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Abstract

biomarker discovery in cancer liquid biopsies.
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Alterations in DNAs could not reveal what happened in proteins. The accumulated alterations of DNAs would change
the manifestation of proteins. Therefore, as is the case in cancer liquid biopsies, deep proteome profiling will likely
provide invaluable and clinically relevant information in real-time throughout all stages of cancer progression. How-
ever, due to the great complexity of proteomes in liquid biopsy samples and the limitations of proteomic technolo-
gies compared to high-plex sequencing technologies, proteomic discoveries have yet lagged behind their counter-
part, genomic technologies. Therefore, novel protein technologies are in urgent demand to fulfill the goals set out for

Notably, conventional and innovative technologies are being rapidly developed for proteomic analysis in cancer
liquid biopsies. These advances have greatly facilitated early detection, diagnosis, prognosis, and monitoring of cancer
evolution, adapted or adopted in response to therapeutic interventions. In this paper, we review the high-plex prot-
eomics technologies that are capable of measuring at least hundreds of proteins simultaneously from liquid biopsy
samples, ranging from traditional technologies based on mass spectrometry (MS) and antibody/antigen arrays to
innovative technologies based on aptamer, proximity extension assay (PEA), and reverse phase protein arrays (RPPA).
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Introduction to proteomics in cancer liquid biopsy

Cancer liquid biopsy has a number of advantages over
the traditional tissue biopsy, such as 1) noninvasive
or minimally invasive nature of the procedure, which
markedly lowers the risk and the cost of the biopsy pro-
cedures; 2) providing the systemic and homogenous
profiles of all tumor lesions in the human body and
overcoming the drawbacks in tissue biopsy caused by
intra- or inter-tumoral heterogeneity; and 3) sampling
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as needed to monitor real-time changes across different
stages of cancer evolution. Therefore, liquid biopsy holds
the central promise in every aspect of precision medicine
and management of cancers, including cancer screening
for early detection, diagnostics, prognostics, monitor-
ing patient responses to therapies, and relapses in real
time [1, 2]. Liquid biopsy employs minimally invasive
procedures to obtain samples for detection. The current
widely-used body fluids for liquid biopsies include blood
and urine. Theoretically, any other fluid that circulates in
or associates with the human body is applicable, includ-
ing lymphatic fluid, cerebrospinal fluid (CSF), bone mar-
row, ascites, pleural effusion, cervical fluid, seminal fluid,
saliva, sputum, sweat, and stool [3—6].

Biologically, detectable targets in liquid biopsy fall into
two categories. One is the cell-free or subcellular struc-
ture-free large or small molecules in the body liquid, and
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those include all primary building blocks of the human
body, such as proteins, nucleic acids, lipids, carbohy-
drates, and other small metabolites and metal ions. The
other includes targets with cellular or subcellular struc-
tures, including single or clustered circulating tumor cells
(CTC), circulating cancer-associated fibroblasts (CAF),
immune cells, tumor-educated platelets (TEP) [7], extra-
cellular vesicles (EV), circulating mitochondria [8], and
other potential cellular compartments.

Since the 1950s, even before DNA technologies were
established, the early concept of cancer liquid biopsy was
to examine protein biomarkers from the blood [9]. Over
a hundred protein biomarkers were developed for clini-
cal diagnosis in the past decades, with many approved
by the Food and Drug Administration (FDA) of the
United States. Most comprehensively adopted protein
biomarkers, i.e., prostate-specific antigen (PSA), carbo-
hydrate antigen 125 (CA 125), and carbohydrate anti-
gen 19-9 (CA19-9) have been used for cancer diagnosis,
monitoring therapeutic responses, or disease recurrence
evaluation of prostate, ovarian, and pancreatic cancers,
respectively. Nevertheless, the use of most protein bio-
markers for early detection and diagnostics still faces an
undisputable dilemma due to insufficient specificities
and/or sensitivities [10]. Detection of the single or few
protein biomarkers in early cancer liquid biopsies relies
predominantly on traditional antibody-based approaches,
and those include enzyme-linked immunosorbent assays
(ELISA), chemiluminescence immunoassays (CLIA),
immunohistochemistry (IHC), or liquid-bead immuno-
assays, which are generalized methodologies in research
and clinical practice. However, those approaches suffer
from bottlenecks making them unsuitable for high-plex
proteomic profiling [11].

