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ORIGINAL RESEARCH

OBJECTIVES: In recent years, there has been increasing demand to under-
stand in vivo biotransformation of biotherapeutics and its impact on pharma-
cokinetics, efficacy, immunogenicity and safety. Liquid chromatography/mass 
spectrometry has been the primary technology for such investigation. In this 
study, a biotherapeutic protein was investigated for potential linker cleavage or 
truncation in vivo following intravenous administration to monkeys.

METHODS: Plasma samples were collected at a series of time points post dose 
on different days, prepared via immunocapture purification and enrichment, 
and analyzed by LC/MS. Two methods, intact/subunit LC/high-resolution mass 
spectrometry analysis and multiple reaction monitoring peptide analysis, were 
applied.

RESULTS: The biotherapeutic protein was found to remain intact in vivo and no 
linker cleavage or truncation was observed.

CONCLUSIONS: The combination of the two methods represents a generic 
approach and can be applied to the investigation of in vivo cleavage for other 
biotherapeutics.
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INTRODUCTION
In the last 30 years, biotherapeutics have become an important part of modern 
medicine and many have been developed with a diverse range of specific targets 
to treat various illnesses including cancer, heart disease, multiple sclerosis, anemia, 
and rheumatoid arthritis, etc. Biotherapeutics are produced by living organisms 
such as mammalian cells, viruses and bacteria and the end-product is determined 
by a wide range of factors including manufacturing process [1,2]. Critical quality at-
tributes (CQA) can potentially impact safety and/or efficacy of the product, which in-
cludes product-related variant heterogeneity such as size (aggregates, fragments), 
charge (deamidation, isomerization), glycosylation (afucosylation, galactosylation, 
high mannose, sialylation), oxidation (methionine, tryptophan), sequence variants, 
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c-terminal clipping, glycation, disulfide linkage, etc. [3-5]. Physical, chemical, biological 
or microbiological properties or characteristics of biologics should be within an appropri-
ate limit, range, or distribution to ensure the desired product quality [6]. Mass spectrom-
etry (MS) plays an indispensable role in CQA assessment, particularly for investigating 
post-translational modifications. MS analysis allows specific investigation on the N- and 
C-termini of each chain (for the presence and relative levels of pyroglutamate at the N-ter-
minus and lysine truncation at the C-terminus of the heavy chain), free sulfhydryl and 
disulfide bridge structure, glycosylation, and other post-translational modifications [7-9].
In recent years, there has been increasing demand to understand in vivo biotransforma-
tion of biotherapeutics and its impact on pharmacokinetics (PK), efficacy, immunogenicity 
and safety after administration [10-12]. In vivo biotransformation of proteins has been 
known to take place by reactions such as oxidation, deamidation and isomerization of 
amino acids and truncation of peptide chains, release of the small-molecule drugs (pay-
loads) from antibody-drug-conjugates (ADCs), and hydrolysis of the PEG-protein bonds 
in PEGylated products [13, 14]. Trastuzumab, a mAb for breast cancer treatment, has 
been found to undergo extensive deamidation at the binding region in patients with po-
tential implications on its activity [15]. In vivo biotransformation of a novel fusion protein 
tetranectin/apolipoprotein A1 (TN-ApoA1) have been investigated at the intact protein 
level and two catabolites were identified in rabbit by LC/high-resolution MS (HRMS) [16]. 
Biotransformation can also be followed by monitoring multiple surrogate peptides from 
different parts of the molecule. For instance, two peptides of dulaglutide (a fusion protein 
of GLP-1 linked to the Fc domain of IgG4), an N-terminal peptide from the GLP-1 part and 
the other from the Fc domain, were quantitated to assess molecular linker cleavages or 
truncation [17]. While the concentrations of the Fc peptide remained high after dosing, 
the concentrations of the GLP-1 peptide decreased and correlated with the concentra-
tions found for the intact protein.  The results suggested biotransformation, and probably 
proteolytical cleavage, in the N-terminal part of the drug. A similar approach was used to 
study the in vivo fate of a protein–drug conjugate [18]. In a concerted approach, a com-
bination of ligand binding assay, mAb subunit analysis by LC/MS and peptide mapping 
by LC/MS were applied to investigate mAb drug concentration in circulation, biotrans-
formation, and biotherapeutic drug product quality in vivo [19]. Structural modifications 
such glycation [20, 21], high mannose [22] and Fc deamidation [23] have been found 
to have effect on the clearance, efficacy or safety of the mAbs in vivo. Immunoaffinity 
capture coupled with a capillary electrophoresis–mass spectrometry system was used 
to characterize intact protein mass analysis of a wild type Fc-FGF21 construct and a 
sequence re-engineered Fc-FGF21 construct from an in vivo study [24]. A number of 
truncated forms were observed and the time courses of the various proteolytic products 
were identified and compared between the two constructs. The abundances of the intact 
and truncated forms were used to provide the basis to semi-quantify PK properties of the 
two protein forms. These case studies demonstrated the importance of monitoring CQAs 
and possible biotransformation from in-life sample sets as a control for product quality, 
and perhaps in certain instances safety or efficacy [25, 26].
Here we report a study to assess potential linker cleavage or truncation of an IgG1 fusion 
protein in vivo following administration to cynomolgus monkeys, using combination of 
immuno-purification with intact/subunit LC/HRMS analysis as well as multiple reaction 
monitoring (MRM) peptide analysis. In vivo modifications to the biotherapeutic protein 
can be readily detected by this approach. It can be applied as a generic approach for in 
vivo CQA assessment, particular for new modalities of biotherapeutics.

