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In the last decade, the advancement of liquid chromatography
mass spectrometry (LC/MS) techniques has enabled their broad
application in protein characterization, both quantitatively and
qualitatively. Owing to certain important merits of LC/MS
techniques (e.g., high selectivity, flexibility, and rapid method
development), LC/MS assays are often deemed as preferable
alternatives to conventional methods (e.g., ligand-binding assays)
for the analysis of protein biotherapeutics. At the discovery and
development stages, LC/MS is generally employed for two
purposes absolute quantification of protein biotherapeutics in
biological samples and qualitative characterization of proteins.
For absolute quantification of a target protein in bio-matrices,
recent work has led to improvements in the efficiency of LC/MS
method development, sample treatment, enrichment and diges-
tion, and high-performance low-flow-LC separation. These
advances have enhanced analytical sensitivity, specificity, and
robustness. As to qualitative analysis, a range of techniques have
been developed to characterize intramolecular disulfide bonds,
glycosylation, charge variants, primary sequence heterogeneity,
and the drug-to-antibody ratio of antibody drug conjugate
(ADC), which has enabled a refined ability to assess product
quality. In this review, we will focus on the discussion of
technical challenges and strategies of LC/MS-based quantifica-
tion and characterization of biotherapeutics, with the emphasis
on the analysis of antibody-based biotherapeutics such as
monoclonal antibodies (mAbs) and ADCs. © 2016 Wiley
Periodicals, Inc. Mass Spec Rev
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I. INTRODUCTION

Benefiting from the technical breakthroughs in recombinant
genetic engineering and manufacturing, development of
biotherapeutics for disease treatments has thrived in the last
decades, especially the monoclonal antibody (mAb), which
have garnered substantial interest from the biopharmaceuti-
cal industry and academia. The high target specificity and
minimal toxicity of mAb render it among one of the most-
promising categories of marketed drugs for cancer therapies
(Jemal et al., 2011). Currently, more than 40 mAbs have
been approved and more than 300 mAb candidates are in
the development pipeline (Wang, Wang, & Balthasar, 2008b;
Li & Zhu, 2010; Ecker, Jones, & Levine, 2015).

The importance of bioanalysis in the initial discovery
and preclinical/clinical developments of biotherapeutics has
been well-recognized (Dudal et al., 2014). Accurate, sensi-
tive, selective, robust, and high throughput quantification is
essential to obtain fundamental temporal data for pharmaco-
kinetic (PK), pharmacodynamic (PD), and toxicokinetic
(TK) analyses (Dudal et al., 2014; Zhang, Olah & Zeng,
2014; Chilewski & Jiang, 2015). Ligand-binding assays
(LBAs) and liquid chromatography mass spectrometry
(LC/MS/MS)-based strategies represent the mainstream ana-
lytical methods to collect such data, and their quantitative
performances have been comprehensively reviewed in previ-
ous reports (Ezan & Bitsch, 2009; Hoofnagle & Wener,
2009; An, Zhang, & Qu, 2014a). Whereas LBA is probably
still considered as the gold standard for biotherapeutics
analysis, LC/MS-based strategies have emerged as promising
alternatives to LBA, and have been successfully applied for
the quantitative analysis of several biotherapeutics (Li, Fast,
& Michael, 2011, 2012; Zheng, Bantog, & Bayer, 2011;
Duan et al., 2012a; Ouyang et al., 2012; Yuan et al., 2012;
Furlong et al., 2014).

Qualitative characterization with high accuracy, sensitivity,
and selectivity is also essential to support development and
evaluation of biotherapeutics. The impending expiration of
patents for many blockbuster biologic drugs will trigger the
rapid development of biosimilar products (Calo-Fernandez &
Martinez-Hurtado, 2012; Colbert et al., 2014). Meaningful
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assessment of comparability of biosimilar products will require
evaluation of primary sequence, post-translational modifications
(PTMs), higher-order structure, product-related impurity
species, etc.; LC/MS might be an ideal analytical strategy to
employ for such assessments. Furthermore, extensive efforts
have been directed toward the modification of biotherapeutic
molecules in order to produce novel entities with desired
features including lower toxicity, higher affinity to target
antigen, smaller size, better in vivo stability, improved tissue
penetration, lower immunogenicity, etc. These endeavors have
resulted in dozens of different new protein scaffolds, such as
Fab/Fc domain-modified mAb, antibody drug conjugates
(ADC), nanobodies, and bispecific scaffolds (AlDeghaither,
Smaglo, & Weiner, 2015). In order for optimal development,
assessment, and production of these novel structures, reliable
approaches for qualitative characterization are required (Houde
et al., 2009; Liu, De Felippis, & Huang, 2013b, 2015; Shah
et al.,2014; Huang et al., 2015; Wang et al., 2015).

In the following sections, we will discuss the current status
of development for mAb and mAb derivatives. The review of
technical rationale, challenges, and solutions for LC/MS-based
quantitative and qualitative characterization for protein
therapeutics will be focused, followed by illustrations of
representative applications.

Il. THE STATE-OF-THE-ART DEVELOPMENT OF
ANTIBODY-BASED BIOTHERAPEUTICS

The past decade has witnessed a tremendous investment in
the development of mAb-based biotherapeutics, most promi-
nently in the treatment of oncological and auto-immune
diseases, with expansions to other fields such as treatment of
bacteremia, stroke, myocardial infarction, osteoporosis, and
hyperlipidemia (Beck et al., 2010; Olinger et al., 2012).
Dozens of mAbs have been approved by FDA and EMA for
clinical treatment of human diseases (Li & Zhu, 2010), and
the worldwide market sales of the biotherapeutics have
reached nearly $75 billion in 2014. It is predicted that this
number will climb to $94 billion by 2017 (Ecker, Jones, &
Levine, 2015). Following the advent of hybridoma technol-
ogy, and the report of the first mAb by Kohler and Milstein
(1975), the development of therapeutic mAbs might be
described in three distinct, but overlapping, phases.

The first phase applied standard hybridoma technology, as
introduced by Kohler and Milstein (1975), to develop murine
mAbs. This phase of development led to some success,
including the FDA approval of Orthoclone®™ OKT3 (muromo-
nab-CD3) in 1986, thus laying the foundation for further
development of mAbs. However, the first generation of mAbs
suffered from many disadvantages, including immunogenicity
(human anti-murine antibody response), short half-life, and poor
efficacy (inability to elicit robust human immune effector
activity), which are largely attributed to the nature of murine
mAb (Khazaeli, Conry, & LoBuglio, 1994). Additionally, the
genetic instability and low-yielding characteristics of many
hybridomas also hindered the development of mAbs (Li & Zhu,
2010). These disadvantages substantially dampened enthusiasm
in mAbs until technical breakthroughs pushed mAb develop-
ment to the second phase.

The second phase commenced with the development
of humanization strategies, including the development of

chimeric antibodies, where ~65% of the rodent sequence
associated with the parent murine mAb was replaced with
human sequence (via recombinant DNA technologies),
and CDR-grafted antibodies, where ~90-95% of the
murine sequence was replaced with human IgG sequence
(Robinson, Weiner, & Adams, 2004). Further development
of humanization strategies led to the generation of
transgenic mice and antibody phage display (APD)
technologies, which allowed generation of fully human-
ized monoclonal antibodies (Schirrmann et al., 2011).
This second, and still current, phase of mAb development
has yielded tremendous success, with over 30 humanized
mAbs approved for therapeutic use (worldwide). However,
even for fully humanized antibodies, problems, and
limitations often exist, including insufficient potency,
selectivity, and efficacy (AlDeghaither, Smaglo, & Weiner,
2015).

Thus, the third phase of development emerged to
engineer mAbs and to develop mAb derivatives, with
improved pharmacokinetics, pharmacodynamics, efficacy,
and safety. Many novel constructs have been introduced,
including mAbs with single amino acid substitutions (e.g., to
enhance binding to effector cells or to enhance binding to
the IgG protection receptor, FcRn (Chames et al., 2009)),
ADC, where small-molecule drugs are chemically linked to
mAb) (Teicher & Chari, 2011), and also including mAb
derivatives that, in many cases, differ substantially from IgG
mAb in terms of structural characteristics (e.g., including
molecular weight and valence). Several novel constructs
have been introduced (Fig. 1), including: (i) single-chain
variable fragments (scFv, ~25kDa), which contain the
variable domains of mAb light and heavy chains that are
linked by a short peptide; (ii) nanobodies and domain
antibodies (dAbs) that contain a single variable domain
(~11-15kDa) (Muyldermans et al., 1994, 2013); and (iii)
bispecific constructs such as Bispecific T cell Engagers
(BiTE), which bind T-cell surface proteins (e.g., CD3) and
tumor antigens (e.g., CD19, EpCAM, or EGFR) to elicit
T-cell immunity (Baeuerle, Kufer, & Bargou, 2009). These
novel constructs were developed to achieve several desirable
features over IgG mAbs. First, they can be used as “bricks”
to build more flexible and adapted Dbiotherapeutical
constructs; second, these agents are often thermotolerant and
often exhibit less immunogenicity than conventional mAbs
(Robinson, Weiner, & Adams, 2004); third, some of these
molecules can penetrate tissues more effectively than a
mAb. Owing to these attractive features, tremendous efforts
have been placed on the development this next generation of
biotherapeutics (AlDeghaither, Smaglo, & Weiner, 2015).

