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Immunoaffinity–mass spectrometry (IA-MS) is an
emerging analytical genre with several advantages for
profiling and determination of protein biomarkers.
Because IA-MS combines affinity capture, analogous to
ligand binding assays (LBAs), with mass spectrometry
(MS) detection, this platform is often described using
the term hybrid methods. The purpose of this report is
to provide an overview of the principles of IA-MS and
to demonstrate, through application, the unique power
and potential of this technology. By combining target
immunoaffinity enrichment with the use of stable
isotope-labeled internal standards and MS detection,
IA-MS achieves high sensitivity while providing unpar-
alleled specificity for the quantification of protein bio-
markers in fluids and tissues. In recent years, significant
uptake of IA-MS has occurred in the pharmaceutical
industry, particularly in the early stages of clinical devel-
opment, enabling biomarker measurement previously
considered unattainable. By comparison, IA-MS adop-
tion by CLIA laboratories has occurred more slowly.
Current barriers to IA-MS use and opportunities for ex-
panded adoption are discussed. The path forward
involves identifying applications for which IA-MS is the
best option compared with LBA or MS technologies
alone. IA-MS will continue to benefit from advances in
reagent generation, more sensitive and higher through-
put MS technologies, and continued growth in use by
the broader analytical community. Collectively, the pur-
suit of these opportunities will secure expanded long-
term use of IA-MS for clinical applications.

Introduction

Protein biomarkers are essential to clinical diagnosis
and disease treatment in the practice of medicine.

Protein biomarkers are also applied at all stages of phar-
maceutical research and development to provide infor-
mation about drug efficacy, mechanism of action,
target engagement, safety, and patient selection (1–3).
A commonality to both areas is that LBAs have tradi-
tionally been the default method of analysis. Several
practical advantages, including cost and ease
of implementation, underscore the mainstay status of
LBA in the clinical laboratory. At the same time, LBA
methods are not without challenges including limited
specificity, difficulty when analyzing matrices such as
tissue, and interference from heterophilic and autoanti-
bodies (4).

Mass spectrometry has several unique attributes
that make it an important complement to LBA for pro-
tein analysis. In addition to unparalleled specificity, MS
can achieve high precision in complex matrices using
stable isotope-labeled (SIL) internal standards (5).
Furthermore, by coupling MS to liquid chromatography
(LC; LC-MS), peptide and protein mixtures can be sep-
arated for improved quantification of single or multiple
proteins from a single sample. To maximize sensitivity,
LC-MS typically occurs after proteolytic digestion to
yield peptides acting as surrogates for the protein of in-
terest (bottom-up analysis).

LC-MS has made important inroads into protein
biomarker analysis including clinical applications.
Table 1 contains a partial list of published clinical pro-
tein biomarker methods, both from clinical diagnostics
(Table 1, A) and pharmaceutical or academic laborato-
ries (Table 1, B). A big segment is bottom-up methods
with conventional extraction. Although most methods
come from academic or pharmaceutical research, several
examples show that LC-MS assays have been adopted in
CLIA laboratories (6–9).

A current disadvantage to MS without the use of
enrichment techniques is analytical sensitivity. When
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Table 1. Quantitative human protein mass spectrometry assays representing applications in clinical diagnostics (A) and
pharmaceutical and academic research (B).

Analyte(s) Extraction LC Ionization Detection References

(A) Representative clinical diagnostics applications

C-peptide, insulin IA-protein Yes ESI QqQ (6)

Thyroglobulin IA-peptide Yes ESI QqQ (10, 11)

Angiotensin-1 (renin activity) SPE Yes ESI QqQ (12)

Insulin-like growth factor-1 SPE Yes ESI Q-ToF (7, 13)

ADAMTS13 activity IMAC No MALDI ToF (14)

Lp-PLA2 IA-peptide Yes ESI QqQ (8)

Parathyroid hormone-related peptide
(PTHrP)

IA-protein Yes ESI QqQ (15)

Immunoglobulin light and heavy chain (M-
proteins)

IA-protein No MALDI ToF (16)

IgG subclasses None Yes ESI QqQ (17, 18)

Vitamin D binding globulin None Yes ESI QqQ (19)

Serum apolipoprotein panel (apoAI, B, CI,
CII, CIII, E)

None Yes ESI QqQ (9)

Galectin-3-binding protein, scavenger recep-
tor cysteine-rich type 1 protein M130

Depletion Yes ESI QqQ (20, 21)

High-density lipoprotein particle panel (Apo
AI, CI, CII, CIII)

Coaffinity
purification

Yes ESI QqQ (22, 23)

b-Amyloid (Ab-42) SPE Yes ESI Orbitrap (24)

Hemoglobin A1c None Yes ESI QqQ (25)

(B) Representative pharmaceutical and academic applications

b-Amyloid peptides (Ab) SPE Yes ESI QqQ (26)

Glucagon SPE Yes ESI QqQ (27)

Hepcidin SPE No MALDI ToF (28)

Hepcidin PPT Yes ESI QqQ (29)

Insulin and therapeutic analogs SPE Yes ESI QqQ (30)

Insulin growth factor-1 (IGF-1) and leucine-
rich a-2-glycoprotein (LRG)

PPT Yes ESI QqQ (31)

Hemoglobin variants Liq-liq Yes ESI FT-MS (32)

Proprotein convertase subtilisin/kexin type 9
(PCSK9)

SPE Yes ESI QqQ (33)

Insulin and therapeutic analogs IA-protein No MALDI ToF (34)

Insulin growth factor-1 (IGF-1) IA-protein No MALDI ToF (35)

Protein C inhibitor IA-peptide No MALDI ToF (36)

b-2-Microglobulin IA-protein No MALDI ToF (37)

Retinol binding protein IA-protein No MALDI ToF (38)

Apolipoprotein CI, CII, CIII IA-protein No MALDI ToF (39)

Brain natriuretic factor (BNP) IA-peptide No MALDI ToF (40)

Macrophage migration inhibitory factor (MIF) IA-protein No MALDI ToF (41)

Serum transferrin receptor IA-peptide Yes ESI QqQ (42)

Clinical protein panel IA-peptide Yes ESI QqQ (43)

Total salivary pepsin/pepsinogen IA-peptide Yes ESI QqQ (44)

(continued)
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using conventional extraction techniques, LC-MS analy-
sis allows for only low quantification (ng/mL) without
resorting to exaggerated sample volumes (0.1–1mL) or
extensive sample preparation (61). To this end, immu-
noaffinity (IA) enrichment has been successfully applied
to MS analysis to improve sensitivity. The original IA-
MS format, MS-immunoassay, was introduced by
Nelson et al. (62) and incorporates MS analysis by
matrix-assisted laser desorption ionization (MALDI).
However, because it utilizes a top-down format (no di-
gestion) without chromatography, it is largely restricted
to higher abundance proteins.

