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Abstract In the present study, the application of a liquid chro-
matography high-resolution mass spectrometry (LC-HRMS)
analytical assay for the quantitative analysis of a recombinant
human immunoglobulin G1 (hIgG1) in rat serum is reported
using three generic peptides GPSVFPLAPSSK (GPS),
T T P P V L D S D G S F F L Y S K ( T T P ) , a n d
VVSVLTVLHQDWLNGK (VVS). Moreover, the
d e a m i d a t i o n s i t e o f a f o u r t h p e p t i d e
FNWYVDGVEVHNAK (FNW) was identified and further
excluded from the assay evaluation due to the inaccuracy of
the quantitative results. The rat serum samples were spiked
with a fully labeled hIgG1 as internal standard (ISTD). The
digestion with trypsin was performed onto the pellet prior to
peptide analysis by LC-HRMS using a quadrupole time of
flight (QTOF) mass analyzer operating in selected reaction
monitoring (SRM) mode with enhanced duty cycles (EDC).
The assay linearity for the three investigated peptides was
es tabl ished for a hIgG1 (hIgG1A) from 1.00 to
1000 μg mL−1 with a mean coefficient of determination (R2)
higher than 0.9868. The inter-day accuracy and precision

obtained in rat serum over 3 days were ≤11.4 and ≤10.5 %,
respectively. Short-term stability on the auto-sampler at 6 °C
for 30 h, at RT for 48 h, and a 100-fold dilution factor were
demonstrated. In addition, QC samples prepared in cynomol-
gus monkey serum and measured with the present methodmet
the acceptance criteria of ±20.0 and ≤20.0 % for all three
peptides regarding accuracy and precision, respectively. The
LC-HRMS method was applied to the analysis of samples
from five individual cynomolgus monkeys dosed with a sec-
ond hIgG1 (hIgG1B) and consistent data were obtained com-
pared to the LC-MS/MS method (conventional triple quadru-
pole (QqQ) mass analyzer operating in SRM). The present
data demonstrate that LC-HRMS can be used for the quanti-
tative analysis of hIgG1 in both species and that quantification
is not only limited to classical QqQ instruments.
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species . Deamidation

Introduction

The analysis of therapeutic proteins in complex biological
matrices by liquid chromatography coupled to tandem mass
spectrometry (LC-MS/MS) has emerged during the last years
in the field of bioanalysis as an alternative to conventional
ligand binding assays [1–5]. In this respect, several
bioanalytical groups have reported the use of mass
spectrometry-based methods for the quantitative analysis of
different type of proteins including high molecular weight
proteins such as monoclonal antibodies (mAb) [6–8], chime-
ric mAbs [9], antibody-drug conjugates [10], or PEGylated
proteins [11–13] as well as smaller proteins/peptides such as
the parathyroid hormone, insulin analogues or prion proteins
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[14–16]. More recently, universal analytical assays for the
quantification of mAbs in pre-clinical species using generic
peptides originating from the human fragment crystallizable
(Fc) region were extensively developed [17–19]. Nowadays,
the majority of quantitative assays for protein analysis are still
routinely performed (similar to small molecules) with LC sys-
tems hyphenated to triple quadrupole (QqQ) mass analyzers
operating in selected reaction monitoring (SRM) acquisition
mode due to their high specificity, dynamic range and ease of
operation [20–22]. The selection of one or more surrogate
peptides after trypsin digestion is the most common approach
in proteomics for quantification of a whole protein in various
matrices. Although LC-MS/MS provides great selectivity and
sensitivity, interferences from other generated tryptic peptides
in complex matrices (serum or plasma) at the retention time of
the surrogate peptide(s) of interest cannot be excluded, even
though appropriate sample cleanup strategies such as solid
phase extraction (SPE) can reduce the sample complexity
[23]. As a result, an increased lower limit of quantification
(LLOQ) is generally observed due to high background noise
during the quantitative analysis of a specific protein.

The use of high resolution mass spectrometry (HRMS)
performed on quadrupole time of flight (QTOF), orbitrap
or Fourier transform ion cyclotron resonance (FTICR)
mass analyzers is a promising way to improve the method
selectivity for the quantitative analysis [24–26]. The high
mass accuracy between 0.1 and 5.0 ppm as well as the
highly resolved isotopic pattern with a resolution ranging
from 25,000 to 1,000,000 (depending on the type of
HRMS instrument) are the major advantages compared
to conventional LC-MS/MS.

General limitations associated in the past with HRMS in-
struments can nowadays be overcome to comply with a reli-
able quantitation since the new generation of HRMS instru-
ments exhibit enhanced acquisition speed, increased sensitiv-
ity, and linear dynamic range [27].

Recently, the use of HRMS for the quantification of
small molecules and larger peptides in human plasma
was successfully demonstrated [28, 29]. Moreover, the
selectivity of HRMS methods has been improved by de-
creasing the background in complex human plasma
resulting in a better signal to noise (S/N) ratio [30].
Mekhssian et al. [31] analyzed a mAb quantitatively in
human plasma over a calibration range from 1.00 to
200 μg mL−1 us ing a LC system coupled to a
TripleTOF™ 5600 mass spectrometer.

The present study aims at exploring the capabilities of
HRMS for the quantitative analysis of human immuno-
globulin G1 (hIgG1) in pre-clinical species. The develop-
ment of a generic LC-HRMS method for the quantifica-
tion of a hIgG1 in rat serum is described using pellet
digestion as sample preparation combined with HRMS
detection of generic peptides. In the quantitative data

obtained on three different days, the dynamic ranges and
LLOQs for the selected peptides were determined.
Furthermore, the method developed in rat serum was ap-
plied to the quantitative analysis of another hIgG1 in cy-
nomolgus monkey serum.

