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Abstract Due to low immobilized ligand density, limited binding capacity, and severe interference

from serum proteins, developing ideal peptide-based biomaterials for precise recognition and in vivo anal-

ysis of biopharmaceuticals remains a huge challenge. In this study, mimotope peptide modified pompon

mum-like biomimetic magnetic microparticles (MMPs, 3.8 mm) that mimic the specific functionalities of

CD20 on malignant B cells were developed for the first time. Benefit from the numerous ligand binding

sites (Ni2þ) on the pompon mum-like MMPs, these novel materials achieved �10 times higher peptide

ligand densities (>2300 mg/g) and antibody binding capacities (1380 mg/g) compared to previous re-

ported biomaterials. Leveraging the high specificity of the mimotope peptide, rituximab can be precisely

recognized and enriched from cell culture media or serum samples. We also established an LC‒MS/MS

method using the MMPs for tracking rituximab biotransformation in patient serum. Intriguingly, deami-

dation of Asn55 and Asn33, as well as oxidation of Met81 and Met34 were observed at the key
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complementarity determining regions of rituximab, which could potentially influence antibody function

and require careful monitoring. Overall, these versatile biomimetic MMPs demonstrate superior recogni-

tion and enrichment capabilities for target antibodies, offering interesting possibilities for biotransforma-

tion analysis of biopharmaceuticals in patient serum.

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

Depending on the 3D structure of peptides, their superior
biochemical activity, and diverse functionalities, peptide based
biomaterials exhibited fascinating prospects in various application
fields, including biomedicine, bioanalysis, bionics, etc.1. For
instance, polymer‒peptide conjugates with long circulation time
were engineered for tumor targeted delivery to improve thera-
peutic efficacy2,3 or self-assembled peptide nanomaterials were
designed for cancer diagnostics and therapy4,5. In particular, with
the rapid development of precision medicine and bio-
pharmaceuticals, peptides as important recognition elements were
also used to construct biosensors for clinical diagnosis and ther-
apeutic monitoring6e8 or fabricate sorbents for the purification
and bioanalysis of therapeutic proteins in bioengineering9e14.
Therefore, the exploitation of peptide based biomaterials with
desired properties will certainly gain more attention in future.

Recently, short antigenic epitopes or mimotope peptides,
which can bind to the antigen-binding fragment (Fab) of the
corresponding antibody, have emerged as promising “surrogate
antigens” for precise recognition and in vivo analysis of
antibodies15e17. For instance, to rapidly monitor severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) seroconver-
sion, Tedrick et al.18 successfully developed epitope-
functionalized gold nanoparticles for selective detection of
SARS-CoV-2 IgGs in patient plasma. Some mimotope peptide
functionalized affinity membranes or monolithic materials were
also designed for the specific enrichment and quantification of
different monoclonal antibodies (mAbs), such as trastuzumab,
bevacizumab, or infliximab, in complex biological fluids11,19e22.
Although the use of a mimotope peptide can overcome the high
manufacturing costs and ligand instability of the native antigen,
the low immobilized ligand density and limited antibody binding
capacity of the resulting materials will limit their further appli-
cation to in vivo analysis of antibodies and related products20,23,24.

A few magnetic microparticles (MMPs, larger than 1 mm) with
biomimetic porous structures, such as wrinkled flower-like mag-
netic graphene microspheres, and cabbage-like MMPs, were
recently developed, which possess higher magnetic field strength
and larger surface area compared to traditional magnetic nano-
particles (MNPs), membrane, or monolithic materials25,26.
Therefore, biomimetic MMPs could immobilize affinity ligands
with higher density to drive specific binding of more target protein
or more precisely recognize low concentrations of the target from
complex samples27. For instance, Yang et al. designed wrinkled
flower-like magnetic graphene microspheres (6 mm) for the satu-
ration adsorption (317.58 mg/g) of bovine serum albumin (BSA)
by strong interactions between the abundant carboxyl groups of
dopamine on the surface and the amino groups of BSA25. Liu et al.
reported mannatide-zinc-antigen hybrid microparticles (M-Zn-
OVA HMPs) with cabbage-like morphology (1.7 mm), which
improved the loading capacity of the antigen, and thus resulted in
excellent prophylactic and therapeutic efficacy against B16-OVA
and E. G7-OVA tumors26. Thanks to their characteristics, bio-
mimetic MMPs could overcome the inherent shortcomings of
traditional materials to promote the development of in vivo
analytical technology for antibodies. However, to the best of our
knowledge, mimotope peptide modified biomimetic MMPs have
not been reported to date.

