of

Mol Cell Proteomics (2021) 20 100155 15

Ultrasensitive Multiplex Proteomics Technologies

LC-MS/MS (147). With increasing demand for large-scale
proteomics, there is a need for further investigations into the
analytical inconsistencies for multianalyte detection across
the various commercial multiplex technologies. Crossvalidation using different multiplex platforms can also promote transparency on the technical merits of each platform
and, more importantly, avoid false discovery.
FUTURE PERSPECTIVES AND CONCLUSIONS

Reviewing the advantages and disadvantages of commercial multiplex proteomics technologies brings a ﬁnal word of
caution. The biomedical literature has long been plagued with
issues of irreproducibility, including with protein biomarker
discovery using global proteomics approaches (148–152). The
reasons for this are many and relate to poor study design,
convenient but low-quality samples, inappropriate statistical
analysis, and unreliable analytical methods. For the latter it is
imperative to evaluate new multiplex proteomics technologies
by including technical replicates and positive and negative
controls for checking analytical sensitivity, speciﬁcity, and
precision to verify the claims of the manufacturers. Otherwise,
seemingly impressive technologies, if used under a black-box
approach, can generate presumably promising but fallacious
data (41, 153–155).
In the era of COVID-19 disease, there is keen interest in
multiplex technologies that can quantify diverse viral antigens
and antibodies in a multitude of specimens such as serum,
nasopharyngeal swabs, and saliva, for diagnosis and prognosis. Some of the technologies discussed in this Review
have already been tried to identify predictive proteomics signatures of clinical outcome and characterize the host
response mechanisms (67, 73, 156–159). A number of these
technologies are also adapted to provide quick results in a
point-of-care setting (160). These new demands will undoubtedly trigger more innovations in the quest to develop
advanced, next-generation diagnostics for various human
diseases.
All in all, many tools have recently been developed to
embrace new possibilities in uncovering the depths of the
human proteome. There is emphasis on achieving ultrasensitivity beyond the means of conventional immunoassays, enhancing dynamic range to encompass the breadth
of proteins in bioﬂuids, and implementing automation to
measure thousands of proteins in parallel with high reproducibility. Another major analytical goal of multiplexed assays is to curtail the sample quantity requirement and
enhance throughput, to facilitate large-scale, statistically
powered studies be it in translational, preclinical, or clinical
phases. Considerations also need to be placed in the type of
data rendered by commercial multiplex tools, which spans
from fold-change calculations, to relative quantiﬁcation on
arbitrary scales, to absolute quantiﬁcations akin to benchmark ELISA methods. We are inevitably venturing into a new
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frontier in deep proteomics proﬁling, achieved by complementarity between traditional MS-based approaches and
new targeted multiplex modalities. Applications of new
multiplex proteomics tools are far-reaching, including
delineating aberrant disease pathways, identifying and validating novel therapeutic targets, as well as discovering novel
predictive biomarkers to guide diagnosis and treatment.
With new opportunities in the proteomics ﬁeld come great
responsibilities in discerning whether a hypothesis-driven
approach for investigating a handful of pathologically relevant proteins or a global hunt for hundreds to thousands of
proteins in an unbiased, blinded fashion is best suited for
questions at hand.
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J., Christensen, C. L., et al. (2019) CXCR7 reactivates ERK signaling to
promote resistance to EGFR kinase inhibitors in NSCLC. Cancer Res.
79, 4439–4452
91. Ren, J., Cai, R., Wang, J., Daniyal, M., Baimanov, D., Liu, Y., Yin, D., Liu,
Y., Miao, Q., Zhao, Y., and Chen, C. (2019) Precision nanomedicine
development based on speciﬁc opsonization of human cancer patientpersonalized protein coronas. Nano Lett. 19, 4692–4701
92. Wang, Q., Zhang, J., Tu, H., Liang, D., Chang, D. W., Ye, Y., and Wu, X.
(2019) Soluble immune checkpoint-related proteins as predictors of
tumor recurrence, survival, and T cell phenotypes in clear cell renal cell
carcinoma patients. J. Immunother. Cancer 7, 334
93. Rissin, D. M., Fournier, D. R., Piech, T., Kan, C. W., Campbell, T. G., Song,
L., Chang, L., Rivnak, A. J., Patel, P. P., Provuncher, G. K., Ferrell, E. P.,
Howes, S. C., Pink, B. A., Minnehan, K. A., Wilson, D. H., et al. (2011)
Simultaneous detection of single molecules and singulated ensembles
of molecules enables immunoassays with broad dynamic range. Anal.
Chem. 83, 2279–2285
94. Rissin, D. M., Kan, C. W., Song, L., Rivnak, A. J., Fishburn, M. W., Shao,
Q., Piech, T., Ferrell, E. P., Meyer, R. E., Campbell, T. G., Fournier, D. R.,
and Duffy, D. C. (2013) Multiplexed single molecule immunoassays. Lab
Chip 13, 2902–2911
95. Gilboa, T., Maley, A. M., Ogata, A. F., Wu, C., and Walt, D. R. (2020)
Sequential protein capture in multiplex single molecule arrays: A strategy for eliminating assay cross-reactivity. Adv. Healthc. Mater. 10,
2001111
96. Wilson, D. H., Rissin, D. M., Kan, C. W., Fournier, D. R., Piech, T.,
Campbell, T. G., Meyer, R. E., Fishburn, M. W., Cabrera, C., Patel, P. P.,
Frew, E., Chen, Y., Chang, L., Ferrell, E. P., von Einem, V., et al. (2015)
The Simoa HD-1 analyzer. SLAS Technol. 21, 533–547
97. McCrea, M., Broglio, S. P., McAllister, T. W., Gill, J., Giza, C. C., Huber, D.
L., Harezlak, J., Cameron, K. L., Houston, M. N., McGinty, G., Jackson,
J. C., Guskiewicz, K., Mihalik, J., Brooks, M. A., Duma, S., et al. (2020)
Association of blood biomarkers with acute sport-related concussion in
collegiate athletes. JAMA Netw. Open 3, e1919771
98. Li, D., and Mielke, M. M. (2019) An update on blood-based markers
of Alzheimer’s disease using the SiMoA platform. Neurol. Ther. 8,
73–82
99. Rivnak, A. J., Rissin, D. M., Kan, C. W., Song, L., Fishburn, M. W., Piech,
T., Campbell, T. G., DuPont, D. R., Gardel, M., Sullivan, S., Pink, B. A.,
Cabrera, C. G., Fournier, D. R., and Duffy, D. C. (2015) A fully-automated, six-plex single molecule immunoassay for measuring cytokines
in blood. J. Immunol. Methods 424, 20–27