Material and methods

Chemicals and reagents

The recombinant hIgG1A used for the preparation of cal-
ibration standards (Cs) and quality control (QC) samples,
hIgG1B (pre-clinical study samples), and the stable
isotope-labeled protein internal standard (ISTD, hIgG1C)
were produced at Novar t i s Pharma AG (Basel ,
Switzerland). The latter was labeled with [13C]-lysine/ar-
ginine moieties using the stable isotope labeling with ami-
no acids in cell culture (SILAC) approach. The reference
p e p t i d e s G P S V F P L A P S S K ( G P S ) ,
T T P P V L D S D G S F F L Y S K ( T T P ) , a n d
VVSVLTVLHQDWLNGK (VVS) used for MS tuning
and SPE optimization were synthesized by Thermo
Fisher Scientific (Ulm, Germany). Phosphate buffered sa-
line (PBS; 12.0 mM phosphate, 137 mM sodium chloride,
2.70 mM potassium chloride, pH 7.4) and formic acid
(FA) were purchased from Amresco (Solon, OH, USA)
and Merck (Darmstadt, Germany), respectively. Sodium
iodide and leucine enkephalin solutions were obtained
from Waters (Milford, MA, USA). DL-Dithiothreitol
(DTT), iodoacetamide (IAA), ammonium bicarbonate
(ABC), bovine pancreas trypsin, trifluoroacetic acid
(TFA), acetic acid, ammonium hydroxide (NH4OH, 28–
30 %), acetonitrile (ACN), methanol (MeOH), and MS
grade water were provided by Sigma-Aldrich (Buchs,
Switzerland). All solvents (LC-MS grade) as well as re-
agents were of high analytical grade (≥99 %) and were
used without further purification. The drug-free batches of
rat and cynomolgus monkey sera used for the preparation
of Cs and QC samples were delivered from Fisher
Clinical Services (Allschwil, Switzerland).

Preparation of Cs and QC samples with hIgG1A

Working solutions were prepared by serial dilution of hIgG1A
stock solution (20.0 mg mL−1 in PBS, storage at 2–8 °C) into
PBS. Subsequently, the resultant solutions were spiked into
blank rat serum (1:20, v/v) yielding in nine Cs concentrations
of 1.00, 5.00, 10.0, 20.0, 50.0, 200, 500, 800, and 1,
000 μg mL−1 as well as four QC levels at 3.00, 15.0, 450,
and 750 μg mL-1. Additionally, one set of hIgG1A QC sam-
ples was prepared with the same concentration levels for the
method cross-check in cynomolgus monkey serum.
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Pre-clinical study samples from cynomolgus monkey
with hIgG1B

A single dose of hIgG1B (5.00 mg kg−1) was administrated
intravenously (i.v.) to five different female cynomolgus mon-
keys. Blood samples were taken at designated time points
(pre-dose, 1, 4, 24, 72, 120, and 168 h post-dose). At each
sampling time point, approximately 2.0 mL of blood was
drawn into tubes containing no anticoagulant and was allowed
to clot at room temperature for at least 30 min. Subsequently,
the samples were centrifuged for 10 min at 1,500×g and 4 °C.
The resulting serum was aliquoted (200 μL) and stored
≤−70 °C pending analysis. The pre-clinical study was con-
ducted in compliance with the Animal Welfare Act, the Guide
for the Care and Use of Laboratory Animals, the Office of
Laboratory Animal Welfare, and in accordance with the
Novartis Animal Care and Use Committee (NACUC).

Sample preparation

The sample preparation protocol was slightly modified from
the one published by Ouyang et al. [32]. Briefly, 50 μL of
serum either from study samples, Cs, QC, or blank samples
was pipetted in a 2.0-mL Protein LoBind 96-well plate from
Eppendorf (Hamburg, Germany). Then, 50 μL of ISTD solu-
tion at 20.0 μg mL−1 in 100 mM ABC in water was added,
whereas for blank samples, 50 μL of 100 mM ABC in water
was added instead. Zero samples referred to a later stage in
this paper are blank samples spiked with ISTD. Afterwards,
20 μL of 100 mM DTT prepared in water was added to each
well in order to reduce intra- and inter-disulfide bonds by
incubating the samples on a ThermoMixer for 60 min at
60 °C. Subsequently, resulting free thiol groups were
alkylated by pipetting 10 μL of 100 mM IAA in water into
the plate being incubated at room temperature for 30 min in
darkness. For the generation of the pellet, 400 μL of MeOH
was added to the samples. The resulting samples were mixed
using a ThermoMixer and centrifuged at 4 °C for 5 min at
900×g. The supernatant was removed by inverting the plate on
a blotter, and the pellet was re-suspended in 200 μL of
200 mM ABC buffer in 10 % MeOH. A volume of 50 μL of
trypsin at 8.00 mg mL-1 in 100 mM ABC in water was added
to each sample, and the digestion was performed for 1 h at
60 °C. The digestion process was terminated by the addition
of 50 μL 15 % TFA. The samples were centrifuged at 900×g
for 5 min at 4 °C. An off-line SPE was performed by passing
250μL of the digested sample through anOasis MCX 96-well
plate (30 mg, 60 μm) fromWaters (Milford, MA, USA) being
pre-washed two times with 1.0 mL of ACN followed by
2×1.0 mL of 1 % acetic acid. After loading, the cartridges
were washed once with 1.0 mL ACN/1 % acetic acid (50:50,
v/v). Finally, the peptides were eluted with 900 μL NH4OH/
ACN/water (10:70:20, v/v/v) into a clean 1.0 mL Protein

LoBind 96-well plate. The eluent was evaporated to dryness
under a stream of nitrogen at 60 °C. The samples were
reconstituted in 100 μL of 0.1 % FA in ACN/water (10:90,
v/v) followed by centrifugation for 5 min at 4 °C and 900×g
prior to LC-MS analysis.

