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a b s t r a c t

Dynamic tracking analysis of monoclonal antibodies (mAbs) biotransformation in vivo is crucial, as
certain modifications could inactivate the protein and reduce drug efficacy. However, a particular chal-
lenge (i.e. immune recognition deficiencies) in biotransformation studies may arise when modifications
occur at the paratope recognized by the antigen. To address this limitation, a multi-epitope affinity
technology utilizing the metal organic framework (MOF)@Au@peptide@aptamer composite material was
proposed and developed by simultaneously immobilizing complementarity determining region (CDR)
mimotope peptide (HH24) and non-CDR mimotope aptamer (CH1S-6T) onto the surface of MOF@Au
nanocomposite. Comparative studies demonstrated that MOF@Au@peptide@aptamer exhibited signifi-
cantly enhanced enrichment capabilities for trastuzumab variants in comparison to mono-epitope af-
finity technology. Moreover, the higher deamidation ratio for LC-Asn-30 and isomerization ratio for HC-
Asn-55 can only be monitored by the novel bioanalytical platform based on MOF@Au@peptide@aptamer
and liquid chromatography-quadrupole time of flight-mass spectrometry (LC-QTOF-MS). Therefore,
multi-epitope affinity technology could effectively overcome the biases of traditional affinity materials
for key sites modification analysis of mAb. Particularly, the novel bioanalytical platform can be suc-
cessfully used for the tracking analysis of trastuzumab modifications in different biological fluids.
Compared to the spiked phosphate buffer (PB) model, faster modification trends were monitored in the
spiked serum and patients' sera due to the catalytic effect of plasma proteins and relevant proteases.
Differences in peptide modification levels of trastuzumab in patients' sera were also monitored. In
summary, the novel bioanalytical platform based on the multi-epitope affinity technology holds great
potentials for in vivo biotransformation analysis of mAb, contributing to improved understanding and
paving the way for future research and clinical applications.
© 2024 Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction [1e5]. However, most commercial mAbs are expressed in
Therapeutic monoclonal antibodies (mAbs) have made a
breakthrough in the treatment of cancer and autoimmune diseases
u), jzjjackson@hotmail.com

lf of Xi’an Jiaotong University. This
mammalian cell lines and undergo various enzyme-catalyzed or
spontaneous modifications on the backbones or side chains, lead-
ing to post-translational modifications (PTMs) such as deamidation,
isomerization, oxidation, glycosylation and glycation [6e9]. These
modifications located in the paratope recognized by the antigen,
such as trastuzumab LC-Asn-30 in complementarity-determining
region 1 (CDR1), HC-Asn-55 in CDR2 and HC-Asp-102 in CDR3,
may negatively affect binding to the target antigen, leading to the
loss of drug activity, inducing undesirable changes in immunoge-
nicity and pharmacokinetics (PK) [10e14]. In particular, major
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modifications may accelerate after administration of mAbs to the
patients. For example, HC-Asn-55 deamidation increased from
0.99% (day 0) to 2.87% (day 43), and HC-Asn-384/389 deamidation
increased from 16.62% (day 0) to 38.65% (day 43) in vivo [15].
Therefore, understanding themodifications or biotransformation of
mAbs in vivo is crucial for advancing drug discovery and develop-
ment, which can lead to the design of more robust drug candidates
with favorable in vivo PK properties or re-engineered to substitute
labile components with more stable alternatives [16e18].