MATERIALS AND METHODS 
The biotherapeutic protein XYZ was provided by Boehringer Ingelheim Pharmaceuticals, 
Inc. (Ridgefield, CT, USA) and produced in-house (Figure 1). The protein (MW ~201,400 
Da) contains a mAb (human IgG1) backbone with C-terminus linked to two identical sin-



14JOURNAL OF APPLIED BIOANALYSIS

gle-chain variable fragment (scFv) from another mAb. The linkers consist of several amino 
acids. A truncated version containing the human IgG1 backbone only (MW ~149,368 Da) 
was provided in house. Isotope labeled peptide internal standards (IS), GWYFDLWGS-
Lys[13C6,

15N2] and GPSVFPLAPSSLys[13C6,
15N2], were synthesized at Biopeptek (Malvern, 

PA, USA). Trypsin treated with N-tosyl-L-phenylalanine chloromethyl ketone (TPCK) and 
EZ-Link Sulfo-NHS-LC-biotinylation kits were obtained from Thermo Scientific (Rockford, 
IL, USA). Streptavidin Magnesphere Particles and Peptide:N-glycosidase F (PNGase F) 
were purchased from Promega (Madison, WI, USA). RapiGest was purchased from Wa-
ters (Milford, MA, USA). Goat anti-human IgG H&L (monkey preadsorbed) was obtained 
from Novus Biologics (Centennial, CO, USA). Cynomolgus monkey blank plasma was 
purchased from Bioreclamation (Westbury, NY, USA). All other lab chemicals, reagents 
and buffer solutions were obtained from Sigma Aldrich (St. Louis, MO, USA), Thermo 
Scientific or Invitrogen (Grand Island, NY, USA).

Monkey study samples
Protein XYZ was given intravenous (IV) to cynomolgus monkeys (1 male and 1 female 
per dose group) at 0, 1, 10, 30 and 100 mg/kg weekly for three weeks. For intact/subunit 
analysis, plasma samples collected at 24 hr following the last (third) dose on Day 15 were 
used. For the MRM analysis, plasma samples collected at different time points following 
the first dose (Day 1) and the last doses (Day 15) from the 1, 10, 30 and 100 mg/kg dose 
groups were used.  Prior to the immunocapture process, high drug concentration plasma 
samples were diluted with blank monkey plasma to approximately 50 µg/mL for intact/
subunit analysis and to approximately 25 µg/mL for MRM analysis.

Plasma samples
Protein XYZ and its truncated version hIgG were supplied in 10 mg/mL buffer solutions. 
Plasma standards at various concentrations were prepared by spiking the buffer solutions 
to blank monkey plasma. Peptide international standards (IS) were made to a final con-
centration of 250 ng/mL in water. The standards were store at -80°C prior to use.

Biotinylation
Goat anti-human IgG H&L (monkey preadsorbed) was biotinylated using EZ-Link 
Sulfo-NHS-LC-biotinylation kits following the vendor instructions. Typical biotin incorpora-
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Figure 1. Structure of  biotherapeutic protein XYZ. The protein 
(MW ~ 201,400 Da) contains a mAb (human IgG1) backbone with 
C-terminus linked to two identical single-chain variable fragments 
(scFv) from another mAb. The linkers consist of  several amino acids.



15JOURNAL OF APPLIED BIOANALYSIS

CHEN L et al..

tion was determined to be on an average of 3 biotins per IgG molecule as measured by 
HABA/Avidin assay [27].

Immunocapture
Streptavidin magnetic beads were freshly prepared. Approximately 200 µg of magnetic 
beads were used per µg of drug in the monkey plasma. Total amounts of beads to be 
used per batch were dependent on batch size. Beads were mixed thoroughly before use. 
An aliquot of beads at 1 mg/mL were transferred to a 50 mL vial, and washed three times 
with Tris-buffered saline containing 0.1% Tween 20 (TBS-T). The beads were resuspend-
ed in TBS-T buffer to yield a 5 mg/mL concentration. Immunocapture was performed on 
a Kingfisher Flex automated system (Thermo Scientific, Rockford, IL, USA). For each 
sample, a 300 µL aliquot of washed beads was mixed with 75-150 µL of biotinylated 
anti-human IgG antibody and 500 µL of TBS-T buffer in a 96 deep-well plate. The mixture 
was incubated at room temperature for 1 hour on the Kingfisher Flex, washed twice with 
450 µL of TBS-T, and resuspended in 300 µL of TBS-T. Then 150 µL of monkey plasma 
was added and incubated for another 2 hrs at room temperature with gentle mixing. The 
beads were separated, washed three times with 300 µL of TBS-T and once with 300 µL of 
water, and eluted in 150 µL of 25 mM HCl. The eluent was neutralized to pH 8 by adding 
15 µL of 1 M Tris-HCl (pH 8).

