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antification of co-administered
trastuzumab and pertuzumab in serum based on
nano-surface and molecular-orientation limited
(nSMOL) proteolysis

Liang Liu, †a Bo Sun,†b Junlong Cai,c Jiajun Wang,a Wei Liu, d Hankun Hu,a

Siyi Chen*a and Jianhua Wu*a

Monoclonal antibodies (mAbs) are pivotal therapeutic agents for various diseases, and effective treatment

hinges on attaining a specific threshold concentration of mAbs in patients. With the rising adoption of

combination therapy involving multiple mAbs, there arises a clinical demand for multiplexing assays

capable of measuring the concentrations of these mAbs. However, minimizing the complexity of serum

samples while achieving rapid and accurate quantification is difficult. In this work, we introduced a novel

method termed nano-surface and molecular orientation limited (nSMOL) proteolysis for the fragment of

antigen binding (Fab) region-selective proteolysis of co-administered trastuzumab and pertuzumab

based on the pore size difference between the protease nanoparticles (∼200 nm) and the resin-

captured antibody (∼100 nm). The hydrolyzed peptide fragments were then quantified using liquid

chromatography-tandem mass spectrometry (LC-MS/MS). In this process, the digestion time is

shortened, and the produced digestive peptides are greatly reduced, thereby minimizing sample

complexity and increasing detection accuracy. Assay linearity was confirmed within the ranges of 0.200–

200 mg mL−1 for trastuzumab and 0.300–200 mg mL−1 for pertuzumab. The intra- and inter-day

precision was within 9.52% and 8.32%, except for 12.5% and 10.8% for the lower limit of quantitation, and

the accuracy (bias%) was within 6.3%. Additionally, other validation parameters were evaluated, and all

the results met the acceptance criteria of the guiding principles. Our method demonstrated accuracy

and selectivity for the simultaneous determination of trastuzumab and pertuzumab in clinical samples,

addressing the limitation of ligand binding assays incapable of simultaneously quantifying mAbs targeting

the same receptor. This proposed assay provides a promising technical approach for realizing clinical

individualized precise treatment, especially for co-administered mAbs.
1 Introduction

In recent decades, therapeutic monoclonal antibodies (mAbs)
have emerged as a cornerstone in the treatment of various
diseases, including tumors and autoimmune disorders. With
over 130 mAbs approved for various treatments, their efficacy
has been notably impressive.1 However, ensuring optimal
therapy requires maintaining mAbs serum concentrations
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within a specic range. Elevated concentrations may result in
adverse effects, while insufficient levels may render treatments
ineffective. Studies have revealed signicant variability in the
serum levels of therapeutic mAbs among patients, with levels
varying by up to 10-fold within the same timeframe post-injec-
tion.2 Additionally, clinical research has demonstrated the
varying efficacy of iniximab in treating inammatory bowel
disease at different concentration levels.3,4 These ndings
underscore the importance of developing a universal method
capable of rapidly and accurately quantifying serum mAbs
concentrations. This is crucial for facilitating personalized
medication selection and reducing the risk of overprescribing
these costly drugs.

Trastuzumab, a humanized mAb targeting the human
epidermal growth factor receptor-2 (HER2), is frequently
employed in the management of HER2-positive breast cancer.
However, its effectiveness is oen hindered by the emergence of
drug resistance.5–7 Studies have indicated that combining
© 2024 The Author(s). Published by the Royal Society of Chemistry
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pertuzumab with trastuzumab results in enhanced activity
compared to using either drug alone, and clinical evidence has
showed that the co-administered schedule had dramatically
improved median progression-free survival and overall
survival.8–10 The co-administration of other mAbs, such as
nivolumab and ipilimumab, is also prevalent in clinical prac-
tice.11,12 Given the sharp rise in co-administration of mAbs, it is
crucial to develop a method capable of simultaneous quanti-
fying the co-administered mAbs in the serum for the thera-
peutic drug monitoring.

