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Abstract The dynamic tracking of antibody‒drug conjugates (ADCs) in serum is crucial. However, a

versatile bioanalytical platform is lacking due to serious matrix interferences, the heterogeneity

and complex biotransformation of ADCs, and the recognition deficiencies of traditional

affinity technologies. To overcome this, a multiepitope recognition technology (MERT) was developed

by simultaneously immobilizing CDR and non-CDR ligands onto MOF@AuNPs. MERT’s excellent

specificity, ultrahigh ligand density, and potential synergistic recognition ability enable it to target the

different key regions of ADCs to overcome the deficiencies of traditional technologies. The

binding capacity of MERT for antibodies is ten to hundred times higher than that of the mono-epitope

or Fc-specific affinity technologies. Since MERT can efficiently capture target ADCs from serum, a novel

bioanalytical platform based on MERT and RPLC‒QTOF-MS has been developed to monitor the
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dynamic changes of ADCs in serum, including the fast changes of drug-to-antibody ratio from 3.67 to

0.22, the loss of payloads (maytansinol), and the unexpected hydrolysis of the succinimide ring of the

linker, which will contribute to clarify the fate of ADCs and provide a theoretical basis for future design.

In summary, the MERT-based versatile platform will open a new avenue for in-depth studies of ADCs in

biological fluids.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Antibody‒drug conjugates (ADCs), which combine the specificity
of monoclonal antibodies (mAbs) with the potency of highly
cytotoxic agents, have emerged as a new class of smart
biopharmaceuticals for both solid and hematological
malignancies1e3. However, to date, the clinical trials of 92 ADC
candidates out of over 260 have had to be terminated because of
intolerable toxicity and insufficient therapeutic efficacy4,5. It has
been reported that less than 1%e2% of an ADC reaches the tumor
in humans, while the remainder potentially causes unwanted off-
target toxicities6e8. Moreover, the complex biotransformation of
ADCs after administration to patients, including linker cleavage,
payload deconjugation or metabolism, and antibody modifica-
tions, could reduce its bioactivity, and induce undesirable changes
in pharmacokinetic (PK) properties, drug-to-antibody ratio
(DAR), and immunogenicity9,10, which could restrict their
development11. Therefore, the dynamic tracking of DAR and
biotransformation of ADCs in the blood circulatory system is of
high interest for their early-stage development.

However, due to the uncontrollability of the conjugation pro-
cess, highly heterogeneous ADCs commonly contain plenty of
species with varying DARs as well as drugs attached at various
conjugation sites5,11e13. Moreover, the analytical challenges are
further increased due to the dynamic changes of DAR in the
in vivo circulation, accompanied by the biotransformation of
linkers, small molecule drugs and antibodies, and the serious
matrix interferences of serum samples containing high homology
IgGs (7e18 mg/mL)14,15. Even though enzyme-linked immuno-
sorbent assay (ELISA) can provide total antibody concentration
in vivo, it cannot monitor DAR and any structural information16.
To cope with these challenges, immunoaffinity LC‒HRMS was
recently developed for ADC biotransformation assessment with
excellent sensitivity, mass accuracy/resolution, and abundant
structure information14,17. Nevertheless, some inherent limita-
tions, including the requirement of biotinylated antigens or anti-
idiotypic (anti-id) antibodies for ADC capture, the high
manufacturing costs, instability, and low antibody binding ca-
pacity of immunoaffinity materials, need to be resolved18.
Furthermore, some particular challenges for ADC analysis could
happen if the epitope that is recognized by the antigen is modified
or if the modifications (deamidation19 isomerization20 and
oxidation21) of the key residues at the complementarity-
determining region (CDR) of the antibody results in a loss of
interaction between the drug and the immunoaffinity
ligand19,22e26. Especially, the introduction of small molecule
drugs can significantly enhance the steric hindrance between ADC
and affinity ligands. Due to steric hindrance or low affinity, ADCs
with different DARs may have different binding abilities to
immunoaffinity materials, resulting in the loss of some key ADCs
and affecting the analytical method accuracy27e29. For instance,
Stephan et al. found that the increase of the small molecule drug
load on the antibody could decrease the target anti-CD22-MCC-
DM1 binding to the antigen27,29. How to overcome these immune
recognition deficiencies of traditional affinity technologies and
develop a reliable bioanalytical method remain major challenges.

Antigen mimotope peptides, which can specifically bind to the
CDRs of the target mAb, were recently proposed as “surrogate
antigens” for mAb recognition18. To date, few antigens (cluster of
differentiation 20, epidermal growth factor receptor) mimotope
peptides have been used to construct biosensors for precise
monitoring of mAbs30e32 as well as to develop affinity materials
for the enrichment and modification analysis of mAbs in patient
serum15,33,34. Although mimotope peptide-based affinity technol-
ogy can overcome the high manufacturing costs and instability of
the antigen18 and even significantly improve the antibody binding
capacity by combining it with composite microparticles35, their
mono-epitope recognition property could hardly overcome the
above immune recognition deficiencies for ADC analysis.

Similar challenges also occur in the immune recognition of
tumor cells by mAbs (Scheme 1). When the antigenic epitope on
tumor cells is lost or mutated, the mAb is unable to produce an
effective immune response, leading to an unexpected immune
escape of tumor cells. Fortunately, bispecific antibodies (BsAbs),
which can recognize two different epitopes, were successfully
developed to overcome the immune escape of tumor cells by
blocking two different signaling pathways simultaneously36e38.
Inspired by BsAbs, a novel multiepitope recognition technology
(MERT) was proposed for the first time to specifically bind to
distinct regions [CDR and non-CDR in antigen-binding fragment
(Fab)] of the target ADC. MERTwas developed by simultaneously
immobilizing a mimotope peptide (HH24) of human epidermal
growth factor receptor 2 (HER2) and an aptamer (CH1S-6T) onto
the surface of MOF@AuNPs (Scheme 1). The potential syner-
gistic binding effects of these two ligands could enhance their
binding ability towards the target ADC, improve the specificity
and anti-fouling ability of MOF@Au@HH24@CH1S-6T, and
thus overcome the immune recognition deficiencies of traditional
affinity materials. These advantages were confirmed by compari-
son studies of MOF@Au@HH24, MOF@Au@CH1S-6T, and
MOF@Au@HH24@CH1S-6T for antibody or ADC analysis.
Considering that clinical samples are typically not available in the
early-stage development of ADC candidates, in vitro serum
models were used to evaluate ADC biotransformation and predict
in vivo results39. Therefore, a novel bioanalytical platform for
ADC subunit evaluation was then constructed by combining
highly efficient RPLC‒QTOF-MS with MERT. Moreover, the
dynamic monitoring of DAR, drug load distribution (DLD), and
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Scheme 1 Design diagram of the multiepitope recognition material (MOF@Au@HH24@CH1S-6T).
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biotransformation of anti-HER2 ADC candidates in spiked human
serum were performed using this bioanalytical platform.
2. Results and discussion