Intact mass LC/MS analysis
LC/MS intact mass analysis was conducted on a Sciex 6600 TripleTOF system (Sciex, 
Framingham, MA, USA) coupled with an Acquity UPLC system (Waters, Milford, MA, 
USA). A 30 µL aliquot of immunocapture-processed sample was injected to the LC/MS 
system for analysis. LC separation was carried out on a Waters BEH C4 column (50 x 4.6 
mm, 2 µm) at 80 °C. The mobile phases were 0.1% formic acid in water (A) and 0.1% 
formic acid in acetonitrile (B). The LC gradient program started at 5% B, held for 2 min, 
then to 90% B over 4 min, followed by a wash period of 2.5 min at 90% B at 0.4 mL/min. 
The MS was run in positive ionization mode and the key parameters were as follows: GS1 
40, GS2 40, CUR 40, TEM 350, ESI voltage +5500, TOF scan range from 900 Da to 4000 
Da with 80 bins to sum. 

Subunit LC/MS analysis
A 100 µL aliquot of immunocapture-processed sample was treated with 5 µL of 100 mM 
tris(2-carboxyethyl)phosphine (TCEP) for 1 hr to reduce disulfide bonds. The reduced 
sample was divided into two aliquots. One aliquot was directly injected to LC/MS for 
heavy chain and light chain analysis. The other aliquot was deglycosylated using PNGase 
F to remove the glycans from the heavy chain. PNGase F was diluted 4-fold with 100 mM 
ammonium bicarbonate and 2 µL of the diluted solution was added to the sample. The 
mixture was incubated at 37°C for 2 hr followed by TripleTOF LC/MS analysis. The same 
HPLC column and MS parameters used for intact mass analysis were applied. The LC 
gradient program started at 10% B for 1 min, and then to 50% B over 15 min at a flow rate 
of 0.4 mL/min. The column was washed with 90% B for 2 min followed by equilibration at 
10% B for 3 min. 

MRM analysis
To each immunocapture-processed sample, 5 µL of 0.1% RapiGest surfactant in 100 mM 
ammonium bicarbonate and 5 µL of 100 mM TCEP in 100 mM ammonium bicarbonate 
were added. The samples were incubated at 60°C for 1 hr. Five µL of stable-isotope la-
belled peptide internal standard solution and 5 µL of 200 mM iodoacetamide in 100 mM 
ammonium bicarbonate were added. The samples were incubated in the dark at room 
temperature for 30 min. After incubation, 5 µL of 100 mM CaCl2 and 5 µL of 6 µg/µL trypsin 
were added. The samples were incubated overnight at 37°C with gentle mixing. On the 
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next day, the digestion was quenched with 5 µL of 20% trifluoroacetic acid, followed by 
incubation at 37°C for 45 min. The samples were centrifuged at 3800 rpm for 10 minutes.
Ten µL of the processed sample was injected onto a Waters BEH C18 reversed phase 
column (2.1 x 50 mm, 1.7 µm) on a Waters Acquity UPLC coupled to a Sciex Triple Quad 
6500 mass spectrometer. The mobile phase A consisted of 0.1% formic acid in water 
and B was 0.1% formic acid in acetonitrile. The LC gradient program was as follows: 5% 
B held for 0.8 min and then to 35% over 2.5 min at 0.3 mL/min. The column was held at 
45°C. Typical LC/MS/MS operating parameters were as follows: GS1 50, GS2 50, CUR 
30, TEM 500, and ESI voltage +5500. The MRM parent to product ion transitions were as 
follow: GPSVFPLAPSSK: 593.827→699.404, GWYFDLWGK: 586.282→ 928.456, GPSVF-
PLAPSS[Lys13C6,

15N2]: 597.827→707.404, and GWYFDLWG[Lys13C6,
15N2]: 590.282→ 

936.456.

Data analysis
The intact and subunit LC/MS data was processed using PeakView 2.2.0 and Bio Tool Kit 
2.2.0 from Sciex. The input spectrum isotope resolution was set to low (5000). An input 
m/z rang of 1900 to 3100, 1100 to 2300 and 800 to 3700 was used for intact, subunit 
light chain and subunit heavy chain deconvolution, respectively. For the MRM analysis, 
Microsoft Excel was used to calculate the MS response ratios of the Fc extension scFv 
domain peptide over the IgG CH1 peptide. The peptide responses were normalized with 
respective IS.