LC-HRMS

Chromatographic separation of the tryptic peptides was
achieved with an ACQUITY UPLC I-Class system from
Waters (Milford, MA, USA). Twenty microliters of sample
was loaded on an ACE C18, 150×4.6 mm, 3 μm column from
Hichrom (Berkshire, UK) which wasmaintained at 60 °C. The
flow rate was set to 1.0 mL min−1. The mobile phases
consisted of 0.1 % FA in water (A) and 0.1 % FA in ACN
(B) with an optimized elution gradient program set as follows:
0.0–1.0 min, 5 %B; 1.0–1.5 min, 5–20%B; 1.5–7.0 min; 20–
35 % B; 7.0–8.0 min, 35–90 % B; 8.0–10.0 min, 90 % B;
10.0–10.5 min, 90–5 % B; 10.5–13.0 min, 5 % B.

The UPLC system was hyphenated to a SYNAPT G2-Si
HD high-resolution mass spectrometer from Waters (Milford,
MA, USA) whereas the effluent was split (MS/Waste, 1:8, v/v)
prior to MS detection. The peptides were ionized with a
Zspray™ ion source using electrospray ionization (ESI) in
positive mode. The MS was operating in TOF-SRM (sensitiv-
ity mode) with enhanced duty cycles (EDC) resulting in a
resolution of 20,000 at full width at half maximum
(FWHM). The parameters were as follows: mass range m/z
400–1500, capillary voltage 2.2 kV, source temperature
120 °C, sampling cone voltage 50 V, cone gas flow
25 L h−1, desolvation temperature 300 °C, the flow rate of
desolvation gas (N2) 1000 L h−1. The optimized TOF-SRM
parameters for each peptide including the m/z values for the
selected precursor and the most abundant fragment ions as
well as their identification and charge states are summarized
in Table 1. The asterisk indicates the enhanced fragment for
each peptide. The quadrupole mass isolation window for the
precursor selection was 1 Da (low and high mass resolution
set to 15 arbitrary units). An ion current extraction window
(XIC) of 50mDawas used for the fragment ions to reconstruct
the chromatograms. The difference between exact
(theoretical) and accurate (experimental) m/z values for the
selected product ions was usually on the third decimal even
though the m/z ratios were reported with four decimals. This
was in agreement with the observed mass accuracy of the
QTOF mass analyzer since the mass accuracy achieved upon
calibration with sodium iodide was below 5 ppm. Leucine
enkephalin was used as lock mass during data acquisition.

Data acquisition and processing

The LC-HRMS system was controlled by MassLynx 4.1
whereas peak area integration, construction of the calibration
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curve, and the back-calculation of the concentrations were
performed with TargetLynx XS from Waters (Milford, MA,
USA). Graphical illustration was conducted with OriginPro
(v e r s i on 9 . 1 . 0 ) f r om Or i g i nLab Coo rpe r a t i on
(Northhampton, MA, USA).

Evaluation of analytical assay performance

Selectivity

The selectivity of the method was determined by comparing
the mean apparent analytical response for each peptide at the
expected retention time and measured SRM transition(s) in
blank samples (three different batches per species) relative to
the peptide signal at the LLOQ. The comparison between the
mean peak area at the SRM transition(s) of the surrogate pep-
tide in a zero sample relative to the mean analytical response
obtained for the surrogate peptide at the LLOQ was used to
assess potential contribution of [13C6]-labeled peptide to the
light version of the peptide. The contribution of surrogate
peptide to heavy labeled version of the peptide was assessed
by comparing the mean analytical response for [13C6] peptide
in a blank sample spiked with the protein at the upper limit of
quantification (ULOQ) to the mean analytical response ob-
tained for zero samples. The acceptance criterion for each

peptide was set to ≤20.0 % of the analytical response at the
LLOQ and for the heavy labeled peptides ≤5.0 % of the ana-
lytical response at the working concentration of the ISTD.

Linearity and sensitivity

Calibration curves (in duplicate on each day) were constructed
using a quadratic mathematical model (y=ax2+bx+c) with a
weighting factor of 1/x2 to calculate the concentrations where y
represented the peak area ratio of the response for the peptide to
the response of [13C6]-lysine labeled peptide version and x was
the nominal concentration of the protein in the Cs samples. The
acceptance criteria were ±20.0 % (±25.0 % at the LLOQ and
ULOQ) for 75.0 % of the Cs from nominal values (with a
minimum of six different levels). Additionally, at least 50.0 %
of the Cs tested at each concentration level should meet the
abovementioned acceptance criteria and the derived coefficient
of determination (R2) should be at least 0.95. The lowest con-
centration meeting the acceptance criteria of ±25.0 and ≤25.0 %
regarding accuracy and precision was set as the LLOQ.