The modern concept of cancer liquid biopsy began
with the discovery and detection of CTCs and circulating
tumor-derived DNA (ctDNA) [12]. In keeping pace with
the expansion of research fields, a variety of highly sen-
sitive and specific technologies have been rapidly devel-
oped based on multiplex PCR (mPCR) or next-generation
sequencing (NGS), facilitating large scale detection of
genetic alterations in circulating nucleic acids, such as
gene mutations, fusions, deletions, amplifications, trans-
locations, epigenetic changes, and DNA fragmentomics of
ctDNA in liquid biopsy studies [1, 13]. Theoretically, tech-
nical robustness allows a single DNA or RNA molecule
to be detected from reasonable amounts of a standard
biological sample. More recently, NGS-based ctDNA or
RNA detection methods are making influential changes
in modern cancer liquid biopsy due to its ever-increasing
sensitivity and specificity.

Notwithstanding the effort made towards nucleic acid-
based strategies, the importance of proteomic-based
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profiling in cancer liquid biopsies never diminishes. Since
proteins are the direct executors of most cellular func-
tions and the direct drug targets in most current cancer
therapies, high dimensional proteomic data are likely to
provide unprecedented insights to aid novel biomarker
identification and clinical implementation. Protein pro-
files from liquid biopsy samples also likely reveal more
organ-specific information than DNA or even RNA,
which helps to identify tumor origin. In a similar scenario
to the DNA/RNA, applying novel protein biomarkers
independently or in conjunction with nucleic acids sig-
nificantly improved diagnostic accuracy [14].

To accomplish this goal, researchers have been striv-
ing to upscale the dimensionality of protein biomarker
profiling in the perspective of either covering the entire
proteome or deep diving into the post-translational mod-
ifications (PTM). From a proteogenomic perspective,
quantitative measurement of the proteome is more chal-
lenging technically and theoretically than assessing the
genome. Firstly, as compared to a total of 22,000 to 25,000
protein-translatable genes within the human genome, the
proteome is expected to encompass over one million dif-
ferent proteoforms through various epigenetic regula-
tions, different RNA splicing, and PTM. Moreover, the
dynamic range of proteins spans up to 12 logs of magni-
tude in cells or body fluids [15]. Lastly, the proteome is in
constant and rapid changes in protein abundances and/or
modifications, responding to all kinds of stimuli. While
you cannot measure the same proteome twice, in con-
trast, the genome is relatively stable with slow constant
changes. These challenges are why proteomics usually lag
behind genomics in many applications.

Despite the challenges, the irreplaceable values and
clinical demands of novel proteomic biomarkers in can-
cer liquid biopsies bring ever-growing excitement in the
research communities to revolutionize technologies to
understand the proteome better. In this respect, break-
throughs have been made in recent years with either
advancement in existing technologies or the advent of
innovative methodologies. In this review, we focus on
both mainstream and groundbreaking high-plex prot-
eomics technologies, each with the analytical scope of
characterizing hundreds to thousands of protein targets
simultaneously from a liquid biopsy sample and discuss
their advantages, shortcomings, and potential applica-
tions in cancer liquid biopsies (Fig. 1).

High-plex proteomics technologies applied

in cancer liquid biopsy

Mass spectrometry (MS)

MS-based proteomics has long been a powerful tool
for cancer biomarker profiling in the context of various
body fluids, where the predominant focuses are based on
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Fig. 1 Overview of proteomics technologies in cancer liquid biopsies. The inner ring (blue) in the left panel describes the origins of all types of
body fluids (Blood, urine, stool, seminal fluid, cervical fluid, ascites, bone marrow, pleural effusion, saliva, CSF, sputum, lymphatic fluid, and sweat).
The outer ring is two-colored denoting non-protein (yellow) and sources of protein molecules (red) that are potential biomarkers of interest, the
latter of which is further connected with discovery proteomics technologies with demographic principles (right green panel). Those technologies
include mass spectrometry, reverse phase protein array, antibody arrays/antigen arrays/beads arrays, proximity extension assay, and aptamer assay