2.1. Development of the multiepitope recognition material

To fabricate a multiepitope recognition material with high-density
ligands and excellent properties, the metal-organic framework
(MOF) with high specific surface area and abundant Fe3þ binding
sites, NH2-MIL-101(Fe), was synthesized as the main structure of
MERT. Moreover, compared to other MOFs (Cu-BTC, MOF-74,
and MOF-5), NH2-MIL-101(Fe) possesses better stability in
aqueous solutions, which can withstand continuous capture-
washing-elution process for the further practical application40,41.
Gold nanoparticles (AuNPs) were then grown in situ onto the
surface of NH2-MIL-101(Fe) to form MOF@AuNPs via electro-
static interactions of positively charged [NH4]

þ with [AuCl4]
‒

(Scheme 1). To enhance their specificity, target binding capacity,
and anti-fouling ability, MOF@AuNPs were functionalized with a
mass of CDR-specific ligands (HH24) and non-CDR-specific li-
gands (CH1S-6T). Commonly, the HH24 peptide was immobi-
lized onto the NH2-MIL-101(Fe) surface via metal chelation
interactions between its His-tag and Fe3þ ions in MOF, while the
CH1S-6T aptamer with sulfhydryl group was immobilized by Au-
S bond on the surface of AuNPs. In addition, the short peptide
HS12 (its polyhistidine tag can effectively shield the resultant
metal ion sites on the material’s surfaces) and an oligonucleotide
sequence poly A (it has a strong anti-fouling ability on Au sur-
faces comparable to Au-S chemical bonds) were successively
immobilized on the surface of MOF@Au@HH24@CH1S-6T to
prevent the non-specific interferences of residual Fe3þ and Au
sites30,31. Finally, MOF@Au@HH24 and MOF@Au@CH1S-6T
were synthesized using a similar method for comparison studies.
The morphologies of NH2-MIL-101(Fe) and MOF@AuNPs
were observed by scanning electron microscope (SEM), energy
dispersive spectrometer (EDS), and transmission electron micro-
scope (TEM). As shown in Fig. 1a‒c, the sizes of the obtained
NH2-MIL-101(Fe) and the AuNPs grown on its surface were about
300e500 nm and 10e20 nm, respectively. EDS mapping results
(Fig. 1d‒i) prove the distribution of the different elements (C, N,
O, Fe, Au) in MOF@AuNPs. Fig. 1j further shows the XRD
patterns of NH2-MIL-101(Fe) and MOF@AuNPs. Major peaks
were present at thetas of 9.45 and 10.13, which can be attributed to
NH2-MIL-101(Fe), while peaks at thetas of 37.15, 43.97, 64.12,
and 77.51, can be assigned to the characteristic peaks of AuNPs.
The XPS spectra (Fig. 1k) also confirmed that MOF@AuNPs
contained C, N, O, Fe, and Au elements. The above results well
demonstrated the successful growth of AuNPs onto NH2-MIL-
101(Fe). As illustrated by zeta-potential analysis (Fig. 1l), the
surface charge of NH2-MIL-101(Fe) was changed from positive to
negative after the in-situ growth of AuNPs. Then the
functionalization of MOF@AuNPs with the electrically neutral
HH24 (pI z 6.57) reduced the surface electronegativity of the
obtained material. However, the subsequent anchoring of the
negatively charged CH1S-6T on the Au surface increased the
electronegativity of the resultant material. Those changes in zeta
potential proved the effective immobilization of affinity ligands on
the MOF@AuNPs. Fourier transform infrared spectroscopy (FT-
IR) spectra were taken to further evaluate whether these ligands
were anchored on the surface of MOF@AuNPs. As shown in
Fig. 1m, after modification of MOF@AuNPs with HH24, the
peaks at 1577 and 1680 cm�1 were enhanced (curve iv vs curve
ii), which may be caused by the carboxylate and amide groups of
the immobilized peptide. After further functionalization of
MOF@Au@HH24 with CH1S-6T, the characteristic peaks at
2931 and 2847 cm�1 have sprung up (curves iii and v) and can be
assigned to the vibration of eCH3 in the aptamer, while peaks at
1154 and 1059 cm�1 can be attributed to the phosphate radical in



Figure 1 (a) SEM and (b) TEM observations of NH2-MIL-101(Fe). (c) TEM and (d)‒(i) EDS mapping results of MOF@AuNPs. (j) XRD

patterns of NH2-MIL-101(Fe) and MOF@AuNPs. (k) XPS spectra of NH2-MIL-101(Fe), MOF@AuNPs, and MOF@Au@HH24@CH1S-6T. (l)

Zeta potentials of MOF, MOF@AuNPs, MOF@Au@HH24, and MOF@Au@HH24@CH1S-6T. (m) FT-IR spectra of (i) NH2-MIL-101(Fe), (ii)

MOF@AuNPs, (iii) MOF@Au@CH1S-6T, (iv) MOF@Au@HH24, (v) MOF@Au@HH24@CH1S-6T.
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the aptamer. Moreover, benefitting from the abundant Fe3þ and Au
binding sites of MOF@AuNPs, superior ligand densities for
HH24 (about 425.8 mg/g material), and CH1S-6T (about
0.86 mmol/g material) were achieved. Therefore, the
MOF@Au@HH24@CH1S-6T with excellent properties and
ligand densities was successfully fabricated for further
applications.

2.2. Comparative studies of the multiepitope recognition
material with the mono-epitope affinity materials and other
previously reported materials

Trastuzumab is the main antibody unit of anti-HER2
ADCs (commercial Kadcyla, Enhertu, and candidate BAT8001),
so it can be selected as an initial model protein for the optimi-
zation of recognition conditions. After optimization of the
recognition conditions (Supporting Information Fig. S1 and
Section S2.1), a comparison between MOF@Au@HH24@CH1S-
6T, MOF@Au@HH24, and MOF@Au@CH1S-6Twas performed
to evaluate the superiority of the multiepitope recognition mate-
rial. Firstly, the binding capacities of these materials for trastu-
zumab were compared by evaluating their binding isotherms and
kinetic binding (Fig. 2a and b). According to the Langmuir for-
mula, the maximum binding capacity (Qm) of MOF@Au@HH24
was 648.4 mg/g of material, that of MOF@Au@CH1S-6T was
455.2 mg/g, while that of MOF@Au@HH24@CH1S-6T was
1216.7 mg/g. The kinetic binding curves also indicated that the
saturated dynamic binding capacity (Qe) derived from the pseudo-
second-order kinetics equation was calculated to be 913.9 mg/g
for MOF@Au@HH24, 406.0 mg/g for MOF@Au@CH1S-6T, and
1438.0 mg/g for MOF@Au@HH24@CH1S-6T, respectively.
These results demonstrated that the binding capacity of MERT is