In summary, a large variety of biotherapeutics with diverse
structures, functions, and properties have been developed in the
past decades. Given the favorable safety/efficacy features of
biotherapeutics and the rapid progress of biotechnology, we
expect that the upward trend of biotherapeutics development
will continue into the future. To keep up with this trend,
development of advanced qualitative and quantitative analytical
methods with sufficient selectivity, accuracy, sensitivity, and
throughput, is urgently critical. The following sections will
discuss the challenges and current strategies of quantification
and qualitative analysis of protein therapeutics by LC-MS
in detail.
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FIGURE 1. Simplified structures of major forms of biotherapeutics derived from mAb.

lll. QUANTIFICATION OF BIOTHERAPEUTICS IN
BIOMATRICES

A. Current Quantitative Techniques

LBA, based on immunocapture and detection, is the
most-frequently practiced method for protein quantification for
several decades. Currently, LBA is utilized for PK, PD, and TK
studies of biotherapeutics via specific capture with target antigen
or anti-idiotypic antibodies (Damen et al., 2009b; Kim et al.,
2012; Leary et al., 2013). Because the most-commonly used
LBA method, enzyme-linked immunosorbent assay (ELISA) is
often considered as the gold standard for protein quantification
and poses features such as high sensitivity and throughput.
However, several major limitations are associated with this
approach (Ezan & Bitsch, 2009; Pendley & Shankar, 2011; Geist
et al.,, 2013; Zheng et al., 2014): (i) the method depends on
high-quality critical reagents to obtain selectivity and it is highly
challenging to achieve sufficient selectivity that unambiguously
identify specific amino acid sequenes; (ii) the development
process is often time-consuming and cost-prohibitive; (iii) the
linear range of the calibration curve is narrow (typically within
100-fold), which is inadequate to cover the dynamic range
required for a regular PK study; (iv) high susceptibility to matrix
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interference and the method is usually matrix-selective; for
example, a method developed for plasma samples cannot be
easily transferred for use in tissue samples. Given these
drawbacks, substantial efforts have been devoted in developing
alternative methods.

LC/MS has long been a powerful method for selective
(sequence-level with bottom-up strategy), accurate, sensitive,
and rapid analysis of small-molecule drugs and biomarkers
(Hsieh & Korfmacher, 2006), and has recently been introduced
for the quantification of protein drugs. Although it is possible to
quantify proteins with LC/MS on the intact-protein level, the
vast majority of current methods are performed on peptide level
via LC/MS operated in the selected reaction monitoring (SRM)
mode (Heudi et al., 2008; Pan et al., 2009; Duan et al., 2012a;
Furlong et al., 2012; Ouyang et al., 2012; Yuan et al., 2012; Li
etal., 2013), largely because peptide-level protein quantification
with LC/MS provides substantially higher sensitivity, accuracy,
and robustness than protein-level quantification (Blackburn,
2013; Hopfgartner, Lesur, & Varesio, 2013). Consequently, the
discussion of protein drug quantification in the following
sections will be emphasized on LC-SRM. The rationales and
characteristics of LC-SRM had been discussed in previous
reviews (Damen, Schellens, & Beijnen, 2009; van den Broek,
Niessen, & van Dongen, 2013; An, Zhang, & Qu, 2014a).




= QUETAL.

LC-SRM has several attractive features over LBA, including
rapid method development, wider dynamic range, minimal
matrix dependence (e.g., a developed quantitative method can
be readily transferred among plasma and different tissues), and
high multiplexing ability (Huang et al., 2005; Jemal & Xia,
2006; Duan et al., 2012a; Li et al., 2012; Liu et al., 2013a; van
den Broek, Niessen, & van Dongen, 2013).

Although LC-SRM has already been demonstrated to be a
highly promising method for biotherapeutics analysis, an
optimal strategy with high sensitivity, selectivity, throughput,
and robustness remains elusive. Figure 2 illustrates the
performance of LBA and various LC/MS-based methods for
protein-drug analysis. For example, low-flow-LC/MS (e.g.,
nano-LC/MS) and immunoaffinity (IA)-LC/MS have been
developed to significantly enhance sensitivity (Ackermann &
Berna, 2007; Gama, Collins, & Bottoli, 2013), but at the cost of
compromised reproducibility and throughput, as well as longer
time for method development, unless a well-established stream-
lined workflow is available. The following section will discuss
analytical challenges on quantification with LC/MS approach
and recent technical advancements that attempt to enhance
selectivity, sensitivity, robustness, and throughput by addressing
specific issues along the workflow.

B. Analytical Challenges in Quantification

Rapid progression of the discovery and development of biother-
apeutics necessitates methods for quantification in biomatrices
(tissues and bodily fluids) with sufficient specificity, accuracy,
sensitivity, reproducibility, and throughput (Leary et al., 2013;
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Bults, van de Merbel, & Bischoff, 2015; Chilewski & Jiang,
2015; Shen, Liu, & Zhao, 2015); nonetheless, such method has
been challenging to achieve and some key difficulties are
discussed below.

First, the most-prominent challenge is insufficient sensitiv-
ity. The high potency and specificity of biotherapeutics often
enables the use of relatively low therapeutic doses that result in
low systemic concentrations of drug. Moreover, tissue concen-
trations are often tens or hundreds of times lower than plasma
concentrations, and thus require ultra-sensitive methods (Duan
et al., 2012a; Neubert et al., 2012). LBA methods are often not
readily adaptable to tissue analysis; however, LC/MS assays is
more easily applied, because LC/MS is less prone to matrix-
related interference. However, for LC/MS-based protein quanti-
fication, insufficient sensitivity is a major concern due to two
reasons: (i) the response of electrospray ionization (ESI)-MS is
dependent on the molarity rather than mass concentration of
analytes (Fred Banks, 1996; Mitulovic et al., 2003); hence, the
large molecular weight (MW) of a therapeutic protein poses a
substantial disadvantage; (ii) because of the high protein
contents in most biomatrices (e.g., typically 30-80 mg/mL
proteins in plasma and 30-200 mg/g proteins in various tissues
(Addis et al., 1940; Zaia, Verri & Zaia, 2000; Zaias et al., 2009),
it is always necessary to dilute a biosample (often >10-fold)
before digestion and LC/MS analysis. The combination of these
two factors significantly decreases sensitivity for LC/MS-based
protein analysis. For a hypothetical example: if the limit of
quantification (LOQ) of a small-molecule drug (MW =200)
was 0.5 ng/mL in plasma by LC/MS, then assuming a mAb drug
has the same molar response as the small-molecule and
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FIGURE 2. Radar chart illustration of the performances of typical LC-SRM-based methods and LBA for
quantification of biotherapeutics. For each specification, scores of 0-5 represent low to high performance. For
example, although conventional-flow LC-SRM method is superior to LBA in terms of development time and
wider dynamic range, it falls short in sensitivity; while methods such as low-flow-LC and IA-LC-SRM can
significantly improve sensitivity, the throughput and reproducibility are compromised compared with

conventional LC/SRM-MS.
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assuming that plasma samples require 15-fold dilution before
LC/MS analysis, the LOQ of the mAb becomes >2.5 pg/mL,
which is not sensitive enough for a typical PK study.

Second, in typical plasma or tissue samples, a protein drug
often presents at relatively low levels among a highly complex
matrix proteome that encompasses thousands of different
proteins. Consequently, it is challenging for any analytical
method to selectively quantify the target protein in biomatrices,
especially when considerable endogenous interferences exist.
The heterogeneous in vivo biotransformations (modifications,
truncation, metabolism, etc.) of the drug further complicate the
problem (Hagman et al., 2008; Jenkins, Murphy, & Tyther,
2008; Ezan, Dubois, & Becher, 2009; Pendley & Shankar, 2011;
van den Broek, Niessen, & van Dongen, 2013). Moreover, in
many pharmaceutical investigations, it is important to selec-
tively quantify biotherapeutics in various forms, (e.g., free vs.
bound, fragmented vs. intact, etc.), which is difficult to achieve
with either LBA or LC/MS alone.

Third, highly accurate determination of the absolute levels
of a protein drug in bio-matrices is critical for drug discovery,
development and evaluation; for example, PK and TK studies.
Nonetheless, quantitative accuracy of protein drug can be
compromised by insufficient selectivity and limitations in
analytical methods. For example, LC/MS and LBA both target a
limited epitope or sequence domain rather than the entire protein.
It would be difficult to discriminate metabolic/degradation
fragments containing the selected epitope or sequence from the

intact protein; for LC/MS technique, the conversation of protein
to signature peptide is not 100%. Consequently, the signal
response of the epitope or sequence may not properly reflect the
quantity of intact protein, unless optimal calibration and
validation procedures are used to avoid severe quantitative biases
(Nouri-Nigjeh et al., 2014).

Finally, matrix effect might severely interfere with sample
preparation and analysis of protein drugs (van den Broek,
Niessen, & van Dongen, 2013). It is well-known that
quantitative performance of LBA is often profoundly affected
by biological matrices (Pendley & Shankar, 2011; Gorovits
et al., 2014). Although LC/MS has enhanced selectivity over
LBA, matrix effect are also a pronounced problem for
LC/MS-based methods. Specifically, a large amount of matrix
peptides can be generated from a plasma or tissue sample, which
might cause ion suppression along with other non-protein matrix
components (e.g., lipid and phospholipids (King et al., 2000;
Shen et al., 2005).