In recent years, hybrid immunoaffinity liquid chromatography-
mass spectrometry (LC-MS) based on antigen functionalized ma-
terials has been developed for the analysis of mAb modifications in
biological fluids [19e23]. However, in vivo tracking analysis of mAb
modifications faces challenges due to the low mAb concentrations
and complex serum matrix containing high levels of endogenous
human immunoglobulin G (hIgG) [24,25]. Predictive in vitro
models, such as phosphate buffer (PB) or serum, are attractive al-
ternatives to in vivo studies, but ignore relevant proteases respon-
sible for mAb biotransformation in vivo [15,26]. Therefore, some
conflicting results have been reported between in vitro and in vivo
models [15]. For example, Yin et al. [27] evidenced that in vivomAb
modifications, including C-terminal lysine removal, deamidation,
pyroglutamic acid, thioether-linked heavy chain and light chain, are
not fully represented by in vitro PB or plasma incubation. Especially,
a particular challenge (i.e., immune recognition deficiencies) in
biotransformation studies may arise if the paratope recognized by
target antigen is modified or the modification at the CDR residues
of mAb results in a loss of interaction between drug and antigen-
based affinity material. To evaluate the potential bias between
antigen and anti-idiotypic antibody (anti-Id) based materials for
the quantitation of the related modifications, a head-to-head
comparative study was performed by Zhang et al. [28] and indi-
cated that no significantly detectable bias was found for the two
capture regents. However, the authors guess that the neutralizing
anti-Id and antigen may suffer the same biases (immune recogni-
tion deficiencies) because they bind to the similar regions of the
antibody. Polyclonal anti-Id could significantly reduce the risk of
immune recognition deficiency associated with traditional immu-
noaffinity materials, but inconsistency of polyclonal anti-Id lots and
cross-reactivity are common problems with this class of affinity
reagents. Therefore, reliable affinity technologies and bioanalytical
methods are desired for precise recognition and analysis of mAb
and its variants in vivo.

Inspired by the polyclonal anti-Id, a CDR modification-sensitive
antibody (trastuzumab, first-line therapy for breast cancer) was
selected as model drug in this study. Moreover, a multi-epitope
affinity technology that can bind to distinct regions of trastuzu-
mab was proposed for the precise recognition of trastuzumab and
relatedmodification variants in biological fluids. Based on the novel
technology, the metal organic framework (MOF)@Au@pepti-
de@aptamer composite material was developed by simultaneously
immobilizing CDR mimotope peptide (HH24) and non-CDR mim-
otope aptamer (CH1S-6T) onto the surface of MOF@Au nano-
composite. Moreover, different mono-epitope recognition
materials immobilized with peptide (MOF@Au@peptide) or
aptamer (MOF@Au@aptamer) were successively synthesized for
comparison. Comparative studies monitoring trastuzumab modi-
fications were carried out using three types of affinity materials
combined with liquid chromatography-quadrupole time of flight-
mass spectrometry (LC-QTOF-MS) at the peptide mapping level.
Based on the aforementioned insights, a novel bioanalytical plat-
form based on the multi-epitope affinity technology was estab-
lished, evaluated, and eventually investigated in practical
applications using a series of human epidermal growth factor re-
ceptor 2 (HER2)-positive breast cancer sera.
2

2. Materials and methods

2.1. Materials and reagents

HHHHHHGSGSGSQLGPYELWELSH (HH24) and HHHHHHGSG
SGS (HS12) peptides (98%) were synthesized by GenScript (Nanjing,
China). TTTTTTGTGTCCAGGGTTCCAAGGTGCTTCGTGGACAC (CH1S-
6T) and polyA-30 aptamers were synthesized by Sangon Biotech
(Shanghai, China). Trastuzumab was purchased from Roche Phar-
maceutical Co., Ltd. (Shanghai, China). Sequencing grade modified
trypsin was from Promega (Mannheim, Germany). Tris(hydrox-
ymethyl)aminomethane (Tris, 99.8%), urea (99%), DL-Dithiothreitol
(DTT, 99%), sodium azide (NaN3, 98%), monosodium phosphate
(NaH2PO4, 99%), disodium hydrogen phosphate (Na2HPO4, 99%),
ε-aminocaproic acid (EACA), triethylene tetramine (TETA), and
hydroxypropyl methyl cellulose (HPMC) were purchased from
Aladdin Chemicals (Shanghai, China). 2-Iodoacetamide (IAM, 97%)
was from Energy Chemical (Shanghai, China). Hydrochloric acid
(HCl, 36%) was obtained fromGuangzhou Chemical Reagent Factory
(Guangzhou, China). Formic acid (FA, MS grade) was bought from
Macklin (Shanghai, China). Acetonitrile (ACN, MS grade) was from
Merck (Darmstadt, Germany). Distilled water used in the mobile
phase was purchased from Watson's Food and Beverage Co., Ltd
(Guangzhou, China). Ultrapure water utilized for all the solution
preparations was obtained from an ultrapure water polishing sys-
tem (Omni-A, Xiamen, China). Serum of healthy individuals was
provided by the First Affiliated Hospital of Jinan University
(Guangzhou, China). Breast cancer patients' sera were provided by
the Dongguan People's Hospital (Dongguan, Guangdong, China). All
of the clinical samples have got the ethics approval (Approval
number: JNUKY-2023-0080).