RESULTS AND DISCUSSION
A biomatrix such as plasma presents considerable challenges for applying LC/MS to 
in vivo CQA assessments. Plasma is very complex matrix that contains thousands of 
proteins and protein isoforms in a wide concentration range [28]. When no target protein 
purification is employed, LC/MS sensitivity is significantly compromised due to matrix 
interference [29]. For high-sensitivity LC/MS applications, immunocapture is the most 
effective way to remove matrix and improve assay sensitivity and robustness [30, 31].
In this work, an immunocapture method using an anti-human IgG Ab, was developed and 
implemented. The anti-human IgG Ab was monkey preadsorbed and therefore would not 
cross-react with endogenous monkey plasma proteins. Upon the addition of the anti-hu-
man IgG to the monkey plasma, only the drug as well as its potential IgG backbone con-
taining fragments were bound to the biotinylated Ab to form drug-Ab complexes, which 
were then immobilized on the streptavidin magnetic beads. After separated from plasma, 
the beads were washed and eluted under acidic conditions. The sample was then sub-
jected to intact/subunit analysis (top-down) or trypsin digestion followed by MRM analy-
sis (bottom-up). The overall workflow is illustrated in Figure 2.
Multiple analytical approaches can be utilized to characterize biotherapeutic molecules 
in their intact state. Intact mass LC/MS analyzes the whole protein molecule and deter-
mines the accurate protein mass, and therefore is a direct approach for assessing protein 
intact mass. Biotherapeutic drugs can be further analyzed at their subunit level following 
reduction to separate light and heavy chains, deglycosylation to remove glycans and/or 
cleavage at the hinge region of IgG via immunoglobulin-degrading enzyme of Strepto-
coccus pyogenes (IdeS) digestion. The subunit analysis facilitates exact molecular weight 
determination of their heavy and light chains. With intact/subunit analysis, in vivo modifi-
cations on the protein molecule such as truncation, linker cleavage, glycation, etc., can 
be readily detected by comparing the molecular weights measured in the study samples 
with a reference standard. In contrast, the MRM approach breaks down the protein into 
peptides via enzymatic digestion such as trypsin, and then analyzes specific peptides 
by LC-MS/MS. The MS response ratio of peptides from different regions of the protein 
along the amino acid sequence can be used to assess potential molecule cleavage. 
As peptides produce higher MS responses than proteins due to their smaller sizes, the 
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Figure 2. Immunocapture-LC/MS workflow. The anti-hFc antibody for immunocapture 
was pre-biotinylated prior to adding into monkey plasma. After immunocapture, streptavidin 
magnetic beads were added, separated from plasma and washed, then the drug was eluted 
from the beads and subjected to either intact/subunit mass analysis (top-down) or trypsin 
digestion followed by LC/MS/MS analysis (bottom-up).

MRM approach is usually more sensitive than intact/subunit analysis [32, 33]. For a com-
prehensive molecule cleavage assessment, we applied both the intact/subunit and MRM 
approaches and considered the two complementary to each other.

Intact/subunit analysis
A 50 µg/mL of protein XYZ monkey plasma standard containing 0%, 2%, 5% and 10% 
the truncated IgG fragment via the C-terminus linker cleavage were analysed in order to 
establish the detection limit for the intact analysis. Both protein XYZ and its linker cleav-
age truncated fragment were detected and identified based on their masses and glyco-
sylation patterns. The measured molecular weight (based on the G0F/G0F glycoform) 
was 201,411–201,413 Da for the drug and 149,373–149,375 Da for the fragment via the 
loss of both scFv domains, which agreed with theoretical molecular weight 201,404 and 
149,368, respectively (Table 1). The tolerance for mass error of intact analysis was 10 Da. 
The truncated fragment was detected and identified by accurate mass matching at 2–10 
% levels. Thus, the limit detection of the intact analysis was determined to be 2% truncat-
ed products in 50 µg/mL protein XYZ in the monkey plasma. Likewise, the limit detection 
for protein XYZ was determined to be 2 µg/mL based on the intact analysis of a series of 
plasma standards at concentrations ranging from 1 to 50 µg/mL.
For the in vivo intact analysis, the monkey plasma collected at 24 hrs after the last dose 
on Day 15 of the 1, 10, 30 and 100 mg/kg dose groups (1 male and 1 female per dose 
group) were used. Along with the study samples, plasma standards at 2 and 50 µg/mL 

Table 1. Comparison of  masses of  intact, subunit and linker cleavage fragments obtained from LC/MS analysis of  study samples 
and spiked plasma standards with theoretical masses.
Analysis Study samples Plasma Standards Theoretical mass
Intact mass analysis 201,410 - 201,413 201,411 - 201,413 201,404
TCEP reduction subunit analysis light chain 23,348 - 23,350 23,348 - 23,350 23,353
TCEP reduction subunit analysis heavy chain 77,363 - 77,364 77,363 - 77,366 77,369
TCEP/PNGase F subunit analysis heavy chain 75,918 - 75,923 75,920 - 75,921 75,923
Linker cleavage mAb fragment Not detected 149,373 - 149,375 

(- 2 scFv)
175,386  (- 1 scFV)
149,368  (- 2 scFv)
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drug were assayed and served as references. The drug concentrations in the monkey 
study samples (determined by ELISA) varied significantly among dose groups, ≤ 0.269 
µg/mL in the 1 mg/kg dose group monkeys whereas 18.0 – 577 µg/mL in the 10, 30 and 
100 mg/kg dose groups. Samples with drug concentration higher than 50 µg/mL were 
diluted to approximately 50 µg/mL which was the immunocapture capacity. Represen-
tative deconvoluted LC/MS spectra of the 50 µg/mL monkey plasma standard and the 
male monkey plasma samples from the 10, 30 and 100 mg/kg dose groups are shown 
in Figure 3. As the drug concentrations in the 1 mg/kg dose group monkeys were below 
the intact analysis detection limit of 2 µg/mL, no deconvoluted MS was obtained. Protein 
XYZ was clearly detected in the 10, 30 and 100 mg/kg dose group samples. Molecular 
weight of the drug determined from the study samples was 201,410 - 201,413 Da, which 
was in agreement with the theoretical mass (201,404 Da) as well as the measured mass 
from the plasma standards (Table 1). Furthermore, the same glycosylation pattern was 
observed in the study samples and standards, as shown in Figure 3. The two C-terminus 
extension scFv were identical, and the expected masses for the linker cleavage products 
were 175,386 (loss of one scFv) and 149,368 (loss of both scFv). In all the monkey study 
samples, only the intact molecular peak was detected and no linker cleavage or any 