C. Emerging Technical Advances to Improve the
Performance of LC-SRM-Based Quantification of
Biotherapeutics

This section discusses the recently developed approaches that
improve method development, specificity, accuracy, sensitivity,
robustness, and throughput for protein biotherapeutics quantifi-
cation. These methods are summarized in Figure 3.
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FIGURE 3. General workflow for LC/MS quantification of biotherapeutics in biomatrices and the summary of
recent technical advances improving the performances. LC/MS method development is often the first step, since
the SP selection and sensitivity/selectivity evaluation in this step often determines sample preparation procedures.
Steps framed in dash line represents steps that may be optional depending on the needs of a specific project.
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1. Advancements in Quantitative Method Development

Though it is relatively easy to develop a LC-SRM method to
quantify of biotherapeutics, it remains challenging to establish
optimized methods that afford the reliability, sensitivity, and
reproducibility required for collection of PK/PD and TK data.
For example, the initial step to establish a LC-SRM-based
quantitative method is to determine the optimal signature
peptide (SP) that can quantitatively represent the target biother-
apeutic. This step is critical to ensure specific, sensitive, and
robust quantification; nonetheless, selection of the best SP that
carries high specificity, sensitivity, and stability among many
enzymatic and domain choices is not straightforward. To address
this need, a number of in silico prediction and experimental
approaches, or a combination of the two, have been established
over the past several years.

In silico prediction approaches are widely employed to
facilitate the selection of SPs and method development with
minimal wet-lab efforts. Popular tools in this regard include
Skyline, PeptideAtlas, and MRMaid (Mead et al., 2009; Cham
Mead, Bianco, & Bessant, 2010; Maclean et al., 2010; Halquist

& Thomas Karnes, 2011; Rauh, 2012). These approaches
substantially expedite and simplify method-development
process, and greatly promote the application of LC/SRM-MS to
quantify proteins. Reliance on in silico prediction alone might
not achieve an optimal method development, because such an
approach might not completely predict the efficiencies for
enzymatic cleavage, ionization/fragmentation, and peptide
stability, nor matrix-dependent features such as chemical
interferences of a particular peptide candidate (Pan et al., 2009;
Cao et al., 2010; Duan et al., 2012a). To address this problem,
we developed an experimental-based procedure that enables
rapid and streamlined method development for sensitive,
selective, and reliable quantification of mAbs in multiple tissue
matrices and plasma (Cao et al., 2010; Duan et al., 2012a).
The workflow for this procedure is shown in Figure 4. A
high-throughput, on-the-fly orthogonal array optimization
(OAO) approach was employed, which can develop the optimal
LC/SRM-MS method for many SP candidates within a single
LC/SRM-MS analysis. This method enables extensive
evaluation of all potential SP candidates (>20) in target
matrices, and thus ensures the discovery of the best SP carrying
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FIGURE 4. The procedure of an on-the-fly Orthogonal Array Optimization strategy, an experimental procedure
for high-throughput and accurate development of LC/SRM-MS method (Cao et al., 2010; Duan et al., 2012b).
This approach is capable of reliable development of LC/SRM-MS methods for many SP candidates in a single
run; then the candidates are evaluated in digested matrixes for sensitivity and stability to determine the optimal
SP; two SP are selected for quantification to enhance quantitative reliability.

Mass Spectrometry Reviews DOI 10.1002/mas




QUALITATIVE AND QUANTITATIVE CHARACTERIZATION OF PROTEIN BIOTHERAPEUTICS =

the optimal selectivity and sensitivity in specific pharmaceutical
samples. In previous works, moreover, this strategy does not
need synthesis of multiple potential SP candidates in order to
select a SP, and thus saves both costs and time.

Given the limitations of prediction models, more software
packages combine in silico prediction and experimental
optimization for method development. For example, Skyline,
the most widely used tool for LC/SRM-MS method develop-
ment, employs a comprehensive in silico prediction for potential
SP candidates and SRM parameters, followed by extensive
experimental validation of these candidates (Maclean et al.,
2010). Such strategies efficiently increase the chance of success
compared with those that rely on prediction alone.

2. Improvement of Specificity

The selectivity of a quantitative method is profoundly affected
by the selection of the SP. Choosing a peptide with a sequence
unique to the target species and free of endogenous interference
is necessary to ensure specificity. For the same biotherapeutics
molecule, the choice of an optimal SP is highly species-
dependent. For instance, for analysis of a human mAb in a
preclinical animal model, many SP candidates can be chosen
from the human IgG constant region; nonetheless, the same drug
can only be quantified with SP from the very few domains within
the variable regions for clinical investigation with human
subjects. Software packages such as Skyline greatly facilitate
selection of SP using the combination of in silico prediction and
experimental validation (Bereman et al., 2012), as described
above.

Because the selected SP domain might be modified,
truncated, or exist in various metabolite/catabolite fragments,
use of one SP for quantification might carry the risk of poor
selectivity (Hoofnagle & Wener, 2009). We and others have
addressed this problem by utilizing two SPs from distinct
domains to ensure the specific quantification of protein
molecules with structural integrity (Li, Fast, & Michael, 2011;
Duan et al., 2012a; van den Broek, Niessen, & van Dongen,
2013). Examination of the discrepancy between the quantitative
results obtained independently from two SPs, the above-
mentioned problems can be readily detected (Duan et al., 2012a,
b; Jenkins et al., 2015). Additionally, the use of multiple SPs can
also help to obtain information on the different forms of a
protein drug in vivo (e.g., intact and catabolic products). For
example, if the monitored peptide is from an epitope that is
susceptible to in vivo proteolysis, then quantitative data of this
SP may reveal the in vivo and in vitro stability (Hager et al.,
2013). On the other hand, if an SP is from a relatively stable
region, then the corresponding quantitative result likely reflects
intact and truncated forms. In this way, the combination of a
primary SP with multiple secondary SPs from different regions
enables selective evaluation of the structural integrity of the
protein analyte (Jenkins et al., 2015).

Moreover, recent work demonstrated that the hybrid
LBA-LC/MS method (i.e., reagent enrichment of the target
biotherapeutics followed by LC/SRM-MS analysis) can enable
highly selective analysis due to the combined specificity from
the two methods (Hager et al., 2013). Lee and co-workers
successfully used this method to selectively quantify free and
total mAb (Lee et al., 2011).

Mass Spectrometry Reviews DOI 10.1002/mas

3. Improvement of Sensitivity

As mentioned above, insufficient sensitivity is the
most-prominent challenge for LC/SRM-MS-based quanti-
fication of biotherapeutics. In most cases, conventional
LC/SRM-MS might not achieve comparable sensitivity to
a well-developed LBA method (Keshishian et al., 2009).
Although the sensitivity of LBA depends on the quality
and specificity of critical reagents, sensitivity of
LC/SRM-MS is determined by not only the characteristics
of the SP, but also factors like sample preparation (e.g.,
pretreatment, enrichment, and digestion) and chro-
matographic approaches. Correspondingly, efforts to
enhance the sensitivity for LC/SRM-MS mainly focus on
the improvement of sample preparation or chromatogra-
phy, as discussed below.

a. Efficient production of an SP

Because the vast majority of LC/SRM-MS-based methods
for protein quantification rely on the analysis of proteolytic
peptides, it is important to achieve high recovery of the SP
from the target protein via enzymatic digestion. Three
conventional methods are used for this purpose, including
in-solution-digestion (Olsen et al., 2006), gel clean-up
followed by in-gel-digestion (Shevchenko et al., 2006), and
filter-aided-sample-preparation (FASP) (Wisniewski et al.,
2009). The in-solution-digestion is quite straightforward to
use; proteins are digested directly in diluted biological
samples, with or without mild denaturation with urea
(Li et al., 2013). One drawback of this approach is that all
matrix/buffer components remain in the digest, which
necessitates a following cleanup step such as solid phase
extraction and often leads to loss of peptides (Choksawang-
karn et al., 2012; van den Broek, Niessen, & van Dongen,
2013). On the contrary, in-gel-digestion efficiently removes
matrix components and simplifies the samples (Havlis &
Shevchenko, 2004); however the procedure is relatively
laborious and time-consuming, which limits large-scale
applications such as those required in PK analysis. Most
importantly, the incomplete digestion and gel-absorption of
peptides often result in low peptide recovery. The FASP
method also enables clean digestion by removing
small-molecule  matrix/buffer =~ components  with a
molecular-weight-based cutoff filter, followed by digestion
of the retained proteins on the filter (Wisniewski et al.,
2009). However, certain compounds (e.g., phospholipids)
that potentially undermine digestion and LC/MS analysis
cannot be completely removed (Hustoft et al., 2011), and
the approach often suffers from low and variable peptide
recoveries likely due to in-filter absorption of protein/
peptides (Choksawangkarn et al., 2012).