2.2. Development of mono/multi-epitope affinity materials

The MOF@Au@peptide@aptamer composite material was
developed by simultaneously immobilizing CDR mimotope peptide
(HH24) and non-CDR mimotope aptamer (CH1S-6T) onto the sur-
face of MOF@Au nanocomposite (Fig. S1). Additionally, MOF@Au@
peptide was synthesized by immobilizing HH24 onto the surface of
MOF@Au nanocomposite and blocking with polyA-30, while
MOF@Au@aptamer was synthesized by immobilizing CH1S-6Tonto
the surface of MOF@Au nanocomposite and blocking with HS12. A
more detailed preparation process can be found in the Supple-
mentary data [29,30].

2.3. In vitro incubation of trastuzumab in PB and human serum

Trastuzumab was spiked into 20 mM PB (pH 7.4) or human
serum to achieve a final concentration of 1 mg/mL. The samples
were incubated at 37 �C in the presence of 0.2% sodium azide, with
1 mL of each sample being collected at the interval of 0, 4, 7, 14 and
21 days. Subsequently, all the collected samples were stored
at �80 �C until pretreatment for analysis.

2.4. Capillary zone electrophoresis (CZE) analysis of the incubated
trastuzumab in PB

CZE analysis was performed on a PA 800 Plus CE system using
the 32 Karat™ 8.0 Software from AB SCIEX (Foster City, CA, USA).
The temperature of the autosampler and capillary cartridge were
set at 10 �C and 20 �C, respectively. The running buffer wasmade up
of 4.275 mL buffer A (400 mM EACA, 2 mM TETA, pH 5.7) and
450 mL buffer B (1% HPMC). Polymicro bare fused silica capillaries
(50 cm total length, 40 cm effective length, 50 mm ID) were ob-
tained from Photonlines (Saint-Germain-en-Laye, France). The
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capillary was flushed with 0.1 M NaOH, 0.1 M HCl and water for
5 min at 20 psi prior to the first use, and then equilibrated with the
running buffer for 20 min between runs. Incubated trastuzumab
samples were injected for 30 s at 2 psi. The separation time and
voltage were 32 min and 28 kV. The monitoring wavelength of the
photodiode array detector was set at 280 nmwith a data sampling
rate of 4 Hz.

2.5. Secondary structure analysis of the incubated trastuzumab in
PB

A Chirascan circular dichroism (CD) spectrometer (Applied
Photophysics Ltd., Leatherhead, UK) was applied to analyze the
secondary structure of trastuzumab during the incubation period in
PB. To mitigate interference, phosphate and sodium azide in PB
samples were removed using a 10 kDa MWCO filter (Amicon Mil-
lipore Corporation, Bedford, MA, USA). Subsequently, the samples
were diluted with purified water to a 3 mM solution. Measurements
of the buffer and trastuzumab samples were performed using an
ultraviolet spectrophotometer at 25 �C, scanning from 195 to
260 nm with a bandwidth of 1 nm. The buffer spectrum was sub-
tracted from the sample spectra and converted to molar ellipticity.
Deconvolution was performed to estimate the secondary structure
of trastuzumab spectra. The secondary structure was calculated
considering the molecular weight of 148 kDa for trastuzumab and a
total number of 1,328 amino acids.

2.6. Purification of trastuzumab from breast cancer patients' sera

The serum samples were collected from five trastuzumab-
treated patients with HER2-positive breast cancer, and stored
at �80 �C before analysis. The samples were thawed at 4 �C for 1 h,
and then centrifuged at 3,000 rpm for 20 min. 200 mL supernatant
solution diluted threefold was mixed and incubated with 50 mL
MOF@Au@peptide@aptamer for 1 h, followed by centrifugation at
10,000 rpm for 5 min to collect the precipitation. Washing buffer
(10mM Tris-HCl, pH 7.0) was applied to remove the impurities for 3
times, with each time using 200 mL. Finally, 200 mL elution buffer
(0.1% FA, 25% ACN) was added and shaken for 2 h to obtain the
target trastuzumab.