Figure 2 (a) Adsorption isotherms and (b) kinetic binding of the MOF@Au@HH24@CH1S-6T, MOF@Au@HH24, and MOF@Au@CH1S-

6T for trastuzumab. (c) Recovery of standard samples purified with different materials. Application of MOF@Au@HH24 to the purification of (d)

10-fold diluted blank human serum, (e) trastuzumab, and (f) ADC spiked into 10-fold diluted human serum. Application of MOF@Au@CH1S-6T

to the purification of (g) 10-fold diluted blank human serum, (h) trastuzumab, and (i) ADC spiked 10-fold diluted human serum. Application of

MOF@Au@HH24@CH1S-6T to the purification of (j) 10-fold diluted blank human serum, (k) trastuzumab, and (l) ADC spiked 10-fold diluted

human serum. LF: loading fractions, WF: washing factions, EF: elution fractions, M: marker. S1 in (d), (g), and (j): 10-fold diluted human serums;

S1 in (e), (h), and (k): trastuzumab spiked 10-fold diluted human serums; S1 in (f), (i), and (l): ADC spiked 10-fold diluted human serums. S2 in

(d), (e), (g), (h), (j), and (k): trastuzumab; S2 in (f), (i), and (l): ADC.
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not only much higher than that of mono-epitope recognition ma-
terials, but also ten or even hundreds of times higher than that of
previously reported materials for antibody enrichment based on
fragment crystallizable (Fc)-specific ligands (such as Protein A,
L-histidine, or Fc-affinity peptide) (Supporting Information
Fig. S2a)34,42e46. In particular, compared to an affinity material
for trastuzumab enrichment such as the Tra19 peptide immobi-
lized membrane (ligand density Z 5.1 � 1.3 mg/mL;
Qmax Z 1.3 � 0.3 mg/mL)34, MERT shows superior ligand
density and binding capacity for trastuzumab.
Subsequently, different proteins, including HSA, hIgG, tras-
tuzumab, and anti-HER2 ADC, were successively employed as
analytes to evaluate the enrichment performances and anti-
interference abilities of different materials. As depicted in
Fig. 2c, these comparative studies indicated that the
MOF@Au@HH24@CH1S-6T possessed optimal selectivity and
the highest binding recovery towards trastuzumab (98.4%) and
even anti-HER2 ADC (97.7%), better than that of
MOF@Au@HH24 (69.3% for ADC) or that of
MOF@Au@CH1S-6T (93.7% for ADC). Besides, 10 times
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diluted blank serum was used to monitor the anti-interference
ability of the materials. According to the related SDS-PAGE re-
sults, compared to the MOF@Au@HH24@CH1S-6T (Fig. 2j), the
MOF@Au@HH24 (Fig. 2d) and MOF@Au@CH1S-6T (Fig. 2g)
showed non-specific adsorption from serum, especially due to
high homology hIgG and high abundance HSA. Owing to these
defects of mono-epitope affinity technology, more sophisticated
analytical methods are requested to avoid interferences when
analyzing mAbs or ADCs in serum/plasma samples47e49. Those
procedures undoubtedly increase time consumption and may
introduce artifactual modifications or loss of key targets50e52.
Fortunately, MERT’s superior selectivity and anti-interference
ability can facilitate efficient enrichment and in-depth analysis
of ADCs in serum. As depicted in Fig. 2k and l, most of the
interfering components were removed with the washing buffer and
appeared in the loading and washing fractions, only trastuzumab
or anti-HER2 ADC could be successfully captured from the
spiked serum and then eluted with the elution buffer. All the above
results confirmed that the novel MERT approach based on
MOF@Au@HH24@CH1S-6T possesses excellent antibody
binding capacity, specificity, and anti-interference ability. These
excellent performances may come from the following assump-
tions: (1) MOF@AuNPs can provide abundant active sites to
accommodate more ligands, which may increase the probability of
target-specific binding; (2) in theory, the MERT material can
simultaneously bind to different key regions of the target ADC.
The potential synergistic binding effects of the two ligands could
enhance their binding ability and specificity towards the target
ADC, and thus overcome the recognition deficiencies of tradi-
tional affinity materials; (3) the rich ligand modification on the
surface of MOF@AuNPs could form steric barriers to effectively
reduce the interference from biological matrix components.

Finally, the underlying reasons for the excellent performances
of MOF@Au@HH24@CH1S-6T were investigated. MST results
indicated that the Kd value between HH24 and trastuzumab was
26.4 mmol/L, while the Kd value between CH1S-6T and trastu-
zumab was determined to be 50.8 nmol/L (Fig. S2b)33. In
particular, we have studied the molecular interactions in the
HH24-ADC-CH1S-6T ternary complex in detail. The anti-HER2
ADC with the most common form was utilized as the classic
model to perform molecular docking (Fig. 3a and b), followed by
all-atom, explicit water molecular dynamics (MD) simulations
(Supporting Information Figs. S3‒S5). As shown in Fig. 3c and d,
molecular docking and simulation analysis demonstrated that
CH1S-6T and HH24 could effectively bind to the ADC in two
ways: by binding to the Fab regions on the same side (mode 1,
Fig. 3c) or on different sides of the ADC (mode 2, Fig. 3d). Ac-
cording to the root mean square deviation (RMSD) results, the
ternary complex has achieved equilibrium after 100 ns (Fig. 3e),
and the flexibility of amino acid or nucleotide residues in HH24
and CH1S-6T was also confirmed by the related root mean square
fluctuation (RMSF) values (Fig. 3f and g, Supporting Information
Table S1). In mode 1 (Fig. 3c), CH1S-6T binds to the light chain
of the ADC through hydrogen bonds and salt bridges, involving
residues Ser10, Lys107, Lys145, Gln147, Gly157, Asn158,
Ser159, and Glu161 of the light chain. And HH24 could bind to
the heavy chain and the light chain of the ADC via hydrogen
bonds, salt bridges, and p‒p stacking interactions, involving
residues Tyr33, Arg50, Trp99, and Tyr105 of the heavy chain and
Ser50, His91, Tyr92, Thr93, and Thr94 of the light chain. In mode
2 (Fig. 3d), CH1S-6T is still bound to the light chain of the ADC
through hydrogen bonds and salt bridges, but the residues involved
are Ser10, Arg18, Thr20, Lys103, Lys107, and Lys145 on one
light chain. For its part, HH24 is bound to the heavy chain and the
light chain on another side of the ADC through hydrogen bonds
and salt bridges, involving residues Arg50, Arg59, and Asp102 of
the heavy chain and Arg66, His91, Tyr92, Thr93, and Thr94 of the
light chain. It is worth noting that HH24 binds with residues
located in the CDR region, while CH1S-6T binds between the
light chain variable region and the constant region (non-CDR re-
gion) of the ADC. The total binding energies (DGtotal) for HH24
with the ADC in the two modes were measured to be
�29.02 � 6.25 and �19.95 � 5.91 kcal/mol, while those of
CH1S-6T with the ADC were �49.73 � 8.16 and
�30.17 � 7.25 kcal/mol, respectively (Fig. 3h and Supporting
Information Tables S2‒S5). This suggests that HH24 and
CH1S-6T could spontaneously form a tight and stable ternary
complex with the ADC in both modes, and these binding regions
are spatially separated and do not interfere with each other.
Compared with the limited recognition site and binding mode of
mono-epitope recognition technology, HH24 and CH1S-6T in
MERT could tightly bind to different key sites in the CDR and
non-CDR regions of the ADC. When key sites on the ADC are
mutated or modified by drugs, the MERT material could still
efficiently capture the ADC with flexible recognition modes, thus
it has great potential to establish a reliable bioanalytical platform
by combination with LC‒MS for ADC analysis in complex bio-
logical samples.

