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ABSTRACT: Developing advanced affinity adsorbents for immunoglo- / / ) ( Protein
bulin G (IgG) selective separation and purification is vital for clinical )\ Ni2* chelation {( ) adsorption
diagnosis and therapy. However, high-cost and low-specificity methods f ‘ o

hinder high-purity IgG production. This work has fabricated nanoporous \‘ N I "t \ ‘ ‘ I II_
heterostructure microparticles by emulsion polymerization of styrene, =

divinylbenzene, and acrylic acid on the surface of sulfonated polystyrene ~ SPSDVB-PAA SPSDVB-PAA-Ni

particles. Following modification with nickel ions, the Ni**-functionalized Y lge +x + 14
sulfonated poly(styrene-divinylbenzene)-poly(acrylic acid) (SPSDVB- + Other proteins ,‘. 22 2)
PAA-Ni) exhibits dense nanoporous heterostructures and Niz+-chelating Yy ";.\

sites, enabling electrostatic attraction and metal affinity interactions for Separation ‘ ,
the adsorption and separation of IgG. The SPSDVB-PAA-Ni affinity J W
adsorbent demonstrates a high adsorption capacity of 192.7 mg-g™' with  SDS-PAGE assay +4 +
rapid equilibration within 30 min, outperforming protein A/G

adsorbents. Furthermore, the separation/purification of IgG from human serum samples is successfully achieved with a recovery
of 73.7% and a purity of 83.7%. The study presents the SPSDVB-PAA-Ni polymer microparticles as promising adsorbents for
selectively separating antibody drugs, suggesting their potential applications in clinical analysis.

1. INTRODUCTION substitutes for IgG purification, including biomimetic protein
G, thiophilic ligands, and immobilized metal ions."”
Immobilized metal-ion affinity chromatography (IMAC) has
gained widespread acceptance in separating proteins, peptides,
nucleic acids, and enzymes with the advantages of high
capacity, high selectivity, and low cost.'®"? IMAC utilizes
transition metal ions immobilized on a solid matrix as ligands
because of their affinity for electron-donating amino acid
residues, such as histidine, cysteine, and tryptophan.20 Owing
to the metal affinity interaction between Ni** and histidine
residues, Ni**-based affinity adsorbents are commonly used for
the purification of histidine-rich proteins or His-tagged
proteins.”' ~** Limited research has been conducted on the
purification of IgG using Ni*"-based affinity adsorbents. For
example, Todorova-Balvay et al. discovered, through molecular
modeling, that the Fc domain of IgG contains a cluster of
histidine residues that are accessible and capable of binding to
transition metal ion chelates, while it was only theoretical
research.”> Mourao et al. found that chelating Ni**, Cu®*, Co?*,

Immunoglobulins (Ig), a class of antibodies produced by B
lymphocytes, are categorized into five types: IgE, IgD, IgA,
IgM, and IgG 2 Among them, IgG constitutes the highest
antibody content in immunoglobulins and is widely distributed
in human tissues and plasma.”* IgG antibodies play a crucial
role in preventing transplant rejection, combating viral and
bacterial infections, and managing inflammatory and auto-
immune diseases.”® For instance, plasma IgG aggregates could
be applied as biomarkers in the diagnosis, prognostic
assessment, and therapeutic monitoring of multiple sclerosis.”
Tumor cell-derived IgG plays a major role in tumor
development, including promotion of growth, invasion, and
metastasis, and may serve as therapeutic targets and prognostic
markers.” Hence, the development of an IgG separation
method is crucial for the production of biopharmaceuticals.
The separation/purification approaches of IgG include
precipitation,” affinity chromatography,'® ion-exchange chro-
matography,'" and hydrophobic interaction chromatography.'”
Therein, affinity chromatography is the most useful method for
capturing and purifying IgG due to its utilization of proteins A,
G, and L as natural affinity ligands, which have a strong affinity Revised:  July 2, 2025
for the fragments of IgG.'”'* However, these ligands suffer Acce_}’ted‘ July 29, 2025
from high cost, instability, leakage, and degradation.">' In Published: August 1, 2025
recent years, several abiotic ligands with low cost, chemical
stability, and high selectivity have been developed as
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and Zn** with CM-Asp-agarose showed potential in isolating
Fab fragments from papain-digested human IgG with high
selectivity and good separation efficiency.”® However, Ni-
chelated CM-Asp-agarose was applied in the purification of
Fab fragments from digested human IgG, not intact IgG.
Therefore, our work has developed Ni**-immobilized affinity
adsorbents for IgG purification for the first time, expanding the
application scope of the adsorbent.