serum/plasma and urine. In liquid biopsy profiling, with
the technical and methodological advances, modern MS
mainly adopts purpose-designed sample preparation
together with liquid chromatography (LC) prior to pep-
tide ionization and tandem MS scans [16]. A hypotheti-
cal LC-MS setup involves sample digestion followed by
peptide titration. Diluted peptide fractions are ionized
and characterized in a mass analyzer. Due to biofluids’
complex characteristics, especially blood, endeavors have
been taken to increase the number of proteins to be char-
acterized in precision [17, 18]. Those include optimiz-
ing preparation workflow (immunodepletion/filter-aided
sample preparation [FASP], MStern blotting, suspension
trapping [S-trap]), development of quantification tech-
niques (isobaric labeling/label-free), changes in the MS
scanning modes (data-dependent acquisition [DDA],
data-independent acquisition [DIA]), and instrumenta-
tion advancements (high-field asymmetric ion mobility
spectrometry [FAIMS]/trapped ion mobility spectrom-
etry [TIMS]) [16, 19].

A key advantage of MS for cancer liquid biopsy is that
it allows non-hypothesis-driven proteomic research
(total proteins and modified forms), making it a pre-
ferred approach at the early biomarker discovery stage.
Currently, for clinical proteomic profiling, a few hun-
dred to over a thousand proteins can be characterized
in an untargeted MS run in serum or plasma, whereas

several thousand targets can be achieved simultaneously
in urine-based MS profiling owning to its much less com-
plex protein composition [16, 17]. In blood-based prot-
eomics, the critical task is to suppress the noise or false
discovery rate due to the enormous dynamic range of
blood protein content as well as pre-analytical variations
[18, 20]. However, MS-based liquid biopsies have been
employed in multiple cancers, including lung, breast,
colorectal, ovarian, gastric, pancreatic, prostate, cervi-
cal, lymphoma, and so forth [18]. Most of the studies
span from cancer screening to diagnosis and progno-
sis for both local and advanced diseases. By combining
an ultra-depletion method with four types of fractiona-
tion method together with label-free Sequential Window
Acquisition of all Theoretical Mass Spectra (SWATH-
MS) DIA, researchers explored colorectal cancer (CRC)
serological diagnostic markers on a cohort of 100 plasma
samples from healthy and stage [-IV patients, and identi-
fied 513 plasma proteins within which seven were further
validated by Western blotting and/or ELISA [21]. Fur-
thermore, a 5-protein signature had accurate predictive
power to discern early and late-stage CRC [21]. In a lon-
gitudinal study, paired serum samples from 6 advanced
gastric cancer patients were used pre- and post-operation
for LC-MS/MS profiling, and SOX3 was identified as a
potential prognostic marker [22]. Besides, urine-based
proteomics is another avenue to explore due to its much
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higher target plexity and is particularly suited for urologi-
cal cancers. Work from a two-step biomarker profiling
discovered a 34-marker protein panel which was further
validated in an independent cohort [23]. MS-based can-
cer liquid biopsies were extensively reviewed in the litera-
ture [16, 19].

Of importance, one successfully implemented pro-
tein biomarker panel for early-stage ovarian cancer has
already become available in clinical practice (OVERA)
and fundamental discovery and multi-center cross-vali-
dation using surface-enhanced laser desorption/ioniza-
tion (SELDI)-based MS method, which made significant
impact in this field [24, 25]. However, fundamental hur-
dles in MS-based methods for translational research still
need to be overcome and a streamlined development
work flow is indispensable for successful clinical imple-
mentation [18]. A triangular strategy starting with de
novo MS discovery that can be transferred to medium- or
low-plex targeted proteomic platforms for downstream
verification seems to be a widely-adopted approach; how-
ever, a rectangular strategy using deep-discovery MS, tar-
geted MS (single reaction monitoring [SRM] or multiple
reaction monitoring [MRM]), and other high-resolution
MS methods throughout the biomarker profiling phases
is also proposed [19]. All those together would ensure the
discovery of true tumor-associated proteins (TAP) trans-
latable to clinical settings [26].