To address these problems, our laboratory developed a
straightforward  precipitation/on-pellet-digestion = method
that affords high and reproducible protein/peptide recover-
ies for both proteomic profiling and absolute quantification
in complex tissue/plasma samples (Duan et al., 2009,
2012a; Tu et al., 2012, 2013; Nouri-Nigjeh et al., 2014).
Several independent studies also demonstrated comparable
or better peptide recovery with on-pellet digestion
comparing to in-solution digestion for targeted protein
quantification (Ouyang et al., 2012; Yuan et al.,, 2012).
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More recently, we devised an optimized surfactant-aided-
precipitation/on-pellet-digestion procedure (SOD) that pro-
vides high and reproducible peptide recovery with a rapid
digestion (An et al., 2015a). Briefly, a relatively high
concentration of surfactant (or mixture of surfactants) was
used for extensive denaturation, reduction, and alkylation
of target proteins, which also inactivates endogenous
protease-inhibiting proteins and helps to eliminate matrix
compounds such as lipids. An organic solvent precipitation
was employed to effectively remove detergents and endog-
enous compounds, followed by a rapid complete on-pellet-
digestion. The method offerred substantially higher sensi-
tivity and reproducibility than other approaches to quantify
mAbs in plasma and tissues (Fig. 5). Because of the
extensive denaturation with surfactants and precipitation,
complete digestion of mAb was achieved in only 45 min at
37°C. Moreover, the 37°C-digestion afforded significantly
higher digestion efficiency than higher temperatures, a
common practice to speed up digestion. Finally, the
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efficient sample cleanup with SOD affords a highly robust
sample preparation (An et al., 2015a).

b. Increase the relative concentration of target: Depletion and
enrichment

One of the most-efficient approaches to improve sensitivity is to
preferentially increase the relative concentration of the target in
a biological sample. To this end, two categories of methods have
been developed: depletion of matrix proteins and enrichment of
the target. The latter category includes methods to enrich at
protein- or peptide-levels, or both.

Depletion of high-abundance matrix components before
digestion might considerably increase sensitivity, because such
a strategy not only increases the ratio of target protein versus
total proteins in sample, but also might benefit downstream
sample preparation and LC/SRM-MS analysis by enabling
more-efficient digestion, higher loading capacity, and decreased
chemical noises and ion suppression (Anderson & Hunter, 2006;
Liu et al., 2014; Shen, Liu, & Zhao, 2015). Due to technical
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FIGURE 5. Comparison of the peptide recovery, reproducibility, and LOD of SOD versus three prevalent
approaches, in-solution-digestion, in-gel-digestion, and FASP in different matrices. The LOD was defined as the
concentration yielding an S/N=3 (D). (Reprinted with permission from (An et al., 2015a), copyright, 2015,

Analytical Chemistry).
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limitations, such strategies are mainly applied for plasma/serum
samples. Anderson and Hunter (2006) used a multiple affinity
removal system (“MARS”) to deplete the six highest-abundance
proteins from human plasma. Liu et al. (2014) established a
simple and cost-effective method to remove albumin from
plasma sample by precipitation with mixture of isopropanol and
trichloroacetic acid. The authors removed albumin successfully,
while retain the targeted therapeutic protein (BMS-C), which
resulted in a four to fivefold improvement on sensitivity. Shi
et al. (2012b) established a tandem IgY14-Supermix depletion
method to remove the top 14 high-abundance and up to 60
moderate-abundance plasma proteins, to enable analysis of
low-abundance proteins in human plasma. All of those studies
demonstrated that high-abundance protein depletion improves
the limitation of detection (LOD).

LC/SRM-MS analysis after immunoaffinity (IA)
enrichment of a target protein is an efficient approach to improve
sensitivity. Quite a number of methods have been developed
based on this philosophy (Ackermann & Berna, 2007; Dubois
et al.,, 2008; Fernandez Ocana et al., 2012; Li et al., 2012;
Neubert et al., 2013; Xu et al., 2014), and several typical works
are exemplified here. Ho et al. (2011) realized a highly sensitive
quantification of five exogenous insulins in equine plasma (LOD
of 0.05 ng/mL) with IA enrichment and LC/MS analysis. Dubois
et al. (2008) used a specific antibody to capture cetuximab from
human plasma prior to LC/SRM-MS detection to result in a
LOQ comparable to those achieved with ELISA methods. Li
et al. (2012) established an immnocapture strategy to enable
highly sensitive analysis of four IgG1 and four IgG2 mAbs.
Though such strategies are sometimes dubbed as the “hybrid
LBA” (LB-LC/MS), it should be well-recognized that, unlike
traditional LBA methods, a highly selective IA reagent is
generally not necessary because of the high selectivity of the
downstream LC/SRM-MS. Consequently, less costs and time
are usually required for method development, compared to a
conventional LBA method (Onami et al., 2014; Xu et al., 2014).
For instance, Xu et al. (2014) reported a successful
immunocapture-LC/MS method that used two anti-idiotypic
reagents to sensitively investigate mAbs in human serum.
Interestingly, the very same reagents did not work for LBA.
Moreover, when properly designed, IA capture of proteins can
reveal valuable activity and structural information along with
quantitative results. Detailed benefits of IA-LC-SRM were
discussed in a previous review (Neubert, Palandra, & Fernandez
Ocana, 2014). As an example, LB-LC/MS had been adopted in a
biotransformation study of Fc-fusion protein, which facilitated
the identification and quantification of intact and truncation
products in vivo (Hager et al., 2013).

Although protein-level enrichment promises to improve LC/
MS sensitivity, and the critical reagent is often relatively easy to
produce, one potential drawback is variability in the enrichment
step, which might not be perfectly quantitative and reproducible
(Li et al., 2012). The enrichment might introduce bias and
variation, which often necessitates a stable-isotope-labeled (SIL)
full-length protein internal standard (IS) to be spiked in before
enrichment. SIL proteins are expensive to produce and often not
available for a biotherapeutics. Recently, some exciting develop-
ments have been made to address this reproducibility issue. For
example, using a streamlined, reproducible procedure for protein
capture, denaturation, reduction and rapid digestion, Neubert
et al. (2013) and Keyang et al. achieved excellent quantitative
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accuracy and precision (<15% CV and error) (Xu et al., 2014).
By comparison, enrichment at peptide-levels is often less liable
to the variation problem, because a SIL signature peptide IS,
which is readily obtained, can be used prior to enrichment.
Although protein-level enrichment does not work well in
circumstances such as in tissue extracts that contain highly
denaturing buffers, peptide-level enrichment is less likely to
suffer from this problem as it is often straightforward to render a
digest antibody-friendly. One important paradigm for this
technique is the ‘“stable isotope standards and capture by
anti-peptide antibodies” (SISCAPA) developed by Anderson
et al. (2004), which employs an anti-peptide antibody to enrich
the target peptide from the digest. In one application, the
authors reported 1,800-18,000-fold peptide enrichment of
a-1-antichymotrypsin and lipopolysaccharide-binding protein
from a human plasma digest (Anderson et al., 2009). Several
other reports that described optimized peptide IA enrichment
technique also demonstrated significant sensitivity improvement
(Whiteaker et al.,, 2010, 2012; Kuhn et al.,, 2012). More
recent works employed both protein- and peptide-level
enrichment to further enhance sensitivity. Neubert et al. (2013)
developed an ultra-sensitive method for human [-nerve growth
factor, utilizing sequential protein and peptide IA captures and
achieved an LOQ of 7.03 pg/mL in human plasma. Despite the
above merits of the peptide IA enrichment, one major problem is
that generation of an efficient anti-peptide antibody is often
challenging largely due to the low immunogenicity of a peptide
(Shen, Liu, & Zhao, 2015).

Currently, an antibody-free enrichment method is under
development. One approach is fractionation with high-pH or
strong cation exchange (SCX) chromatography (Shi et al.,
2012a; Yang et al., 2012; Betancourt et al., 2013). Though these
methods could significantly increase sensitivity, extensive
HPLC fractionation is required, which severely limits the
throughput. Yuan et al. used SPE to increase the abundance of
target peptides to enable high-throughput enrichment (Yuan
et al.,, 2013). We developed a method for dual-mechanisms
enrichment of SP in complex digestion with sequential SCX and
high-pH-RP separations on the same cartridge. The method
selectively enriched the target SP, eliminated the majority of
matrix components, and increased sensitivity by >20-fold
(Anetal., 2015b).

c. The use of low-flow-LC/MS

Utilization of low-flow-LC generally increase the sensitivity of
LC-SRM-based quantification (Arnold & Needham, 2013;
Gama, Collins, & Bottoli, 2013; Lassman & Fernandez-Metzler,
2014). ESI is the most-used interface for LC/MS-based protein
quantification, which is a concentration-dependent detector as
discussed previously. The use of low-flow-LC/MS efficiently
boosts signal intensity by increasing peak concentration and
ionization efficiency. Lesur, Varesio, and Hopfgartner (2010)
developed a capillary LC-SRM method to quantify tryptic
peptides of a recombinant human mAb utilizing a capillary
column with 1 mm inner diameter (ID) to enhance sensitivity.
Liu et al. (2011) established a low-flow LC-SRM method (flow
rate at 50 pL/min) combined with IA enrichment; the method
achieved sensitive quantification of recombinant mAb in
monkey serum. To further improve sensitivity over these, we
have developed a sensitive and reproducible nano-flow
LC/SRM-MS strategy (flow rate at 250 nL/min) that typically
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lowered the LOQ by 30- to 50-fold compared to a conventional-
flow LC/SRM-MS. A unique flow configuration enabled
consistent and relatively robust analysis of plasma and tissue
samples (Duan et al., 2012b). A number of other reports also
employed nano-flow-LC/SRM-MS for sensitive quantification
of proteins (Li et al., 2012; Neubert et al., 2013). It is noteworthy
that most of these low-flow-LC based methods have been
coupled to procedures that simplify the matrix prior to LC/MS
(e.g., SDS-PAGE or IA separation to remove matrix
components), in order to ensure sensitivity and robustness. This
is largely because the loading capacity of complex biological
samples on low-flow-LC is limited (Lassman & Fernandez-
Metzler, 2014). To address this limit, we recently developed a
trapping micro-LC/MS (Tw-LC/MS) method to enable loading
of large amounts of biological samples without exceeding the
system capacity. A selective trapping/delivery approach strategi-
cally eliminated most of hydrophobic and hydrophilic matrix
components/peptides and concentrated the target peaks prior to
the downstream micro-flow-LC/MS analysis. The method is
straightforward, and achieves high sensitivity comparable to a
nano-LC/MS, with the comparable robustness and throughput to
conventional-flow-LC/MS (Zhang et al., 2015). These features
render the technology applicable to large-scale analysis where
high sensitivity is essential.