Polymer microparticles are frequently used as separation
materials for removing pollutants from water, purifying
proteins from matrixes, and identifying biomarkers in
biofluids.””** These polymer microparticles include homoge-
neous nanoporous silica, molecularly imprinted polymers
(MIPs), metal—organic frameworks (MOFs), block copoly-
mers, and heterostructure microparticles.”” Among them, the
heterostructure microparticles fabricated through emulsion
interfacial polymerization have allowed for the eflicient
isolation of complex biosamples. This is due to their diverse
pore structure, tunable surface groups, and pore sizes.’”*! For
example, Song et al. synthesized heterostructure-enabled
separation particles (HESPs) for rapid separation of similarly
sized proteins, mainly relying on electrostatic interaction.”” To
improve selectivity and capacity in separation, surface
modification with specific groups is in demand. Wang et al.
fabricated macroporous polymer microspheres that were
subsequently modified with polzrethylenimine and PWj,
through electrostatic interaction.”” SPSDVB-PAA-PEI-PWi,
exhibited excellent adsorption selectivity for glycoproteins.
Nevertheless, the problems of low adsorption capacity and
tedious modification methods still exist. Therefore, there is a
growing need to create appropriate surface-functionalized
polymer microparticles with prominent separation capability.

In this study, heterostructure poly(styrene-divinylbenzene)-
poly(acrylic acid) microparticles with a nanoporous structure
were fabricated and followed by immobilization with Ni** via
electrostatic interaction. The polymer microparticles, named
SPSDVB-PAA-Ni, are assessed as solid-phase adsorbents in
capturing and purifying IgG. Attributed to metal coordination
interaction and electrostatic interactions, SPSDVB-PAA-Ni
demonstrates favorable selectivity and adsorption capacity for
IgG, which is utilized to separate IgG from human serum
samples via SDS-PAGE. Consequently, a novel approach for
purifying antibodies has been developed with potential
applications in the biological medicine field.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Materials. Nickel sulfate hexahydrate
(NiSO,-6H,0) and poly(vinyl alcohol) were supplied by
Aladdin Biochemical Technology Co., Ltd. Styrene, bovine
serum albumin (BSA), polyvinylpyrrolidone, and transferrin
(Trf) were obtained by Sigma-Aldrich (St. Louis, USA). 2,2'-
Azoisobutyronitrile was purchased from Shanghai Sihewei
Chemical Co., Ltd. Divinylbenzene, with a concentration of
80%, was sourced from Macklin Biochemical Co., Ltd. Sodium
dodecyl sulfate (SDS), acrylic acid, tris(hydroxymethyl)
aminomethane (Tris), cetyltrimethylammonium bromide
(CTAB), imidazole, and Coomassie brilliant blue were
supplied by Sinopharm Chemical Reagent Co., Ltd. 1-
Chlorodecane was acquired by J&K Scientific Co., Ltd.
Hydrochloric acid, acetic acid, phosphoric acid, boracic acid,
sodium hydroxide, and ethanol were supplied by Tianjin
Damao Chemical Co., Ltd. IgG was obtained from Yuan Ye
Biotechnology Co., Ltd. The reagents mentioned above were

all of analytical grade, and deionized water was utilized for the
entire experiment. The human serum samples were donated by
the Second Affiliated Hospital of Shenyang Medical College.

2.2. Instrumentations. The microstructure of SPSDVB-
PAA-Ni was recorded by HITACHI SU8010 scanning electron
microscopy (SEM). The cross-sectional microscopic morphol-
ogies of SPSDVB-PAA-Ni particles were observed using JEM-
1200 EX transmission electron microscopy (TEM). Functional
groups of SPSDVB-PAA-Ni were measured using a Fourier
transform infrared (FTIR) spectrometer (FTIR-850). The X-
ray photoelectron spectroscopy (XPS) analysis carried out on a
Thermo ESCALAB 250Xi provided the chemical structure of
SPSDVB-PAA-Ni. The nitrogen adsorption/desorption tests
were conducted by using a Micromeritics ASAP TriStar II
3020 system. The zeta potentials of SPSDVB-PAA-Ni were
measured by using a BT-Zetal00 analyzer. The absorbance of
the protein solution was determined by utilizing a Beijing Puxi
General T6 UV—vis spectrophotometer.

2.3. Synthesis of SPSDVB-PAA-Ni. The procedures for
preparing sulfonated polystyrene (SPS) and sulfonated poly-
(styrene-divinylbenzene)-poly(acrylic acid) (SPSDVB-PAA)
microparticles are described in Supporting Information.
SPSDVB-PAA-Ni was synthesized as follows: SPSDVB-PAA
(0.1 g) microparticles were dissolved in SO mL of water and
sonicated until a homogeneous solution was formed. Then,
NiSO,-6H,0 (0.2 g) was dissolved in 40 mL of water and
added dropwise to the previous solution while stirring at
ambient temperature for S h. After centrifuging at 10,000 rpm
for S min, the precipitate was collected and rinsed several times
with water. After lyophilization, the final product SPSDVB-
PAA-Ni was acquired and kept for additional research.