The human cluster of differentiation 20 (CD20), as an important
membrane protein and drug target, is overexpressed on malignant B
cells (about 5 mm)28,29. Therefore, a series of anti-CD20 antibodies,
such as rituximab, obinutuzumab, and mosunetuzumab were
developed to treat B-cell related non-Hodgkin’s lymphoma, certain
types of leukemia and autoimmune diseases. However, some
challenges remain for the specific enrichment and in vivo analysis
of anti-CD20 antibodies, including the non-specific adsorption of
IgGs and other serum proteins, the low concentration of the target
antibody, and the low enrichment capacity of traditional materials.
In this study, inspired by CD20-rituximab specific interactions,
mimotope peptide (HN19: HHHHHHGSGSGSWPRWLEN or
HE24: HHHHHHGSGSGSQDKLTQWPKWLE) modified pompon
mum-like MMPs (3.8 mm, similar to B-cells) were designed to
mimic the specific functionalities of CD20 for the first time. The
biomimetic MMPs were fabricated via a metal-organic framework
(MOF)-mediated cascade derivation strategy, and then the CD20
mimotope peptide was immobilized by metal chelation interaction
between the histidine tag of the peptide and nickel ion on the MMP
surface. Afterwards, the specificity, binding capacity and anti-
fouling ability of the biomimetic MMPs were systematically eval-
uated, a comparison between the MMPs and the previously reported
materials was made to highlight the advantages of the novel ma-
terial. Moreover, the application potential of the MMPs to the
precise enrichment of rituximab was evaluated by testing a series of
spiked cell culture mediums and human serum samples. In partic-
ular, the biotransformation analysis of rituximab in non-Hodgkin’s
lymphoma patient serum samples was monitored by combining
selective capture on the novel MMPs, trypsin digestion, and LC‒
QTOF-MS.
2. Materials and methods

2.1. Chemicals and reagents

Ferric chloride (FeCl3$6H2O, AR), sodium formate (HCOONa,
98%), monosodium phosphate (NaH2PO4, 99%), disodium
hydrogen phosphate (Na2HPO4, 99%), sodium chloride (NaCl,

http://creativecommons.org/licenses/by-nc-nd/4.0/
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98%), sodium hydroxide (NaOH, 98%), sodium acetate
(CH3COONa, 98%), urea (CH4N2O, �99.5%), trimesic acid
(H3btc, 98%) were purchased from Aladdin (Shanghai, China).
Nickel (II) sulfate hexahydrate (NiSO4$6H2O, �98.5%), poly-
ethylene glycol (PEG 6000), ethylene glycol ((CH2OH)2, 98%)
were bought from Macklin reagent (Shanghai, China). Mimotope
HN19 and mimotope HE24 were synthesized by GenScript
(Nanjing, China) with purity over 95%. Rituximab (MabThera�)
was purchased from China Roche (Shanghai, China). Human
serum albumin (HSA, 95%) was from Equitech-bio (Beijing,
China). Myoglobin (MYO, �90%) was from yuanye Bio-
Technology (Shanghai, China). Human immunoglobulin G
(hIgG, >95%) and b-lactoglobulin (b-Lg, >90%) were bought
from Sigma‒Aldrich (Shanghai, China). SDS-PAGE gel kit and
BCA assay kit were purchased from Beyotime (Shanghai, China).
Sequencing grade modified trypsin was obtained from Promega
(Beijing, China). RPMI-1640 cell culture mediums were gifted by
other groups from Jinan University (Guangzhou, China). Non-
Hodgkin’s lymphoma patients’ serum samples were obtained
from The First Affiliated Hospital of Jinan University (Guangz-
hou, China). Samples were collected under appropriate ethical
approval and after written informed consent of patients.

2.2. Synthesis of biomimetic MMPs

The biomimetic MMPs was prepared by solvothermal method in
three steps. Firstly, Fe3O4 nanoparticles and Fe3O4@MIL-100(Fe)
were synthesized according to the method in the Supporting In-
formation. Subsequently, 50 mg Fe3O4@MIL-100(Fe), 200 mg
NiSO4$6H2O, and 120 mg urea were successively added into
40 mL water with stirring at room temperature to form a homo-
geneous suspension. Then, this suspension was transferred into a
sealed Teflon-lined stainless steel autoclave at 120 �C for 12 h.
After cooling to room temperature, the resulting orange product
was separated using an external magnet and washed several times
with deionized water. Finally, the dried pompon mum-like
Fe3O4@NiFe LDH MMPs were obtained.

Then, 2.0 mg Fe3O4@NiFe LDH MMPs were suspended in
500 mL deionized water and the HN19 mimotope peptide (500 mL
of 1 mg/mL solution) was added. The mixture was rotated and
incubated at room temperature for 12 h. The Fe3O4@NiFe
LDH@HN19 were separated from the supernatant in a magnetic
field and washed thrice with deionized water to remove the un-
bound peptide. The preparation process of Fe3O4@NiFe
LDH@HE24 was the same as that of Fe3O4@NiFe LDH@HN19.

2.3. Specificity and anti-fouling ability of biomimetic MMPs

To investigate the specificity of the biomimetic material for rit-
uximab, 2 mg MMPs were added to a protein mixture containing
100 mL of 4 mg/mL BSA, 100 mL of 1 mg/mL rituximab or hIgG,
100 mL of 1 mg/mL myoglobin and 100 mL of 1 mg/mL b-
lactoglobulin, mixed and incubated for 3 h, and then separated in a
magnetic field. Then, the washing buffer (20 mmol/L PB,
150 mmol/L NaCl, pH 8.0) was added to the MMPs. After mag-
netic separation, the elution buffer (10 mmol/L HCOONa,
100 mmol/L NaCl, pH 3.05) was used, and the obtained super-
natant was analyzed by SDS-PAGE.

To investigate the non-specific adsorption of impurity protein,
FITC-labeled BSA was selected as model protein. 2 mg MMPs
were added to 1 mL BSA solution (1 mg/mL), mixed and
incubated for 3 h, separated in a magnetic field, and their fluo-
rescence was observed under UV light.