100. Korley, F. K., Yue, J. K., Wilson, D. H., Hrusovsky, K., Diaz-Arrastia, R.,
Ferguson, A. R., Yuh, E. L., Mukherjee, P., Wang, K. K. W., Valadka, A.
B., Puccio, A. M., Okonkwo, D. O., and Manley, G. T. (2019) Performance evaluation of a multiplex assay for simultaneous detection of four
clinically relevant traumatic brain injury biomarkers. J. Neurotrauma 36,
182–187
101. Zeitlberger, A. M., Thomas-Black, G., Garcia-Moreno, H., Foiani, M.,
Heslegrave, A. J., Zetterberg, H., and Giunti, P. (2018) Plasma markers
of neurodegeneration are raised in Friedreich’s ataxia. Front. Cell Neurosci. 12, 366
102. Olsen, D. A., Kjaer, I. M., and Brandslund, I. (2018) Development of a threeplex single molecule immunoassay enabling measurement of the EGFR
ligands amphiregulin, betacellulin and transforming growth factor α
simultaneously in human serum samples. J. Immunol. Methods 459, 63–
69
103. Zarozinski, C. C., Johnson, J. M., Yan, Y., Beauregard, K. G., Stadler, P.
B., Patel, P., Rissin, D. M., and Ball, A. J. (2019) Development of a high
sensitivity 10-plex human cytokine assay using SIMOATM planar array
technology. J. Immunol. [abstract]
104. Brody, E., Gold, L., Mehan, M., Ostroff, R., Rohloff, J., Walker, J., and
Zichi, D. (2012) Life’s simple measures: Unlocking the proteome. J. Mol.
Biol. 422, 595–606
105. Mehan, M. R., Ostroff, R., Wilcox, S. K., Steele, F., Schneider, D., Jarvis, T.
C., Baird, G. S., Gold, L., and Janjic, N. (2013) Highly multiplexed proteomic platform for biomarker discovery, diagnostics, and therapeutics.
Adv. Exp. Med. Biol. 734a, 283–300
106. Lollo, B., Steele, F., and Gold, L. (2014) Beyond antibodies: New afﬁnity
reagents to unlock the proteome. Proteomics 14, 638–644
107. Ochsner, U. A., Green, L. S., Gold, L., and Janjic, N. (2014) Systematic
selection of modiﬁed aptamer pairs for diagnostic sandwich assays.
Biotechniques 56, 125–133
108. Davies, D. R., Gelinas, A. D., Zhang, C., Rohloff, J. C., Carter, J. D.,
O’Connell, D., Waugh, S. M., Wolk, S. K., Mayﬁeld, W. S., Burgin, A. B.,
Edwards, T. E., Stewart, L. J., Gold, L., Janjic, N., and Jarvis, T. C. (2012)
Unique motifs and hydrophobic interactions shape the binding of
modiﬁed DNA ligands to protein targets. Proc. Natl. Acad. Sci. U. S. A.
109, 19971–19976
109. Ochsner, U. A., Green, L. S., Rice, T. P., Olivas, E., Janjic, N., and Katilius,
E. (2019) Targeting unique epitopes on highly similar proteins GDF-11
and GDF-8 with modiﬁed DNA aptamers. Biochemistry 58, 4632–4640
110. Xiong, H., Yan, J., Cai, S., He, Q., Peng, D., Liu, Z., and Liu, Y. (2019)
Cancer protein biomarker discovery based on nucleic acid aptamers.
Int. J. Biol. Macromol. 132, 190–202
111. Sher, A. A., Gao, A., and Coombs, K. M. (2020) Autophagy modulators
profoundly alter the astrocyte cellular proteome. Cells 9, 805
112. Chirinos, J. A., Zhao, L., Jia, Y., Frej, C., Adamo, L., Mann, D., Shewale, S.
V., Millar, J. S., Rader, D. J., French, B., Brandimarto, J., Margulies, K.
B., Parks, J. S., Wang, Z., Seiffert, D. A., et al. (2020) Reduced apolipoprotein M and adverse outcomes across the spectrum of human heart
failure. Circulation 141, 1463–1476
113. Govaere, O., Cockell, S., Tiniakos, D., Queen, R., Younes, R., Vacca, M.,
Alexander, L., Ravaioli, F., Palmer, J., Petta, S., Boursier, J., Rosso, C.,
Johnson, K., Wonders, K., Day, C. P., et al. (2020) Transcriptomic
proﬁling across the nonalcoholic fatty liver disease spectrum reveals
gene signatures for steatohepatitis and ﬁbrosis. Sci. Transl. Med. 12,
eaba4448
114. Graumann, J., Finkernagel, F., Reinartz, S., Stief, T., Brödje, D., Renz, H.,
Jansen, J. M., Wagner, U., Worzfeld, T., von Strandmann, E. P., and
Müller, R. (2019) Multi-platform afﬁnity proteomics identify proteins
linked to metastasis and immune suppression in ovarian cancer plasma.
Front. Oncol. 9, 1150
115. Deterding, R. R., Wagner, B. D., Harris, J. K., and DeBoer, E. M. (2019)
Pulmonary aptamer signatures in children’s interstitial and diffuse lung
disease. Am. J. Respir. Crit. Care 200, 1496–1504
116. Shi, L., Westwood, S., Baird, A. L., Winchester, L., Dobricic, V., Kilpert, F.,
Hong, S., Franke, A., Hye, A., Ashton, N. J., Morgan, A. R., Bos, I., Vos,
S. J. B., Buckley, N. J., ten Kate, M., et al. (2019) Discovery and validation of plasma proteomic biomarkers relating to brain amyloid burden
by SOMAscan assay. Alzheimers Dement. 15, 1478–1488
117. Fong, T. G., Chan, N. Y., Dillon, S. T., Zhou, W., Tripp, B., Ngo, L. H., Otu,
H. H., Inouye, S. K., Vasunilashorn, S. M., Cooper, Z., Xie, Z.,