Figure 3. Protein XYZ intact mas analysis. Representative deconvoluted mass spectra from 
a 50 µg/mL standard spiked in blank monkey plasma, and 24 hr post-dose plasma samples 
from male monkeys of  the 10, 30 and 100 mg/kg dose groups following the last doses on 
Day 15. Inserts are expanded views of  intact mass molecular peaks with glycosylation pat-
terns.
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truncation fragments were observed. In some samples, a small peak at half of the intact 
mass was found but it was likely an artifact due to false deconvolution which usually yield-
ed half or one-third of the correct mass [34]. The results thus indicated that protein XYZ 
remained intact and no linker cleavage or truncation fragments were observed in the Day 
15 – 24 hr post-dose study samples. Subunit analysis was also performed. The immu-
nocapture-processed samples were reduced using TCEP to light and heavy chains and 
then injected to LC/MS for analysis. Representative deconvoluted LC/MS spectra of the 
monkey plasma standards and study samples after TCEP reduction are shown in Figure 
4. The theoretical molecular weight of light chain and heavy chain with scFv was 23,353 
Da for the light chain and 77,369 Da for the heavy chain, respectively (Table 1). The mea-
sured mass from the 50 µg/mL plasma standard was 23,348–23,350 Da for the light chain 
and 77,363–77,366 Da for the heavy chain. The measured mass in the monkey study 
samples was 23,348–23,350 Da for the light chain and 77,363–77,367 Da for the heavy 
chain, which were consistent with the theoretical masses as well as the masses obtained 
from the 50 µg/mL plasma standard. Neither truncation nor degradation peaks from ei-
ther light or heavy chain were observed. In addition, the same heavy chain glycosylation 
pattern was observed between the study samples and the 50 µg/mL of plasma standard. 

Figure 4. Subunit analysis of  protein XYZ. Representative deconvoluted mass spectra af-
ter TCEP reduction from a 50 µg/mL standard spiked in blank monkey plasma, and 24 hr 
post-dose plasma samples from male monkeys of  the 10, 30 and 100 mg/kg dose groups 
following the last doses on Day 15.  The 23,350 Da and 77,363-77,367 Da peaks correspond 
to the light chain and heavy chain with a scFv, respectively.
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After TCEP reduction, the heavy chain was further deglycosylated using PNGase F and 
the molecular weight of the deglycosylated heavy chain was then determined. Represen-
tative deconvoluted LC/MS spectra of the 50 µg/mL monkey plasma standard and study 
samples after TCEP reduction and PNGase F deglycosylation are shown in Figure 5. The 
measured mass of the deglycosylated heavy chain from the study samples was 75,918 
–75,923 Da, which was consistent with the theoretical mass of 75,923 Da as well as the 
measured mass (75,920–75921 Da) from the plasma standards (Table 1). Therefore, the 
deglycosylated subunit analysis further confirmed that protein XYZ remained intact in the 
monkey study samples.

MRM analysis
Possible linker cleavage was also assessed by monitoring MS response ratios of the tryp-
tic peptides from the scFv domains to the CH1 domain. A scFv domain peptide GWYF-
DLWGK and an IgG CH1 domain peptide GPSVFPLAPSSK were monitored. These two 
peptides were unique to the drug and were not found in blank monkey plasma digest. 

Figure 5. Heavy chain subunit analysis of  protein XYZ after deglycosylation. Representative 
deconvoluted mass spectra of  the heavy chain subunit after TCEP reduction and PNGase 
F deglycosylation from a 50 µg/mL standard spiked in blank monkey plasma, and 24 hr 
post-dose plasma samples from male monkeys of  the 10, 30 and 100 mg/kg dose groups 
following the last doses on Day 15.  The 75,920–95,922 Da peaks correspond to the heavy 
chain with a scFv minus glycan.
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Calibration standards were prepared by spiking blank monkey plasma with the drug at a 
series of concentrations and used to assess the assay performance for each peptide. The 
MRM assay linear range was 50–25,000 ng/mL for both peptides. Back-calculated cali-
bration standard concentrations were within ±15% from corresponding nominal values, 
indicating a good precision. The assay precision (% coefficients of variation) was ≤15.0% 
from three runs (data not shown). The assay provided a sufficient sensitivity, accuracy 
and precision for the MRM analysis of in vivo samples. Monkey samples with drug con-
centrations higher than 25,000 ng/mL were diluted to the linear range for MRM analysis.
Peptide MS signals depend on many confounding factors such as peptide ionization ef-
ficiencies, charge state distribution, LC gradient, trypsin digestion, etc. [35]. The intrinsic 
ionization properties [36] of a peptide vary depending on the constituent amino acids 
and their order. Differences and non-uniformity of the dynamic mobile phase constituents 
along the LC gradient program under which each peptide is introduced to MS ion source 
could potentially lead to variation in competition for ionization. Missed or nonspecific tryp-
tic cleavages may introduce further variance. Therefore, the MS signal intensities arising 
from the two different peptide ions following electrospray ionization were not directly pro-
portional to the amount (moles) of starting drug materials; the peptides derived from the 
same parent protein, even when present in stoichiometric amounts, would not generate 
the same number of ions and thus their attendant MS signal would vary. However, the ra-
tios of the MS responses of the peptides from the same protein should remain constant in 
the monkey samples at various time points over the study duration. A constant ratio would 
imply no linker cleavage of the drug molecules for the duration of the study. On the other 
hand, linker cleavage would produce the human IgG1 fragment and the scFv domain 