4. Improvement of Throughput Through Sample
Preparation

Analytical throughput is frequently an important consideration
for the selection of bioanalytical platform for a preclinical or
clinical study. The major limitations of the throughput of
LC-SRM-based protein analysis are associated with the speeds
of sample preparation and LC/MS analysis, and sample prepara-
tion is often one of the main rate-limiting steps. For example, in
some preparation procedures, enzymatic digestion must be run
overnight to reach completeness (Capelo et al., 2010; Hustoft
et al., 2011; Choksawangkarn et al., 2012). Several accelerated
digestion approaches have been reported. For example, Hervey,
Strader, and Hurst (2007) showed that 80% acetonitrile could
attain completion of digestion of protein samples in 1 hr. Wang
et al. (2008a) established an IR-assisted on-plate proteolysis
approach, which can achieve efficient protein digestion in 5 min.
Lesur, Varesio, and Hopfgartner (2010) described digestion of a
therapeutic human mAb in 30min with microwave-assisted
protocol. In addition, Yang et al. (2010) have reported a
pressure-assisted tryptic digestion, which achieved a higher
peptide recovery in 30 min at 37°C than overnight atmospheric
digestion. It should be noted that digestion of a therapeutic
protein such as an mAb is generally more difficult than other
proteins due to the unique, complex structure of IgG (Yuan
et al.,, 2012). With the aforementioned on-pellet-digestion
protocol, Yuan et al. (2012) observed efficient release of the
selected target peptides after 30 min for the model mAb. With
the SOD protocol described above, we achieved highly efficient
and reproducible digestion of several humanized mAbs in
plasma and tissues within 45 min, to significantly shorten the
sample-preparation time and maintain very high and reproduc-
ible peptide recovery (An et al., 2015a). Moreover, technologies
such as immobilized enzymatic digestion are developed and
commercialized (e.g., the Flash Digest™ kit by Perfinity and
SMART Digest™ kit by Thermo), which could complete the
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digestion within 1hr. The applicability of such methods to
absolute quantification of biotherapetuics in biological samples
has yet to be evaluated.

Additionally, developments on high-throughput LC/MS
anlaysis have also been made in recent year. These techniques
were discussed in other sections in this review.

5. Improvement of Robustness

Regarding the LC/MS analysis, usually a high-flow chromatog-
raphy (e.g., flow rate >200 pL/min) is used to achieve robust
analysis. Nonetheless these approaches suffer from low
sensitivity. As mentioned in a previous section, we developed a
Twpw-LC/MS method enabling highly sensitive analysis (e.g.,
LOD of 15-45ng/g for mAbs in various tissues without
enrichment) with high throughput (<10 min/sample) and good
robustness (continuous analysis of >800 samples) recently
(Zhang et al., 2015). In addition to such on-line strategy to
increase robustness, SPE-based off-line cleanup post-digestion
was also developed and utilized for protein analysis with
LC/MS-based method (Yang et al., 2007; Heudi et al., 2008;
Winther et al., 2009; Yuan et al., 2013), which could remove
matrix components before LC/MS analysis to enhance
robustness. In this regard, we developed a dual-mechanism,
antibody-free enrichment method, to specifically enrich target
peptide while significantly eliminating the sample matrix
(An et al., 2015b). This method substantially removed matrix
components and non-target peptides to greatly promotes
analytical robustness.

6. Improvement of Accuracy

In many applications of LC/SRM-MS-based assays, such as
biomarker validation, the quantitative accuracy in terms of
absolute levels (e.g., concentrations in plasma or tissues) might
not be highly critical, as long as good accuracy for relative
quantification (e.g., how many-fold change between groups) is
achieved. By comparison, highly accurate absolute
quantification is required in other applications, such as the assay
of plasma samples for PK/PD investigations (DeSilva et al.,
2012; Chilewski & Jiang, 2015); however, this requirement is
occasionally underappreciated.

Selections of calibrator and IS profoundly affect the
accuracy for absolute quantification of proteins. For instance,
synthesized peptides as the calibrator and SIL peptides as IS
were usually employed for LC/MS-based protein quantification
(Bronsema, Bischoff, & van de Merbel, 2012; van den Broek,
Niessen, & van Dongen, 2013), largely due to the fact that
peptide standards and IS are easily available at a reasonable
price. It turns out that the accuracy of this kind of calibration
method is low because the errors and biases in pretreatment and
digestion procedures are not assessed appropriately (van den
Broek, Niessen, & van Dongen, 2013; Nouri-Nigjeh et al.,
2014). We have observed a severely negative bias for a peptide-
level calibration method in quantification of an mAb in plasma
(Nouri-Nigjeh et al., 2014); we deduced that the assumption of
complete peptide recovery during sample treatment and
enzymatic digestion might not be true (Picotti et al., 2009).
Extended-peptides that contain an SP sequence with three to six
amino acids residues on N- and C-termini have been introduced
to compensate for digestion efficiency (Ocana & Neubert, 2010;
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Rauh, 2012; Simpson & Beynon, 2012; Kushnir et al., 2013).
Although use of such extended-peptide calibrators could adjust
for the digestion efficiency to some extent, differences in
protease accessibility and digestion rates between these
extended-peptides and the intact protein still make the correc-
tion inadequate (Brownridge & Beynon, 2011; Nouri-Nigjeh
et al., 2014). Full-length protein calibrator and SIL full length
protein IS are the most ideal standards for absolute quantifica-
tion, and could completely correct the variance and bias during
sample pre-treatment, digestion, and analysis (Brun et al., 2007;
Heudi et al., 2008; Li et al., 2012; Picard et al., 2012). However,
because SIL-proteins are expensive to produce and often not
available for the target protein, our laboratory and others have
practiced accurate quantification of regulatory proteins and
protein drugs in plasma and tissues using “hybrid” calibration
strategies (Cao et al., 2010; Duan et al., 2012a,b; Jiang et al.,
2013). With full-length protein calibrator and SIL- peptide or
extended peptide IS, the hybrid calibration strategy can achieve
precise and accurate quantification as long as a highly reproduc-
ible sample preparation is achieved (Nouri-Nigjeh et al., 2014).
As a result, the hybrid calibration represents a cost-effective
alternative to protein-level calibration.

D. Applications in Biotherapeutics Quantification

In the past decade, many studies on LC-SRM-based protein
quantification have been reported. Here, we show some
representative studies with an emphasis on quantification of
mAb and ADC.

1. Plasma PK Study

LC-SRM method had been utilized in PK studies across
different species. Heudi et al. (2008) developed a quantitative
method to characterize a candidate mAb in marmoset serum
from a PK study, and used SPE cleanup after digestion and a
SIL-full-length protein as IS. That report is one of the earliest
works on LC/MS-based quantification of protein therapeutics.
By comparing with the results from a specific LBA, the authors
suggested that their LC/MS method quantified total mAb rather
than the free form. Li et al. (2012) developed a universal
LC-SRM approach to quantify a variety of therapeutic mAbs
based on the use of a full-length SIL mAb as the universal IS in
rat and monkey serum. The method was successfully applied in
a rat PK study. The authors employed the same critical reagent
for LBA and immunocapture followed by LC/MS quantification,
and found that the PK profiles obtained by the two methods were
similar. With an albumin-depletion approach, Hagman et al.
(2008) developed an LC/SRM-MS method to quantify a human
mAb in the serum of cynomolgus monkey with improved
sensitivity. The work proved the advantages of LC/MS-based
method over LBA in terms of reduced inter-assay variance
and time required for method development and validation.
Dubois et al. (2008) captured cetuximab via its pharmacological
target, followed by low-flow-LC-QTOF-MS/MS analysis in
human plasma, resulting in sensitive quantification of the target
mADb in clinical samples, and achieved a LOQ as low as
20ng/mL. We established a sensitive nano-LC/SRM-MS
method for quantification of a chimeric mAb (cT84.66) in
mouse serum. Because of the high sensitivity and selectivity
achieved, the method was successfully applied to low-dose
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preclinical PK study via intravenous and subcutaneous
injections (Duan et al., 2012b). Ouyang et al. (2012) described
an LC/SRM-MS for reproducible analysis of a mAb drug
candidate in monkey plasma, which was facilitated by
on-pellet-digestion protocol. The drug was quantified by
monitoring one main SP and another confirmatory peptide
simultaneously. The identical PK profiles of the two peptides
suggested the high likelihood that the protein remained intact in
circulation.