2.4. Binding performances of Fe3O4@NiFe LDH@HN19/HE24
MMPs

For binding performance evaluation, 0.2 mg of MMPs were
immersed in 10 mL of 0.1 mg/mL rituximab solution, mixed and
incubated (0e6 h). At the specified time intervals, 1 mL of the
mixture was removed, magnetically separated, and the remaining
antibody concentration was determined. Then, the binding ca-
pacity was calculated according to Eq. (1):

Qt Z ðC0‒CtÞV =m ð1Þ
where C0 and Ct are the rituximab concentrations initially and at
time t, respectively, V is the volume of the rituximab solution, and
m is the amount of MMPs.

In the isothermal binding experiment, 0.2 mg of MMPs was
added to 10 mL rituximab solutions of different concentrations
(ranging from 0.01 to 0.1 mg/mL), mixed and incubated for 3 h.
After magnetic separation, the remaining antibody concentration
was determined, and the binding capacity was calculated ac-
cording to Eq. (1).

2.5. Enrichment and analysis of rituximab in complex biological
fluids

RPMI-1640 cell culture medium and diluted human serum spiked
with rituximab were used to evaluate the application potentials of
the biomimetic MMPs. Specifically, rituximab (1 mg/mL, 100 mL)
was added to RPMI-1640 cell culture medium or ten-fold diluted
human serum, mixed and incubated with different MMPs for 3 h.
The mixture solution were separated in a magnetic field, and after
the washing and elution steps, the resulting supernatant was sub-
jected to further analysis (including SDS-PAGE, circular dichro-
matic, and bioactivity analysis).

2.6. Biotransformation analysis of rituximab in non-Hodgkin’s
lymphoma patient serum samples

For peptide mapping analysis, the eluates containing rituximab
captured from clinically diluted five-fold serum samples were first
desalted and the solvent was exchanged for water using the
Amicon� Ultra-0.5 centrifugal filter unit (10 kDa MWCO, Merck
Millipore, Burlington, MA, USA). Subsequently, 10 mol/L urea in
100 mmol/L Tris-HCl buffer pH 8.0 and 10 mmol/L dithiothreitol
were added for denaturation and reduction of disulfide bonds,
respectively, followed by 20 mmol/L iodoacetamide for alkyl-
ation. After changing the solvent to 100 mmol/L Tris-HCl pH 8.0
through ultrafiltration, the proteins were digested with trypsin at
37 �C for 3 h and the digestion was quenched by adding 5% FA.
The peptides resulting from enzymatic digestion were separated
on an ACQUITY UPLC BEH C18 column (2.1 mm
I.D. � 150 mm, 1.7 mm, 130 Å, Waters, Milford, MA, USA) using
an ExionLC system coupled to the SCIEX ZenoTOFTM 7600
system (Framingham, MA, USA). The mobile phase A was
composed of 0.1% FA in water while the mobile phase B con-
sisted of 0.1% FA in ACN. A 120 min gradient elution at a flow
rate of 200 mL/min and a column temperature of 60 �C was carried
out for peptide separation. Detailed method parameters were
summarized in Supporting Information Table S1. For qualitative
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and relatively quantitative analysis, SCIEX OS and BioPharma
view software were used.
3. Results and discussion
3.1. Preparation of pompon mum-like biomimetic MMPs

To mimic the functionalities of CD20 on malignant B cells, two
mimotope peptides (HN19: HHHHHHGSGSGSWPRWLEN and
HE24: HHHHHHGSGSGSQDKLTQWPKWLE) were moderately
modified and designed for rituximab recognition according to the
previously reported studies17,29. Firstly, the affinities of the two
peptides to rituximab were evaluated by isothermal titration
calorimetry (ITC) assay. As shown in Fig. 1, the affinity of HN19
(Kd Z 0.12 � 0.22 mmol/L) to rituximab was slightly higher than
that of HE24 (Kd Z 2.73 � 1.98 mmol/L). Moreover, as shown in
Fig. 1b and e, DG < 0 and |DH| > |TDS|, which indicated that the
environments of the binding between the mimotope peptide and
rituximab were consistent with the enthalpy‒entropy compensa-
tion of enthalpy drive on driving process30, and therefore the
hydrogen bond and electrostatic interactions could dominate their
binding behavior. The binding models for these mimotope pep-
tides with the Fab region of rituximab were then investigated
(Fig. 1c and f). For the key recognition sequence (WPRWLEN) of
HN19, residue Arg3 was a key site, mainly involved in binding
with residues Tyr102, Gly104, and Asp105 in the Fab region of the
heavy chain of rituximab through salt bridge and hydrogen bond
interactions. For the key recognition sequence (QDKLTQWPK
WLE) of HE24, residues Pro8 and Glu12 were involved in
binding with residues Tyr102 and Tyr101 in the heavy chain of
rituximab (Fab region) through hydrogen bond interactions.
Compared to the binding behavior of HE24, HN19 exhibited more
interactions (salt bridges) with rituximab Fab, which indicated that
the binding affinity of HN19 to rituximab could be higher than
that of HE24. The above results showed that these peptides could
efficiently mimic the functionalities of CD20 and lead to the
development of versatile biomaterials.
Figure 1 Binding analysis of mimotope peptide with rituximab. (a) ITC