Figure 6. MRM analysis of  a 50 ng/mL protein XYZ standard spiked in monkey blank plas-
ma. Shown here are LC/MS/MS (MRM) chromatograms of  the IgG CH1 domain peptide 
GPSVFPLAPSSK (a) and its internal standard GPSVFPLAPSS[Lys13C6, 

15N2] (b), and the 
C-terminus extension scFv domain peptide GWYFDLWGK (c) and its internal standard 
GWYFDLWG[Lys13C6, 

15N2] (d). Peaks correspond to the peptides are shown as integrated.



protein in the case of protein XYZ. Human IgG1 usually has a half-life of ~2 weeks [37] 
attributed to association with the neonatal Fc receptor [38]. In contrast, the small size of a 
scFv domain protein causes a short in vivo half-life owing to the rapid blood clearance and 
poor retention in the target tissues [39, 40]. As such, the peptide ratio would decreased 
over time, and a trend of decrease in the ratio over the study duration would thus be an 
indicator of in vivo linker cleavage.
Figure 6 shows the LC/MS/MS (MRM) chromatograms of the IgG CH1 domain peptide 
GPSVFPLAPSSK and the scFv domain peptide GWYFDLWGK and their respective inter-
nal standards from a 50 ng/mL protein XYZ standard spiked in monkey blank plasma. 
Despite some minor background peaks at the retention of the two peptides (especially 
for peptide GPSVFPLAPSSK; Figure 6a), both peptide peaks in the 50 ng/mL standard 
were accurately integrated for quantitation, demonstrating good assay specificity and 
sensitivity.
Monkey plasma samples collected at different time points following the first dose (Day 1) 
and the last doses (Day 15) from the 1, 10, 30 and 100 mg/kg dose groups were used 
for the MRM analysis. The monkey study samples were analysed along with a set of stan-
dards containing protein XYZ at series concentrations from 50 to 25,000 ng/mL. The LC/
MS response ratio of the scFv domain peptide over the IgG CH1 domain peptide were 
determined over the course of the sampling time period for each animal in the monkey 
study. The average peptide ratios from all 8 animals were calculated for each time point 
on Day 1 and Day 15 and plotted over time in Figure 7. The coefficient of variation (CV%) 
for the averages was 8.2–18.2%. Overall, the CV% was within 20%, indicating a good 
assay precision. The ratios from the first post-dose time point, Day 1-0.083 hr, were used 
as the reference for comparison with all other time points on both Day 1 and Day 15. 
A peptide ratio within 85–115% (or ±15%) of the first time point Day 1-0.083 hr post-
dose, as indicated by the dotted lines in Figure 7, was within the assay variability and 
thus considered as an indication of no linker cleavage. The average response ratio of the 
scFv domain peptide GWYFDLWGK over the IgG CH1 domain peptide GPSVFPLAPSSK 
ranged from 1.10 to 1.25 at all the time points from Day 1 to the last sampling time point 
on Day 15 (Figure 7), which were within ±15% of the ratio (1.17) of the reference time 
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Figure 7. Peptide ratios of  monkey study samples. The y-axis represents the average LC/
MS response ratio of  the scFv domain peptide GWYFDLWGK over the IgG CH1 domain 
peptide GPSVFPLAPSSK. The x-axis represents the time points post-dose following the 
first dose (Day 1) and last dose (Day 15). The dotted line indicates +/- 15% deviation from 
the value of  the first data point on Day 1 – 0.083 hr.
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point Day 1-0.083 hr. Thus, the MRM analysis indicated no linker cleavage of protein XYZ 
in the study samples.  

CONCLUSION
In this study, both intact/subunit analysis and MRM analysis were applied to investigate 
potential in vivo cleavage of a biotherapeutic protein XYZ during a two-week study in 
monkeys. The intact/subunit LC/MS analysis was at the whole molecule level and provid-
ed a direct assessment on truncation and linker cleavage. On the other hand, the MRM 
analysis was more sensitive and provided a complementary assessment by monitoring 
the ratios of a specific scFv domain tryptic peptide to an IgG backbone peptide. Both 
approaches clearly demonstrated that the therapeutic protein XYZ remained intact and 
neither truncation nor linker cleavage was observed in vivo. It should be noted that sam-
ple purification and enrichment via immunocapture was a must for either approach. The 
combination of immunocapture with intact/subunit and MRM analysis represents a gener-
ic approach and can be applied to other biotherapeutic proteins.