2. Determination of Tissue Distribution

To understand the ADME of biotherapeutics and evaluate safety
and efficacy, it is important to investigate tissue levels.
Moreover, the exposure of the drug at the target site is also of
high interest, and thereby the quantification of biotherpeutics in
tissues along with target antigen expression level is critical.
Compared to biotherapetuics quantification in plasma, in
which the protein can be directly quantified, tissue analysis
requires additional treatments and presents more challenges.
Optimal procedures for tissue sample procurement, storage,
extraction, clean-up, and digestion need to be developed; it
could be difficult to correct and normalize biases and variations
in these procedures and maintain high efficiency and reproduc-
ibility (Duan et al., 2012a; Neubert et al., 2012). One example
among these unique challenges is the removal of residual blood
from tissue. Because the circulating levels of a biotherapeutics
are often tens or hundreds-times higher than tissue levels unless
a tissue-specific target exists, residual blood must be effectively
eliminated from the tissue to avoid a severe positive bias;
however, this removal might be difficult to achieve without
losing tissue-associated drug (Duan et al., 2012a). With a robust
on-pellet digestion method coupled with nano-LC/SRM-MS,
and an OAO strategy to facilitate method development, we
demonstrated a sensitive quantification of two mAbs (8c2 and
cT84.66) in major tissues (e.g., brain, heart, liver, spleen, kidney,
and lung) with LOQ in the range of 0.15-0.30 pg/g (Duan et al.,
2012a). The method has been used to evaluate tissue distribution
of mAbs at “steady-state” after long-term, multiple-dosing
regimens. The results suggested that knocking out FcyR did not
significantly affect the tissue exposure of 8c2 in mice. Recently,
Sleczka et al. (2014) established a sensitive LC-MS/MS assay
for human mAb quantification in mouse tissues, which utilized a
generic immunoaffinity enrichment to achieve an LOQ of
20ng/mL in a variety of animal tissues. With this method, the
authors concluded that there was no difference in tissue
penetration between a novel molecule and ustekinumab.

3. Rapid Quantification to Facilitate Discovery and
Development of Biotherapeutics

To expedite the discovery and development of biotherapeutics,
rapid quantitative methods are often important. These methods
include fast method development, high-throughput analysis
(discussed above), and speedy screening of promising
compounds.

At the initial development stage, it is important to quickly
develop a bioanalytical platform to rapidly screen drug
candidates for further development. A number of strategies to
expedite method development are discussed above.
Furthermore, in order to shorten the assay development time,
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Furlong et al. (2012) developed a generic LC-MS/MS assay to
quantify human mAbs or human Fc-fusion proteins in
preclinical studies, which used “universal IgG4” peptides
(Furlong et al., 2012, 2014). The authors selected the tryptic
peptide TVAAPSVFIFPPSDEQLK from the light chain
(k class) and VVSVLTVLHQDWLNGK from the heavy chain
(IgG1 and IgG4 subclasses) as common surrogate peptides for
quantification, which are peptides shared by humanized IgG4
therapeutic mAbs. The method was applied to mAb
quantification in human plasma samples with the presence of
anti-drug antibody (ADA).

The multiplexing capacity of LC/MS enabled rapid
compound screening. For example, cassette-dosing of multiple
drugs to the same set of animals greatly reduced animal use and
improved efficiency and speed of preclinical investigations.
Jiang et al. (2013) used an LC/SRM-MS method to
simultaneously quantify two co-administrated mAbs, which
showed good quantitative performance for both targets in
monkey plasma. The LC-SRM acquired PK profiles agreed well
with those obtained by separate LBA analyses for each of
the molecules. Li et al. (2014) reported quantification of four
mAbs after subcutaneous co-administration, with LOQ of
0.1-0.5 pg/mL in plasma. The method obtained PK parameters
for the four mAbs in a single study. Xu et al. (2014) developed
an IA capture-aided LC/MS method to simultaneously quantify
two mAbs in clinical study. Their results showed an evident
dose-dependent response for both mAbs.

4. Application of Hybrid LBA-LC-MS Analysis

Hybrid LBA, or named as LB-LC/MS, refers to the
application of LBA and LC-MS techniques successively or
in parallel depending on the purpose of the study.
(Ackermann, 2012; Neubert, Palandra, & Fernandez Ocana,
2014) The sequential approach is often employed to
improve sensitivity, as discussed in previous sections.
Additionally, sequential utilization of LBA and LC/MS
methods helps to measure specific types of target in
biomatrices. For instance, Neubert et al. (2008) developed
a magnetic bead-based immunoprecipitation method to
quantify an anti-drug antibody (ADA) with the existence of
therapeutic proteins in monkey and human plasma, and
considerably facilitated the immunogenicity investigation
of an mAb. The parallel use of LBA and LC-MS can also
reveal specific pharmaceutical information such as biologi-
cal activity and molecular integrity of biotherapeutics
(Szapacs, Urbanski, & Kehler, 2010). For example, LBA
and LC/MS have been applied to determine separately the
concentrations of mAbs and unconjugated drugs in ADC
bioanalysis (Kaur, 2013). In a PK investigation, the free
mAb, free targets, and mAb-target complexes can be
measured with LBA; meanwhile, total mAbs in matrices
can be measured by LC/MS. Fernandez Ocana et al. (2012)
established an LC/MS-based work flow to quantify free
and total anti-MadCAM mAb (PF-00547, 659) in human
serum with anti-ID antibody and protein G enrichment
strategies respectively. LBA and LC/MS could be used to
obtain information about biotransformation, such as
measuring intact drugs or metabolites/catabolites. Hager
et al. (2013) developed differential ELISA and LBA-LC/
MS methods to localize the specific labile sites on model

Fc-fusion proteins. Using this strategy, they concluded that
the re-engineered protein FGF21 RT was more resistant to
degradation in vivo compared to the original form.

IV. QUALITATIVE CHARACTERIZATION

A. Challenges and Currently Available Strategies

Biotherapeutics are highly complex products that must be
characterized by specifications such as primary sequence,
secondary structure, and PTMs. In addition, various impurities
with micro-heterogeneity in size, charge, and structure could be
produced by enzymatic or spontaneous degradation and
chemical modifications during production, purification, and
storage processes (Srebalus Barnes & Lim, 2007). The most
frequently occurring modifications of protein therapeutics are
glycosylation, C-terminal lysine truncation, N-terminal
glutamine cyclization, methionine oxidation, asparagine
deamidation, aspartate isomerization, and hydrolysis (Harris
et al,, 2001; Lyubarskaya et al., 2006; Neill et al., 2015).
Because these modifications might alter the stability of the
product, half-life, and activity (Robinson & Jones, 2011),
accurate and reproducible analytical platforms that can reliably
evaluate these specifications in a high-throughput manner are
required during development and production. Furthermore, such
platforms are also critical in the development and production of
biosimilars. Theoretically, it is impossible to produce absolutely
identical copies of biotherapeutics between a biosimilar and its
reference product, let alone that even for the same product
lot-to-lot variations often occur. The goal of characterization is
to confirm that there is no existing variant that alters safety,
potency, and efficacy. For biosimilars, it is important to monitor
amino acid sequence, PTMs, as well as tertiary and quaternary
structure, in order to verify biological similarity (Xie et al.,
2010; Chen et al., 2013).

MS-based technology, especially the use of high-resolution/-
accuracy measurement, is a promising approach for
biotherapeutics characterization; small shifts in mass caused by
modifications such as oxidation (+16 Da), deamidation (41 Da),
and reduction of disulfide bonds (4+2Da) could be readily
detectable (Parker et al., 2010). However, an optimal strategy to
meet all the requirements remains challenging for a number of
causes. To name a few: (i) biotherapeutics often have very large
molecule weight with complex structures that contain multiple
disulfide bonds and modifications (Fornelli et al.,, 2012).
Consequently, the target is highly heterogeneous and often
contains multiple species with various modifications, some with
small mass shifts as low as 1Da. Moreover, different
modifications could occur simultaneously in one molecule; (ii)
analysis of biotherapeutics on the intact-protein level (top-down,
discussed below) is often required for accurate and comprehen-
sive characterization, but often suffers from problems associated
with low sensitivity, incomplete coverage, and ambiguous
sequencing information; (iii) analysis of proteins in their native
form is important in a number of circumstances (e.g., characteri-
zation of protein conformation or certain individual species of
ADC), but difficult to achieve with ESI-MS (Rosati et al., 2013;
Thompson, Rosati, & Heck, 2014); (iv) although it is
theoretically possible to directly infuse the preparation solution
to a mass spectrometer, separation strategies are often necessary
to remove buffer components (e.g., salt) and to isolate different

Mass Spectrometry Reviews DOI 10.1002/mas




QUALITATIVE AND QUANTITATIVE CHARACTERIZATION OF PROTEIN BIOTHERAPEUTICS =

species in a mixture, especially to identify low-abundance target
species (Xiu et al., 2014). Separation of intact proteins or large
protein fragments with good resolution has always been
challenging (Huang et al., 2015). Many traditional protein
separation techniques such as ion-exchange chromatograph,
isoelectric focusing, and size-exclusion chromatography are
incompatible with ESI-MS (Birdsall et al., 2015).