2.3. Development and verification of the bioanalytical platform
based on MERT

Benefitting from the high specificity, target binding capacity, and
comprehensive ability of the MOF@Au@HH24@CH1S-6T, a
novel bioanalytical platform for ADC subunit evaluation was then
developed by combining highly efficient RPLC‒QTOF-MS with
MERT. For subunit analysis, the model cysteine-linked anti-HER2
ADC was firstly reduced by dithiothreitol (DTT)/tris(2-
carboxyethyl)phosphine (TCEP) to produce six fragments
(Supporting Information Fig. S6a): light chain (Lc) without drug
(Lc0), Lc with 1 drug (Lc1), heavy chain (Hc) without drug (Hc0),
and Hc with 1e3 drugs (Hc1‒3, respectively). To ensure the
application potential of this bioanalytical platform, some key
parameters (including elution buffer composition, LC‒MS con-
ditions, antibody reduction agent, and conditions) were system-
atically optimized. Firstly, considering that the above acidic
elution buffer B1 contains a small amount of salts and surfactant
(Tween-20), the enriched ADC should be treated by ultrafiltration
or even dialysis before reduction or injection, which may cause
target loss and increase the pretreatment time. Therefore, a com-
parison between buffer B1 and buffer B2 [(0.1% formic acid (FA),
25% acetonitrile (ACN)] was performed. Good enrichment per-
formances and better ADC subunit peak shapes were achieved
using buffer B2 (Fig. S6b‒S6e). Thus, buffer B2 (0.1% FA, 25%
ACN) was selected as elution buffer for ADC enrichment and
analysis. Subsequently, some LC‒MS conditions, such as the UV
detection wavelength (214 nm), the optimum sample loading
(4e16 mg), and the TCEP reduction conditions (50 �C, 30 min)
were optimized, as reported in Supporting Information Section 2.2
(Supporting Information Figs. S7‒S11, Tables S6‒S7).

Finally, a more complex sample, ADC spiked into 3-fold
diluted serum, was used to investigate the feasibility of the novel
bioanalytical platform including the pre-treatment step (Fig. 4a).
As shown in Fig. 4b and Supporting Information Fig. S12, ADC



Figure 3 (a) Structure and possible forms of anti-HER2 ADC. (b) ADC with the most common form as the classic model for molecular

docking and simulation analysis. Final stable structure of HH24-ADC-CH1S-6T complex in binding modes 1 (c) and 2 (d). (i) and (ii) are the

overviews of the complex; (iii) and (iv) show the binding details of CH1S-6T and HH24 to the ADC. The heavy chains and the light chains of the

ADC are colored in cyan and pale cyan, respectively. The HH24 is colored in yellow while CH1S-6T is in magenta. The hydrogen bonds and salt

bridge interactions in the HH24-ADC-CH1S-6T complex are shown as green and blue dashed lines, respectively. (e) RMSD curve of the ADC in

the two binding modes. RMSF of CH1S-6T (f) and HH24 (g) in the two binding modes. (h) Total binding energies for HH24 and CH1S-6T with

the ADC in the two binding modes.
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Figure 4 (a) Schematic illustration of MERT combined with LCeQTOF-MS for in-depth analysis of ADCs. (b) Enrichment of ADC from

spiked 3-fold diluted serum using MOF@Au@HH24@CH1S-6T. Lanes: S1, feedstock; S2, standard ADC; LF, loading fractions; W, washing

fractions; E, elution fractions. LC‒QTOF-MS analysis of the eluted fraction 1 (E1), including (c) total ion chromatogram (TIC) image; (dee): MS

deconvolution for light (LC) and heavy (HC) chains. (f) Capillary zone electrophoresis (CZE) direct analysis of standard ADC spiked into PB

after incubation (0e10 days, 37 �C). (g) DAR dynamic tracking analysis of ADC in different incubation samples. PB-(e) and PB-(þ): before and

after ADC enrichment from the spiked incubation PB samples, respectively; serum-(þ): after ADC enrichment from the spiked incubation serum

samples. DLD analysis for (h) light chains and (i) heavy chains of ADC after enrichment from 3-fold diluted serum.

Multiepitope recognition technology promotes ADCs analysis 4969
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can be precisely captured from this complex serum sample due to
the excellent specificity and anti-interference ability of the multi-
epitope recognition material. This performance was further
demonstrated by the subunit analysis of the enriched ADC
(Fig. 4c‒e). In addition, as shown in Supporting Information
Fig. S13 and Table S8, the comparison with mono-epitope
recognition materials indicated that the elution fraction collected
from MOF@Au@HH24 not only had the lowest signal response,
but also the calculated DAR was much higher than that of the
standard ADC, whereas the elution fractions from
MOF@Au@CH1S-6T and MOF@Au@HH24@CH1S-6T gave
closer DAR values to that of the standard ADC. Moreover, the
elution fraction from the multi-epitope recognition material
exhibited a stronger peak response, making it more suitable for the
investigation of low-abundant biotransformation variants. Based
on the above results, the novel bioanalytical platform based on
MERT seems to have great application potential for ADC analysis
in complex biological samples.