Ligand binding assays (LBAs), such as enzyme-linked
immunosorbent assays (ELISAs), are the predominant
methods used for determining serum mAb concentrations in
clinic.13 However, traditional ELISA methods oen involve
costly and time-consuming procedures for antibody production
during method development.14 In addition, those methods
display limited multiplexing capabilities due to the inuence of
cross-reaction, especially for mAbs targeting the same protein.15

Recently, liquid chromatography-tandem mass spectrometry
(LC-MS/MS) has gradually attracted widespread attention based
on its high sensitivity and specicity, high reproducibility, and
capability of multiplex analysis.16–18 Typically, target proteins,
including serum mAbs, are initially digested by proteolytic
enzyme (e.g., trypsin) into peptide fragments. The digestion of
whole serum can yield an abundance of tryptic peptides, some
of which are highly prevalent. However, the resolution of triple
quadrupole MS/MS systems may struggle to effectively separate
these peptides from the target peptide, leading to potentially
problematic interfering ion signals. A commonly employed
pretreatment assay involves using protein A/G to capture IgGs
since mAbs belong to the IgG class, which serves to reduce the
complexity of the serum. Nonetheless, as IgGs are the second
most abundant proteins in serum,19,20 the indiscriminate
hydrolysis of IgGs can also result in a large number of fragment
peptides through proteolytic enzymes. This process contributes
to unavoidable and increased background noise and worsened
ionization suppression, ultimately leading to data instability.
Furthermore, this process presents challenges such as long
incubation times and the use of excessive enzymatic reagents.
Therefore, developing a method that can further minimize
sample complexity while maintaining the specicity of the
target protein sequences and reducing assay time will greatly
enhance the applicability of therapeutic mAb quantitation in
clinical settings.
Fig. 1 Schematic illustration of simultaneous quantification of co-admi
tation limited (nSMOL) proteolysis.

© 2024 The Author(s). Published by the Royal Society of Chemistry
For humanizedmAbs, it is crucial that the signature peptides
originate from the complementarity-determining regions (CDR)
within the variable domain.21,22 This is because sequences
located elsewhere are conserved in endogenous human anti-
bodies. As a strategic approach, selective proteolysis of the
CDRs in the fragment of antigen binding (Fab) portion of mAbs
presents a promising method. Considering the above issues
comprehensively, a novel method termed the nano-surface and
molecular orientation limited (nSMOL) proteolysis was intro-
duced for quantitative analysis of mAbs by selective proteolysis
of the CDRs in the Fab of mAbs.23–25 In this design, the orien-
tational control of the mAb and the immobilization of protease
are key to success. Specically, the nSMOL proteolysis method
is characterized by several key features: (1) resin-immobilized
protein G selectively binds to the fragment crystallizable (Fc)
region of mAbs, facilitating the outward alignment of the Fab
region; (2) the protease is immobilized on the surface of
uniform spherical nanoparticles to enhance the contact area
between the protease and the substrate; (3) the Fab segment-
selective proteolysis is achieved through the disparity in pore
sizes between the protease nanoparticles (∼200 nm) and the
resin-captured antibody (∼100 nm).

In this study, taking trastuzumab and pertuzumab as an
example, we employed the nSMOL proteolysis for the enrich-
ment of co-administered therapeutic mAbs and preparation of
CDR peptides, and quantied their surrogate peptides by LC-
MS/MS (Fig. 1). Initially, the Fc region of the mAbs was selec-
tively captured by resin-immobilized protein G. Subsequently,
protease nanoparticles with larger pore diameters specically
targeted and hydrolyzed the Fab segments, with the resulting
digested peptides being collected through centrifugation. Ulti-
mately, the peptide fragments underwent quantication via LC-
MS/MS to ascertain the concentration of therapeutic mAbs
accurately.
2 Materials and methods
2.1 Chemicals and materials