Antibody/antigen arrays

For simplicity purposes, we put planar and bead antibody
arrays together with proteome arrays in this section due
to their shared biochemical and analytical properties.
Though bead-based arrays and sandwich ELISA-based
planar array are widely used, their analytical scope is
mainly confined within medium/low-plex proteomics
profiling and thus will not be discussed here [27]. As one
of the early developed targeted proteomic tools, anti-
body arrays have been applied in various contexts for
cancer proteomics studies [28]. A typical technical setup
involves immobilizing specific antibodies onto modified
planar substrates via covalent binding, affinity binding,
or physical entrapment [29, 30]. In high-plex (typically
several hundred targets) profiling, samples are preferably
labeled with fluorescent, chemiluminescent, or oligo-
coupled tags to allow different signal amplification and
detection. This method can practically characterize over
a thousand proteins or modified proteoforms with mini-
mal immunogenic cross-relativity induced from antibody
reaction mixtures.

Antibody arrays have ultraperformance for knowl-
edge-based biological interrogation that can overcome
sensitivity issues associated with untargeted proteomic
techniques. Antibody arrays are particularly useful for

Page 4 of 11

serological profiling as most of the TAP are low abundant
cellular efflux such as hormones, cytokines, chemokines,
intracellular signaling molecules and post-translational
modifications [31]. Antibody array has been applied in
bladder cancer in seeking diagnosis signatures [32]. Its
applications in prostate cancer, ovarian cancer, CRC, and
others have also been indicated [28, 33]. Nevertheless, its
suboptimal quantification due to narrow dynamic ranges
and signal saturation, sample labeling prerequisite, and
inter-assay variation make it a small methodological
niche for biofluid-based proteomic profiling.

Antigen arrays, also named functional protein arrays,
form another high-throughput discovery proteomics field,
and its application in biofluid-based research has been
broadly adopted [34, 35]. Functional protein arrays start
with the deposition of ectopically expressed proteins/pep-
tides with a wide range of proteome coverage in species
of interest, and these serve as baits to capture analytes of
interest within the flowthrough. It can theoretically inves-
tigate protein interaction with proteins (protein PTMs),
lipids, cells, small molecules, nucleic acids, and antibod-
ies. Serological autoantibodies (AAbs) are a hotspot for
cancer biomarker profiling in this aspect [34].

At present, the most comprehensive human proteome
array reaches over 81% proteome coverage (21,000 pro-
tein forms), making it a robust tool to obtain a panoramic
landscape of blood proteomics [34, 36]. A panel of lung
cancer early diagnostic AAbs (against p53, H-Ras, and
ETHE1L) were identified using high-plex protein arrays
[37]. A longitudinal study was also conducted to iden-
tify therapy-associated AAD signatures in lung cancer
patients [38]. As a target-focused validation tool, it was
used in part during the development of the clinically
approved lung cancer early detection AAb panel (Early-
CDT), whereby some specific antigen arrays were used
for expanded cohort studies such as NY-ESO-1 [39, 40].
Many other serological AAb markers have also been
explored in ovarian, gastric, bladder, prostate, and breast
cancers [34]. Though excellent as an exploratory tool in
serological AADb profiling, the scalability, reproducibil-
ity, inter-assay variation, and costs of antibody/antigen
arrays remain the pitfalls when designing the entire study
pipeline.