2.4. Dynamic DAR and DLD monitoring of the ADC

Although ADCs are expected to facilitate the targeted delivery of
cytotoxic drugs to enhance their tumor-fighting effects and mini-
mize systemic toxicity52, their efficacy and safety could be
compromised because of drug deconjugation on the ADC with
time while in circulation, resulting in a dynamic change of DAR53.
In addition, the DLD (drug load distribution, indicating the frac-
tions of the antibody containing zero, one, two ., n drugs) of the
ADC is also a crucial characteristic because the different forms
could have different toxicological and pharmacological proper-
ties54. Thus, monitoring the dynamic changes of DAR and DLD
will help understand the overall fates of the ADC and provide a
theoretical basis for in vivo biotransformation study of the ADC.
Figure 5 Cell apoptosis induced by the ADC in SKBR3 cells after differ

cells. (b) Effects of the ADC on the apoptosis-related protein PARP cleava

were treated with indicated doses of ADC for 48 h before DNA labeling w

with Annexin V.
During the early-stage development of ADC candidates, clin-
ical samples are typically not available; thus, 3-fold diluted human
serum samples spiked with the ADC were employed and incu-
bated over an extended period (0, 1, 2, 4, 7, 10 days) to predict the
dynamic changes of ADC in the circulation system. Additionally,
PB samples spiked with the ADC and 3-fold diluted blank serum
samples were incubated and used for comparison. Firstly, the
charge variants of the standard ADC in incubated spiked PB
samples were monitored by CZE analysis. As can be seen in
Fig. 4f, the main peak completely disappeared after only 10 days,
and abundant acidic variants were generated. Subsequently, the
DAR changes of the ADC in different incubation samples were
tracked by analyzing the subunits after enrichment using the
MERT approach and TCEP reduction. As shown in Supporting
Information Fig. S14a and S14b, all ADC subunits were sepa-
rated and their peak intensities decreased with the increase of
incubation time. Moreover, a similar DAR downtrend was
observed for the ADC before [PB-(e)] or after [PB-(þ)] enrich-
ment from incubated spiked PB samples (Fig. 4g, Supporting
Information Table S9). In particular, the bioactivity changes in
incubated spiked PB samples (from 0 to 10 days) were also
monitored using antiproliferation assay and cell apoptosis tests.
Firstly, the IC50 of ADC for HER2þ breast cancer cells (SKBR3
cells) was slightly increased from 8 to 10 ng/mL with the exten-
sion of the incubation time (Supporting Information Table S10).
Secondly, according to flow cytometry analysis in Fig. 5a, 14.30%
of cell apoptosis was induced by the ADC in PB buffer (0 day).
However, the effect of cell death induced by the ADC gradually
weakened and was even reduced to 7.34%e7.36% after 7e10
days of incubation (Fig. 5a). Finally, the apoptosis-related protein
cleaved poly(ADP)-ribose polymerase (PARP) was obviously
reduced when SKBR3 cells were treated with the ADC after 10-
day incubation (Fig. 5b). These results indicated that the
ent incubation times. (a) Cell apoptosis induced by the ADC in SKBR3

ge by Western blot analysis. For the flow cytometry experiment, cells

ith 7-amino-actinomycin D (7-AAD) and staining of cell membranes
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reduction of apoptosis ability of the incubated ADC for SKBR3
cells could be attributed to the occurrence of some unexpected
issues, such as payload deconjugation or linker cleavage, etc.

The dynamic monitoring of the ADC in spiked human serum
samples was subsequently performed. Significantly different
trends were observed: (1) According to the chromatographic
separation results at the subunit level (Fig. S14c), the chromato-
graphic peaks of heavy chain subunits (Hc1, Hc2, Hc3) of the
ADC had almost disappeared after 4-day incubation. (2) A dra-
matic decrease of DAR was observed from 3.67 (0 day) to 0.22
(10 days), which is obviously faster than that obtained with spiked
PB samples (Fig. 4g). (3) DLD analysis revealed the gradual
enhancement of subunits Lc0 and Hc0 with the rapid reduction of
other drug-carrying species (Lc1, Hc1, Hc2, Hc3). After 10 days,
only a small amount of Hc1 was detected by the bioanalytical
platform while the other three drug-carrying subunits were
completely undetectable (Fig. 4h and i). These dramatic change
trends of DAR and DLD further reflected the potential deconju-
gation of payloads or the unexpected dissociation of linkers.

2.5. Dynamic tracking analysis of ADC biotransformation in
human serum

ADC biotransformation, such as antibody modifications, protein
mass adduct/loss, and payload deconjugation or metabolism, often
occur due to the nature of the in vivo circulation system, and the
instability and complexity of the conjugation sites or linkers12,16.
Such a biotransformation could potentially decrease ADC efficacy
and increase off-target toxicity5. Therefore, the study of ADC
biotransformation is crucial in helping guide the engineering ef-
forts of ADCs and elucidate the metabolism/catabolism pathways
of ADCs in vivo.

For the biotransformation analysis of the anti-HER2 ADC in
incubated serum, the dynamic changes of light chain subunits
(Lc0 and Lc1) were mainly tracked using the proposed bio-
analytical platform. After incubation for 7 days, according to the
TIC results, a bifurcation peak was observed (Supporting
Information Fig. S15), accompanied by the main peak I of Lc0.
In particular, the deconvoluted mass spectra (Fig. 6) indicated a
difference of 1 Da between the main peak I (Lc0, 23442.2 Da, 7
days, Fig. 6c) and the bifurcation peak (23,443.1 Da, 7 days,
Fig. 6d). This could be attributed to the deamidation of asparagine
or isomerization of aspartic acid in Lc0 peptide chain because of
the complete reduction of the interchain and intrachain disulfide
bonds under the optimal TCEP conditions. Based on the in vivo
modification analysis of trastuzumab an easy deamidation site
(asparagine 30 in the light chain) could be responsible for the
above event33. It is interesting to note that the response intensity of
the Lc1 subunit gradually decreased with the extension of incu-
bation time (Fig. 6g‒j). Specifically, the emergence of the peak at
24,303.9/24,303.7 Da (new species A1, Fig. 6i‒j) confirmed the
hydrolysis of the succinimide ring on the MC linker. Moreover,
new species at 23,740.6 and 23,757.0 Da were observed. As
depicted in Fig. 6, an approximate 546 Da mass decrease
(23,740.6 Da for new species B with deamidation or isomerization
in Fig. 6d vs. 24,285.8 Da for Lc1 in Fig. 6g) and an approximate
547 Da mass decrease (23,757.0 Da for new species B1 in Fig. 6d
vs. 24,303.9 Da for new species A1 in Fig. 6i) of the related
subunits, implying that new catabolites were formed following the
loss of maytansinol (m/z Z 565 Da) through the ester hydrolysis
of the linker-drug. Besides, compared to species B without dea-
midation or isomerization, the presence of a peak at 23,757.0 Da
(new species B1, Fig. 6d) further verified the hydrolysis of the
succinimide ring on the linker55. All proposed structures and po-
tential biotransformation pathways of the ADC are summarized in
Fig. 7. These results indicated that the MERT has good enrich-
ment potential for ADC and its biotransformation variants.
Furthermore, the subunit level analysis based on the novel bio-
analytical platform can overcome the shortcomings of the intact
level analysis. For example, although Orbitrap MS possesses su-
perior mass resolution in comparison to conventional TOF-MS,
the mass change resulting from hydrolysis and deamidation/
isomerization was too small to be unambiguously resolved for a
w150-kDa molecule55. Therefore, the intact level analysis indi-
cated that the non-hydrolyzed molecule was not resolved from the
corresponding hydrolyzed version and they merged into one
peak55. This may suggest that the subunit level analysis could not
only detect the modifications of low molecular mass (both for
linker-drug and antibodies), but also have less error, more accurate
inference, and lower instrumentation requirements in the charac-
terization of ADC and its variants.