Trastuzumab (Basel, Switzerland) and pertuzumab (GmBH,
Germany) were used to establish and verify the method.
nSMOL™ Antibody BA kit for Fab-selective proteolysis was
purchased from Shimadzu Co. Ltd (Tokyo, Japan). Peptides,
including synthetic surrogate peptides of mAbs and their stable
isotope-labeled internal standards (IS), were manufactured by
nistered mAbs in serum based on nano-surface and molecular-orien-
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ChinaPeptides Co. Ltd (Shanghai, China). Acetonitrile (ACN),
methanol (MeOH), triuoroacetic acid (TFA), and formic acid
(FA) were produced by Thermo Fisher Scientic (MA, USA).
Sequencing grade trypsin was purchased from Promega (WI,
USA). Deionized water was supplied by Zhiang (Shanghai,
China).

2.2 Blood samples collection

Blood samples of breast cancer patients treated with trastuzu-
mab or pertuzumab were collected from Zhongnan Hospital of
Wuhan University aer the approval of the ethical review
committee (no. 2022050K). Prior to being included in this study,
all participants were signed the informed consent form volun-
tarily. The collected blood samples were rst centrifuged at
1000g for 10 min. Then, the supernatant solution was trans-
ferred to a new tube and stored in −80 °C refrigerator until
analysis.

2.3 Calibration and quality control samples

The stock solution (10 mg mL−1) of trastuzumab and pertuzu-
mab was prepared according to the instructions and stored at
4 °C until use. Aer continuously diluting the storage solution
with blank serum, calibration standards with concentrations of
0.2, 0.4, 2, 10, 50 and 200 mg mL−1 were obtained for trastuzu-
mab, with concentrations of 0.3, 0.6, 2, 10, 50 and 200 mg mL−1

were obtained for pertuzumab. Quality controls (QCs) including
lower limit of quantication (LLOQ), low QC (LQC), medium QC
(MQC), and high QC (HQC) with corresponding concentrations
of 0.2, 0.6, 80, and 160 mg mL−1 were prepared for trastuzumab,
and 0.3, 0.9, 80, and 160 mg mL−1 for pertuzumab.

2.4 Sample processing procedures

A 5 mL aliquot of mixed mAb-spiked human serum underwent
a 10-fold dilution in PBS (pH 7.4) 0.1% n-octyl-b-D-thio-
glucopyranoside (OTG) to prevent nonspecic binding. Subse-
quently, the IgG fraction from the serum sample was isolated
using 12.5 mL of PBS-substituted AF-rprotein A resin (50%
slurry) in 95 mL of PBS with OTG, with gentle vortexing at 25 °C
for 5 min. The protein A resin was subsequently collected onto
an Ultrafree lter and subjected to two washes with 300 mL of
PBS containing OTG to eliminate other serum proteins, while
preserving IgGs. This was followed by an additional wash with
300 mL of PBS to remove detergents that could interfere with
column performance, minimize carryover, and optimize
peptide ionization in the electrospray ionization (ESI) interface.
Each wash was directly conducted through centrifugation (10
000g for 1 minute) using lter devices. Aer these washing
steps, the protein A resin was with 80 mL of the nSMOL reaction
solution. Subsequently, proteolysis was conducted using 5 mg
trypsin on FG-beads, with gentle vortexing at 50 °C for 5 h in
a saturated vapor, to ensure uniform contact between the
protein A resin and FG beads. Following nSMOL proteolysis, the
reaction was stopped by adding formic acid to a nal of 0.5%.
The proteolysis solution was collected through centrifugation at
10 000 × g for 1 minute and then magnetically separated to
remove the protein A resin and trypsin FG-beads. These analytes
19552 | RSC Adv., 2024, 14, 19550–19559
were then into low protein binding polypropylene vials for
analysis by LC-MS/MS.