Aptamer-based assays

Aptamers are short single-stranded DNA or RNA, or
peptides that, upon folding into specific tertiary struc-
tures, bind to cognate protein targets in native states
with high affinity and specificity [41-43]. The current
approach, in the case of slow off-rate modified aptam-
ers (SOMA) scan assay, incorporates binding molecules
(SOMAmers) attached to photocleavable linkers and
fluorescent labels, and those nucleic acid structures are
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then used to capture proteins of interest followed by
biotin-mediated purification, oligo release via ultravio-
let (UV)-based cleavage and tagging of bound proteins
with biotin. The protein-bound SOMAmers are then
eluted off for characterization and quantification via con-
ventional DNA hybridization techniques, reflecting the
protein abundance within the system [44]. Aptamers are
more advantageous in their higher affinity and specific-
ity than antibodies, and they can be readily synthesized
and selected in vitro with low batch-to-batch variation,
providing a cost-efficient way to scale up its multiplex-
ity [45]. The ultra-high specificity of the aptamer was
demonstrated by a study showing an RNA aptamer with
a 10,000-fold higher affinity for theophylline than caf-
feine, two molecules different in only one methyl group
[46]. Improvements have also been made to expand the
analytical diversity of aptamers by introducing chemi-
cally modified nucleotides to mimic amino acid side
chains [47]. It is conceivable that the aptamers contain-
ing modified side chains could have many more differ-
ent structures that improve their binding properties. The
specificity of aptamers was also significantly improved by
a modified version (SOMAmers) to allow non-specific
bindings being disrupted by an anionic competitor while
maintaining on-rates for true targets. This enables a high-
throughput ultra-plex screening approach with more
than 7000 proteins to be profiled in parallel [47].

In cancer liquid biopsy, a recent stool-based profiling, a
1317 protein-based aptamer screening revealed multiple
protein signatures to identify CRC patients from healthy
controls or adenoma [4]. Of more clinically relevant, an
early aptamer-based study measured 813 proteins in
1326 non-small cell lung cancer (NSCLC) serum samples
and controls and identified multiple protein biomarkers
potentially as early detection of NSCLC [48]. This work
directly led to the consequent validation and successful
implementation of a 7-protein biomarker panel in clinical
settings (AptoDetect-Lung) [49].

Regardless of the number of protein-specific aptam-
ers that have now reached over 7000 for commercial
assay services, one limitation is the difficulty of develop-
ing high-quality aptamers for novel targets. Aptamers
available to the research communities are still limited
compared with antibodies. In addition, its exploration of
PTM biomarkers is yet preliminary, although some PTM-
oriented aptamer development such as phosphor-specific
aptamer sporadically existed [50].

Proximity extension assay (PEA)

PEA takes advantage of the concept adopted in con-
ventional sandwich ELISA and the readiness of highly
specific and sensitive DNA-readout methodologies
(quantitative PCR/NGS), creating a smartly designed
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proteomic detection technology particularly suited for
liquid biopsy-based discovery [51]. Its broad dynamic
range (scan 10 logs) and minimal sample requirement
make it an excellent tool for serological profiling. In
PEA, multiple antibody pairs for proteins of interest are
pooled. Each antibody in a pair is labeled with comple-
mentary DNA oligo sequences to allow high-fidelity dis-
criminative hybridization, a process that only happens
when true antibody pairs are brought into proximity by
binding to the target proteins [52]. The resultant double-
stranded DNA sequences are PCR-amplified. Real-time
PCR (in a medium-to-low plex manner) or NGS (in a
high-plex manner) is used as the readout to measure the
relative concentration of the target proteins [5]. The most
advanced PEA assay has a standard measurement cover-
age of 3072 (commercialized by Olink) targets, and by
avoiding the cross-reactivity issue raised in multiplexed
immunoassays, and the analytical scope can further grow
in principle [52].

As a robust serological discovery tool, PEA was first
applied to identify prognostic biomarkers from blood in
CRC [53], and promising plasma protein biomarker pan-
els were identified, validating the strength and potential
of this technique. It was also extended to other cancer
types for serological proteomic profiling, including cer-
vical, ovarian, prostate, lung, and hematopoietic cancer
for early detection, companion diagnostics, and disease
monitoring [54—58]. Owing to its high sensitivity in tar-
geted detection, PEA has outperformed LC-MS methods,
presenting wider dynamic ranges with high accuracy and
reproducibility within the pg/ml ranges [59]. With this
aid, large-scale biomarker profiling in gynecologic tumors
based on 441 PEA targets showed a panel of 27-protein
biomarkers to distinguish benign tumors and high-grade
ovarian cancer with a sensitivity of 0.88 and specificity of
0.92 (AUC=0.92), and its diagnostic performance was
significantly better than conventional CA125 and human
epididymis protein 4 (HE4) biomarkers [56]. The panel
was also validated for population screening with a sensi-
tivity of 0.85 and a specificity of 0.92 (AUC=0.89) [56].
The finding was further strengthened based on a 593 PEA
protein profiling in larger sample cohorts, confirming an
11 biomarker panel for ovarian cancer diagnostics and
population screening [60]. Notably, applications in cellu-
lar lysates and single cells started to emerge, opening new
avenues for integrative multi-omics profiling [61, 62].