between HN19 and rituximab; (c) Molecular docking of key recognition s

rituximab; (e) Energy changes during binding between HE24 and rituxim

rituximab Fab.
Subsequently, mimotope peptide functionalized MMPs were
prepared in four steps. As shown in Fig. 2, the Fe3O4 nanoparticles
were first synthesized, and then trimesic acid (H3btc) was added
and reacted with Fe3þ ions on the surface of these nanoparticles to
produce uniform Fe3O4@MIL-100(Fe) in situ. Then, the Fe ions
in the MOF layer of Fe3O4@MIL-100(Fe) were reacted with
nickel sulfate hexahydrate (NiSO4$6H2O) to produce pompon
mum-like MMPs (Fe3O4@NiFe LDH, mm level, Fig. 2c). The
generation of the Ni layer and the formation of microparticles
could be attributed to the fact that hydroxide ions in alkaline
environment (urea at high temperature) can slowly coprecipitated
with nickel ions through high-temperature hydrothermal decom-
position, coupled with the continuous connection of individual
nanoparticles over time and the aggregation effect of MNPs31.
According to the previous report32, the pompon mum-like mi-
croparticles possess high porosity and large specific surface area
to provide numerous ligand binding sites, which was beneficial for
the improvement of the resultant material’s functionality. Finally,
the HN19 or HE24 modified biomimetic MMPs (Fe3O4@NiFe
LDH@peptide) were prepared by metal chelation interaction be-
tween the histidine tag of the peptide ligand and Ni2þ on the
Fe3O4@NiFe LDH MMPs.

3.2. Characterization of the pompon mum-like biomimetic
MMPs

To verify the successful preparation of the biomimetic MMPs,
their morphological changes during the synthesis of the material
were first monitorized by SEM (Fig. 2a‒c). With the nucleation of
Fe3O4, the generation of Fe3O4@MIL-100(Fe), followed by the
continuous coprecipitation and aggregation of Ni layer on
Fe3O4@MIL-100(Fe), the nanoparticles eventually grew into
pompon mum-like Fe3O4@NiFe LDH microparticles. The particle
size of the corresponding materials were gradually increased from
100 nm (Fe3O4) to 300 nm (Fe3O4@MIL-100(Fe)), and after
aggregation finally grew to 3.8 mm (Fe3O4@NiFe LDH) (Fig. 2c).
EDS results further confirmed that the abundant Ni element
(yellow part, Fig. 2h) was evenly distributed on the material
analysis of HN19 with rituximab; (b) Energy changes during binding

equence of HN19 with rituximab Fab; (d) ITC analysis of HE24 with

ab; (f) Molecular docking of key recognition sequence of HE24 with



Figure 2 Characterization of the materials. Scanning electron microscopy (SEM) images of (a) Fe3O4, (b) Fe3O4@MIL-100(Fe) and (c)

Fe3O4@NiFe LDH. (d) SEM image of Fe3O4@NiFe LDH and Energy dispersive spectrometer (EDS) images for (e) the superposition of the

elements, (f) O element, (g) Fe element, (h) Ni element.
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surface. X-ray photoelectron spectroscopy (XPS) results (Fig. 3a)
also showed that the characteristic peaks of Ni at 855.0 and
872.0 eV were observed in the high-resolution XPS spectrum of
Fe3O4@NiFe LDH in comparison to that of Fe3O4@MIL-100(Fe).
The high-resolution XPS spectrum of Ni 2p exhibited four peaks,
corresponding to Ni 2p3/2, Ni 2p1/2 and two shakeup satellites
(Fig. 3c). Moreover, the infrared spectrum of Fe3O4@NiFe LDH
was similar to that of Fe3O4@MIL-100(Fe), which could be
attributed to the coprecipitation of Ni ions onto the matrix material
by non-covalent interaction (Fig. 3d). Therefore, these character-
izations symmetrically verified the successful preparation of
Fe3O4@NiFe LDH. In particular, the abundant Ni element
(37.84 wt%, Supporting Information Table S2), super-strong
magnetism (270 emu/g, Fig. 3e), and large specific surface area
(128.43 m2/g, Fig. 3f) were also observed on Fe3O4@NiFe LDH,
which is beneficial for the high density immobilization of the
peptide ligand to produce the versatile biomimetic Fe3O4@NiFe
LDH@peptide MMPs.

The efficient immobilization of the mimotope peptide on
Fe3O4@NiFe LDH was then monitored by XPS and BCA tests.
The characteristic N 1s peak was observed in the full-survey XPS
spectrum of the biomimetic MMPs (Fig. 4a), which implied that
the peptide ligand (HN19 or HE24) was successfully grafted on
the material surface. However, the N intensity of Fe3O4@NiFe
LDH@HN19 (Fig. 4b) was higher than that of Fe3O4@NiFe
LDH@HE24 (Fig. 4c), which could be due to a difference in
peptide density on the biomimetic materials. According to the
peptide concentration-dependent experiments, the maximum
HN19 density on Fe3O4@NiFe LDH@HN19 was 2467 mg/g. This
was found to be slightly higher than the HE24 density of 2382 mg/
g on Fe3O4@NiFe LDH@HE24 (Fig. 4d and e). It is interesting to
note that these ligand densities are dramatically higher than those
of previously reported peptide based affinity materials (Table 1).
The ultrahigh peptide ligand density could be attributed to the
abundant Ni2þ chelation sites, large specific surface area, and high
porosity of Fe3O4@NiFe LDH.