These above findings will also be advantageous in predicting
the possible biotransformation of ADC in vivo, including 1) the
ADC undergoes the loss of maytansinol via ester hydrolysis; 2)
the ADC is subject to a small mass increase over time in bio-
logical fluids due to the hydrolysis of the succinimide ring on the
MC linker; 3) some key modifications of the antibody could occur,
such as asparagine deamidation or aspartic acid isomerization.
These findings could also provide some key suggestions or evi-
dence for the next-generation ADC development: (1) the DAR of
ADC can be appropriately enhanced to maintain their bioactivity
and efficacy, such as DS-8201 (DAR Z 7 to 8); (2) a relatively
robust linker and a low-toxicity payload with bystander effects
could reduce the risk of drug deconjugation; (3) in particular,
more efficient and specific site-directed coupling technology was
desired to reduce the heterogeneity and potential immune recog-
nition deficiencies of traditional ADCs. In summary, the novel
bioanalytical platform based on MERT exhibited a great appli-
cation perspective for the design and optimization of ADC
candidates.
3. Conclusions

ADC bioanalysis is challenging due to serious matrix interferences,
high heterogeneity, complex biotransformation of ADCs, and in
particular immune recognition deficiencies of traditional affinity
technologies. In this work, a MERT approach was developed by
simultaneously immobilizing the CDRmimotope peptide HH24 and
the non-CDR aptamer CH1S-6Tonto the MOF@AuNPs. Compared
to traditional affinity technologies, MERT possesses some advan-
tages: firstly, MERT can specifically recognize different key regions
of the target ADC. The potential synergistic binding effects of these
two ligands could enhance their binding ability and selectivity to-
wardsADCs, and thus overcome the immune recognition deficiencies
of traditional affinity materials. Secondly, the ultrahigh ligand den-
sities (HH24: 425.8 mg/g, CH1S-6T: 0.86 mmol/g), and excellent
binding ability ofMERT (1438.0mg/g for trastuzumab) is ten or even
hundreds of times higher than that of the mono-epitope or Fc-specific
affinity materials. So, MERT can precisely capture the target ADC
from human serum containing high homology IgGs. Thirdly, a ver-
satile bioanalytical platform was successfully developed by
combining MERTand RPLC‒QTOF-MS. Some important dynamic
modifications of theADC, such as the fast changes inDARandDLD,



Figure 6 Lc0 and Lc1 deconvoluted mass spectra of the ADC enriched from 3-fold diluted spiked human serum using

MOF@Au@HH24@CH1S-6T (incubation time: from 0 to 10 days).
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Figure 7 Proposed structures and potential biotransformation pathways of ADC light chain species.
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the loss of payloads (maytansinol), the unexpected hydrolysis of the
succinimide ring of the linker, and the potential antibody modifica-
tions, were monitored using this novel platform. This should serve as
a powerful early-stage analytical tool that would greatly reduce the
time and cost spent on in vivo assays, and the obtained information
could inspire the future design of the conjugation chemistry for these
biotherapeutics. In aword, the bioanalytical platformbasedonMERT
opens new avenues for the bioanalysis of next-generation ADCs and
should then accelerate ADC development.

4. Experimental

4.1. Materials and instrumentation

The BAT8001, an anti-human epidermal growth factor receptor 2
(anti-HER2) ADC, is composed of a trastuzumab biosimilar prod-
uct (BAT0606) that covalently binds to a drug-linker, i.e., batansine
(a derivative of maytansine linked to an uncleavable linker by a
stable amide bond). Anti-HER2 ADC (BAT8001) was gifted from
Bio-Thera Solutions, Ltd. (Guangzhou, China). Trastuzumab was
purchased from China Roche (Shanghai, China). Human immu-
noglobulin G (hIgG >95%), human serum albumin (HSA� 99%)
were purchased from SigmaeAldrich (Shanghai, China). HH24
peptide (HHHHHHGSGSGSQLGPYELWELSH) and HS12
(HHHHHHGSGSGS) peptide were obtained from GenScript
Biotechnology, Co, Ltd. (Nanjing, China). CH1S-6T aptamer
(TTTTTTGTGTCCAGGGTTCCAAGGTGCTTCGTGGACAC)
and polyadenine (poly A) were synthesized by Sangong Bioengi-
neering Co, Ltd. (Shanghai, China). MS-grade water and acetoni-
trile (ACN) were purchased from Fisher Scientific (Fair Lawn, NJ,
USA). Formic acid (FA), 2-amino-2(hydroxymethyl)-1-3-propane
diol hydrochloride (Tris-HCl), dithiothreitol (DTT) were pur-
chased from SigmaeAldrich (St. Louis, MO, USA). Dimethyl
formamide (DMF, AR), 2-amino terephthalic acid (98%), ferric
chloride trihydrate (AR), chloroauric acid hydrated (�99.9%), so-
dium citrate (AR), isopropanol (IPA, 98%), monosodium phosphate
(NaH2PO4, 98%), disodium hydrogen phosphate (Na2HPO4, 98%),
sodium chloride (NaCl, 98%), sodium formate (HCOONa, 98%),
sodium hydroxide (NaOH, 98%), hydrochloric acid (HCl, 98%),
ε-aminocaproic acid (EACA), triethylene tetramine (TETA), and
hydroxypropyl methyl cellulose (HPMC) were obtained from
Aladdin (Shanghai, China). Phosphate buffer solutions (PBS) (un-
less otherwise specified, 10 mmol/L and pH 7.4) were bought from
Solarbio Science & Technology Co., Ltd. (Beijing, China).
Tris(2-carboxyethyl)phosphine hydrochloride [0.5 mol/L TCEP
(pH7.0, for mass spectrometry)]), BCA assay kit, and SDS-PAGE
kit were obtained from Beyotime Biotechnology Co., Ltd.
(Shanghai, China). Water was purified in-house with an ultrapure
water polishing system (Omni-A, RO-DI, Xiamen, China). Human
serum was provided by the First Affiliated Hospital of Jinan Uni-
versity (Guangzhou, China).