Nevertheless, the trade-off in high-plex discovery PEA
(in the case of more than 96-plex) is the library prepa-
ration and NGS requirement, an analytical factor to
consider due to biases and intra—/inter-experimental
variations when high sample size throughput is in place.
Therefore, quantitative detection of over a thousand
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protein targets still needs real-world validation in the
near future.

Reverse phase protein arrays (RPPA)

RPPA emerged two decades ago and was consequently
developed into a high-throughput, high-content targeted
proteomics technology superior to tissue-based profiling,
especially for tracking proteins and PTM within signaling
networks [63]. RPPA is an open-source technology that
can be assembled in various ways [64]. In a typical RPPA
setup, fully denatured protein lysates are immobilized
onto solid substrates, usually with dilution series, and this
process can be repeated to allow any number of targets
to be interrogated (currently up to 500 targets). Sample-
containing slides are probed with highly specific antibod-
ies pre-validated for RPPA application, and quantitative
signals are captured through either colorimetric ampli-
fication or fluorescence detection. RPPA is super robust
in parallel to large sample profiling due to its nature of
quantifying all samples in one experimental run, which
usually ranges from a few hundreds to over a thousand
samples [63, 65, 66]. Depending on antibody availability,
RPPA can be broadly used for proteins, protein isoforms,
and PTM, including phosphorylation, methylation, and
acetylation analysis [67, 68]. Additionally, its minimal
pre-experimental process in a complete denaturing con-
dition increases detection and quantification accuracy,
allowing subtle fluctuations to be captured in biological
systems. RPPA is the most systemically adopted technol-
ogy for large-scale patient profiling in solid tumors and
leukemia. This is featured by its extensive application in
The Cancer Genome Atlas (TCGA) project, and the pub-
lic data sets can be accessed via The Cancer Proteome
Atlas portal (TCPA, http://tcpaportal.org) [69].

Due to its wide application advantages and its ability to
track intra-cellular proteins, RPPA has been well adopted
in blood cancer and other liquid biopsies [65, 70, 71]. It
was previously compared to ELISA in examining CA19-9
in serum and plasma, and showed increased sensitivity
[72]. In a lung cancer study, RPPA was utilized to profile
more than 370 serum samples for candidate biomarkers,
an approach crucial for biomarker validation [73]. The
super-high throughput also allowed for parallel profil-
ing of over 12,000 clinical blood samples in one experi-
ment [71]. More significantly, RPPA can be employed as
a robust validation tool of protein biomarker validation
due to its minimal inter-assay variation and has been suc-
cessfully applied in previous novel biomarker validation
in lung cancer [74].

Tumor-derived EVs, such as exosomes that may poten-
tially harbor oncoproteins in situ, have become another
hot spot for RPPA application in cancer liquid biopsy
[75]. A preliminary study showed a size-exclusion
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chromatography-based EV purification workflow com-
patible with downstream RPPA analysis of 276 cellular
proteins, finding seven protein biomarkers to distinguish
breast cancer patients from healthy people with both pre-
dictive and prognostics power [76]. A recent RPPA study
on EVs from prostate cancer patient sera also validated
protein biomarkers with potential prognostic and predic-
tive values [77].

Methodology-wise, RPPA requires sophisticated
experimental workflow, including key steps such as array
printing, multiple steps of immunostaining and signal
amplification, high-resolution data readout, and home-
brewed data compiling and analysis [64]. Besides, the
prolonged experimental process, especially when higher
plex discovery proteomics is needed, may slow the turna-
round time. The validation of RPPA-usable antibodies is
another bottleneck to consider due to the antigen-down
immunoreaction format.