2.5 LC-MS/MS conditions

The peptide fragments and samples were analyzed using an LC-
30A UPLC system paired with an LCMS-8050 triple-quadrupole
mass spectrometer (Shimadzu, Japan). The LC separation was
carried out utilizing an Agilent SB C18 column (2.7 mm, 30 mm
× 2.1 mm) held at 40 °C. The mobile phases comprised solvent
A (0.1% formic acid in water) and solvent B (0.1% formic acid in
acetonitrile). The injection volume was maintained at 5 mL, with
a ow rate of 0.4 mL min−1. The elution time of peptide MRM
analysis is 7 min: the initial concentration (10% solvent B)
running for 1 min, followed by a gradual increase to 90%
solvent B over 2 min, maintaining this level for an additional
4 min, and ultimately rapidly returning to the initial 10%
solvent B concentration within 1 min. In this study, specic MS
parameters were set for the MRM analysis, including an elec-
trospray ionization desolvation temperature of 350 °C, a gas
ow rate of 10 L min−1, unit resolution for both Q1 and Q3,
a capillary voltage of 4 kV, and a nebulizer pressure of 35 psi. All
MRM analyses were conducted in positive electrospray ioniza-
tion mode, with data interpretation and processing facilitated
through the utilization of the LabSolution soware, ensuring
accurate and comprehensive analysis of the results obtained.

2.6 Investigation of analytical performance

The method validation was meticulously conducted following
the 2018 FDA bioanalytical guidance. Calibration curves for
trastuzumab and pertuzumab in MRM analysis were con-
structed by serially diluting their stock solutions with pooled
blank serum. To assess accuracy and precision, four levels of QC
samples were analyzed over three separate days and runs, with
each sample undergoing six repetitions. Accuracy was gauged
by comparing the ratio of the average calculated concentration
to the nominal value of the sample, while precision was deter-
mined by calculating the coefficient of variation from repeated
measurements. Selectivity was examined by analyzing aliquots
of blank serum from six individual patients without using target
drugs. The result was determined by comparing the chro-
matograms of blank serum with the spiked LLOQ samples.

3 Results and discussion
3.1 Selection of surrogate peptide

To effectively quantify macromolecules in MS-based targeted
proteomics, it is crucial to minimize sample complexity inter-
ference and ensure the specicity of target proteins. Unlike
traditional proteins, antibodies consist of Fc and Fab regions,
with the CDRs within the Fab playing a crucial role in antibody
differentiation. An ideal surrogate peptide should meet specic
criteria outlined in our previous research: it must possess
a unique sequence unaffected by other proteins, have a peptide
length ranging from 6 to 16 amino acids, lack specic amino
acid sequences (such as KK and RR) in the tryptic digestion
region, and avoid excessive hydrophobic amino acids.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Potential candidate peptides of trastuzumab and pertuzumab

Drug Position Sequence Calculated m/z Domain

Trastuzumab 51–59 IYPTNGYTR 1084.5 H-chain
68–76 FTISADTSK 969.5 H-chain
44–50 GLEWVAR 830.5 H-chain
60–65 YADSVK 682.3 H-chain
46–61 LLIYSASFLYSGVPSR 1773.0 L-chain

Pertuzumab 46–54 LLIYSASYR 1085.6 L-chain
55–61 YTGVPSR 779.4 L-chain
68–74 FTLSVDR 837.4 H-chain
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In this study, we initially predicted the enzymatic peptides of
trastuzumab and pertuzumab through in silico trypsin digestion
using PeptideMass. Following the stringent selection criteria for
optimal surrogate peptides, several distinctive peptides from
the CDRs of trastuzumab and pertuzumab were identied as
potential candidates, as detailed in Table 1. Subsequently,
mixed standard solutions (10 mg mL−1) of trastuzumab and
pertuzumab underwent enzymatic hydrolysis following the
nSMOL kit instructions and were analyzed using LC-MS/MS.
Finally, FTISADTSK was chosen as the surrogate peptide for
trastuzumab, while FTLSVDR was selected for pertuzumab due
to their superior MRM response quality, minimal background
signal, and strong correlation with target mAb concentrations.
Specically, the doubly charged ions m/z 485.5 and m/z 419.2
exhibited peak mass responses for FTISADTSK and FTLSVDR
during scanning. Moreover, for enhanced sensitivity, sequence-
specic b and y ions with high signal-to-noise ratios (S/N) were
identied, such as b2 m/z 249.1, y3 m/z 335.0, and y6 m/z 608.2
Fig. 2 Fragment ion spectrum (B) and LC-MS/MS chromatograms (D)
spectrum (A) and LC-MS/MS chromatograms (C) of the surrogate peptid