Thus far, numerous techniques have been developed to
characterize protein therapeutics. Here, we roughly divide them
into three categories based on the MS techniques used: (i)
peptide-mapping strategy that analyzes target proteins after an
extensive proteolytic digestion; (ii) middle-down strategy that
characterizes large fragments produced by disulfide reduction
or/and limited digestion with enzymes such as Lys-C (Gadgil
et al., 2006), papain (Vlasak et al., 2009), and IdeS protease
(FabRICATOR) (Fornelli et al., 2014); (iii) top-down strategy,
which characterizes the intact protein by MS, often under native
conditions. Details of each technique are discussed below.

B. Techniques for LC/MS-Based Biotherapeutics
Characterization

1. Peptide-Mapping Strategy (Bottom-Up)

Characterization of biotherapeutics on the peptide level is
recognized as the method of choice to identify and quantify
site-specific chemical modifications (Wan et al., 1999; Ren
et al., 2008), which is able to sensitively detect modifications or
mutations with accurate localization information and excellent
sequence coverage (Xie et al., 2010). Briefly, after enzymatic
digestion, the proteolytic peptides are separated on a liquid
chromatography column followed by MS analysis. For example,
Chen et al. (2013) established a peptide mapping and sequencing
method for sensitive characterization of biosimilars. They
have achieved 100% sequence coverage for two model
mAb molecules, with information on disulfide linkages,
glycosylations, and other chemical modifications such as
deamidation, oxidation, dyhydration, and K-clipping. This work
also demonstrated the utility of electron-transfer dissociation
(ETD) to analyze sequences and modifications. ETD can
provide complementary fragmentation specificity compared to
collision-induced dissociation (CID), especially for highly
charged peptides and peptides with labile modifications (Syka
et al., 2004; Wang et al., 2009; Tu et al., 2011; Chen et al., 2013;
Sarbu, Ghiulai, & Zamfir, 2014). For instance, ETD can retain
the labile glycosidic linkage and facilitate identification of
glycosylation locations in biotherapeutics (Christiansen et al.,
2010). A number of studies used ETD to localize glycosylation,
disulfide bonds, and other modifications (Wu et al., 2009; Wang
etal., 2011; Houel et al., 2014), more details are in the following
sections. Because the peptide-mapping method analyzes protein
after extensive proteolysis, efficient enzymatic digestion as well
as optimized LC separation are also critical to achieve high
sequence coverage, sensitivity, and selectivity, as discussed in
the above sections.

2. Middle-Down Strategy

The middle-down strategy relies on the analysis of large
fragments generated from biotherapeutics molecules. Compared
with the bottom-up approach, middle-down uses much larger
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fragments to enable more comprehensive characterization
of a protein drug; moreover, it exhibits higher sensitivity,
reproducibility, and robustness than analysis of an intact protein.
The middle-down approach is often used in conjunction with
other sample-preparation and chromatographic methods to
achieve an extensive analysis. For a few examples: Tang et al.
(2013) employed Hydrogen-Deuterium (H/D) exchange MS
approach on pepsin-generated F(ab’),, Fab, and Fc fragments to
investigate the charge variants of a human IgGl antibody.
Birdsall et al. (2015) used a two-dimensional chromatography
coupled to Q-TOF mass spectrometer to analyze sub-domains
of a cysteine-conjugated ADC. The first dimension was
hydrophobic interaction chromatography (HIC) and the second
dimension was the RP chromatography. This configuration
enabled the conjunction of HIC to LC/MS for protein
therapeutics analysis. After solvent and heat denaturation,
dissociated subunits separated with HIC were subsequently
characterized with RPLC/MS with abundant information. Using
digestion with IdeS, An et al. (2014b) developed a middle-down
strategy to characterize domain-specific modifications such as
oxidation, charge heterogeneity, and glycoform profile, which
has been successfully applied in the characterization of IgGs. In
another study, with limited proteolysis and reduction in a simple
protocol, the authors produced three fragments of 25kDa to
identify and quantify the site-specific methionine oxidation in
IgG (Pipes et al., 2010).

3. Top-Down Strategy

Generally, top-down MS analysis characterizes an intact
proteins, which has the potential to analyze complete protein
sequence and localization of the type of PTMs, amino acid
substitutions, and C- or/and N-terminal truncations for specific
protein species at the protein level (Ren et al., 2009; Cui, Rohrs,
& Gross, 2011; Wang et al., 2015). That being said, top-down
strategies often suffer from low sensitivity due to the low
ionization efficiency of large proteins (Valeja et al., 2010;
Woods et al., 2013) and low sequence coverage due to the
inability of fragmentation method to uniformly cleave each
peptide bond given the high complexity of biotherapeutics (Liu
& Schey, 2008; Wu et al., 2013). Moreover low reproducibility
due to the high background caused by various matrix
components such as salt, high abundance protein, lipids, etc., is
often a prominent issue (Fornelli et al., 2012). Take
glycosylation as an example, not only the various glycoforms,
but also the additional structure features, including sequence
variance, linkage, and branching of glycans render the
characterization of intact proteins very challenging. As a result,
enzymatic removal of glycans with PNGase F is used as a
common approach to reduce the complexity of recombinant
protein therapeutics (Hansen et al., 2010; Fornelli et al., 2012).
However, the introduced PNGase F could co-elute with an intact
protein on a typical RPLC system, which might suppress target
signals. Huang et al. (2015) implemented ion mobility (IM) with
RP-LC/MS to measure the drug-to-antibody ratio (DAR) of
intact ADC. This strategy allowed the separation of ions of
different sizes/shapes in the gas phase to significantly improve
signal-to-noise ratios (S/N). The combination of IM and RPLC
enabled chromatography separation of PNGase F to improve the
quality of DAR measurement. Several other separation
techniques have also been utilized to facilitate top-down
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analysis. For example, Liu et al. (2015) reported a UHPLC-MS
method to characterize of free thiol variants of IgG1. The author
claimed that diphenyl stationary phase with small particle
size and wide pore size posed excellent performance to
separate intact mAbs. Recently, Hengel et al. (2014) developed a
native LC-MS method to characterize drug load distribution
of cycteine-linked ADC after administration to rats. After
capturing the ADC with specific affinity reagents, they have
successfully measured drug load distribution from an in vivo
source. Wang et al. (2015) utilized the combination of top-down
and middle-down LC/MS for the characterization of
drug-product-related impurities in products of anti-Clostridium
difficile 1gG1 mAb. Cation-exchange liquid chromatography
was employed to separate drug from impurities prior to MS
analysis. As discussed above, low sensitivity is usually observed
in top-down protein characterization. In some examples, low
sensitivity in top-down MS analysis of large protein was
addressed by averaging time-domain transients recorded in
different LC-MS/MS experiments before signal processing
(Fornelli et al., 2012). In other studies, fractionation strategies,
such as filter-aided fractionation was utilized to increase the
sensitivity for protein characterization in complex sample
(Kellie et al., 2012; Fagerquist et al., 2014). Kim et al. (2012)
found that use of narrow ID columns combined with an
innovative Low Protein Oxidation (LPOx) configuration yielded
significantly increased sensitivity for intact protein analysis in
clinical samples. In addition, multiple fragmentation approaches
such as ETD and electron capture dissociation (ECD) have been
used to improve the sequence coverage for top-down protein
analysis (Ahlf et al., 2012; Mao et al., 2013; Tran et al., 2015).

C. Applications

1. Analysis of Glycosylation

As discussed before, the biotherpeutics produced by a
recombinant system are heterogeneous. Glycosylation is a
common PTM for mAb produced by mammalian cells, and
various glycoforms represent the most ubiquitous sources of
heterogeneity from batch to batch or different systems
(including structural and site difference). For instance, the
differences of glycosylation patterns between recombinant
products and native proteins derived from human are
tremendous (Fenaille et al., 2008; Houel et al., 2014). Because
glycosylation influences protein folding, protein stability, and
biological activity, it is critical to accurately characterize
glycosylation for biotherapeutics during development or
production (i.e., quality control) (Sola & Griebenow, 2009;
Zheng, Bantog, & Bayer, 2011). Quite a number of mass
spectrometric methods are available for glycosylation profiling,
which were thoroughly compared in a previous article (Reusch
et al., 2015). Traditionally, HILIC has been widely used for
glycosylation characterization. In one study, HILIC/MS with a
quadrupole TOF mass spectrometer was utilized for detailed
characterization of a marketed therapeutic mAb, Rituxan®
(Shang et al., 2014). In another example, Houel et al. (2014)
utilized the HILIC-UPLC-fluorescence detection (FLR) method
to analysis the released N- and O-glycan from etanercept. The
N-glycans on peptides of etanercept were analyzed with
UPLC-HILIC-FLR and exoglycosydase digestion array, while
O-glycans were analyzed by UPLC-HILIC-FLR and LC-MS"®
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and ETD. In another work, through an electrospray quadrupole
ion-mobility time-of-flight mass spectrometry (ESI-Q-IM-TOF)
platform, the author acquired the global glycoprofiles as well as
glycan structure at each glycosylation sites for transtuzumab
from different batches with combination of analysis at
protein, domain, and peptide levels (Damen et al., 2009a). Oh
et al. (2013) used MALDI-LC/MS for glycan profiling and
nano-LC/MS/MS for detailed glycan structural analysis,
respectively. The developed platform had well-characterized
the glycosylation of recombinant erythropointin and facilitated
the evaluation of the products from different batches.