Conclusions

Summary

We briefly reviewed the current progress of the exist-
ing high-plex proteomic technologies under the context
of cancer liquid biopsy and summarized the advantages
and disadvantages of this application (Table 1). From a
clinical translational point of view, since the repertoire
of tumor liquid biopsy-based proteomic biomarkers in
current use is only less than 40, most are for diagnostic
purposes  (https://www.cancer.gov/about-cancer/diagn
osis-staging/diagnosis/tumor-markers-list), it poses a
paramount need to implement novel protein-based bio-
markers under appropriate clinical settings. A marked
increase in innovative technologies and conventional
platforms to acquire high dimensional data both sample-
wise and target-wise are being observed. These technolo-
gies also grow exponentially in the field of cancer liquid
biopsy.

Future perspectives
One future direction is the development on the technical
side of proteomics. Increasing the detection resolution,
standardizing workflows, and expanding high-quality
antibodies with high sample throughput will leverage the
overall detection accuracy, especially at the early discov-
ery stage. This is simply because most organ-specific bio-
markers in secretome are present at ultra-low abundance
and are yet to be detected. As many of the development
only took place in recent years, we foresee an accelerated
rate of candidate biomarker expansion in the upcoming
years within the field of cancer liquid biopsy.

Another developmental direction is to establish feasi-
ble strategies by joint applications of different proteom-
ics technologies for orthogonally validating biomarker
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Clinical Biofluids

Targeted (10’s-20000’s)

High/Ultrahigh-plex (1000°’s-20000’s) :
Aptamer assay, Olink PEA,
Proteome arrays

Biomarker screening:

| Protein/autoantibodies
: Candidate selection Exploratory MS: Shotgun DDA,
: SWATH-DIA, TIMS, FAIMS

Candidate selection strategy |

Sandwich assay based: ELISA, Customized Array based: RPPA,

. Biomarker No. less than
i 10 or 10-100
; Samples: 10’s-100’s

| Validation/cross-validation
i Clinical implementation

i Biomarker No. 10’s

| Samples: 100’s-1000’s

Meso Scale Discovery, Quanterix,

Sandwich assay based : ELISA,
Meso Scale Discovery, Quanterix,
SIMOA, Olink PEA

Antibody arrays, beads-arrays,

SIMOA, Olink PEA Proteome arrays

Customized Array based: RPPA,
Antibody arrays, beads-arrays,
Proteome arrays

Fig. 2 Proteomics-based cancer liquid biopsy for translational medicine. A workflow of clinical biomarker discovery divided into three stages
(biomarker screening, candidate selection, and large-scale validation and implementation). Untargeted and targeted routes for biomarker
exploratory with their analytical scopes are shown. Intensities of the blue color denote their probable significance at individual stages

candidates and complementing weaknesses. Given the
non-existence of a so-called perfect technology, balanc-
ing the advantages and disadvantages between indi-
vidual technologies throughout the development stages
is pivotal [59]. This can be seen in recent studies, where
combinations of MS or aptamers with PEA were used for
cancer biomarker discovery [78, 79]. We hypothetically
proposed a simple pipeline by incorporating all methods
mentioned above and a few others, with colored intensity
denoting the prevalence of each at discovery, validation,
and clinical implementation stages. The tendency may be
subject to change in the near future (Fig. 2).

Lastly, single-cell proteomics is also sweeping across all
fields of cancer biomarker discovery, and as in the case
of liquid biopsy. Evaluating CTC was a hallmark to take
the single-cell proteomics onto a new horizon. As some
CTC-based assays have already become actionable tests
for cancer patients to predict progression-free survival
and overall survival, a deep dive into proteomics at indi-
vidual cell levels will be enchanting to the scientific com-
munity [80]. MS has already paved the way in single-cell
proteomics with the aid of flow-cytometry cell sorter and
high-resolution TIMS-TOF [81]. Surface protein phe-
notypes and single-cell secretome, particularly in can-
cer immunotherapy, are both hotspots to search for new

biomarkers in liquid biopsy [82, 83]. All these will open
up a new treasure box in CTC-based exploratory bio-
marker profiling.

With various technological advancements in every
aspect, proteomic-based biomarker discovery can be
fundamentally redefined in the ballpark of cancer liq-
uid biopsy. We look forward to a more streamlined and
coherent biomarker profiling workflow with the ultimate
application in cancer medicine.
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