During the past decade, there has been immense
growth in the number of IA-MS methods for proteins
using bottom-up analysis by LC-MS with electrospray
ionization (ESI) (46, 47, 60, 63). These assays, often re-
ferred to as hybrid methods because they combine ele-
ments of LBA and MS, have become quite highly
adopted for pharmaceutical applications (64).
Importantly, this combination provides maximum sen-
sitivity for MS-based protein biomarker methods, with
several assays reported with detection limits in the range
of 1–10 pg/mL (50, 59, 60). Despite uptake in the
pharmaceutical industry, adoption by CLIA laboratories
has occurred at a slower pace. Thyroglobulin (10) and

parathyroid hormone-related peptide (15) are a few
noteworthy examples (Table 1, A).

This report aims to document the current status
of IA-MS and offers guidance intended to stimulate
awareness to influence broader adoption by both
pharmaceutical and CLIA laboratories. The greater
adoption seen thus far by pharmaceutical laboratories is
likely a reflection of the greater potential for exploratory
work. Regardless of this and other factors, both areas
must place emphasis on high-profile applications that
cannot be addressed reliably using either LBA or MS
alone. Finally, an assessment of current gaps and oppor-
tunities is offered to stimulate work on current chal-
lenges and to accelerate broader adoption of the IA-MS
technology.

Modes of IA-MS Workflow

IA-MS methods are generally classified by the method
used for affinity capture. The 3 most common IA-MS
flow schemes are depicted in Fig. 1, A–C, which illus-
trates the experimental steps involved in (1) protein af-
finity capture, (2) peptide affinity capture, and (3)
sequential affinity capture, respectively. Although the
incorporation of LC occurs in all applications involving

Table 1. (continued)

Analyte(s) Extraction LC Ionization Detection References

Clinical protein panel IA-protein Yes ESI QqQ (45)

b-Amyloid peptides (Ab) IA-protein Yes ESI ITD (46)

Tau-protein IA-protein Yes ESI QqQ (47)

Brain natriuretic factor (BNP) IA-protein Yes ESI QqQ (48)

Glucagon-like peptide-1 (GLP-1), glucagon,
oxyntomodulin (OXM)

IA-protein Yes ESI QqQ (49)

Oxyntomodulin (OXM) IA-protein Yes ESI Orbitrap (50)

Interferon c-induced protein-10 (IP-10) IA-protein Yes ESI QqQ (51)

Proprotein convertase subtilisin/kexin type 9
(PCSK9)

IA-protein Yes ESI QqQ (52)

Progastrin releasing peptide (ProGRP) and
neuron-specific enolase (NSE)

IA-protein Yes ESI QqQ (53)

Carbonic anhydrase II IA-protein Yes ESI QqQ (54)

Angiotensin 1 (renin activity) IA-protein Yes ESI QqQ (55)

Platelet frataxin IA-protein Yes ESI Orbitrap (56)

High-mobility group box 1 (HMGB1) IA-protein Yes ESI Orbitrap (57)

Fibroblast growth factor 21 (FGF21) IA-protein Yes ESI QqQ (58)

b-Nerve growth factor (b-NGF) IA-sequential Yes ESI QqQ (59)

Interleukin 21 IA-sequential Yes ESI QqQ (60)

FT-MS ¼ Fourier transform MS; IA ¼ immunoaffinity;IMAC ¼ immobilized metal affinity chromatography; ITD ¼ ion trap detector; Liq-Liq ¼ liquid/liquid extraction; PPT ¼

protein precipitation; Q-ToF ¼ quadrupole time-of-flight; SPE ¼ solid phase extraction; ToF ¼ time-of-flight.
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ESI, methods based on MALDI do not utilize LC.
Elimination of LC increases the overall sample through-
put of MALDI, an advantage that has been exploited for
specific clinical applications (35, 36). Despite such

applications and the inherent instrumental sensitivity of
MALDI, LC-MS using ESI is the more selective tech-
nique and consequently dominates most IA-MS applica-
tions. The incorporation of SIL peptides, and in some

Fig. 1. Experimental modes of IA-MS.

(A) Protein IA capture occurs in 3 formats: (1) bottom-up and (2) top-down with LC-ESI and (3) top-down using MALDI. (B) Peptide IA cap-

ture has been used with 2 bottom-up formats: (1) LC-ESI and (2) MALDI. (C) Sequential IA capture involves 2 stages of IA capture, before

and after enzymatic digestion, and has been used only with LC-ESI. Two types of SIL-IS may be used with all modes to track recovery and

matrix effects: target protein and surrogate peptide.
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cases SIL proteins, as internal standards offers improved
precision and ruggedness by normalizing for differences
in extraction and ionization.

PROTEIN IA CAPTURE

Protein IA capture (Fig. 1, A) is the most common IA-
MS format. Conceptually, it is similar to LBA in that it
uses an antibody for selective capture but relies on MS
for detection rather than a secondary antibody. The
wide availability of antiprotein antibodies increases the
utilization of this method, which is often undertaken to
achieve increased specificity and/or rapid method devel-
opment compared with western blotting or other meth-
ods. Although antibodies are the primary capture
reagent used, alternative capture formats exist.

IA-MS methods are further differentiated by post-
capture processing and, specifically, by whether proteo-
lytic digestion is used to create surrogate peptides for
measurement. As shown in Fig. 1, A, a captured target
protein is processed by 1 of 2 options: bottom-up or
top-down detection methods. Bottom-up, which
involves enzymatic digestion to yield surrogate peptides,
is the more common approach owing to greater sensitiv-
ity for MS detection. Considerations for surrogate pep-
tide selection have been widely described (65) and
include uniqueness to the target protein, sensitivity, sta-
bility, and the likelihood for genetic variation or post- or
cotranslational modification within the target sequence.
Top-down methods involve the direct analysis of an in-
tact protein (i.e., no digestion) and commonly use high-
resolution MS (HRMS) to achieve specificity. Despite
being less sensitive, top-down methods reduce the time
needed for sample preparation and allow specific detec-
tion of discrete proteoforms. Currently, top-down
methods by LC with ESI (Fig. 1, A, format 2) are ideally
applied to smaller proteins of up to 10–20 kDa depend-
ing on the sensitivity requirements of the assay (66), but
larger proteins may also be possible.