2.7. Sample preparation for peptide mapping analysis

Firstly, the elution buffer of the samples was exchanged to
digestion buffer (10 M urea in 100 mM Tris-HCl, pH 8.0) using a
10 kDa MWCO filter according to the manufacturer's instructions.
Reduction was achieved by the addition of 0.5 M DTT to a final
concentration of 10mM, followed by incubation at 50 �C for 30min.
Alkylation was performed by adding 1 M IAM to a final concen-
tration of 20 mM and kept from light for 30 min at room temper-
ature. Then the buffer was dilutedwith 100mMTris-HCl (pH 8.0) to
a concentration of urea less than 1 M. Sequencing grade modified
trypsin was added at a 1:25 (enzyme:trastuzumab) mass ratio, and
digestion was allowed to proceed for a 3 h water bath at 37 �C.
Finally, 5% FA was added to a final concentration of 0.5% to termi-
nate the digestion.

2.8. LC-QTOF-MS analysis

The analyses were performed on an ExionLC™ AD system
coupled to a quadrupole time-of-flight mass spectrometer (X500R
Q-TOF, AB SCIEX). 20 mL of each samplewas injected into the system
and separated with an ACQUITY UPLC® BEH C18 column (2.1 mm
� 150 mm, 1.7 mm;Waters Corporation, Milford, MA, USA) at 60 �C.
3

The separations were carried out using 0.1% FA in water as mobile
phase A and 0.1% FA in ACN as mobile phase B at a flow rate of
0.2 mL/min. The gradient started at 2% B for 2 min, then gradually
increased to 40% B at 100min, followed by a quick decrease to 90% B
at 103 min, where it remained constant for 7 min. Subsequently, it
was reverted to 2% B at 111 min and kept for 9 min to allow for
equilibration.

The mass spectrometer was equipped with a TurboIonSpray (AB
SCIEX, Foster City, CA, USA) ion source and operated employing
electrospray ionization (ESI) source in positive mode. The ioniza-
tion settings were as follows: curtain gas, ion source gas 1 (nebu-
lizing gas) and ion source gas 2 (heater gas) pressures were set at
40, 50 and 50 psi, respectively; source temperature was set at
500 �C; ion spray voltage was set at 5,500 V.

Mass acquisition was performed using TOF-MS and TOF-MS/MS
scan with information-dependent acquisition (IDA) experiment.
The parameters used in TOF-MS scan were as follows: TOF mass
range, 100e2,000 Da; accumulation time, 0.15 s; declustering po-
tential (DP), 80 V; collision energy (CE), 10 V. TOF-MS/MS scan was
performed under the following conditions: maximum candidate
ions, 15; intensity threshold, 100 cps; TOF mass range,
50e2,000 Da; accumulation time, 0.06 s; charge state, 1 to 7; with
dynamic background subtraction and dynamic CE for MS/MS.

Data acquisition and analysis were controlled by SCIEX OS
software (version 2.1, AB SCIEX). The modified and unmodified
peptides with the highest charge response in the extracted ion
chromatograms (XICs) were selected for relative quantification.
3. Results and discussion

3.1. Peptide mapping analysis

For the modification or biotransformation analysis of mAb in
complex biological samples, a reliable analytical workflow was
firstly developed and evaluated by LC-QTOF-MS combined with
trypsin digestion. Fig. 1A showed the total ion chromatogram (TIC)
for the TOF-MS and TOF-MS/MS of the tryptic peptides of trastu-
zumab. Figs. 1BeF exhibited the XICs of peptides and the corre-
sponding modified peptides in the variable region of trastuzumab.
All the chromatographic peaks achieved baseline separation with a
long-time gradient elution, which was sufficient for relative
quantification.

Among these, asparagine (Asn) deamidation and isomerization
have beenwidely studied as critical quality attributes, as they could
affect the binding affinity of antibody to antigen if located in CDR
[31,32]. As can be seen in Figs. 2A and B, the deamidation of Asn in
some key sites (such as LC-Asn-30, HC-Asn-55 and HC-Asn-84)
produced a mass increase of approximately 0.98 Da for the modi-
fied peptides. Methionine (Met) or tryptophan oxidation could
result in conformational changes of mAb, which affect antibody
binding to fragment crystallizable (Fc) receptors and antigens, or
alter mAb stability and half-life [33]. Figs. 2C and D illustrate the
molecular mass of the oxidation products increased by about
15.99 Da due to the addition of one oxygen atom, such as LC-Met-4,
HC-Met-83 and HC-Met-107. In addition, N-terminal glutamate
(Glu) cyclization to form pyroglutamate (pGlu) generates charge
heterogeneity for mAb [34,35]. If the N-terminal residues are
located in the variable region or near the CDR, the pGlu formation
may affect target binding [36]. As shown in Figs. 2E and F, the mass
reduction of 18.01 Da implied the loss of one H2O molecule in the
process of cyclization. Collectively, the analytical workflow
exhibited good separation selectivity and MS intensity for the
identification and analysis of modified peptides in the target mAb.