3.3. Optimization of bioseparation conditions

The separation performances of the biomimetic MMPs in serum
were commonly limited by the low concentration of the target
protein and the serious interferences from high abundance pro-
teins33,34. Therefore, to ensure the proper functioning of the ob-
tained Fe3O4@NiFe LDH@peptide MMPs, the separation
conditions (including the composition and pH of the washing and
elution buffers) were systematically optimized. Firstly, the washing
step plays a crucial role in bioseparation process for the elimination
of interference proteins. Therefore, the influence of the pH and salt
concentration of thewashing buffer on the adsorption performances
of the biomimetic MMPs was evaluated (Supporting Information



Figure 3 Characterization of the materials. (a) XPS survey data of Fe3O4, Fe3O4@MIL-100(Fe) and Fe3O4@NiFe LDH. High-resolution XPS

spectra of (b) Fe and (c) Ni of Fe3O4@NiFe LDH. (d) Fourier transform infrared (FT-IR) spectra of Fe3O4, Fe3O4@MIL-100(Fe) and

Fe3O4@NiFe LDH. (e) Magnetic hysteresis loops of Fe3O4@NiFe LDH. (f) N2 sorption isotherms of Fe3O4@NiFe LDH.
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Fig. S1). A protein mixture containing 1 mg/mL b-lactoglobulin,
1 mg/mL myoglobin, 1 mg/mL rituximab, and 4 mg/mL HSAwas
chosen as test analyte. At pH 8.0, the electrostatic repulsion in-
teractions between the mimotope peptide HN19 (pI 7.7, from pep-
tide properties calculator, NovoPro, Shanghai, China) and
interference proteins (HSA pI: 4.7, b-lactoglobulin pI: 5.2,
myoglobin pI: 6.9) could effectively eliminate their non-specific
adsorption on the biomimetic MMP surface (Supporting Informa-
tion Fig. S2a). Moreover, the highest recovery (98.4%) and purity
for rituximab (pI: 9.3)35 was obtained at this pH (Figs. S1a and S2a).
The salt concentration of the washing buffer could affect the hy-
drophobic interactions between the mimotope peptide and ritux-
imab, and therefore the influence of NaCl concentration was also
investigated (Figs. S1b and S2b). An appropriate salt concentration
Figure 4 Characterization of materials and evaluation of maximum

Fe3O4@NiFe LDH@HN19 and Fe3O4@NiFe LDH@HE24. High-resolutio

Fe3O4@NiFe LDH@HE24. (d) Maximum HN19 density on Fe3O4@N

LDH@HE24. (f) Size distribution histogram of Fe3O4@NiFe LDH@pept
(150 mmol/L NaCl) could raise the surface tension of the solution
and diminish the electrostatic interaction with interference proteins,
however a lower salt concentration (50mmol/L NaCl) or higher salt
concentration (250 mmol/L NaCl) would lead to a rituximab loss in
the washing fraction and poor enrichment efficiency36. Therefore, a
washing buffer of pH 8.0 consisting of 20 mmol/L PB and
150 mmol/L NaCl, was selected for further studies.

Finally, three kinds of elution buffer were investigated
(Fig. S1c), including eluent 1 (10 mmol/L sodium formate,
100 mmol/L NaCl, pH 3.0), eluent 2 (25% ACN, 0.1% formic
acid), and eluent 3 (10 mmol/L urea) with strong elution ability.
Although the highest recovery was achieved with 10 mmol/L urea,
the biomimetic MMPs could be destroyed under harsh conditions.
Compared to eluents 2 and 3, an acceptable recovery (>88%) and
peptide ligand density. (a) XPS survey data of Fe3O4@NiFe LDH,

n XPS spectra of (b) Ni on Fe3O4@NiFe LDH@HN19 and (c) Ni on

iFe LDH@HN19. (e) Maximum HE24 density on Fe3O4@NiFe

ide.



Table 1 Comparison of binding performances of the previously reported affinity materials.

Material Ligand Ligand density Target protein Binding capacity Ref.

Sepharose beads AviPure ligand 429 nmol/g IgG 53 mg/mL 38

Agarose-OPS adsorbent 31.93 mg/mL IgG 24.2 mg/mL 23

Porous membranes containing

immobilized peptide

KGSGSGSQLGPYELWELSH (KH19) 5.1 � 1.3 mg/mL Trastuzumab 1.3 � 0.3 mg/mL 37

Peptide immobilized monolith HHHHHHGSGSGSQLGPYELWELSH

(HH24)

11 mg/mL Trastuzumab 16.4 mg/g 13

Peptide immobilized monolith Fmoc-HWEGWV 155 mmol/mL IgG 101.8 mg/mL 39

Fe3O4@SiO2 magnetic

nanoparticles

Protein A 203 mg/g anti-EGFR mAb 112.3 mg/g 24

Peptide immobilized monolith Histidine-tagged cyclic peptide 13.8 mg/mL IgG 119.3 mg/g 11