PEPTIDE IA CAPTURE

Figure 1, B depicts IA-MS for affinity capture of a surro-
gate peptide. This method is commonly referred to by
the acronym SISCAPA (stable isotope standards and
capture by antipeptide antibodies) (67). A peptide IA
workflow most commonly occurs using LC-MS, al-
though clinical applications involving MALDI detection
have been reported (36, 68). Peptide IA methods can be
used either with protein calibrators introduced at the be-
ginning of the workflow or peptide calibrators for rela-
tive measurement.

Whole-sample proteolytic digestion, as commonly
deployed by bottom-up proteomic methods, is the first
step. The peptide IA approach largely evolved from tar-
geted proteomics experiments and the desire to achieve

greater sensitivity to support biomarker qualification
experiments (69). Accordingly, these methods are fre-
quently applied for analysis of protein biomarker panels
(e.g., >10 analytes). An important advantage of the
peptide IA method is that proteins may be measured fol-
lowing harsh upfront conditions that often denature na-
tive protein epitopes. This advantage has led to new
applications to protein targets inaccessible to standard
LBA methods. Examples include quantification of
membrane proteins in tissue homogenates (70, 71) or
quantification of plasma biomarkers in the presence of
autoantibodies (10, 11). A disadvantage to peptide IA
methods is the lack of broad availability of commercial
antipeptide antibodies making upfront investment in
antibody production a necessary part of this approach.
It should also be noted that, because of upfront diges-
tion, peptide IA methods are capable only of total deter-
mination of the protein biomarker, the specific
sequence, or modification.

SEQUENTIAL IA CAPTURE

A third IA-MS configuration, depicted in Fig. 1, C, is
an approach combining both protein and peptide IA
capture. This technique, referred to as sequential affinity
capture, maximizes the enrichment and selectivity of
both IA-MS methods and provides tangible signal-to-
noise benefits. Consequently, sequential IA-MS should
be considered for applications in which maximum sensi-
tivity is desired. Typical gains in sensitivity versus single
protein capture are estimated to be in the range of at
least 2- to 5-fold (60). The initial enrichment step
involves immunoprecipitation of the target protein.
After trypsin digestion, the surrogate peptide is extracted
using an antipeptide antibody either in an online col-
umn format or using a bead-based off-line configura-
tion. Subsequently, peptides are quantified by LC-MS.
To date, several applications of sequential IA-MS have
been published, including clinical and preclinical analy-
ses of nerve growth factor (59, 72, 73) and analysis of
cytokines such as interleukin 21 (60).

Approaches to IA-MS Quantification

Given the broad range of IA-MS applications in drug
discovery, development, and clinical diagnostics, the
subject of method validation is beyond the scope of this
communication. As with any bioanalytical method, it is
reasonable to expect that core attributes including preci-
sion, relative accuracy, sensitivity, selectivity, stability,
and robustness will be tested in a fit-for-purpose
manner.

An issue facing all protein biomarker methods, re-
gardless of technology, is the difficulty establishing de-
finitive accuracy using recombinant reference materials
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to mimic endogenous proteins. A recent white paper
provides more specific information on this subject (74).
Despite these limitations, we recommend that relative
accuracy be generated using the best available protein
calibrator whenever possible (75), including the use of
recombinant protein calibrators to estimate and track re-
covery for antipeptide IA methods. Because of acknowl-
edged limitations associated with spiking recombinant
protein calibrators into biological matrices, value-
assigned pools (9) or a method known as admixing has
been adopted in which pools having inherently different
concentrations (e.g., disease vs. normal) are mixed in
various ratios to avoid spiking (76). Regardless of the ap-
proach taken to calibration, quality-control (QC) sam-
ples used in both pre- and in-study validation
experiments should be prepared in authentic biological
matrix through spiking, admixing, or diluting with a
surrogate matrix for which parallelism to the biological
matrix has been established. The approach taken for val-
idation should be aligned with the intended context of
use of the assay, along with any regulatory guidance gov-
erning the work (75, 77, 78).

An inherent challenge to biomarker methods is that
control matrices used to prepare calibrators and QC
samples contain the target analyte(s) of interest. In cer-
tain cases, it is possible to prepare calibrators using con-
trol matrix having a target analyte concentration
sufficiently below the intended lower limit of quantifica-
tion (LLOQ) to avoid interference by the endogenous
analyte. Because this is not always possible, 2 general
strategies are routinely used to address this fundamental
issue: surrogate matrix and surrogate analyte (79).
Surrogate matrix methods utilize a substitute matrix de-
void of the target analyte to prepare calibration stand-
ards and QCs. Surrogate matrices may sometimes be
supplied from an alternative species possessing a differ-
ent protein/peptide sequence or by immunodepletion of
the target protein. Alternatively, a buffer solution possi-
bly containing protein such as albumin can also serve as
a surrogate matrix. In all cases, a key part of method de-
velopment and validation is to qualify the surrogate ma-
trix through an appropriate assessment of parallelism
using experiments such as dilutional linearity and spike
recovery (80–83).

For surrogate analyte methods, a SIL version of the
analyte is used as the calibrant to avoid interference
from the endogenous molecule. Although this practice
has been successfully applied to small molecule bio-
markers (84–86), it is not commonly used for protein
quantification and will not be discussed further (24).

A central concept to all quantitative biomarker
methods is parallelism. Parallelism is used to describe
results from experiments that evaluate whether observed
changes in response when altering the analyte concen-
tration are equivalent between the surrogate and the

authentic biological matrix across the range of analysis.
Deviations from this concordance undermine the rela-
tive accuracy of the assay. The well-documented influ-
ence of matrix effects on LC-MS presents a concern
about assay parallelism given differences between the
surrogate and authentic matrix. Fortunately, these dif-
ferences are largely normalized using SIL internal stand-
ards. A bigger issue for protein quantification is that
recombinant protein calibrators do not typically resem-
ble the endogenous form of the target analyte in terms
of structure, folding, posttranslational variations, access
to binding partners, digestion recovery and other behav-
iors, including immunorecognition. Importantly, be-
cause these differences are difficult to quantify and
cannot be readily compensated for by SIL standards, IA-
MS protein assays can provide only relative and not de-
finitive accuracy (80) in the absence of metrological
traceability (87). In a sense, protein calibrators are them-
selves surrogate analytes and may not be commutable
with native patient specimens (88). Given the use of
immunorecognition (and enzymatic recognition), IA-
MS assays will likely face the same challenges as LBAs
regarding interlaboratory discordance (74) until com-
mutable, protein-level reference materials become
available.