Fig. 1. Peptide mapping analysis of trastuzumab incubated in phosphate buffer for 21 days. (A) Total ion chromatogram for the mass spectrometry (MS) and tandem mass
spectrometry (MS/MS). (B) Extracted ion chromatogram (XIC) of ASQDVNTAVAWYQQKPGKþ3 and the corresponding light chain (LC) N30 deamidation peptide in complementarity-
determining region (CDR) of the variable region. (C) XIC of IYPTNGYTRþ2 and the corresponding heavy chain (HC) N55 isomerization and deamidation peptides in CDR of the
variable region. (D) XIC of WGGDGFYAMDYWGQGTLVTVSSASTKþ3 and the corresponding HC D102 isomerization peptide in CDR of the variable region. (E) XIC of
EVQLVESGGGLVQPGGSLRþ3 and the corresponding HC E1 cyclization peptide in non-CDR of the variable region. (F) XIC of NTAYLQMNSLRþ2 and the corresponding HC N84
isomerization and deamidation peptides in non-CDR of the variable region.
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3.2. Comparative study of multi-epitope affinity technology versus
mono-epitope affinity technologies

To select the most suitable affinity technology for precise
enrichment of trastuzumab and its variants, the MOF@Au@peptide,
MOF@Au@aptamer and MOF@Au@peptide@aptamer were syn-
thesized and compared (Fig. 3). The modification sites and ratios in
CDR of the incubated trastuzumab were identified and compared
by three different analytical methods, and the key modification
sites of trastuzumab selected for analysis were shown in Fig. 4A.
Firstly, the highest enrichment recovery (93%) for trastuzumab was
achieved of MOF@Au@peptide@aptamer in comparison to that of
MOF@Au@peptide (70%), and MOF@Au@aptamer (90%), as
4

depicted in Fig. 4B. Besides, over 98% sequence coverage was ob-
tained for all the enriched trastuzumab by three affinity technol-
ogies (Fig. 4C). These peptide sequences and positions of
trastuzumab are listed in Tables S1 and S2 and the sequence
coverage information of trastuzumab enriched by these three af-
finity materials is summarized in Fig. S2.

Secondly, a pioneering bioanalytical platform was established
by combining various affinity technologies, trypsin digestion and
LC-QTOF-MS. The direct analysis results of the incubated trastu-
zumab were used as the control group. As depicted in Fig. S3, no
significant difference was observed for HC-N55-Dea, HC-N84-Dea,
HC-N84-Iso, HC-D102-Iso, HC-N318-Dea and HC-N384/392/393-
Dea from all the analytical results. However, as shown in Figs.



Fig. 2. Tandem mass spectrometry (MS/MS) spectra of the analyzed peptides. (A, B) MS/MS spectra of IYPTNGYTRþ2 and the corresponding heavy chain (HC) N55 deamidation
(Dea) peptide. (C, D) MS/MS spectra of NTAYLQMNSLRþ2 and the corresponding HC M83 oxidation (Oxi) peptide. (E, F) MS/MS spectra of EVQLVESGGGLVQPGGSLRþ3 and the
corresponding HC E1 cyclization (Cyc) peptide.

Fig. 3. Schematic illustration of comparative study of multi-epitope versus mono-epitope affinity technologies.

C. Zuo, J. Zhou, S. Bian et al. Journal of Pharmaceutical Analysis 14 (2024) 101015
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Fig. 4. Comparative study of multi-epitope affinity technology versus mono-epitope affinity technologies. (A) The key modification sites of trastuzumab selected for analysis. (B, C)
Comparisons of recovery (B) and sequence coverage (C) of trastuzumab captured by metal organic framework (MOF)@Au@peptide, MOF@Au@aptamer and MOF@Au@pepti-
de@aptamer. (DeI) Comparative results of light chain (LC) N30 deamidation (Dea) (DeF) and heavy chain (HC) N55 isomerization (Iso) (GeI) ratios of trastuzumab incubated for 7,
14 and 21 days after pretreatment with MOF@Au@peptide, MOF@Au@aptamer, MOF@Au@peptide@aptamer, with none as the control.