2. Disulfide-Bond Profiling

Disulfide bond (DSB) is one of the most important specifications
for biotherapeutics because they directly affect the higher-order
structures of the molecules and alter the stability, safety, and
efficacy (Berkowitz et al., 2012; Liu & May, 2012). A number of
bottom-up LC/MS-based approaches have been reported for
DSB analysis (Mhatre, Woodard, & Zeng, 1999; Gorman,
Wallis, & Pitt, 2002; Zhang, Pan, & Chen, 2009; Beck et al.,
2013; Wiesner et al., 2015). In detail, Wang et al. (2011)
developed a LC/MS-based peptide-mapping strategy for
DSB characterization, which utilized the combination of ETD
and CID fragmentations to study disulfide stability of
biotherapeutics from different sources. The author characterized
disulfide bonds, including inter-/intra-chain and scrambling
disulfides, for three mAbs (anti-HER2, anti-CD11a, and GLP-1
with IgG-Fc fusion protein). Switzer et al. (2015) developed a
LC-electrochemistry (EC)-MS platform to characterize protein
DSBs with a bottom-up workflow. The authors have identified
and localized the DSBs in (-lactoglobulin and ribonuclease B.
In another example, Wu et al. (2009) used ETD to determine
disulfide linkages in recombinant human growth hormone
(Nutropin), a therapeutic mAb, and tissue plasminogen activator
(Activase), respectively. In addition, several top-down based
strategies have also been established for DSB analysis. In one
example, Nguyen et al. (2011) used top-down MS-based method
to analyze DSB, which facilitated the discovery of the linear
structure of cyclotides. In another study, Peng et al. (2012)
established top-down MS approach combined with affinity
purification and partial reduction to characterize human salivary
o-amylase, which precisely mapped DSB positions on the
analyte (Nicolardi et al., 2014).

3. Charge Variants

Some of the common chemical modifications could alter the
surface-charge properties of proteins that contribute to the
heterogeneity of biotherapeutic products. The charge variants
can be resolved with chromatographic methods such as IEC and
IEF (Antes et al., 2007; Khawli et al., 2010). It is critical to study
the local structural changes of the charge variants to understand
the change of PK/PD properties of these heterogeneity species.
With H/D exchange techniques coupled with middle-down
MS analysis, Tang et al. (2013) investigated the local and
sub-global/global unfolding of the charge variants of a human
IgGl mAb, which made possible the further study of
biofunctions of the product. Asparagine (Asn) deamidation
and Aspartic acid (Asp) isomerization are common chemical
modifications that result in charge heterogeneity in
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biotherapeutics (Perkins et al., 2000). Sreedhara et al. (2012)
employed IEC, HIC, peptide mapping, and LC/MS strategies to
analyze heterogeneous products derived from Aspartate residues
in mAb. The authors discovered the degradation profiles for
peptides with labile Asp. Huang et al. (2015) used trypsin and
Glu-C to digest the protein sample sequentially, followed by
RP-HPLC-MS/MS anslysis to determine deamidation of
humanized IgG1 mAb at the low-nanogram level in biological
matrix. Ponniah et al. (2015) investigated the acidic species of a
mAb generated by different conditions with LC/MS after
separation with weak cation-exchange chromatography.

4. Characterization of Overall Stability and
Biotransformation for ADC

Development of ADC is one of the hottest topics in the field of
discovery of biotherapeutics. Evaluation of heterogeneity of
ADC especially the payload distribution, including DAR values
(0-8) and localization (heavy chain or light chain) (Wakankar
etal., 2011), is of particular importance to the design and quality
control of an ADC product, because these specifications impact
safety and efficacy of the products (McDonagh et al., 2006).
However, DAR-value determination is challenging due to the
complexity of payload itself, in addition to other frequent PTMs
and chemical modifications. Huang et al. (2015) used
IM-LC/MS to characterize DAR values of intact ADC after
removal of glycans. According to the analysis results for an
unconjugated mAb, a site-specific ADC, and a random
conjugated ADC, IM-LC/MS showed excellent separation of a
PNGase F and ADC mixture, which can increase the analytical
sensitivity. The author further evaluated six lots of site-specific
ADC with two different DARs to prove the robustness and
efficiency of utilization of this strategy to characterize ADC.
Birdsall et al. (2015) used LC/LC/QTOF-MS to analyze the
cysteine-conjugated ADC. The structures of each species
from HIC peaks were elucidated with downstream RP
chromatography-MS in an efficient and rapid manner. Their
method have successfully characterized the DAR-value
distribution and sub-unit structure of each species under
denaturing conditions for the model IgGl-based ADC from
three batches with different drug-load levels. In another
example, Xu et al. (2011) developed an intact ADC characteri-
zation strategy, which used specific critical reagent to capture
the ADC from plasma before LC/MS analysis (Xu et al., 2011,
2013). Their strategy directly characterized the drug-release
process in vitro and in vivo to facilitate the understanding of
stability and activity of ADC. Valliere-Douglass, McFee, and
Salas-Solano (2012) described a non-denaturing LC/MS-based
method to determine of drug distribution in ADCs based on ion
abundance from the deconvoluted spectrum of interchain
cysteine-conjugated ADCs.

V. CONCLUSION AND FUTURE PERSPECTIVES

In recent years, LC/MS has become a powerful method for the
quantitative and qualitative characterization of biotherapeutics
across a wide range of matrices, such as in formulated products,
bodily fluids, and tissues. As a result, it is widely applied
in every stage across the research and development of
biotherapeutics, from discovery to development and post-market
monitoring. LC/MS is often considered a promising alternative
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or complementary approach to the prevalently-used LBA,
primarily because it enables timely development of methods
with wide dynamic range, excellent selectivity, and
reproducibility, and delivers reliable analysis in almost all
biomatrices. Further improvements in accuracy, sensitivity, and
throughput might allow LC/MS to displace LBA as the leading
approach for quantification of biologic drugs in bio-matrices.
By combining with a wide range of sample preparation,
chromatographic, and mass spectrometric technologies, a large
number of quantitative and qualitative strategies have been
established and used in various applications to greatly facilitate
investigations like product quality control, pre-clinical and
clinical investigation, and PK profiling. Among many of these
applications, LC/MS is uniquely advantageous over other
approaches; to give a few example: LC/MS strategy is currently
the most-reliable means to quantify protein drugs in tissues
(Duan et al., 2012a; An, Zhang, & Qu, 2014a); LC/MS-based
characterizations are becoming mandatory for sequence
determination, PTM identification, and structure characteriza-
tion in development and production of biotherapeutics products,
due to its ability to provide detailed information (Alvarez et al.,
2011; Oh et al., 2013; Wang et al., 2015). In addition, LC/MS
based novel strategies, such as native-state Hydrogen exchange,
native top-down MS, protein painting, and etc., have been
established to investigate protein thermodynamic and
conformational dynamic, higher-order structure characteriza-
tion, native protein—protein interfaces, and so on (Luchini,
Espina, & Liotta, 2014; Boeri Erba & Petosa, 2015; Witten
et al., 2015), these methods could facilitate the discovery and
development of novel protein therapeutics.

LC/MS techniques still face substantial challenges
associated with analytical sensitivity and throughput, as well as
technical difficulties in analysis of tissues. Furthermore, new
approaches must be developed to specifically analyze different
forms of biotherapeutics that result from in vivo interactions
and biotransformation, such as free versus bound drugs,
immune-complex, metabolic and catabolic products, and
modified forms. To address these needs, various tools such as
LBA (i.e., LB-LC/MS), electrophoresis, affinity chromatogra-
phy, etc. can be coupled to LC/MS for quantification. This trend
is still going strong as this article is being composed. As a result,
in the next several years we will witness an explosion of exciting
new LC/MS-based approaches to substantially improve analysis
of biotherapeutics in highly complex samples, including but not
limited to novel sample preparation, separation, and LC/MS
techniques.

ABBREVIATIONS

ADC antibody-drug conjugates
APD antibody phage display
CID collision-induced dissociation

DAR drug-to-antibody ratio

DSB disulfide bond

ELISA enzyme-linked immunosorbent assay
ETD electron-transfer dissociation

ESI electrospray ionization

FASP filter aided sample preparation

HIC hydrophobic interaction chromatography
IS internal standards

LBA ligand-binding assays
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LC liquid chromatograph

LOD limit of detection

LOQ limit of quantification

mAb monoclonal antibodies

MS mass spectrometry

OAO orthogonal-array-optimization
PD pharmacodynamic

PK pharmacokinetics

PTM post-translational modifications
SCX strong-cation exchange

SIL stable isotope labeled

SISCAPA  stable isotope standards and capture by
anti-peptide antibodies

S/N signal-to-noise ratios

SP signature peptide

SRM selected-reaction monitoring

TK toxicokinetics

TOF time-of-flight
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