Calibrators, Internal Standards, and Affinity
Capture Reagents

Reagents are critical for overall IA-MS assay perfor-
mance and important for troubleshooting and issue res-
olution. Certain reagents, such as proteins used for
calibration and affinity capture reagents, are termed crit-
ical reagents because they have a direct influence on the
readout of the assay. Although several papers have dis-
cussed this subject for LBA (89, 90), Santockyte and
coworkers recently discussed critical reagent characteri-
zation for hybrid LC-MS biomarker assays (91). SIL in-
ternal standards represent another important reagent
category.

PROTEIN AND PEPTIDE REFERENCE CALIBRATORS

The inability for protein reference materials, typically
derived by recombinant methods, to serve as legitimate
surrogates for endogenous proteins is an acknowledged
limitation of protein biomarker methods (74, 80).
Despite these limitations, the best available protein cali-
brator should be used to track assay performance over
time and, whenever possible, to calculate relative accu-
racy. Furthermore, because most IA-MS assays utilize a
bottom-up strategy, use of the most appropriate protein
calibrators to understand digestion efficiency is of para-
mount importance. This point was corroborated by
Shuford et al. (88), who performed a detailed assessment
of sources of bias in the determination of thyroglobulin
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in human serum. Their work suggests that incomplete
and variable digestion recovery is a significant source of
error in LC-MS protein assays. Shuford and colleagues
also provided a detailed comparison of human-derived
and recombinant thyroglobulin and showed that the 2
were not commutable under a variety of digestion con-
ditions. Lastly appropriate analytical characterization of
protein and surrogate peptide calibrators is an important
expectation for all assays (88, 92).

INTERNAL STANDARDS

SIL standards are vital to track recovery and matrix effects
of LC-MS assays and provide a distinct advantage over
LBAs. SIL versions of surrogate peptides are readily pre-
pared by solid-phase synthesis and may be made with ex-
tended sequences at both termini to track digestion
recovery. Although such cleavable versions are assumed to
be superior, results often vary, and their performance needs
to be tested on a case-by-case basis (88, 93). Although less
frequently available, recombinant SIL protein standards
have been shown to deliver superior assay performance
(88, 93), particularly in the presence of patient-specific ma-
trix effects (94), and are recommended for those clinical
assays requiring a higher degree of validation.

AFFINITY CAPTURE REAGENTS

IA-MS assays utilize affinity capture to deliver selective
enrichment of analytes of interest and the removal of
background. Together, these factors account for the sen-
sitivity advantage over conventional LC-MS methods
for protein biomarkers. Monoclonal and polyclonal
antibodies remain the standard and most abundantly
used reagents for affinity capture; other options include
antibody fragments such fragment antigen-binding (95)
or single-chain variable fragments, recombinant targets,
protein A/G, aptamers (52, 96), and endogenous
ligands. Chemical probes (97), small-molecule drugs
(98), and immobilized metals (99, 100) can also be used
to enrich a protein biomarker. Several benefits but also
potential risks exist for each reagent type when applied
in quantitative methods, including potential lot-to-lot
variability and inadequate specificity and affinity.
Although several commercial sources for antibodies ex-
ist, de novo generation requires a time commitment
(multiple months) without a guarantee of success. These
factors must be considered and the risks mitigated, ide-
ally, early in the development of IA-MS methods. In
fact, inadequate reagent quality and long-term supply
can prompt the choice of alternative assay strategies.

Characterization of affinity reagents typically involves
surface plasmon resonance or biolayer interferometry to
screen antibodies for their relative binding affinity and ki-
netics (101). High-affinity antibodies (low Kd/dissociation
constant) are desired for maximal target enrichment, along
with slow off-rates to allow for more stringent wash steps.

Importantly, because of the use of MS detection, capture
reagents for IA-MS can adopt a broader range of specificity
than allowed for LBAs. However, detailed assessment of se-
lectivity, in terms of which other antigens bind to a specific
reagent, is not typically performed. Consequently, reagents
not suitable for LBA may still be used with IA-MS, pro-
vided enrichment of the analyte(s) of interest is sufficient.
For cases in which reagent binding specificity is uncertain,
additional experiments may be undertaken to understand
epitope recognition by one of several techniques (102).
This information is often critical to understanding compet-
itive binding interactions. Moreover, capture performance
in biological matrix needs to be interrogated. If available,
the influence of suspected competitive binding proteins
may be spiked to assess their impact on recovery.
Immunocapture efficiency may also be estimated by spik-
ing a protein analyte before and after IA capture and com-
paring differences in observed signal (103). Although this
process is routinely performed for biotherapeutics, caution
must be exercised when applying this approach to bio-
markers given potential binding differences between a
spiked protein calibrator and its endogenous counterpart
and complications brought about by the presence of en-
dogenous targets in the matrix. Finally, unlike the peptide
IA format, protein-based capture assays could be affected
by the presence of heterophilic antibodies or human anti-
mouse antibodies when a mouse monoclonal capture anti-
body is used. Although these antibodies are not expected
to result in a false-positive signal, they might reduce cap-
ture efficiency. This issue needs to be considered and con-
ditions optimized during method development.

Sample Preparation

Sample preparation plays a key role in determining the
overall performance of IA-MS assays. In general, IA-MS
assays can achieve high sensitivity by adopting a large
sample volume and, if needed, an adjustable capacity of
the capture reagent. Various forms of a protein analyte
(i.e., free, bound, or total) can be specifically captured.
For example, to quantify the free form of a biomarker,
caution should be taken to minimize any potential dis-
ruption of the existing equilibrium with an endogenous
binding protein or biotherapeutic. In addition, various
factors such as binding capacity, incubation time and
temperature, sample dilution, and pH of wash buffer
should be carefully optimized to best preserve the com-
plex (104, 105). In contrast, for the measurement of to-
tal concentration, it is critical to ensure that all forms of
the biomarker, free and bound, will be fully captured.
Sample dilution, possibly with a high salt buffer or addi-
tion of acid or chaotropic agents (e.g., guanidine or
urea) or acid dissociation (106) if necessary, may help
liberate the protein before IA capture (60, 107).
Alternatively, digestion may be used to break down any
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preexisting complexes to produce surrogate peptides for
subsequent antipeptide IA-MS (10). A significant ad-
vantage afforded by IA-MS is multiplexing, which can
be achieved by using several capture antibodies to allow
simultaneous enrichment of multiple biomarkers before
selective LC-MS detection (49, 108, 109).