Mol Cell Proteomics (2021) 20 100155 19

Ultrasensitive Multiplex Proteomics Technologies

118.

119.

120.
121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.
134.

135.

Marcantonio, E. R., and Libermann, T. A. (2021) Identiﬁcation of plasma
proteome signatures associated with surgery using SOMAscan. Ann.
Surg. 273, 732–742
Hensley, P. (2013) SOMAmers and SOMAscan – a protein biomarker
discovery platform for rapid analysis of sample collections from bench
top to the clinic. J. Biomol. Tech. 24, S5
Candia, J., Cheung, F., Kotliarov, Y., Fantoni, G., Sellers, B., Griesman, T.,
Huang, J., Stuccio, S., Zingone, A., Ryan, B. M., Tsang, J. S., and
Biancotto, A. (2017) Assessment of variability in the SOMAscan assay.
Sci. Rep. 7, 14248
Joshi, A., and Mayr, M. (2018) In aptamers they trust. Circulation 138,
2482–2485
Appleyard, D. C., Chapin, S. C., Srinivas, R. L., and Doyle, P. S. (2011) Barcoded hydrogel microparticles for protein detection: Synthesis, assay
and scanning. Nat. Protoc. 6, 1761–1774
Chou, J., Wong, J., Christodoulides, N., Floriano, P. N., Sanchez, X., and
McDevitt, J. (2012) Porous bead-based diagnostic platforms: Bridging
the gaps in healthcare. Sensors (Basel) 12, 15467–15499
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