Carry-over

A series of three blank samples were injected in one run di-
rectly after the ULOQ sample at 1000 μg mL−1 to evaluate

Table 1 Summary of optimized
TOF-SRM parameters for generic
surrogate peptides and their
internal standards

Peptide Mass to charge ratio (m/z) CE

Amino acid sequence Abbrev. Precursora

(charge state)

Fragment ionsb

(ion type/charge state)

(eV)

GPSVFPLAPSSK GPS 593.8

(+2)

418.2296

(y4
+)

699.4036e

(y7
+)

846.4720

(y8
+)

18

GPSVFPLAPSSKc [13C6]-GPS 596.8

(+2)

424.2498

(y4
+)

705.4237e

(y7
+)

852.4921

(y8
+)

18

TTPPVLDSDGSFFLYSK TTP 937.5

(+2)

836.4169e

(y15
2+)

- - 27

TTPPVLDSDGSFFLYSKc [13C6]-TTP 940.5

(+2)

839.4269e

(y15
2+)

- - 27

VVSVLTVLHQDWLNGK VVS 603.3

(+3)

805.4385e,d

(y14
2+)

712.3883

(y12
2+)

655.8462

(y11
2+)

16

VVSVLTVLHQDWLNGKc [13C6]-VVS 605.3

(+3)

808.4485*

(y14
2+)

715.3983

(y12
2+)

658.8563

(y11
2+)

16

VVSVLTVLHQDWLDGK VVSd 603.7

(+3)

805.9305e

(y14
2+)

712.8803

(y12
2+)

656.3382

(y11
2+)

16

VVSVLTVLHQDWLDGKc [13C6]-VVSd 605.7

(+3)

808.9405e

(y14
2+)

715.8903

(y12
2+)

659.3483

(y11
2+)

16

CE Collision energy
a Quadrupole mass isolation window of 1 Da for precursor selection
b fragment ion current extraction window of 50 mDa
c labeled with [13 C6]-lysine
d interference in rat serum
e fragment selected for enhancement
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any carry-over. The extent of carry-over should be ≤20.0 % of
the response of the tryptic peptide observed at the LLOQ and
≤5.0 % of the response observed for the corresponding isoto-
pically labeled peptide at the working concentration of the
ISTD.

Accuracy and precision

The accuracy of the analytical assay was evaluated by the
deviation (% bias) from the nominal value of at least three
QC concentration levels (3× LLOQ, mid and high) whereas
the percentage of the coefficient of variation (CV) determined
the precision of the method. Each QC level was analyzed in
triplicate on each day to evaluate the intra-day accuracy and
precision whereas in total nine replicates from three different
days were utilized to calculate the inter-day accuracy and pre-
cision. A mean bias within ±20.0 % of the nominal values and
a precision of ≤20.0 % were set as acceptance criteria.

Dilution

In case pre-clinical samples exhibit a higher concentration
than the ULOQ, an appropriate dilution factor has to be
assessed. Thus, an additional QC sample at five times the
ULOQ was prepared and diluted 100-fold with blank rat se-
rum in replicates of five resulting in a nominal concentration
of 50.0 μg mL−1. The back-calculated mean concentration
(with the dilution factor incorporated) should be ±20.0 % of
the initial concentration with a precision ≤20.0 %.
Additionally, three out of five individual concentrations
should meet the acceptance criteria.

Stability

The protein stability during this method evaluation was
assessed with two QC levels (15.0 and 750 μg mL−1) at room
temperature for a period of 48 h. Stability on the auto-sampler
of the generated peptides was investigated at 6 °C for two
storage periods (16 and 30 h). After storage, the samples were
measured against a freshly prepared calibration curve includ-
ing an independent set of QC samples. The stability was
deemed acceptable if the deviation from the initial concentra-
tion was ±20.0 %. Stability data of the mAb bulk material and
stock solution were evaluated previously and were not part of
this investigation.

Method comparison with LC-MS/MS

Analytical method comparison between LC-HRMS and an
existing LC-MS/MS assay was performed on in vivo samples
from a toxicokinetic study. The LC-MS/MS system consisted
of a Symbiosis Pro from Spark Holland B.V (Emmen,
Netherlands) equipped with a Reliance unit (conditioned

stack and auto-sampler) and a Mistral column oven coupled
to an API 6500 QTRAP mass spectrometer controlled by
Analyst 1.6 from Applied Biosystems (Foster City, CA,
USA). The sample preparation was similar to the one de-
scribed in section Sample preparation. A detailed description
of the LC-MS/MS parameters is summarized in the Electronic
Supplementary Material (ESM, Table S1).

Results and discussion

Surrogate peptide selection

Besides the light and the heavy chain, the structure of antibod-
ies can be further subdivided into variable and constant re-
gions. The latter is only suitable for a universal MS-based
assay in pre-clinical species as the majority of the amino acid
sequence is conserved over all human antibodies exhibiting
common peptides after tryptic digestion, whereas the former
contains antibody specific peptides located in the complemen-
tarity determining region (CDR) being responsible for specific
target binding. For the identification of conserved peptides,
the amino acid sequences of the Fc region from several
mAbs were aligned with each other and an in-silico digestion
was performed. Fifteen common peptides were identified and
were further selected by the following criteria: (1) oxidation
sites such as methionine (M), cysteine (C), or tryptophan (W)
should be avoided if possible; (2) peptides with glycosylation
sites on nitrogen (NxS and NxT, whereas x can be any amino
acid except proline (P), serines (S), or threonines (T)) [33], on
oxygen (S and T rich domains) [34], or carbon-linked motifs
(WxxW,WS/TC) [35, 36] were excluded; (3) if P was located
downstream from lysine (K) or arginine (R) as well as two
basic amino acids were located next to each other (RR, KK, or
RK), the peptides were not taken into account to prevent
miscleavage of peptides; and (4) the peptide should have at
least 8 amino acids and its isoelectric point should not be too
high or too low to guarantee adequate retention under
reversed-phase chromatographic conditions. Out of the initial
15 peptides GPS (from the CH1 region), TTP (from the CH3
region) and two peptides from the CH2 region (FNW and
VVS) were identified as candidates for the generic assay
development.