Magnetic beads are the most commonly used IA cap-
ture media, although agarose beads are used in some cases.
Other formats of solid supports may include columns, pi-
pette tips, or cartridges (110, 111); plates are used less fre-
quently because of limited loading capacity. These solid
supports can have protein A/G for binding to the Fc of
the capture antibody; can carry streptavidin, avidin, or
their derivatives for attaching to biotinylated capture
reagents; or use an active chemical moiety for covalent
coupling to antibody capture reagents. However, potential
interference by excess biotin to IA should be evaluated
when the biotin/streptavidin approach is used (112).
Furthermore, antibody binding should be confirmed after
covalent attachment because unintended reaction of resi-
dues in the complementarity-determining regions of the
antibody may compromise binding affinity.

The loading capacity of the capture phase also needs
to be evaluated. A large excess in capture phase may lead to
unnecessary nonspecific binding of matrix components
contributing to elevated background noise or interference
in LC-MS, whereas insufficient capture phase leads to re-
duced recovery. Both off-line and online IA approaches
have been implemented. The off-line approach offers paral-
lel processing for multiple samples and is amenable to auto-
mation on liquid or bead-handling platforms. Advantages
also include an adjustable capacity and no well-to-well car-
ryover. Online IA using a column format may be per-
formed for peptide enrichment and has shown robustness
for protein biomarker analyses (44, 113, 114). However,
the potential for carryover should be carefully evaluated.

As depicted in Fig. 1, SIL standards can be intro-
duced at different sample preparation steps to compen-
sate for potential variability occurring in IA capture and
digestion and for other known factors such as injection,
LC separation, and MS detection (65). For protein IA
methods, SIL peptides are typically introduced after IA
capture but before digestion. In contrast, in a peptide IA
method, the SIL peptide is spiked before IA capture.

Although trypsin is the most commonly used pro-
teolytic enzyme to generate suitable surrogate peptides
in IA-MS, other proteases including chymotrypsin,
LysC, LysN, AspN, GluC, and ArgC have also been
used individually or in combination to obtain peptides
at suitable lengths and with unique properties to allow
selective detection by MS (115). Digestion can be per-
formed either after or before enrichment of the analyte.
Postenrichment digestion can be performed either di-
rectly on the solid support for example, on-bead (116)
or after analyte elution from the solid support. On-line

digestion using a trypsin column has also been docu-
mented (117). Preenrichment digestion is the typical
method of choice for antipeptide capture. Strategies and
general rules for the selection of appropriate surrogate
peptides have been well documented (118, 119).

Chromatography and MS

The key consideration in selecting a chromatography for-
mat (Table 2) is the required LLOQ for an assay. In gen-
eral, chromatographic sensitivity is improved with the use
of smaller diameter columns while maintaining sample al-
iquot and injection volumes. However, the IA enrich-
ment approach has a fundamental impact on the
achievable LLOQ in combination with the appropriate
LC-MS configuration. Several options for IA-MS LC
configurations exist (Fig. 2).Several options for IA-MS
LC configurations exist (Fig. 2). Matching sample clean-
liness with the column-loading capacities of the LC-MS
configuration provides optimal assay sensitivity while bal-
ancing analysis time, column longevity, and matrix sup-
pression. LC gradients having a high slope are often used
but may not provide adequate time to separate analytes
from coeluting matrix species when using smaller diame-
ter columns, causing a reduction in sensitivity due to iso-
baric interferences and ion suppression. Ultra–high-
performance LC provides improved sensitivity, selectiv-
ity, and reduced analysis times compared with HPLC by
providing higher resolution separations and less matrix
coelution with analytes. Therefore, implementing ultra–
high-performance LC separations for low-flow LC-MS
can offset the typically longer chromatographic run times
associated with the technique. Most often, a trap column
is used for analyte preconcentration in combination with
capillary flow and nanoflow analytical columns.
Generally, the trap column diameter is larger than the an-
alytical separation column to enhance sample-loading ca-
pacities. The use of a trap column allows for larger
sample-injection volumes while minimizing injection
times with the use of higher flow rates. An illustration of
the above concepts is given in Fig. 3 which shows online
antipeptide IA integrated with trap and nano flow analyt-
ical columns for high sensitivity application.

The sequential affinity capture workflow (Fig. 1,
C) provides the most sensitive approach for IA-MS be-
cause it allows for maximal analyte enrichment. The use
of an antipeptide antibody enables specific enrichment
of analytes that provides a less complex sample and
more optimal mass load for smaller diameter columns.
The reduced sample complexity also ensures that low-
flow columns and the MS ion source are less susceptible
to contamination. A less complex sample reduces ion
suppression and improves overall assay robustness while
optimally balancing sensitivity and analysis time by en-
abling the use of steeper separation gradients.
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The triple-quadrupole (QqQ) mass spectrometer
remains the primary MS system for targeted quantifica-
tion operating in selected reaction monitoring (SRM)
mode, sometimes also referred to as multiple reaction
monitoring when multiple product ions from one or
more precursor ions are measured. Most often, multiple
SRMs are acquired for each target analyte where typi-
cally one of the SRMs is used to quantify the analyte
while others are used for qualitative confirmation.
Monitoring of the response ratios of the SRMs within
and between samples may be used to identify potential
interference caused by coeluting components that pro-
duce an overlapping SRM response.

QqQ instruments are predominately operated at
nominal mass resolution. However, nominal mass mea-
surement of either precursor or product ions in complex
sample matrices can be susceptible to interference (121,
122). Increasing quadrupole resolution can be

considered to reduce any interference. Furthermore, ion
mobility can be combined with SRM detection to en-
hance selectivity for target analytes (123–125).

HRMS is the default approach for proteomics and
is finding increased application for IA-MS protein bio-
marker assays. Two instrumental configurations are used
to provide HRMS analysis. Quadrupole time-of-flight
(Q-ToF) instruments typically provide mass resolution
in the range of 20 000 to 50 000. A second instrument
type, known as the orbitrap, can provide mass resolution
as high as 106; however, typical operating resolutions for
quantification are 20 000 to 120 000. QqQ is thought
to have higher sensitivity than HRMS for peptide quan-
tification owing to a greater duty cycle for SRM detec-
tion (126), which refers to the fraction of analyte ions
entering the mass analyzer optics that are detected.
However, protein biomarker IA-MS methods based on
SRM can be “selectivity challenged”, owing to the

Table 2. Flow rate schemes used for IA-LC-MS/MS.

Chromatography Column Diameter (mm) Flow Rate (ml/min) References

Nano LC < 0.1 < 1 (44, 59, 60, 70, 72, 120)

Capillary LC 0.1–0.3 1–10 (10, 47)

Micro LC 0.5–1.0 20–100 (108)

Analytical LC 2.1–4.6 300–1000 (11, 15, 46)

Fig. 2. Protein and peptide affinity capture LC-MS workflows.