C. Zuo, J. Zhou, S. Bian et al. Journal of Pharmaceutical Analysis 14 (2024) 101015
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4DeF, compared to analytical methods based on the mono-epitope
affinity technologies, the multi-epitope affinity technology
revealed a higher deamidation ratio (35.99%) for Asn30 (located in
the CDR1 of light chain), which closely resembled the direct anal-
ysis results obtained from trastuzumab incubated for 7 days.
Similar phenomenon was also observed for the isomerization
analysis of Asn55 at the CDR2 of heavy chain (Figs. 4GeI). These
results highlight the superior performances of multi-epitope af-
finity technology in overcoming the immune recognition de-
ficiencies of traditional affinity technology, with enhanced
enrichment recovery and accurate modification monitoring.
Fig. 5. Variants analyses of the incubated trastuzumab from the intact protein level. (A) Ca
incubated in phosphate buffer for 0, 4, 7, 14 and 21 days.

Fig. 6. Specificity of the multi-epitope affinity technology. (A) Workflow of the analysis in c
(C) using metal organic framework (MOF)@Au@peptide@aptamer. Sodium dodecyl sulfate p
follows: LF: loading fraction; FT: flow through; W: washing fractions; E: elution fractions;

7

Thirdly, a series of trastuzumab spiked in PB over an extended
period of time (0, 4, 7, 14 and 21 days) were analyzed from the intact
protein level. As shown in Fig. 5A, after incubation in PB for 21 days,
the acidic charge variants were rapidly increased with a corre-
sponding decrease in the main peak of trastuzumab. The increase of
acid charge variants could be derived from the formation of Asn
deamidation, aspartic acid isomerization, Met oxidation and N-ter-
minal glutamic acid cyclization [37]. However, the secondary struc-
ture of the incubated trastuzumab remained largely intact over the
course of 21 days (Fig. 5B), indicating that these variants have a
limited impact on the secondary structure of target mAb.
pillary zone electrophoresis analysis and (B) circular dichroism spectra of trastuzumab

omplex biological fluids. (B, C) Enrichment of trastuzumab in blank (B) and spiked sera
olyacrylamide gel electrophoresis analysis (reducing condition) with different lanes as
M: protein marker; S: standard trastuzumab.
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3.3. Evaluation and application of the bioanalytical platform based
on the multi-epitope affinity technology

Leveraging the above superior performances, the novel bio-
analytical platform based on the multi-epitope affinity technology
was further employed for the tracking analysis of trastuzumab
modifications in an in vitro spiked serum model. Compared to the
PB model, there are high levels of endogenous IgGs at the con-
centration of 7e18 mg/mL in serum, which is 100e1,000 times the
concentration of circulating mAb in a typical pharmacokinetic
study [38e41]. Therefore, affinity technology with high specificity
Fig. 7. Evaluation of the bioanalytical platform based on the multi-epitope affinity techn
spectrometry (MS/MS) of (A) blank and (B) spiked sera. Extracted ion chromatograms for the
Extracted ion chromatograms for the non-CDR peptides of (E) blank and (F) spiked sera.
@Au@peptide@aptamer.

8

and anti-fouling ability was urgently desired. Fig. 6A illustrates the
analytical workflow based on the novel platform in complex bio-
logical fluids, such as spiked serum and patients' sera. As depicted
in Fig. 6B, the sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) analysis revealed the absence of interference
proteins in the elution fractions of blank serum. In contrast, the
elution fraction of the spiked serum exhibited two characteristic
peaks (Fig. 6C), corresponding to the heavy and light chains of
trastuzumab, respectively.

Moreover, for the detection of characteristic peptide segments,
the interference from blank serum became negligible following
ology. Total ion chromatograms for the mass spectrometry (MS) and tandem mass
complementarity-determining region (CDR) peptides of (C) blank and (D) spiked sera.