Deamidation site in both CH2 peptides

During kinetic studies of the digestion, a decrease in signal
intensity for both CH2 peptides was observed, whereas two
additional peaks were generated during overnight digestion at
37 °C. Chelius et al. [37] identified several amino acid motifs
causing deamidation on asparagine (N) via a cyclic interme-
diate state (succinimide) to isoaspartic (isoD) and aspartic acid
(D) under certain temperature and pH conditions. As a result,
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two additional peaks with a ratio of approximately 1:3 appear
over time [38]. It has been shown that the LNG motif in the
VVS peptide is subjected for deamidation [39]. Concerning
the FNW peptide, the motif FNW and HNA are likely to be
deamidated, but occurrence is less prone. In order to confirm
the potential deamidation of the FNW peptide, the ion chro-
matogram of the single deamidated form was extracted from
the full scan resulting in the appearance of two additional
peaks with a retention time shift of 0.15 and 0.35 min from
the unmodified FNW.

In addition, the MS/MS data obtained on the precursor ion
of the FNW peptide (m/z 559.9373) showed that all y-
fragment ions (beyond the y11

+ ion) from the isoaspartic acid
(Fig. 1a) and aspartic acid forms (Fig. 1b) differ by approxi-
mately 1 Da in mass in comparison with the non-deamidated

form (Fig. 1c). The same experiments were performed on the
doubly deamidated versions, but no additional peaks were
identified. Thus, the FNW peptide underwent a single
deamidation on the C-terminal asparagine in the HNA motif.
The three individual chromatographic peaks of the FNW pep-
tide that originated from the deamidation could not be com-
bined in a single peak under the selected conditions. As a
result of inadequate peak integration, inaccurate quantitative
data with the FNW peptide was observed. Consequently, this
peptide was not included in the final method.

Selection of QTOF quantification mode

Three different acquisition modes were assessed for quan-
titative purposes with the SYNAPT G2-Si HD HRMS

300 400 500 600 700 800 900 1000 1100 1200 1300

MS abundance

300 400 500 600 700 800 900 1000 1100 1200 1300

MS abundance

300 400 500 600 700 800 900 1000 1100 1200 1300
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Mass to charge ratio ( m/z)
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1068.5306969.4663854.4328
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+
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333.1711

560.3960
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1231.5948

1068.5298969.4625854.4346
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+ y4

+ y5
+ y6

+ y8
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+ y10
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+
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568.3195332.1930

559.9373
[M+3H]3+

1230.6118

1067.5425

968.4743

853.4536

697.3602
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y3
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+ y8
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+

KAN H V E VG D V Y WNF

560.3545
[M+3H]3+

a

b

c

Fig. 1 MS/MS spectra of a
isoaspartic acid, b aspartic acid,
and c non-deamidated isoform of
the FNWYVDGVEVHNAK
precursor at m/z 559.9373 to
determine deamidation site
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QTOF instrument (i) TOF-MS, (ii) TOF-MS/MS, and (iii)
TOF-SRM. The general advantages and working princi-
ples for each mode were previously reported by Morin
et al . [29] , whereas the modes used with their
TripleTOF™ 5600 instrument were entitled TOF-MS,
SRMHR/HS, and SRMHS enhance. In the first acquisition
mode, quantification was performed by extracting the ac-
curate mass of the analyte of interest from the full scan.
This resulted in high signal intensities for each surrogate
peptide as no signal was lost due to fragmentation
(Table 2). However, sensitivity was affected as well since
high additional background noise was obtained in full
scan mode resulting in low S/N ratios (peak to peak mod-
el) ranging from 7–42. In TOF-MS/MS, a precursor was
selected by the quadrupole and fragmented in the collision
cell. Subsequently, a single or multiple product ion(s)
was/were used for quantitative purposes. Although the
signal intensities in TOF-MS/MS were not as high as in
TOF-MS due to possible distribution of the signal over
several product ions, the resultant S/N ratios were signif-
icantly improved (up to 24-fold increase with the TTP
peptide) as the chemical noise decreased. The working
principle of TOF-SRM is in general based on TOF-MS/
MS. However, the pusher region of a TOF analyzer was
synchronized with the release of one specific product ion
for each analyte from the TWaveTM collision cell allowing
maximum transmission. As a result, TOF-SRM with max-
imized duty cycles for a specific m/z range gave similar
signal intensities compared to TOF-MS, whereas the S/N
ratios were comparable to the TOF-MS/MS mode. This
trend was consistent for each surrogate peptide and was
also in agreement with the results for other peptides re-
ported by Morin et al. [29]. This demonstrated that TOF-
SRM increased not only selectivity but also sensitivity of
the analytical method.

Selectivity improvement using the monoisotopic
[M+2H]2+ ion of the VVSd y14

2+ fragment ion

Since the deamidation of the VVS peptide was expected
during the tryptic digestion process, six fragment ions

covering the non-deamidated (VVS) and deamidated iso-
form (VVSd) were included for the quantitative analysis
(Table 1). As the mass difference of the triply charged
precursor for both isoforms was approximately 0.3 Da,
the quadrupole could also not distinguish between the cor-
responding precursor for each isoform due to the mass
isolation window of 1 Da. During selectivity investigations,
an interfering peak was found in the extracted ion chro-
matogram using the exact (theoretical) m/z ratio of six frag-
ments (three from each isoform) in blank rat serum
(Fig. 2a). The MS/MS spectrum of the interfering peak
revealed a doubly charged fragment originating from an
unknown endogenous compound with a monoisotopic
[M+2H]2+ ion at m/z 804.4498, a [(M+1)+2H]2+ ion at
m/z 804.9492 and a [(M+2)+2H]2+ ion at m/z 805.4466
(Fig. 2b). The interference was caused by the [(M+2)+
2H]2+ ion being close to the exact monoisotopic mass of
the VVS y14