© 2024 The Author(s). Published by the Royal Society of Chemistry
for FTISADTSK, and b2 m/z 249.1, y3 m/z 389.2, and y6 m/z 690.3
for FTLSVDR. The product ion spectra and LC-MS/MS chro-
matograms are depicted in Fig. 2.

To ensure high-precision quantitative results, the inclusion
of internal standards (IS) is crucial to correct experimental
variability in MS analysis. In this study, synthetic stable isotope-
labeled peptide (*FTISADTSK) featuring 13C9

15N-labeled
phenylalanine was utilized as IS peptide to mitigate detection
uctuations. Notably, the molecular mass of the stable isotope-
labeled IS peptide increased by 10 Da compared to the natural
surrogate peptide.

3.2 Digestion efficiency

To ensure precise quantitative outcomes, optimal digestion
efficiency is paramount in selecting surrogate peptides and
establishing MS assays. However, assessing efficiency at the full
antibody level presents challenges. Drawing from prior
research, we employed substrate peptides—consisting of
of the surrogate peptide FTISADTSK for trastuzumab, fragment ion
e FTLSVDR for pertuzumab.

RSC Adv., 2024, 14, 19550–19559 | 19553
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Fig. 3 Digestion efficiency of the surrogate peptide of trastuzumab and pertuzumab. In this study, we used a longer sequence containing the
surrogate peptide to simulate mAbs.
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several amino acids extended at both ends of the surrogate
peptides—to mimic the target proteins and gauge digestion
efficiency. In this study, the synthesized substrate peptides
19554 | RSC Adv., 2024, 14, 19550–19559
GRFTISADTSK NT ðGT13Þ for trastuzumab and
GRFTLSVDR SK ðGK11Þ for pertuzumab were embedded in
a blank matrix and subjected to trypsin digestion. As shown in
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Representative calibration curve for the (A) trastuzumab standards (0.2–200 mg mL−1) and (B) pertuzumab standards (0.3–200 mg mL−1).
Relative peak area ratio of the mAb and the stable isotope-labeled internal standard was plotted against concentration.
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Fig. 3, their digestion efficiencies were 98.23% and 98.38% by
calculating the response ratio of the surrogate peptide produced
by the digestion of the substrate peptide to an equimolar
surrogate peptide standard, respectively. It is worth noting that
this method overlooks spatial effects, which may potentially
lead to slightly inated measured digestion efficiency results
compared to actual values.
3.3 Investigation of analytical performance

In this study, for selectivity test, no interfering peaks were
detected at the retention times of the surrogate peptides in the
blank human serum samples. Furthermore, spike-in selectivity
was within the criteria for both trastuzumab and pertuzumab.
Calibration standards and QC samples were prepared using
blank serum as the matrix. Utilizing a weighted linear regres-
sion model, calibration curves were constructed by plotting the
relative peak area ratio of the surrogate peptides and their
internal standards (IS) against monoclonal antibody (mAbs)
concentrations, applying a weighting factor of 1/x2. As depicted
in Fig. 4, the calibration curves for trastuzumab and pertuzu-
mab spanned concentration ranges from 0.2 to 200 mg mL−1

and 0.3 to 200 mg mL−1, respectively, all exhibiting strong
correlation coefficients (R2 > 0.99). Moreover, the limit of
quantication (LOQ) was established at 0.2 mg mL−1 for tras-
tuzumab and 0.3 mg mL−1 for pertuzumab, as illustrated in
Fig. 5.
Fig. 5 The representative LLOQ chromatograms of (A) trastuzumab and