Workflow (A) is used for intact protein MS analysis using HRMS with the protein antibody column optionally used to increase selectivity

and column loading capacity. Workflow (B) is used for peptide MS analysis using either HRMS or QqQ-SRM-MS. Workflow (C) is used for

sequential affinity capture in combination with microflow to nanoflow LC-MS to achieve the highest selectivity, sensitivity, and robustness

by incorporating selective surrogate peptide capture using an antipeptide antibody column in line with LC-MS. A trap column is used

with capillary flow and nanoflow LC-MS to preconcentrate the eluate from the antibody column before elution to the analytical column.
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remaining complexity of sample extracts. HRMS scan
modes provide significant selectivity improvements that
can offset any QqQ sensitivity benefits with the poten-
tial to have a simpler sample-preparation method. To in-
crease the fraction of ions detected, orbitraps
incorporate an ion trap between the ion source and the
orbitrap analyzer. This ion trap accumulates and stores
ions while previously trapped ions are being mass ana-
lyzed in the orbitrap analyzer. This approach improves
both duty cycle and sensitivity. For orbitraps, the domi-
nant MS/MS scan mode used for quantification is paral-
lel reaction monitoring, a technique that records full
product ion spectra for a targeted precursor ion. Parallel
reaction monitoring allows the most sensitive and selec-
tive transitions to be chosen for quantification after ac-
quisition (127). Furthermore, with access to high mass
resolution, investigators have recently sought to gain
high selectivity with mass resolution alone (i.e., without
MS/MS). This proposition, shown in a recent article by
Cox and coworkers (50), demonstrated the utility of IA-

MS with orbitrap analysis (70 000 mass resolution) to
quantify oxyntomodulin in human plasma (LLOQ,
7.8 pg/mL). A recent article on hemoglobinopathy de-
tection utilized Fourier transform ion cyclotron reso-
nance MS of red blood cell proteins (32). The top-down
MS/MS methods used both precursor and product ion
scans to correctly identify all hemoglobin variants.

Coupling ion mobility spectrometry with HRMS
can further enhance analyte selectivity and sensitivity. A
promising recent development based on a Q-ToF plat-
form uses trapped ion mobility spectrometry to perform
parallel accumulation–serial fragmentation scans with
high sensitivity due to high efficiency of ion utilization
(128). Although targeted quantitative protein biomarker
applications using the timsTOF Pro instrument have
not yet been published, signal-to-noise gains are antici-
pated to translate to improved sensitivity for protein
biomarker assays.

Finally, top-down analysis is increasingly applied
by detecting the intact peptide/protein without

Fig. 3. An example fluidic configuration used for an online immunoaffinity capture LC-MS workflow.

This workflow includes 3 pumps, 3 columns, and two 10-port valves in ovens. A loading pump connected with an autosampler delivers a

sample volume to an antibody column containing � 1 antipeptide antibodies, which are covalently bound to a solid support bead. The

oven temperature is optimized for peptide-antibody capture efficiency. After appropriate washing of the sample on the antibody column,

Valve A changes states to elute the captured peptide(s) using a micropump to a trap column. After appropriate washing of the sample on

the trap column, Valve B changes states, which places the trap column in line with an analytical column (either capillary or nano) for LC-

MS analysis. The temperature of column Oven 1 is optimized for maximized peptide affinity capture, typically performed at room temper-

ature or 30 �C, whereas Oven 2 is optimized for chromatographic selectivity and analysis speed (typically 60 �C).
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digestion (50). Several examples of top-down quantifica-
tion for biomarkers have now been reported using LC-
MS (30, 46, 129–131). A review of intact protein meth-
ods by LC-MS puts the current molecular weight ceiling
at roughly 20 kDa, depending on the sensitivity needed
for analysis (66). An even larger number of top-down
IA-MS applications for biomarkers have been reported
for MALDI, in which this format was originally pio-
neered (35, 40, 132, 133).

Implications for Method Development

Optimization of IA-MS assays largely follows the same
principles used in traditional IA purification to optimize
recovery of the target antigen (protein or peptide) (134)
while reducing or eliminating contaminants that can re-
sult in matrix effects and isobaric interferences.
Generally, conditions in each phase of IA purification
are modulated to increase or decrease the stringency
(i.e., selectivity of binding/washing), with higher strin-
gency conditions, often resulting in lower recovery but
greater selectivity. Although not unique to IA-MS, opti-
mal conditions for proteolytic digestion, which can vary
widely between and within proteins, must be deter-
mined empirically (107); however, consideration should
be given to the downstream effects of digestion on IA
enrichment and vice versa. In addition, proteins and
peptides are notorious for adsorbing to surfaces, particu-
larly in the absence of sample matrix, which can have
deleterious effects during preparation of calibrators and
result in apparent loss in analytical sensitivity. As such,
it is crucial to evaluate adsorptive loss of the analyte
through a contact study, which has been described re-
cently for handling of tryptic peptide calibrators (92)
and applies likewise to proteins.

A facile way to evaluate and optimize recovery and
matrix effects resulting from IA enrichment is to per-
form the same processing step in 2 parallel experiments
in which the same amount of surrogate analyte (protein
or peptide) is either spiked into the sample prior to or
just after the IA step (103, 135, 136). This “spike-
order” experiment can be used to optimize a single en-
richment step by comparing the recovery and matrix
effects across a number of different experimental condi-
tions (e.g., time, temperature, pH), although one should
be cognizant that the surrogate analyte may not mimic
the recovery of the endogenous analyte. Nonetheless,
characterizing analyte recovery incurred during each
step of an IA-MS workflow (137) can be particularly
critical in isolating sources of variation/bias within a
workflow, specifically in steps lacking the control of an
internal standard. For example, comparing recovery and
matrix effects of recombinant standard in surrogate and
true matrices can help to assess suitability of the calibra-
tion matrix.

Even with the added selectivity afforded by IA-MS
measurements over LBAs, which rely primarily on
immunorecognition to infer selectivity, the prevalence
of nonspecific binding during IA enrichment can still al-
low for significant interference (138), and absolute spe-
cificity is not guaranteed because isobaric or near-
isobaric peptide sequences can interfere with MS/MS
detection (139, 140). Consequently, the assay selectivity
afforded by the combination of IA enrichment, LC sep-
aration, and MS/MS detection should be confirmed em-
pirically. Specifically, the fundamental properties of a
peptide’s fragmentation pattern can be used in ion ratio
(i.e., transition ratio) monitoring, in which the relative
intensities of multiple product ions during SRM (or pre-
cursor ions during high-resolution mass analysis (7)) are
compared between authentic standards and incurred
samples to detect the presence of isobaric interferences
(141, 142). If isobaric interferences are observed, it is of-
ten straightforward to select alternate, interference-free
precursor/product ions to quantify the analyte.
Alternatively, it may be necessary to reduce nonspecific
binding by increasing the IA enrichment wash strin-
gency, pretreating the solid support to block nonspecific
binding sites, or adding multiple dimensions of chroma-
tography or enrichment.