2+ fragment at m/z 805.4385. The advantage of
HRMS in the SRM acquisition mode compared to classical
QqQ instruments is that the isotopic pattern of a given
compound is highly resolved offering the possibility to se-
lect the most appropriate m/z value for quantification.
Hence, the interference could significantly be reduced by
excluding the y14

2+ fragment of the VVS peptide at m/z
805.4385 during chromatogram extraction (Fig. 2c). As
the [(M + 1) + 2H]2+ ion of the VVS fragment at m/z
805.9353 represented 91.6 % of the signal intensity of its
monoisotopic y14

2+ product ion at m/z 805.4349 (Fig. 2d),
no significant loss of sensitivity was observed by excluding
the [M+2H]2+ ion of the VVS peptide. The reason was
that both isoforms were still extracted with a XIC window
of 50 mDa as the accurate mass of the [(M+1)+2H]2+ ion
of the VVS y14

2+ fragment at m/z 805.9353 (Fig. 2d) dif-
fered by approximately 9 mDa compared to the accurate
mass of the selected [M+2H]2+ ion of the VVSd y14

2+

product ion at m/z 805.9268 (Fig. 2f). Both isoforms were
not fully baseline separated using in total five fragments
and the retention time of VVS and VVSd was at 7.1 and
7.4 min, respectively (Fig 2e). This example demonstrated
how HRMS can be used to solve selectivity issues in com-
plex matrices.

Table 2 Peak areas and
corresponding signal to noise
(S/N) ratios of three generic
peptides using different
acquisition modes

Peptide TOF-MS TOF-MS/MS TOF-SRM

Peak area (counts) S/N

ratioa
Peak area (counts) S/N

ratioa
Peak area (counts) S/N

ratioa

GPS 18774 17 9576 138 19102 159

TTP 24403 7 13109 171 52329 142

VVS 151583 42 45552 132 178803 134

a S/N ratio was determined with the MassLynx software (version 4.1) using the peak to peak model
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Evaluation of analytical assay performance

Selectivity

The mean percentage of the endogenous interference for TTP
was 3.4±1.4 %, VVS resulted in an interference below 7.3 %
by using the [M+2H]2+ ion of the VVSd y14

2+ fragment as
described in the previous section, whereas no endogenous
interference was detected for GPS for rat serum using three
different batches (ESM, Table S2). Moreover, the interfer-
ences detected on the SRM transitions for the isotopically
labeled peptides were for TTP and VVS below 0.2 and
0.4 %, respectively. Only for [13C6]-GPS, the interference
was slightly higher with maximum 1.8 %. The working con-
centration of the stable isotope-labeled protein internal stan-
dard was set to 20.0 μg mL−1 to fulfill the acceptance criterion
regarding the ISTD contribution to the surrogate peptide sig-
nal. No significant contribution of the analyte to the signal of
the heavy peptides was observed. As the acceptance criteria
were fulfilled, it was demonstrated that the analytical method
was not only highly selective for the generic tryptic peptides
but also for their [13C6]-lysine labeled versions in rat serum.
The only interferences at the LLOQ of 1.00 μg mL−1 in cy-
nomolgus monkey serum was caused by the SRM transitions
of the GPS peptide confirming the results by Zhang et al. [23].

Consequently, the GPS peptide is not suitable for the quanti-
tative analysis in cynomolgus monkey serum with a LLOQ of
1.00 μg mL−1.

Linearity and sensitivity

The slope of the calibration curve reached a plateau with
higher concentrations (>800 μg mL-1) especially with the
TTP surrogate peptide. The calibration curves were described
more adequately by a quadratic instead of a linear regression
model with a weighting factor of 1/x2 resulting in a better
curve fit [better coefficient of determination (R2) values for
each surrogate peptide with good accuracy and precision data
over the anticipated calibration range]. The resultant R2 values
obtained over 3 days ranged from 0.9868 to 0.9911 for the
three surrogate peptides (Table 3). For two out of three generic
peptides, the highest inter-day precision with a maximum of
14.8%was observed at 1.00 μgmL−1 whereas the accuracy at
this concentration ranged from 0.8 to 1.7 %. As this concen-
tration level met the set acceptance criteria of ±25.0 % and
≤25.0 % regarding accuracy and precision, it was set as the
LLOQ. The accuracy of the eight remaining concentration
levels ranged from −8.2 to 5.2 % for GPS, for TTP from
−7.3 to 5.9 % and for VVS from −9.8 to 3.4 %. The precision
was below 14.2, 9.5, and 12.4 % for GPS, TTP, and VVS,
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Fig. 2 Selectivity improvement
for VVS peptide in rat serum by
using the [M+2H]2+ ion of the
deamidated VVS y14

2+ fragment
instead of the [M+ 2H]2+ ion of
the non-deamidated VVS y14

2+

fragment. a extracted
chromatogram of blank rat serum
using three fragments from each
isoform, bMS/MS spectrum from
interfering peak showing
interference from the [(M+ 2) +
2H]2+ ion at m/z 805.4466 of an
unknown endogenous compound
in rat serum, c extracted
chromatogram of blank rat serum
after exclusion of VVS y14

2+

fragment , d MS/MS spectrum
(zoom into m/z 803–810) of the
triply charged non-deamidated
VVS precursor ion atm/z 603.3, e
extracted chromatogram of both
VVS isoforms (in total five
fragments) generated from
hIgG1A spiked in rat serum at
10.0 μg mL−1, and f MS/MS
spectrum (zoom into m/z 803–
810) of the triply charged
deamidated VVS precursor ion at
m/z 603.7
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respectively. Thus, the constructed calibration curves of the
surrogate peptides could be used to reliably determine the
protein concentration in rat serum in a consistent fashion over
the anticipated concentration range suitable for the routine
analysis.