His-MWNTs L-Histidine 210 mmol/g IgG 267.8 mg/g 40

Porous membranes containing

immobilized peptide

KGSGSGSWPRWLEN (KN14) / Rituximab 16.5 mg/mL 19

Fe3O4@NiFe LDH@HN19

Fe3O4@NiFe LDH@HE24

HN19

HE24

2467 mg/g

2382 mg/g

Rituximab

Rituximab

1375 mg/g

1194 mg/g

This work
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good stability of the material were obtained with eluent 1.
Moreover, these moderate conditions can overcome the drawbacks
of the harsh elution conditions (2% sodium dodecyl sulfate,
100 mmol/L dithiothreitol) of the traditional peptide based affinity
membranes20, so that the bioactivity of the enriched antibody will
be well maintained for further studies of antibody functions,
including antigen binding affinity, antibody-dependent cellular
cytotoxicity, complement-dependent cytotoxicity, etc. Therefore,
elution buffer 1 (10 mmol/L sodium formate, 100 mmol/L NaCl,
pH 3.0) was selected for further studies.
3.4. Specificity, anti-fouling ability, and antibody binding
capacity of the biomimetic MMPs

Under the optimized conditions, the selectivity of the biomimetic
MMPs was first evaluated using a mixture of proteins (rituximab,
HSA, myoglobin, and b-lactoglobulin) as analytes. Fig. 5a shows
that only rituximab was detected in the elution fraction and the
other proteins were observed in the loading and washing fractions.
Moreover, a mixture including hIgG instead of rituximab was used
for comparison. As shown in Fig. 5b, no obvious hIgG was
detected in the elution fraction. Therefore, the biomimetic MMPs
possesses excellent specificity for rituximab. Then, the anti-
fouling ability of the biomimetic MMPs was visually evaluated
by a FITC-labeled BSA adsorption test. As shown in Fig. 5c-2, a
very strong fluorescence was observed after incubation of bio-
mimetic MMPs with FITC-labeled BSA. After magnetic separa-
tion, no fluorescence was observed on the biomimetic MMPs
(Fig. 5c-4), which confirms their excellent anti-fouling ability.

Considering the excellent specificity of the pompon mum-like
biomimetic MMPs, their antibody binding performances,
including binding kinetics and equilibrium binding isotherm, were
also evaluated. Firstly, the binding kinetics of the biomimetic
MMPs for rituximab were assessed in a predetermined time in-
terval, and the biomimetic MMPs (Fe3O4@NiFe LDH@HN19
and Fe3O4@NiFe LDH@HE24) were separately incubated with
rituximab and the amount of antibody bound to the MMPs was
measured at different times. As illustrated in Fig. 5d and e,
Fe3O4@NiFe LDH@HN19 and Fe3O4@NiFe LDH@HE24
showed fast binding rates for rituximab during the first 3 h, then
the binding equilibrium was reached after about 4 h. The
maximum rituximab binding capacities of these biomimetic
MMPs were 1291 mg/g (Fe3O4@NiFe LDH@HN19) and
1306 mg/g (Fe3O4@NiFe LDH@HE24), respectively. Next, the
equilibrium adsorption isotherm was applied to evaluate the
binding capacities of Fe3O4@NiFe LDH@HN19 and
Fe3O4@NiFe LDH@HE24 for rituximab. Similarly, the bio-
mimetic MMPs (Fe3O4@NiFe LDH@HN19 or Fe3O4@NiFe
LDH@HE24) were separately incubated with a series of
increasing concentrations of rituximab (from 10 to 100 mg/L), and
the maximum binding capacity of Fe3O4@NiFe LDH@HN19 was
calculated to be 1375 mg/g, and that of Fe3O4@NiFe
LDH@HE24 was calculated to be 1194 mg/g (Fig. 5f and g). The
higher binding capacity of the former could be due to that the
higher affinity and density of HN19 on the material surface.

More importantly, the larger size and abundant apertures of the
novel MMPs also resulted in ligand density and antibody binding
capacity 10 times higher than those of protein A (203.0 mg/g)
immobilized MNPs for capturing monoclonal antibodies
(112.3 mg/g)24 and the previously reported fragment crystallizable
(Fc)-specific peptide based monoliths for enriching hIgG
(119.3 mg/g11 or 101.8 mg/mL39) In particular, the peptide density
and binding ability of the biomimetic MMPs were significantly
superior than those of the mimotope peptide KH19 (5.1 mg/mL)
immobilized affinity membrane towards trastuzumab (1.3 mg/
mL)37 and the HH24 (11.0 mg/mL) modified polymeric monolith
towards trastuzumab (16.4 mg/g)13, and even the KN14 modified
affinity membrane towards rituximab (16.5 mg/mL)19. In a word,
Fe3O4@NiFe LDH@peptide MMPs exhibited fascinating perfor-
mances with higher binding capacity when compared to those of
previously reported protein A, Fc-specific peptide, and antigen
mimotope peptide functionalized materials as summarized in
Table 1.