Current and Emerging Applications

The pressing need to improve protein biomarker mea-
surement capabilities has led to the creative and innova-
tive use of IA-MS. New IA-MS strategies now enable
new protein biomarker applications, which only recently
were considered impossible. IA-MS has become an
established quantification method and the trend toward
increasing utilization is expected to continue. The prin-
cipal IA workflows described in Fig. 1 can be imple-
mented in different ways (Table 3) depending on the
analytical goal, reagent availability, and required assay
characteristics such as sensitivity and throughput.

Frequently, a protein IA-MS format provides a good
starting point. Such an assay can measure single or multi-
ple peptides (Table 3, A) including peptides from var-
iants or posttranslational modifications (Table 3, B). The
IA strategy typically involves a reagent antibody that is
insensitive to sequence variants, truncations or modifica-
tions but instead binds all proteoforms. Capture antibod-
ies are selected to either purposefully avoid the
competition with an endogenous interactor or a binding
biotherapeutic (Table 3, C) or to seek it (Table 3, D) to
yield either a total or free biomarker measurement (143).
Likewise, various formats of co-IA can be established
(Table 3, E). In this case, an antibody against a binding
partner or a binding biotherapeutic can be used to pull
down the protein complex, followed by analysis of pepti-
des from the biomarker and its interactors. Digestion of
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the entire sample followed by enrichment using antipep-
tide antibodies also provides a sensitive total biomarker
assay. This format is insensitive to binding partners, and
the biomarker can be measured with a single peptide
(Table 3, F) or several peptides (Table 3, G).
Antipeptide antibodies can also be used to bind to a con-
stant sequence in a set of related peptides that are either
variants or are from a truncated, chemically or posttrans-
lationally modified protein (Table 3, H) or from a family
of proteins that share a common motif (Table 3, I).

Recent IA-MS applications in the clinical diagnos-
tics lab have mainly focused on total protein quantita-
tion for established biomarkers as a response to
deficiencies in the alternative methodologies (typically
LBAs) such as lack of selectivity (C-peptide and insulin),
interference from autoantibodies/binding partners (thy-
roglobulin), and/or intermethod variability (parathyroid
hormone-related protein) that adversely affects clinical
application (6, 11, 15). In each case, IA enrichment has
been necessitated by the combined requirements for
high sensitivity and high-throughput measurements that
would not be readily achievable with conventional ex-
traction modalities (e.g., solid phase extraction). One
exemplar application includes the use of antibody en-
richment of IgG, IgA, and IgM heavy chains and immu-
noglobulin k and j light chains to identify and quantify
monoclonal proteins found in multiple myeloma
patients (16). In the past, several analytical techniques
were required for isotyping and quantification of mono-
clonal proteins; however, through the use of IA enrich-
ment, this task is readily achievable in a MALDI-MS
workflow.

Pharmaceutical applications of IA-MS address bio-
marker questions in early clinical drug development, drug
discovery, and biology. Many examples have been pub-
lished for pharmacodynamic or mechanism-of-action
biomarkers, targets of biotherapeutics, and toxicity and
disease biomarkers. For example, the multiplexed mea-
surement of proglucagon-derived peptides including
glucagon-like peptide (GLP) 1-(7–36), GLP-1-(9–36),
glucagon, and oxyntomodulin was established using IA-
MS (49). These peptides are involved in regulating glu-
cose homeostasis and are examined as pharmacodynamic
biomarkers in the development of antidiabetic drugs. This
assay provides subnanomolar sensitivity and uses 2 capture
antibodies, each not necessarily specific to single analytes,
to simultaneously bind unique and shared sequences in all
4 peptides (format shown in Table 3, H) (49).

A key IA-MS application is the quantification of
protein targets and target engagement biomarkers in
drug development. Although IA-MS is a suitable tool
for the measurement of protein targets of all sizes, it
can be especially useful for quantifying smaller proteins
with limited binding sites for drug, capture, and detec-
tion reagents, which may reduce the likelihood for

successful LBA development. For example, the protein
interferon c-induced protein-10 (IP-10) is present at
low abundance (approximately 30–60 pM), and after
dosing with anti-IP-10 monoclonal antibodies, it was
expected that free IP-10 would be significantly reduced
(51). Therefore, a highly sensitive method (LLOQ, 1
pM) was developed using a competing antibody (for-
mat shown in Table 3, D) to measure the magnitude
and duration of IP-10 suppression in the presence of
high drug concentrations with minimal disruption of
the drug-target complex. The selection and careful op-
timization of reagent capture conditions is critical.
Another example is the quantification of total b nerve
growth factor (NGF) in human serum following treat-
ment with an anti-NGF biotherapeutic using sequen-
tial protein and peptide IA-MS (Fig. 1, C; combined
assay format shown in Tables 2, F, and 3, C) (59). A
nonneutralizing antibody avoiding competition with
the biotherapeutic is used for NGF enrichment. The
assay with single-digit picogram-per milliliter sensitiv-
ity was used to measure total NGF concentrations in
nearly 20 000 samples from clinical studies of an anti-
NGF biotherapeutic (72). Such assays have since been
developed for other low-abundance cytokines, such as
interleukin-21 (60).

The quantification of tissue proteins is an emerging
IA-MS application and represents a unique advantage of
IA-MS compared with other methods. Although all ma-
jor IA workflows described in Fig. 1 can be used in prin-
ciple, the antipeptide antibody approach (Fig. 1, B) can
bypass possible limitations associated with the lack of
capture efficiency of antiprotein antibodies in tissue ly-
sate (120). The antipeptide antibody method is compat-
ible with harsh, denaturing conditions for extraction
including the use of strong detergents to enable high re-
covery. Such an assay (format shown in Table 3, F) is
reported for the quantification of neonatal Fc receptor
in human and transgenic mouse tissues to aid with pre-
diction of pharmacokinetic properties of therapeutic
antibodies (70, 157, 158).