Carry-over

No carry-over for all three peptides was found in the second
and third blank rat serum sample directly after the injection of
a sample at the ULOQ (ESM, Table S3). However, the extent
of carry-over for TTP and VVS exceeded in the first blank the
acceptance criterion of ≤20.0 % compared to the signal at the
LLOQwith 64.8 and 71.2 %, respectively. This result demon-
strated that an injection of at least one rinse or blank sample
after highly concentrated samples is required prior to low con-
centration samples to avoid overestimation caused by carry-
over.

Accuracy and precision in rat serum

The accuracy and precision for the four QC levels at 3.00,
15.0, 450, and 750 μg mL−1 in three different rat serum
batches fulfilled the acceptance criteria. For the investi-
gated peptides, the inter-day accuracy ranged from -5.4 to
11.4 % whereas the precision was between 4.4 and 10.5 %
(Table 4). The intra-run bias and precision across three
different batches ranged from −13.3 to 16.8 % and 1.3

to 14.5 %, respectively (ESM, Table S4). The results in-
dicated that the developed LC-HRMS method was accu-
rate and precise not only between different serum batches
but also within individual batches. As the same inter-
peptide concentration values with a variation ≤3.0 % at
each QC level (Table 4) were obtained, it was demonstrat-
ed that the peptides were generated in a similar fashion
during tryptic digestion and that the same concentration
values were observed regardless of the tryptic surrogate
peptide selected.

Dilution factor

The QC sample at 5.00 mg mL−1 was diluted by a factor of
100-fold using blank rat serum resulting in a nominal concen-
tration of 50.0 μg mL−1. The mean back calculated concen-
tration was 5.34±0.31 mg mL−1 with a bias and precision
ranging from 3.1 to 14.0 % and 1.9 to 6.0 %, respectively
(ESM, Table S5). These results indicated that pre-clinical sam-
ples exhibiting a higher concentration than the qualified cali-
bration range can be diluted with blank matrix prior to
analysis.

Stability

The short-term stability data determined with two QC
levels at 750 and 15.0 μg mL−1 (ESM, Table S6) revealed
that the recombinant hIgG1A, was stable at room

Table 3 Inter-day accuracy and
precision for calibration standards
(Cs) on three validation days
using a quadratic regression in the
form of y= ax2+ bx+ c with a
weighting factor of 1/x2.
Coefficient of determination (R2)
was used to assess linearity

Peptide

R2 (n= 3)

Cs nominal concentration (μg mL−1) in rat serum

1,000 800 500 200 50.0 20.0 10.0 5.00 1.00
Inter-day accuracy and precision (n= 6)

GPS

0.9868 ± 0.0065

Mean
(μg mL−1)

1,022 783 483 206 52.6 19.7 10.1 4.59 1.01

Inter-day
accuracy
(% bias)

2.2 −2.2 −3.4 3.2 5.2 −1.3 1.3 −8.2 1.4

Inter-day
precision
(% CV)

11.5 13.2 14.2 9.0 7.2 4.5 9.8 7.8 6.3

TTP

0.9911 ± 0.0008

Mean (μg mL−1) 1,002 805 492 203 52.6 19.8 10.6 4.64 1.01

Inter-day
accuracy
(% bias)

0.2 0.7 −1.7 1.5 5.2 −1.1 5.9 −7.3 0.8

Inter-day
precision
(% CV)

9.3 6.0 8.4 7.5 7.1 7.4 9.5 5.8 14.8

VVS

0.9906 ± 0.0031

Mean (μg mL−1) 1,010 801 486 206 51.7 20.6 10.2 4.51 1.02

Inter-day
accuracy
(% bias)

1.0 0.1 −2.8 2.8 3.4 2.8 2.2 −9.8 1.7

Inter-day
precision
(% CV)

12.4 8.9 6.5 6.7 5.4 6.0 6.6 4.6 14.1
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temperature up to 48 h, since the % bias compared to the
expected concentration at t0 was between −8.6 and 4.8 %
depending which peptide was considered. It was further
demonstrated that the generated peptides were stable on
the auto-sampler after tryptic digestion for at least 30 h, as
the calculated mean bias was within ±20.0 % acceptance
criterion (GPS ≤9.7 %, TTP ≤4.8 %, and VVS ≤1.7 %).

Accuracy and precision in cynomolgus monkey serum

The question if mAbs can be quantified in a consistent
manner when spiked in a different matrix than rat serum
was also addressed in our investigations to further expand
the method. In this respect, hIgG1A was spiked at four
QC concentration levels in cynomolgus monkey serum.
Subsequently, the QC concentrations were back-
calculated against a calibration curve and an additional
set of QC samples prepared in rat serum (Table 5). The
resultant accuracies for GPS, TTP, and VVS ranged from
−6.9 to 13.0 % fulfilling the acceptance criterion of
±20.0 %. High matrix interference on the SRM transitions
of GPS caused inaccurate results at low concentrations in
cynomolgus monkey serum with the QqQ instruments re-
ported by Zhang et al. [23]. In contrast, a low bias with
−6.9 % was observed with TOF-SRM for the GPS peptide
at the low QC level (3× LLOQ) demonstrating its advan-
tage over QqQ instruments. Moreover, the precision with
the HRMS method was also within the acceptance crite-
rion of ≤20.0 % ranging from 1.0 to 13.3 %. Only the
precision in the GPS sample for the low QC level at
3.00 μg mL−1 exceeded the criterion by 7.1 % and was
therefore excluded for the analysis of hIgG1B in cyno-
molgus monkey samples.