3.5. Enrichment and analysis of rituximab in complex biological
fluids

Inspired by the above results, the actual application potential of
the novel MMPs was further investigated by purifying a series of
complex biological samples spiked with rituximab and verifying
its bioactivity and stability. Firstly, with the increase of culture
scale and cell expression level, the upstream production capacity
of mAbs was gradually enhanced, so that purification technologies
with high efficiency and high loading capacity, such as biomimetic
MMPs, were increasingly desired. As shown in Supporting In-
formation Fig. S3, RPMI-1640 cell culture mediums spiked with
rituximab (1 mg/mL) were used as test samples and only the



Figure 5 (a) Selectivity of Fe3O4@NiFe LDH@HN19 evaluated by SDS-PAGE analysis. S1, feedstock; S2, standard rituximab (1 mg/mL); LF,

loading fractions; W1‒W3, washing fractions; M, marker; E1‒E3, elution fractions. (b) Specificity of Fe3O4@NiFe LDH@HN19 evaluated by

SDS-PAGE analysis. S1, feedstock; S2, standard hIgG (1 mg/mL); LF, loading fractions; W1‒W3, washing fractions; M, marker; E1‒E3, elution
fractions. Stain of protein lane was achieved with Coomassie blue staining solution. (c) Anti-fouling test of Fe3O4@NiFe LDH@HN19 by

fluorescence analysis. (1) Fe3O4@NiFe LDH@HN19. (2) Fe3O4@NiFe LDH@HN19 after addition of FITC labeled BSA solution. (3) Super-

natant obtained after magnetic separation. (4) Precipitate obtained after magnetic separation. (d) Binding kinetics isotherm of rituximab on

Fe3O4@NiFe LDH@HN19. (e) Binding kinetics isotherm of rituximab on Fe3O4@NiFe LDH@HE24. (f) Maximum rituximab binding capacities

on Fe3O4@NiFe LDH@HN19. (g) Maximum rituximab binding capacities on Fe3O4@NiFe LDH@HE24.
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heavy and light chains of rituximab were observed in the SDS-
PAGE images of all elution fractions after enrichment. Hence,
these biomimetic MMPs exhibited a good application prospect for
mAb purification in biopharmaceutical manufacturing process.

Secondly, some obstacles and challenges, including low in vivo
concentrations of antibodies and complex biological matrices
containing IgGs, could seriously interfere with antibody quanti-
fication and biotransformation analysis in clinical samples41.
Therefore, the precise recognition and enrichment ability of the
novel MMPs were also evaluated by using 10-fold diluted spiked
serum samples. As can be seen in Fig. 6a and b, thanks to the
excellent affinity, specificity and enrichment features of the novel
material, almost all of interference proteins were eliminated by
washing steps and the target antibody was detected with high
purity in the elution fractions by SDS-PAGE. In particular, the
peptide mapping of the eluted protein was performed by LC‒
QTOF-MS after trypsin digestion. Fig. 6c shows that similar
peptide sequence coverages were obtained for standard rituximab
(98.6% for light chain and 93.6% for heavy chain) and the eluted
protein (98.6% for light chains and 90.9%‒92.9% for heavy
chains). These results further confirmed the excellent enrichment
ability of these biomimetic MMPs. Moreover, the second structure
and bioactivity of the eluted rituximab were monitored and
compared. As shown in Fig. 6d, the characteristic peaks of b-
sheets (200 and 216 nm) were found in CD curves of standard
rituximab and the eluted protein. The cytotoxicity assay of the
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eluted rituximab further indicated that its IC50 values were
23.89 mg/mL (when eluted from Fe3O4@NiFe LDH@HN19) and
28.43 mg/mL (when eluted from Fe3O4@NiFe LDH@HE24),
which were close to the IC50 (21.10 mg/mL) of standard rituximab
(Fig. 6e and f). Based on the above, these biomimetic MMPs not
only have a good application prospect for antibody capture from
spiked serum samples, but also the secondary structure and high
bioactivity of the eluted rituximab can be well maintained, which
is beneficial for further antibody quantification, function study,
and even in vivo biotransformation analysis.

3.6. Biotransformation analysis of rituximab in non-Hodgkin’s
lymphoma patient serum samples

After administration of mAbs to patients, various chemical modi-
fications, such as deamidation, isomerization, oxidation, and gly-
cation, may be formed or accelerated and result in decreased
antigen binding affinity, reduced drug activity, and undesirable
changes in pharmacokinetics and immunogenicity42,43. Therefore,
the in vivo biotransformation analysis of mAbs is of high interest
Figure 6 Enrichment process of rituximab in spiked human serum.

LDH@HN19 from 10-fold diluted spiked human serum. (b) SDS-PAGE re

fold diluted spiked human serum. S1, feedstock; S2, standard rituximab; L

elution fractions. Stain of protein lane was achieved with Coomassie blue s

rituximab and the eluted protein from Fe3O4@NiFe LDH@HN19 and F

standard rituximab and the eluted protein from Fe3O4@NiFe LDH@HN

assay) of standard rituximab and the eluted protein from Fe3O4@NiFe LD
for the development, precise therapeutic use, and risk assessment of
biopharmaceuticals. Based on our previously reported study on
biotransformation analysis13, a reliable bioanalytical platform was
developed by combining rituximab enrichment on biomimetic
MMPs, trypsin digestion and peptide mapping by LC‒QTOF-MS.
To exclude the potential interference of complex matrices, blank
serum and rituximab spiked serum sample were employed as ana-
lytes. Some possible peptide modification sites for rituximab were
summarized in Supporting Information Table S3. As shown in
Supporting Information Fig. S4, no obvious serum protein inter-
ference was observed by comparing extracted ion chromatograms
(XICs) of blank serum (a) and rituximab-spiked serum (b) sample
(all samples were analyzed after treatment with Fe3O4@NiFe
LDH@HN19 and trypsin digestion). Moreover, high response in-
tensities were achieved for the potential modified peptides of rit-
uximab, which verify the reliability of the bioanalytical platform.