Other emerging IA-MS applications include the
analysis of protein kinetics (146, 159–162), the quanti-
fication of protein biomarkers in exosomes (163), and
the measurements of transgene protein expression fol-
lowing gene therapy (164).

Gaps and Opportunities

IA-MS technology, despite its power and potential, as
well as increasing utilization, is far from mainstream
adoption for protein biomarker quantification. Table 4
identifies various gaps and opportunities, both technical
and nontechnical in nature, for increased adoption.
Primary technical issues include sensitivity, instrumental
complexity, and the need for higher throughput. The
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most advanced IA-MS assays already provide sensitivi-
ties in single-digit picograms per milliliter. Sensitivity is
typically scalable with the input sample volume, which
accounts for the large sample volumes (>0.1mL) often
used by IA-MS methods. Although ranking the gaps is
difficult with respect to their importance, sustained
improvements in sensitivity are vital because they lead
to smaller sample volumes, simplified LC methods, im-
proved throughput, and robustness.

The primary nontechnical gaps are the need for
more scientists who are proficient using IA-MS technol-
ogy and the overall cost of implementation. The first is-
sue is largely a function of the diverse skill set required:

proteomics, ligand binding, LC-MS, and bioanalysis.
Because few analysts are skilled in all of these areas,
teams of scientists with complementary strengths are
found in successful IA-MS laboratories. Unfortunately,
organizational structures in the pharmaceutical industry,
CLIA laboratories, and contract research organizations
tend to segregate LBA and LC-MS laboratories, prevent-
ing facile adoption of hybrid methodology. Because
most IA-MS implementation has been driven by LC-
MS laboratories, a common gap occurs with respect to
the proper use, characterization, and handling of anti-
body reagents and development of quantitative assays
based on LBA principles. LC-MS practitioners would be

Table 4. Gaps in the current state of IA-MS for protein biomarkers and opportunities for future development.

Gaps Opportunities

Sensitivity Improvements in sensitivity needed to mea-
sure less abundant markers and/or to ac-
commodate smaller sample volumes.

Biggest gains expected to come from
improvements in MS ionization and de-
tection, although sample prep and chro-
matography also have significant impact.

Selectivity Matrix complexity limits LLOQ. Use of low-res-
olution triple quadrupole instrumentation
with bottom-up sample prep is dominant
and can require extensive method develop-
ment to overcome background.

Increase use of HRMS and orthogonal sepa-
ration techniques (ion mobility, multi-di-
mensional LC) to maximize resolution of
complex mixtures.

Throughput Matrix complexity mandates long LC cycle
times and extensive sample preparation. LC
cycle times can be particularly long when us-
ing capillary LC. Bottom-up methods require
additional time for digestion.

Increase use of multiplexing for improved
efficiency. IA sample enrichment enables
use of shorter LC run times. Reduce LC
run times further by using microflow over
capillary LC, if sufficient sensitivity.
Consider LC removal when possible with
alternate ionization (e.g., MALDI).
Investigate top-down methods. Employ
options for faster digestion. Test shorter
IA incubation times.

Robustness–low-
flow chromatography

Capillary columns with nano-ESI are more
prone to clogging. Extensive sample prep
needed. Spray stability at low flow can be
challenging.

Continue to improve ion source design to
maximize signal at low microliter/min
flow rates. Improve overall integration of
low-flow LC systems with mass spectrom-
eters across all vendors.

Reagents Full length protein reference standards are not
commutable; SIL proteins are not widely
available. Insufficient availability of well char-
acterized capture reagents with a continu-
ous supply.

Reduce sources of inter-laboratory and in-
ter-method error through use of commut-
able reference standards for calibration
and full-length SIL protein for internal
standardization.

Analyst availability/
organization

Limited number of scientists experienced in
the hybrid science. Broad skill set required.
Many pharmaceutical / clinical LBA and LC-
MS labs are separated within institutions by
both physical and organizational
boundaries.

Reach across LBA, MS, proteomics disci-
plines, cross train workforce to become
proficient in IA-MS science. Stronger col-
laboration of different disciplines to
achieve shared learning.

Cost Expensive instrumentation, relatively low
throughput, high reagent costs.

Invest in technologies that reduce complex-
ity. Increase multiplexing, improve
throughput and use reusable reagent for-
mats. Justify cost and create demand by
delivering high value assays that require
IA-MS.
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well served by approaching their LBA partners for spe-
cific training, and we endorse cultivating bioanalysts
with fluency in both LBA and LC-MS methods. Other
shared learning can be offered by proteomic scientists
owing to their proficiency in protein chemistry and cap-
illary LC-MS/MS techniques.

Perhaps the largest obstacle to broader IA-MS adop-
tion is cost, primarily related to the acquisition and main-
tenance of MS instrumentation. A troubling paradox is
that gains in sensitivity and other measures are often ac-
companied by more complex and costly instrumentation.
Innovative solutions must be sought that take both
performance and simplicity into account. This aspect is
particularly important for CLIA laboratories given the
high-throughput and regulated nature of the work. In re-
cent years, QqQ systems have been introduced by multi-
ple instrument vendors and are qualified by the US Food
and Drug Administration for specific applications (165).
Although small molecule biomarker assays are more preva-
lent, we anticipate growth in protein applications and en-
dorse increased growth in this trend. Ultimately, adoption
of IA-MS protein quantification will be driven by a dem-
onstrated need for performance for high-value applications
that only IA-MS can provide. The applications highlighted
earlier in this report were selected to illustrate the level of
impact possible by IA-MS. Moreover, the routine ability
for multiplexed analysis permits high versatility and
decreases cost on a per-sample basis.

Conclusions

Increasing IA-MS adoption over the past decade has
been driven by improved MS sensitivity, an unparalleled
ability of LC to resolve and quantitate complex mix-
tures, new IA workflows, and improvements in high-
resolution MS and in the robustness of low-flow LC
methods. Despite increased use of IA-MS for discovery
and early stage clinical applications in pharmaceutical

development, adoption by CLIA laboratories has pro-
ceeded at a slower pace. This report provides an over-
view of IA-MS applications for protein biomarker
analysis, with the aim of achieving greater awareness and
increased adoption of IA-MS platforms.

Nonstandard abbreviations: LBA, ligand binding assay; MS, mass
spectrometry; SIL, stable isotope-labeled; LC, liquid chromatography;
IA, immunoaffinity; MALDI, matrix-assisted laser desorption/ioniza-
tion; ESI, electrospray ionization; HRMS, high-resolution mass spec-
trometry; QC, quality control; LLOQ, lower limit of quantification;
QqQ, triple quadrupole; SRM, selected reaction monitoring; NGF,
nerve growth factor.
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