Transmission electron microscope (TEM) and energy-
dispersive X-ray spectroscopy (EDS) observations were conduct-
ed using a Tecnai G2 Spirit TWIN TEM (FEI, Hillsboro, OR,
USA) with a Bruker XFlash 6130 energy dispersive X-ray
microanalyzer (Berlin, Germany). Scanning electron microscope
(SEM) observations were performed by ZEISS Gemini ultra-55
SEM (Oberkochen, Germany). Fourier Transform Infrared Spec-
troscopy (FT-IR) spectra were recorded on a Thermo Nicolet iS50
FT-IR Spectrometer (Waltham, MA, USA) with wavenumber
range from 4000 to 400 cm�1.

4.2. Synthesis of NH2-MIL-101(Fe) and MOF@AuNPs

NH2-MIL-101(Fe) was fabricated by a classical hydrothermal
method56. Firstly, 0.675 g (2.497 mmol) FeCl3$6H2O was dis-
solved in 7.5 mL DMF to get solution A, and 0.225 g
(1.242 mmol) NH2-H2BDC was dissolved in another 7.5 mL DMF
to get solution B. Later, solution A was mixed with solution B for
1 h at room temperature (RT), and the mixture was heated for 24 h
at 110 �C in an autoclave. Finally, the product was collected and
washed 3 times with DMF and MeOH, respectively, and then dried
under vacuum for further use.

MOF@AuNPs were then synthesized by in-situ growing of
AuNPs on the surface of NH2-MIL-101(Fe). Briefly, 200 mg NH2-
MIL-101(Fe) were dispersed in 60 mL aqueous solution which
contained 0.1% (w/v) HAuCl4$4H2O (100 mmol/L). Later, the
suspension was stirred continuously for 2.5 h at 45 �C, and then
heated to vigorous boiling accompanied by a quick injection of
440 mL of 30% (w/v) sodium citrate and further stirred for another
40 min at boiling temperature. After cooling to room temperature,
the obtained MOF@AuNPs was washed several times with



4974 Yutian Lei et al.
deionized water. Finally, the product was collected after centri-
fugation and redispersed into 1 mL deionized water for further
use.

4.3. Preparation of MOF@Au@HH24@CH1S-6T

The HH24 peptide was immobilized onto the surface of
MOF@AuNPsviametal-chelation interactionbetweenFe3þ ions and
theHis-tag of the peptide. Firstly, theHH24 peptide (2mg/mL, 1mL)
was incubated with 0.2 mL of MOF@AuNPs suspension. The
mixture was incubated at room temperature (RT) for the night, and
then washed with deionized water. Subsequently, to block residual
metal ion sites on theMOF, 1mLHS12 (1mg/mL)was added into the
suspension and incubated at RT for another 3 h. After washing with
deionized water, the MOF@Au@HH24 was successfully prepared
and then redispersed into 0.2 mL deionized water for further use.

To fabricate MOF@Au@HH24@CH1S-6T, the CH1S-6T
aptamer with sulfhydryl group was then immobilized on the sur-
face of AuNPs. After annealing, 2 OD TECP-treated CH1S-6T
(dissolved in 0.5 mL of deionized water) was incubated with
MOF@Au@HH24 at �20 �C for 2 h and 4 �C for 1 h, and then
washed with deionized water. Later, 2 OD poly A blocker (dis-
solved in 0.5 mL of deionized water) was added into the mixture
and incubated at 4 �C for 2 h to block the residual active sites on
the AuNPs. Ultimately, the excess of poly A was removed from
the suspension by centrifugation 3 times at 4500 rpm for 5 min,
and the precipitates were redispersed into deionized water to a
final concentration of 25 mg/mL. The fabricated
MOF@Au@HH24@CH1S-6T was stored at 4 �C for further use.

The ligand density was tested and calculated based on the
change of fluorescence intensity of the ligands in the supernatant
before and after ligand immobilization. The fluorescence of HH24
is generated by endogenous Trp and Tyr, while the fluorescence of
the aptamer is exogenous fluorescence produced by reaction with
fluorescein isothiocyanate (FITC).

4.4. Capture of trastuzumab or ADC from complex biological
fluids

All experiments involving human serum samples are performed in
compliance with the relevant laws and institutional guidelines and
have been approved by the ethical committee of Jinan University,
China. Diluted human serum spiked with 1 mg/mL solution of
trastuzumab or ADC was used as biological sample to measure the
purification performance of MOF@Au@HH24@CH1S-6T. After
mixing 0.05 mL of MOF@Au@HH24@CH1S-6T with 0.2 mL of
each sample, 1 mL of washing buffer (10 mmol/L Tris-HCl, pH
7.0) was used to remove interferences and then 1 mL of elution
buffer B1 (10 mmol/L HCOONa, 100 mmol/L NaCl, 0.5%
Tween-20, pH 3.25) or 0.6 mL of elution buffer B2 (0.1% FA,
25% ACN) was used to obtain the enriched antibody or ADC.
Moreover, diluted blank human serum was used to evaluate the
anti-fouling ability of MOF@Au@HH24@CH1S-6T. All frac-
tions were collected for SDS-PAGE analysis or LC‒QTOF-MS
analysis.

4.5. CZE analysis

The CZE analysis was performed on a Beckman Coulter PA 800
plus capillary electrophoresis system (Brea, CA, USA) equipped
with a UV/PDA detector. The capillary (50 mm i.d., total length:
65 cm) was used for all analyses and detection was performed at
214 nm. New capillaries were flushed with sodium hydroxide
(1 mol/L), hydrochloric acid (1 mol/L), water, and running buffer
consist of 0.1% HPMC, 360 mmol/L EACA, and 1.8 mmol/L
TETA, pH 5.7. Before each sample injection, the capillary was
rinsed with hydrochloric acid, water, running buffer, then incu-
bated PB samples spiked with the ADC were injected at 2 psi for
30 s. Separations were performed using a voltage of 28 kV. Spe-
cific parameters about capillary pretreatment and separation
methods are depicted in Supporting Information Tables S11 and
S12.