For biotransformation analysis, the two MMPs were then
applied to enrich rituximab from 5-fold diluted serum from pa-
tients with non-Hodgkin’s lymphoma. As shown in Supporting
Information Fig. S5, the characteristic heavy and light chains of
(a) SDS-PAGE results of rituximab enrichment on Fe3O4@NiFe

sults of rituximab enrichment on Fe3O4@NiFe LDH@HE24 from 10-

F, loading fractions; W1‒W3, washing fractions; M, marker; E1‒E3,
taining solution. (c) Mass spectra and sequence coverages of standard

e3O4@NiFe LDH@HE24. (d) Circular dichromatic (CD) spectra of

19 and Fe3O4@NiFe LDH@HE24. Bioactivity analysis (cytotoxicity

H@HN19 (e) or from Fe3O4@NiFe LDH@HE24 (f).



Figure 7 Analytical process for non-Hodgkin’s lymphoma patient serum and example data of identified and confirmed peptides using

ZenoTOFTM 7600 system. (a) XICs of peptides containing N319/D319 and M256/M256 oxidated. (b) Comparison of the isotopic distributions of

the triply/doubly charged ions for the native and modified peptides. (c) Representative fragment ions detected in the MS/MS spectrum.
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rituximab were observed in SDS-PAGE images. The obtained
protein was then digested by trypsin for peptide mapping. Based
on the MS/MS results for the peptide digest, Fig. 7 details the data
processing of the detected biotransformation, for which XICs
indicate peptide retention times with insets representing the
modification mechanism (Fig. 7a). A deamidation of Asn to Asp
leads theoretically to 1 Da mass increase, which correlates well
with the measured m/z shift of w0.33 Da for the isotopic pattern
of triply charged ions (Fig. 7b). Moreover, the localization of
deamidation at Asn319 was achieved by diagnostic fragment ions
(encircled in green in Fig. 7c), such as the appearance of z4þ1 in
the deamidated derivative. Similarly, a m/z difference of
w8.00 Da was observed between the native and modified forms of
the doubly charged peptide ions containing Met256. This corre-
sponds to 16 Da mass increase for oxidation. Especially, some
subtle key modifications at Asn33, Met34, Asn55, and Met81
from complementarity determining regions (CDR) in heavy chains
were observed in Supporting Information Figs. S6 and S7. These



Figure 8 Biotransformation analysis of rituximab in patient serums

using the bioanalytical platform based on biomimetic MMPs.
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critical biotransformation should be carefully monitored during
quality control, biosimilar development or treatment cycle to
guarantee efficacy and safety44e48.

Finally, the modification ratios were calculated by dividing
XIC peak areas of the modified peptide by the total XIC peak
areas of the unmodified and modified forms to evaluate the extent
of biotransformation (Fig. 8). The results showed that rituximab
deamidation levels in serum samples were ranging from 0.2% to
15.7% while the range for oxidation was from 0.4% to 15.3%. It is
noteworthy that peptide modification degrees varied between pa-
tients, which is possibly due to the administration dosage, indi-
vidual variations, etc. In a word, the bioanalytical platform based
on biomimetic MMPs exhibited a great application potential for
the in vivo biotransformation analysis of antibodies.

4. Conclusions

In this study, pompon mum-like biomimetic MMPs (3.8 mm) were
developed to mimic the specific functionalities of CD20 on ma-
lignant B cells for the precise recognition, enrichment, and
biotransformation analysis of rituximab in complex biological
fluids. Thanks to the large size and specific surface area, abundant
pores and Ni2þ chelation sites, the mimotope peptides were
immobilized with ultrahigh density (>2300 mg/g) on the novel
material, so that their maximum binding capacities for rituximab
were close to 1380 mg/g. These characteristic performances were
significantly superior to those of the previously reported peptide
functionalized affinity MNPs, membranes, and monolithic mate-
rials. In particular, the abundant interference proteins in biological
fluids were fast eliminated using the biomimetic MMPs under
optimized conditions and the target rituximab could be precisely
recognized from serum samples in spite of the high concentration
of IgGs. Thanks to these advantages, the biomimetic MMPs not
only exhibit excellent enrichment performances for rituximab
from spiked cell culture mediums and serums, but also the sec-
ondary structure and bioactivity of the enriched antibody can be
well maintained. Especially, some key biotransformations, such as
the deamidation of Asn55 and Asn33, the oxidation of Met81 and
Met34, were successfully monitored in the CDRs of rituximab
captured from patient serums using the biomimetic MMPs
coupled to trypsin digestion and peptide mapping by LC‒MS/MS.
These critical biotransformations need to be carefully followed
during quality control, biosimilar development, or treatment cycle
to guarantee efficacy and safety. In future, with the development
of biopharmaceuticals and precise medicine, different biomimetic
MMPs should be designed and applied to in vivo analysis of mAbs
and biosimilars, and even antibody‒drug conjugates or bispecific
antibodies.
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