Application to pre-clinical study

The present method was applied to one pre-clinical study in-
cluding five female cynomolgus monkeys which were dosed
i.v. once with the hIgG1B at 5.00 mg kg−1. In total, 35 serum
samples were either analyzed by LC-HRMS or with the con-
ventional LC-MS/MS approach. The mean concentration-
time profile of five individual monkeys taking the results from
both peptides (TTP and VVS) into account was typical for i.v.
administration of a therapeutic protein (Fig. 3a). The data
found with the GPS peptide were not included in the present
comparison due to the high variability in the cynomolgus
monkey QC samples. The reason for this high variability
remained unknown. No hIgG1B was detected in the pre-
dose samples for each individual cynomolgus monkey. The
obtained hIgG1B serum concentration-time profiles were
identical at each time point regardless the analytical assay.
The variation in the mean concentrations of five individual
cynomolgus monkeys obtained either with the TTP or the
VVS peptide was 2.7±1.7 % CV for the LC-HRMS analysis.
In contrast, the variation between both surrogate peptides was
slightly increased for the LC-MS/MS assay ranging from 3.7
to 8.5 % CV.

When the individual concentrations for each cynomolgus
monkey instead of the mean concentration were considered,
no significant deviation was revealed by plotting the mean
concentration for each surrogate peptide from the LC-
HRMS and LC-MS/MS assay against the bias between both
analytical assays (Fig. 3b). The mean bias between both ana-
lytical instruments observed with TTP and VVS was 6.5±6.7
and −0.1±6.6 %, respectively. All samples with exception of
one sample for TTP were within the acceptance criterion of
±20.0 % (dashed lines). These results indicated that equivalent

Table 4 Inter-day accuracy and
precision of the three generic
peptides in spiked rat serum on
three different days (n= 9)

Peptide QC nominal concentration (μg mL−1) in rat serum

750 450 15.0 3.00
Inter-day accuracy and precision (n = 9)

GPS Mean (μg mL−1) 722 435 15.8a 2.91

Inter-day accuracy (% bias) −3.7 −3.3 5.1 −2.9
Inter-day precision (% CV) 6.8 4.6 6.0 8.4

TTP Mean (μg mL−1) 744 434 16.7a 3.03a

Inter-day accuracy (% bias) −0.8 −3.6 11.4 0.9

Inter-day precision (% CV) 9.2 8.6 4.4 10.5

VVS Mean (μg mL−1) 722 426 16.4a 2.93

Inter-day accuracy (% bias) −3.7 −5.4 9.1 −2.5
Inter-day precision (% CV) 8.7 8.1 7.8 9.8

Inter-peptide mean (μg mL−1) 730 432 16.3 2.95

Inter-peptide SD (μg mL−1) 13 5 0.5 0.06

Inter-peptide precision (% CV) 1.8 1.2 3.0 2.1

a n= 8, one QC replicate on day 1 was excluded from calculations due to an issue during sample preparation
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data was generated on both platforms regardless of the peptide
selected. Thus, the developed LC-HRMS method was quan-
tifying the hIgG1B in a reliable fashion as already demonstrat-
ed with QC samples in cynomolgus monkey serum and could
be used as an alternative to conventional analytical assays
using QqQ mass analyzers.

Conclusion

The application of HRMS instruments in the field of qualita-
tive proteomics provides valuable information regarding drug-
antibody ratios or the determination of various glycan forms
of a mAb. However, therapeutic proteins can also be quanti-
fied in a reliable fashion with HRMS instruments using the
bottom-up approach as demonstrated. Consequently, the com-
bination of qualitative/quantitative approaches in targeted and
non-targeted analysis by one single instrument has a signifi-
cant impact and opens new opportunities to the pharmaceuti-
cal industry to support pre-clinical and clinical studies during
their drug development process of biotherapeutics in a regu-
lated environment. The major advantage associated with
HRMS instruments is the highly resolved isotopic pattern
which can increase the method selectivity, whereas the same
linear range, accuracy, and precision were obtained compared
to classical low resolution QqQ mass analyzers widely used
for quantification. Thus, more quantitative HRMS methods
will be established in the future as quantitative bioanalytical
LC-MS based assays are generally no longer limited to QqQ
instruments only due to the evolution of recent HRMS instru-
ments. As four different peptides were incorporated in the
described method, the approach can easily be adapted to other
modalities such as hIgG4, antibody-drug conjugates, or even
chimeric/bispecific antibodies based on human immunoglob-
ulin G. Since the samples can be prepared within one working
day and the analysis can run overnight by LC-HRMS, a

Table 5 Accuracy and precision
of the three generic peptides in
spiked cynomolgus monkey
serum (n= 3)

Peptide QC nominal concentration (μg mL−1) in cynomolgus monkey serum

750 450 15.0 3.00
Accuracy and precisiona (n = 3)

GPS Mean (μg mL−1) 778 497 14.8 2.79

Accuracy (% bias) 3.7 10.4 −1.5 −6.9
Precision (% CV) 2.5 13.0 4.4 27.1b

TTP Mean (μg mL−1) 745 452 16.9 3.20

Accuracy (% bias) −0.6 0.4 13.0 6.6

Precision (% CV) 11.5 13.3 4.2 4.4

VVS Mean (μg mL−1) 745 466 16.7 2.89

Accuracy (% bias) −0.7 3.6 11.3 −3.7
Precision (% CV) 7.7 9.2 1.0 5.8

a Measured against Cs prepared in rat serum, b acceptance criterion of ≤20.0 % CV not met

Fig. 3 a Mean concentration-time profile of pre-clinical cynomolgus
monkey serum samples analyzed with LC-HRMS and LC-MS/MS
(n = 30) and b bias versus mean concentration of both assays for
individual peptides (TTP and VVS) including ±20.0 % acceptance
criterion (dashed lines)
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certain throughput is also associated being an important aspect
for pharmaceutical industry.
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