© 2024 The Author(s). Published by the Royal Society of Chemistry
Furthermore, the assay's robustness was validated by exam-
ining the QC samples. Intra- and inter-day precision were
assessed using the percent coefficient of variation (% CV), while
accuracy was evaluated based on the ratio of the averaged values
to their actual values (% bias). As outlined in Table 2, both
precision and accuracy fell within the specied acceptance
criteria ranges (#±15%, LLOQ # ±20%).

3.4 Quantication of trastuzumab and pertuzumab in
serum samples

The strategy based on nSMOL proteolysis was nally performed
to quantitatively measure the levels of trastuzumab and pertu-
zumab in serum samples of breast cancer patients who were
treated with the above two drugs. In this study, serum samples
from twelve breast cancer patients were collected immediately
before the next administration of trastuzumab and pertuzumab
(21 days). The measurement results are shown in Fig. 6,
revealing discrepancies in the concentration of mAbs among
different patients at the same time point aer injection. In the
limited samples, the concentration difference of trastuzumab is
approximately fourfold, and that of pertuzumab is about ve-
fold. This variation is probably attributed to the differences in
patients' age, degree of illness, concomitant medication, and
genetic characteristics.

Furthermore, we employed a traditional affinity purication
method as the standard method to measure the same serum
samples for validation of our proposed method. Briey, the
(B) pertuzumab.

RSC Adv., 2024, 14, 19550–19559 | 19555

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra03060e


Table 2 Intra-day and inter-day accuracy and precision data for assay validation

Pretreatment mode mAb QC
Set
(mg mL−1)

Mean
(mg mL−1) % Bias

Intra-day precision
(% CV)

Inter-day precision
(% CV)

Mixed Trastuzumab LLOQ 0.200 0.206 2.80 9.46 10.8
LQC 0.600 0.619 3.17 3.69 5.58
MQC 40.0 42.5 6.30 5.29 7.21
HQC 160 159 −0.94 4.26 5.38

Pertuzumab LLOQ 0.300 0.293 −2.33 12.5 10.6
LQC 0.900 0.942 4.69 9.52 8.32
MQC 40.0 41.7 4.17 4.76 6.93
HQC 160 164 2.50 5.77 6.19

Individual Trastuzumab LLOQ 0.200 0.209 4.52 10.7 11.8
LQC 0.600 0.576 4.12 6.62 7.83
MQC 40.0 42.8 7.14 5.25 6.12
HQC 160 165 3.13 4.24 3.73

Pertuzumab LLOQ 0.300 0.311 3.67 13.2 11.4
LQC 0.900 0.962 6.89 7.21 6.42
MQC 40.0 41.2 3.02 8.36 7.35
HQC 160 163 1.88 4.81 3.75

Fig. 6 Quantification of co-administered trastuzumab and pertuzu-
mab in serum samples of 12 breast cancer patients. The graph was
drawn using Graph Prism 5, the long line represents the average and
the short line represents the deviation.
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concentrations of trastuzumab and pertuzumab were deter-
mined in 10 mL serum samples aer extraction by affinity
purication through protein G UltraLink resin (Thermo Fisher
Fig. 7 Passing–Bablok regression analysis for traditional method vs. nSM
to the regression line, the short dashed lines represent the 95% confiden
bisector.