All the blank and spiked sera were pretreated with metal organic framework (MOF)



Fig. 8. Application of the bioanalytical platform based on the multi-epitope affinity technology. (A, B) Biotransformation analysis for complementarity-determining region (CDR) (A)
and non-CDR (B) amino acid sites of trastuzumab incubated in serum over 21 days. (C) Comparative results for the modification trends of trastuzumab incubated in phosphate buffer
(PB) and serum over 21 days. (D) Biotransformation analysis of trastuzumab in breast cancer patients' sera. LC: light chain; HC: heavy chain; Dea: deamidation; Iso: isomerization;
Oxi: oxidation; Cyc: cyclization.
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affinity pretreatment (Figs. 7A, C and E). In contrast, spiked serum
exhibited a significant mass response intensity for the target pep-
tides following affinity pretreatment (Figs. 7B, D and F). These re-
sults demonstrated the excellent specificity of the multi-epitope
affinity technology for trastuzumab and its excellent antifouling
ability towards interfering proteins in serum, thus overcoming the
limitations associated with nonspecific adsorption observed with
protein A/G/L [42] and KH19 based affinity materials [43].

To further investigate the application potential of the bio-
analytical platform, dynamic tracking analysis of trastuzumab
modifications in spiked serumwas performed. As described in Figs.
8A and B, incubation in serum for 21 days led to a rapid increase in
the deamidation level of LC-Asn-30 to aspartic acid, from 9.64%
(day 0) to 95.72% (day 21), while the deamidation ratio of HC-Asn-
55 to aspartic acid and isomerization to isoaspartic acid showed
moderate changes, such as from 2.20% (day 0) to 5.17% (day 21) for
deamidation and from 6.36% (day 0) to 26.55% (day 21) for isom-
erization. Similarly, slow changing trends were observed for the
isomerization of HC-Asp-102 and HC-Asn-84, the deamidation of
HC-Asn-84, and the oxidation of HC-Met-83, LC-Met-4, and HC-
Met-107. However, the conversion of Asn55 to aspartic acid
(Asp55) and the concomitant isomerization to isoaspartic acid
(isoAsp55) resulted in a significant decrease of bioactivity (>70%)
due to a reduction in antigen binding affinity [44]. In addition,
compared to the analytical results of the spiked PB model (Fig. S4),
more profound modification trends in deamidation, isomerization
and pyroglutamic acid cyclization of key amino acid sites were
observed in the spiked serum model (Fig. 8C), which may be
9

attributed to the catalytic effect of plasma proteins and relevant
proteases [45]. In summary, the bioanalytical platform demon-
strated great potential for exploring modification sites and trends
of the target mAb in complex biological fluids.

Finally, this bioanalytical platformwas applied for in vivo analysis
of trastuzumab biotransformation in HER2 positive patients' sera.
Blood samples were collected from five breast cancer patients after
trastuzumab administration. As summarized in Fig. 8D, all the key
modification sites of trastuzumab could be identified using this
platform in patients' sera. Moreover, similar modification trends
were observed between spiked serum and patients' sera. However,
diverse modification ratios across amino acid sites were observed
among different patients. This may be attributed to the factors like
patients' age, physical function, dietary habits and combination
medication. These findings may reveal the metabolic process of
trastuzumab after administration in actual patients, which is
meaningful for the early development and biotransformation
research of therapeutic mAbs and related products. Therefore, this
novel analytical platform holds great potential for studying the
biotransformation of therapeutic mAbs in clinical settings.

4. Conclusions

In this study, to overcome the immune recognition deficiencies
associated with traditional affinity methods, a multi-epitope af-
finity technology (MOF@Au@peptide@aptamer composite mate-
rial) was proposed and developed. Comparative studies revealed a
significantly improved enrichment capability for trastuzumab
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when utilizing this composite material, surpassing that of mono-
epitope affinity technology (MOF@Au@peptide or MOF@Au@ap-
tamer). Notably, the novel bioanalytical platform based on
MOF@Au@peptide@aptamer enabled the monitoring of higher
deamidation ratio for LC-Asn-30 and isomerization ratio for HC-
Asn-55. Leveraging these superior attributes, the novel bio-
analytical platform was successfully employed for the tracking
analysis of trastuzumab modifications across diverse biological
systems. Compared to the spiked PB model, faster modification
trends were observed in the spiked serum and patients' sera due to
the catalytic effect of plasma proteins and relevant proteases. In
conclusion, these findings not only provide an innovative bio-
analytical platform for dynamic in vivo biotransformation analysis
of target mAb, but also have the potential to extend the scope of
this field beyond its current academic boundaries.
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