Acknowledgment
The authors would like to thank Elsy Philip, Shirin Pagels, Ming Cheng, Adam Vigil, Chris-
tine Grimaldi for help during the course of this study.

REFERENCES
1.		 Kelley B. Industrialization of mAb production technology: the bioprocessing industry 

at a crossroads. MAbs 1(5), 443-452 (2009).
2.		 Chirino AJ, Mire-Sluis A. Characterizing biological products and assessing compa-

rability following manufacturing changes. Nat. Biotech 22, 1383-1391 (2004).  
3.		 Alt N, Zhang TY, Motchnik P, Taticek R, Quarmby V, Schlothauer T, Beck H, Emrich T, 

Harris RJ. Determination of critical quality attributes for monoclonal antibodies using 
quality by design principles. Biologicals 44, 29-305 (2016).

4.		 Haberger M, Bomans K, Diepold K, Hook M, Gassner J, Schlothauer T, Zwick A, 
Spick C, Kepert JF, Hienz B, Wiedmann M, Beck H, Metzger P, Mølhøj M, Knoblich 
C, Grauschopf U, Reusch D, Bulau P.  Assessment of chemical modifications of 
sites in the CDRs of recombinant antibodies: susceptibility vs. functionality of critical 
quality attributes. MAbs 6(2), 327-339 (2014).

5.		 Eon-Duval A, Broly H, Gleixner R. Quality attributes of recombinant therapeutic pro-
teins: an assessment of impact on safety and efficacy as part of a quality by design 
development approach. Biotechnol Prog 28(3), 608-622 (2012).

6.		 ICH Harmonized Tripartite Guideline Q8: Pharmaceutical Development, Step 4 ver-
sion (August 2009). https://www.ich.org/products/guidelines/quality/quality-single/
article/pharmaceutical-development.html. 

7.		 Rogers RS, Abernathy M, Richardson DD, Rouse JC, Sperry JB, Swann P, Wypych 
J, Yu C, Zang L, Deshpande R. A view on the importance of “multi-attribute method” 
for measuring purity of biopharmaceuticals and improving overall control strategy.  
AAPS J 20(7), (2018). https://doi.org/10.1208/s12248-017-0168-3.

8.		 Nowak C, Cheung JK, Dellatore SM, Katiyar A, Bhat R, Sun J, Ponniah G, Neill A, 
Mason B, Beck A, Liu H. Forced degradation of recombinant monoclonal antibodies: 
A practical guide. MAbs 9(8), 1217-1230 (2017).

9.		 Lyubarskaya Y, Kobayashi K, Swann P. Application of mass spectrometry to facilitate 
advanced process controls of biopharmaceutical manufacture. Pharm Bioprocess 
3(4), 313–321 (2015).

10.	 Hall MP. Biotransformation and in vivo stability of protein biotherapeutics: impact 
on candidate selection and pharmacokinetic profiling. Drug Metab Dispos 42(11), 
1873-1880 (2014).

11.	 Renton KW. Alteration of drug biotransformation and elimination during infection and 



24JOURNAL OF APPLIED BIOANALYSIS

CHEN L et al.

inflammation. Pharmacol Ther 92(2), 147-163 (2001).
12.	 Tumey LN, Rago B, Han X. In vivo biotransformations of antibody-drug conjugates. 

Bioanalysis 7(13), 1649-1664 (2015). 
13.	 Hamuro LL, Kishnani NS. Metabolism of biologics: biotherapeutic proteins. Bioanal-

ysis 4(2), 189–195 (2012). 
14.	 Kellie JF, Karlinsey MZ. Review of approaches and examples for monitoring bio-

transformation in protein and peptide therapeutics by MS. Bioanalysis 10(22), 1877–
1890 (2018). 

15.	 Bults P, Bischoff R, Bakker H, Gietema JA, van de Merbel NC. LC–MS/MS-based 
monitoring of in vivo protein biotransformation: quantitative determination of tratstu-
zumab and its deamidation products in human plasma. Anal Chem 88(3), 1871–
1877 (2016).

16.	 Zell M, Husser C, Staack RF, Jordan G, Richter WF, Schadt S, Pähler A. In vivo 
biotransformation of the fusion protein tetranectin-apolipoprotein A1 analyzed by 
ligand-binding mass spectrometry combined with quantitation by ELISA. Anal Chem 
88(23), 11670–11677 (2016).

17.	 Kang L, Camacho RC, Li W, D’Aquino K, You S, Chuo V, Weng N, Jian W. Simulta-
neous catabolite identification and quantitation of large therapeutic protein at the 
intact level by immunoaffinity capture liquid chromatography–high-resolution mass 
spectrometry. Anal Chem 89(11), 6065–6075 (2017).

18.	 Shi C, Goldberg S, Lin T, Dudkin V, Widdison W, Harris L, Wilhelm S, Jmeian Y, Davis 
D, O'Neil K, Weng N, Jian W. Bioanalytical workflow for novel scaffold protein-drug 
conjugates: quantitation of total centyrin protein, conjugated centyrin and free pay-
load for centyrin-drug conjugate in plasma and tissue samples using liquid chroma-
tography–tandem mass spectrometry. Bioanalysis 10(20), 1651–1665 (2018).