19556 | RSC Adv., 2024, 14, 19550–19559
Scientic), followed by on-bead reduction, alkylation, and
trypsin digestion.26 The LOQs were 0.5 and 0.6 mg mL−1 for
trastuzumab and pertuzumab, and the calibration curves were
0.5–200 mg mL−1 and 0.6–200 mg mL−1 for trastuzumab and
pertuzumab. Passing–Bablok regression analysis was per-
formed for method comparison using MedCalc soware
(V20.0). As shown in Fig. 7, our assay was correlated well with
the traditional method (for trastuzumab, y = −1.291 + 1.015x, r
= 0.951; for pertuzumab, y = −1.620 + 1.009x, r = 0.993),
indicating that our newly proposed method was feasible for
quantication of trastuzumab and pertuzumab in human
serum.
3.5 Comparison with reported methods

When developing an LC-MS/MS method for a therapeutic mAb,
there are numerous available pathways and methodological
considerations. A crucial factor to consider is the type of sample
clean-up that will be performed. In the proposed method, the
OL for (A) trastuzumab and (B) pertuzumab. The solid line corresponds
ce interval for the regression line, and the long dished lines represent

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparison of different pretreatment methods for detection of co-administered mAbs using LC-MS/MS. The parameters include the
serum volume, pretreatment method, internal standard, limit of quantification (LOQ), and calibration curves

Serum volume (mL) Pretreatment method Internal standard
Ruduction and
alkylation LOQ (mg mL−1)

Calibration curve
(mg mL−1) Ref.

25 Methanol precipitation Iniximab Need 2.0 for T 2.0 to 400 for T 27
2.0 for P 2.0 to 400 for P

10 Affinity purication through
protein A beads

DTLMIS*R Need 0.25 for T 0.25–250 for T 26
0.50 for P 0.50–500 for P

10 Affinity purication through
protein G beads

Tocilizumab Need 2.5–10a 10–200 28

5 Affinity purication through
protein A resin

*FTISADTSK Not need 0.20 for T 0.20–200 for T This study
0.30 for P 0.30–200 for P

a Five mAbs were measured, including bevacizumab, evolocumab, nivolumab, pembrolizumab, and trastuzumab, the LOQs were within 2.5–10 mg
mL−1. T means trastuzumab and P means pertuzumab.
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Fab segment-selective proteolysis is achieved through the
disparity in pore sizes between the protease nanoparticles and
the resin-captured antibody. In this process, the digestion time
is shortened, and the produced digestive peptides are greatly
reduced, thereby minimizing sample complexity and increasing
detection accuracy. Recently, other procedures have been re-
ported for the simultaneous determination of co-
administration mAbs, as shown in Table 3. Schokker S. et al.
reported a commonly used method for detecting trastuzumab
and pertuzumab using on beads digestion aer protein A
purication.26 Gui L. L. et al. proposed an assay using methanol
precipitation and ammonium bicarbonate denaturation,27

however, the process of removing the residual supernatant by
placing the plate upside down on a clean and dry tissue may
affect the quantitative results before IS was added. Chiu H. H.
et al. reported a quantication method for ve mAbs using
protein G beads for affinity purication, followed by on-beads
digestion,28 however, the process of thermal denaturation of
mAbs at 90 °C for 25 min may lead to protein A leakage, which
can reduce the sensitivity of the method. For all those reported
methods, they all need a reduction and alkylation process, and
our method does not require these steps and is relatively
concise. What is more, given the smaller serum volume used in
our method, we think our method is more sensitivity compared
with those methods, which may be due to the selective prote-
olysis of the Fab region of mAbs resulting in minimized sample
complexity.
4 Conclusions

In conclusion, we have successfully developed an efficient and
reproducible LC-MS/MS method for quantifying co-
administered therapeutic mAbs using the nSMOL strategy.
This method effectively simplies sample complexity by selec-
tively digesting the CDR in the Fab of mAbs, enabling rapid and
precise quantication. Validation results have demonstrated
that nSMOL fully meets validation criteria, even when simul-
taneously determining multiple co-administered mAbs in QC
and clinical patient samples. The enhanced sample preparation
protocol signicantly improves the practicality of handling
© 2024 The Author(s). Published by the Royal Society of Chemistry
numerous clinical samples with the highly selective LC-MS/MS
method. Therefore, this approach could serve as a versatile
method for monitoring therapeutic drug levels of co-
administered mAbs.
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