4.6. Tracking analysis of drug-to-antibody ratio (DAR), drug
load distribution (DLD), and biotransformation changes of ADC
in complex biological fluids

For subunit analysis of the enriched ADC from the incubated
samples, the ADC was firstly reduced with 10 mmol/L TCEP at
50 �C for 30 min. Chromatographic separation of the obtained
ADC subunits was performed on an Ultimate 3000 UPLC system
equipped with BioResolveTM RP mAb polyphenyl column
(2.7 mm, 450 Å, 100 mm � 2.1 mm i.d., Waters, Milford, MA,
USA). Twenty mL of the ADC subunits were loaded onto the
column and then separated with a gradient consisting of mobile
phase A (MPA, 0.1% formic acid in water) and mobile phase B
(MPB, 0.1% formic acid in ACN), delivered at 60 �C at a flow rate
of 0.3 mL/min. The gradient started with a 3-min hold at 10%
MPB and then MPB was increased to 30% at 4 min, up to 36% at
30 min, reaching 80% at 31 min and remaining at that level for
0.5 min. Finally, the column was equilibrated again at 10% MPB
with a hold from 32 to 35 min.

The ADC subunits were also monitored using SCIEX X500R
QTOF mass spectrometer (TurbolonSprayTM, AB Sciex, Concord,
ON, Canada) coupled to an ExionLC AD system. For the enriched
ADC from incubated samples, the same LC conditions were used,
while different LC conditions were used for native incubated PB
samples: 28% MPB at 4 min, up to 35% MPB at 30 min, all the
other parameters being the same. Specific MS parameters for
ADC subunit analysis are given in Supporting Information
Table S13. TOF-MS spectra were extracted from the total ion
chromatograms (TICs) and then deconvoluted using the Bayesian
Protein Reconstruct algorithm incorporated in BioPharmaViewTM

2.0 software (AB Sciex, Concord, ON, Canada), whose specific
parameter setting can be seen in Supporting Information
Tables S14 and S15. To analyze the DLD, the number of linkers
attached to the light and heavy chains after reduction can be ob-
tained directly from the deconvoluted MS spectra and the peak
areas were used to calculate the proportion of the different drug
loads. The average DAR was calculated based on the peak areas of
the different subunits obtained by LC‒QTOF-MS and RPLC‒UV,
according to Eq. (1)56,57:
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where n is the number of attached linker payloads, LC and HC are
the peak areas of light and heavy chains, respectively.
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52. Padoan A, D’Incà R, Scapellato ML, De Bastiani R, Caccaro R,

Mescoli C, et al. Improving IBD diagnosis and monitoring

by understanding preanalytical, analytical and biological

fecal calprotectin variability. Clin Chem Lab Med 2018;56:1926e35.

53. Liu K, Li M, Li Y, Li Y, Chen Z, Tang Y, et al. A review of the clinical

efficacy of FDA-approved antibody‒drug conjugates in human can-

cers. Mol Cancer 2024;23:1e16.

54. Beck A, Terral G, Debaene F, Wagner-Rousset E, Marcoux J, Janin-

Bussat MC, et al. Cutting-edge mass spectrometry methods for the

multi-level structural characterization of antibody‒drug conjugates.

Expert Rev Proteomics 2016;13:157e83.

55. He J, Yu SF, Yee S, Kaur S, Xu K. Characterization of in vivo bio-

transformations for trastuzumab emtansine by high-resolution accu-

rate-mass mass spectrometry. mAbs 2018;10:960e7.

56. Larson EJ, Zhu Y, Wu Z, Chen B, Zhang Z, Zhou S, et al. Rapid

analysis of reduced antibody drug conjugate by online LC‒MS/MS

with fourier transform ion cyclotron resonance mass spectrometry.

Anal Chem 2020;92:15096e103.

57. Davis JA, Kagan M, Read J, Walles M, Hatsis P. Immunoprecipitation

middle-up LC‒MS for in vivo drug-to-antibody ratio determination

for antibody‒drug conjugates. Bioanalysis 2017;9:1535e49.

http://refhub.elsevier.com/S2211-3835(24)00238-7/sref30
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref30
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref30
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref30
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref31
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref31
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref31
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref31
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref32
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref32
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref32
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref32
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref33
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref33
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref33
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref33
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref34
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref34
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref34
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref34
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref35
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref35
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref35
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref35
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref35
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref36
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref36
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref36
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref36
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref37
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref37
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref37
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref38
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref38
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref38
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref38
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref39
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref39
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref39
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref39
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref40
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref40
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref40
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref40
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref41
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref41
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref41
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref41
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref41
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref41
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref41
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref42
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref42
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref42
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref42
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref43
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref43
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref43
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref43
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref44
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref44
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref44
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref44
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref44
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref45
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref45
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref45
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref45
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref46
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref46
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref46
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref47
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref47
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref47
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref47
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref47
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref48
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref48
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref48
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref48
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref49
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref49
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref49
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref49
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref49
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref50
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref50
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref50
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref50
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref50
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref51
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref51
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref51
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref51
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref51
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref51
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref52
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref52
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref52
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref52
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref52
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref53
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref53
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref53
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref53
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref54
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref54
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref54
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref54
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref54
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref55
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref55
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref55
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref55
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref56
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref56
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref56
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref56
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref56
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref57
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref57
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref57
http://refhub.elsevier.com/S2211-3835(24)00238-7/sref57

	Multiepitope recognition technology promotes the in-depth analysis of antibody‒drug conjugates
	1. Introduction
	2. Results and discussion
	2.1. Development of the multiepitope recognition material
	2.2. Comparative studies of the multiepitope recognition material with the mono-epitope affinity materials and other previously  ...
	2.3. Development and verification of the bioanalytical platform based on MERT
	2.4. Dynamic DAR and DLD monitoring of the ADC
	2.5. Dynamic tracking analysis of ADC biotransformation in human serum

	3. Conclusions
	4. Experimental
	4.1. Materials and instrumentation
	4.2. Synthesis of NH2-MIL-101(Fe) and MOF@AuNPs
	4.3. Preparation of MOF@Au@HH24@CH1S-6T
	4.4. Capture of trastuzumab or ADC from complex biological fluids
	4.5. CZE analysis
	4.6. Tracking analysis of drug-to-antibody ratio (DAR), drug load distribution (DLD), and biotransformation changes of ADC in co ...

	Acknowledgments
	Author contributions
	Conflicts of interest
	Conflicts of interest
	Appendix A. Supporting information
	References