19.	 Kellie JF, Thomson AS, Chen S, Childs SL, Karlinsey MZ, Mai SH, White JR, Robert 
A. Biddlecombe RA.  Biotherapeutic antibody subunit LC-MS and peptide mapping 
LC-MS measurements to study possible biotransformation and critical quality attri-
butes in vivo. J Pharm Sci 108 1415-1422 (2019).

20.	 Goetze AM, Liu YD, Arroll T, Chu L, Flynn GC. Rates and impact of human antibody 
glycation in vivo. Glycobiology 22(2), 221-234 (2012).

21.	 Yang J, Primack R, Frohn M, Wang W, Luan P, Retter MW, Flynn GC. Impact of gly-
cation on antibody clearance. AAPS J 17(1), 237-244 (2015).

22.	 Goetze AM, Liu YD, Zhang Z, Shah B, Lee E, Bondarenko PV, Flynn GC. High-man-
nose glycans on the Fc region of therapeutic IgG antibodies increase serum clear-
ance in humans. Glycobiology 21(7), 949-959 (2011).

23.	 Liu YD, van Enk JZ, Flynn GC. Human antibody Fc deamidation in vivo. Biologicals 
37(5), 313-322 (2009).

24.	 Han M, Pearson JT, Wang Y, Winters D, Soto M, Rock DA, Rock BM. Immunoaffinity 
capture coupled with capillary electrophoresis-mass spectrometry to study thera-
peutic protein stability in vivo. Anal Biochem 539, 118-126 (2017).

25.	 Li Y, Huang Y, Ferrant J, Lyubarskaya Y, Zhang Y, Li S, Wu SL. Assessing in vivo 
dynamics of multiple quality attributes from a therapeutic IgG4 monoclonal antibody 
circulating in cynomolgus monkey. MAbs 8(5), 961-968 (2016).

26.	 Li Y, Monine M, Huang Y, Swann P, Nestorov I, Lyubarskaya Y. Quantitation and phar-
macokinetic modeling of therapeutic antibody quality attributes in human studies. 
MAbs 8(6), 1079-1087 (2016).

27.	 Green, NM.  A spectrophotometric assay for avidin and biotin based on binding of 
dyes by avidin. Biochem J 94, 23c-24c (1965).

28.	 Omenn S, Menon R, Adamski M.  The human plasma and serum proteome.  Pro-
teomics 3, 195–224 (2007).

29.	 Zhou W, Yang S, Wang PG. Matrix effects and application of matrix effect factor. 
Bioanalysis 9(23), 1839–1844 (2017).



25JOURNAL OF APPLIED BIOANALYSIS

CHEN L et al.

30.	 Dubois M, Fenaille F, Clement G, Lechmann M, Tabet JC, Ezan E, Becher F. Immu-
nopurification and mass spectrometric quantification of the active form of a chimeric 
therapeutic antibody in human serum.  Anal Chem 80(5), 1737–1745 (2008).

31.	 Ocaña MF, Neubert H.  An immunoaffinity liquid chromatography-tandem mass 
spectrometry assay for the quantitation of matrix metalloproteinase 9 in mouse se-
rum.  Anal Biochem 399(2), 202–210 (2010).

32.	 Lange V, Picotti P, Domon B, Aebersold R. Selected reaction monitoring for quantita-
tive proteomics: a tutorial. Mol. Systems Biology 4(222), (2008).

33.	 Liebler DC, Zimmerman LJ. Targeted quantitation of proteins by mass spectrometry. 
Biochem 52(22), 3797–3806 (2013).

34.	  Bern M, Caval T, Kil YJ, Tang W, Becker C, Carlson E, Kletter D, Sen KI, Galy N, 
Hagemans D, Franc V, Heck AJR. Parsimonious charge deconvolution for native 
mass spectrometry. J Proteome Res 17(3), 1216-1226 (2018).

35.	 Li YF, Arnold RJ, Tang H, Radivojac P. The importance of peptide detectability for 
protein identification, quantification, and experiment design in MS/MS proteomics. J. 
Proteome Res. 9 (12), 6288−97 (2010).

36.	 Jarnuczak AF, Lee DCH, Lawless C, Holman SW, Eyers CE, Hubbard SJ. Analysis 
of intrinsic peptide detectability via integrated label-free and SRM-based absolute 
quantitative proteomics. J. Proteome Res. 15, 2945−2959 (2016)

37.	 Morell A, Terry WD, Waldmann TA. Metabolic properties of IgG subclasses in man. J 
Clin Invest 49(673) (1970).

38.	 Saxena A, Wu D. Advances in therapeutic Fc engineering – modulation of IgG-asso-
ciated effector functions and serum half-life. Front Immunol 7(580), (2016). 

39.	 Monnier PP, Vigouroux RJ, Tassew N.G. In vivo applications of single chain Fv (vari-
able domain) (scFv) fragments. Antibodies 2, 193–208 (2013).

40.	 Fan G, Wang Z, Hao M, Li J.  Bispecific antibodies and their applications. J Hematol 
Oncol 8(130) (2015).


	OBJECTIVES:
	INTRODUCTION 