2.4. Optimization of Protein Adsorption/Desorption
Behaviors onto SPSDVB-PAA-Ni. The adsorption proper-
ties of SPSDVB-PAA-Ni were investigated using IgG, Trf, and
BSA as representative model proteins. The stock protein
solution was diluted with 40 mmol-L™" Britton—Robinson (B—
R) buffer to obtain protein solutions with varying pH values
and concentrations. The experiment procedure was executed
as follows: the SPSDVB-PAA-Ni (2.0 mg) microparticles and
protein solution (100 yg-mL™", 1 mL) at pH values spanning
from 4.0 to 9.0 were mixed together in a centrifuge tube and
oscillated for 30 min at ambient temperature. The supernatant
was obtained via centrifugation at 6000 rpm for S min and then
stained by Coomassie brilliant blue. The absorbance was
measured at 595 nm, and the concentration of unabsorbed
proteins was calculated by the standard working curve method.
Equation 1 was used to calculate the efficiency of protein
adsorption (E;) in the experiment, where C, and C,
represented the concentration of initial protein and residual
protein, respectively.

— Cl
E, = >—1 x 100%
C, (1)

After the supernatant was discarded, the precipitate was
rinsed with B—R buffer and mixed with 1.0 mL of 0.1 wt %
CTAB for 30 min to recover the adsorbed proteins on
SPSDVB-PAA-Ni. After undergoing centrifugation and stain-
ing as previously described, the elution efficiency (E,) was
calculated by eq 2, where C, represented the supernatant
protein concentration after elution.
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Scheme 1. Illustration for the Synthesis of SPSDVB-PAA-Ni and Selective Adsorption of IgG
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Figure 1. (A—C) SEM images of SPSDVB-PAA-Ni microparticles and (D—F) the cross-section TEM images of SPSDVB-PAA-Ni microparticles.
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2.5. IgG Separation/Purification from Human Serum.
Human serum was pretreated by diluting 100-fold with pH 6.0
B—R buffer and employed to test the practical utility of
SPSDVB-PAA-NI in purifying IgG from actual samples. The
100-fold diluted human serum sample (0.5 mL) was added to
SPSDVB-PAA-Ni (5.0 mg). Following 30 min of shaking, the
supernatant was obtained via centrifugation. Next, the
precipitate was washed with pH 6.0 B—R buffer and mixed
with 0.1 wt % CTAB (0.5 mL) as an eluent, followed by
shaking for 30 min. Finally, the pretreated serum sample, the
supernatant, and the eluent were collected and identified by
SDS-PAGE. The purity and recovery of IgG from the human
serum sample were calculated by eqs S1 and S2 given in the
Supporting Information using Image] software.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of SPSDVB-PAA-
Ni. The overview of the SPSDVB-PAA-Ni microparticle
synthesis procedure is presented in Scheme 1. During the
polymerization process in emulsion droplets, hydrophobic

monomers (styrene and divinylbenzene) and hydrophilic
monomers (acrylic acid) initiated polymerization in the oil
and water phases, respectively. Amphiphilic SPS particles could
be a stabilizer for water-in-oil-in-water (W-in-O-in-W)
emulsion interfaces. Then, the polymerization process
occurred at both the oil-in-water external interface and the
water-in-oil internal interface, resulting in the formation of
hydrophilic—hydrophobic—hydrophilic heterostructure poly-
mers. The polyacrylic acid layers on the surface and within
the pores contained carboxyl groups, which were able to
combine with nickel ions by means of electrostatic interaction.
Finally, the nickel-functionalized porous heterostructure micro-
particles (SPSDVB-PAA-Ni) were produced and promoted the
effective adsorption of IgG.

The surface morphologies of SPS and SPSDVB-PAA
microparticles are shown in Figure S1. The SPS microspheres
display a uniform size of 2.09 + 0.06 ym with a smooth surface
and good dispersion. Following emulsion polymerization, the
size of SPSDVB-PAA microspheres increases to 4.12 + 0.12
pum, and the surface takes on a rough texture covered with a
large amount of dense pores. After functionalization with
nickel ions, the size and morphology of SPSDVB-PAA-N;,
which are shown in Figure 1A—C, remain unchanged
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Figure 2. (A) XPS full spectrum and (B) C 1s, (C) O 1s, and (D) Ni 2p high-resolution XPS spectra of SPSDVB-PAA-Ni.
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Figure 3. (A) pH-dependent adsorption efficiencies of IgG, BSA, and Trf by SPSDVB-PAA-Ni. Adsorbent mass: 2.0 mg; adsorption time: 30 min;
protein solution: 100 pg-mL™", 1.0 mL. (B) The zeta potentials of SPSDVB-PAA-Ni at pH 4—9.

compared to SPSDVB-PAA. This indicates that the introduc-
tion of nickel ions does not affect the porous structure and
dispersibility of the microparticles. In Figure 1D—F, the cross-
section TEM images exhibit an interior porous structure of
SPSDVB-PAA-Ni. It is apparent that a substantial quantity of
macropores is observed on both the outer surface and inside
the microspheres. The presence of macropores in the
microspheres is a promising feature that could greatly enhance
their potential for protein adsorption.

The nitrogen adsorption—desorption experiment is per-
formed to measure pore size distribution and specific surface
area. The SPSDVB-PAA-Ni microparticles exhibit type III
isotherm adsorption curves in Figure S2A, indicating irregular
large pore structures. The Brunauer—Emmett—Teller (BET)
surface area was determined to be 7.09 m” g”', and the pore
size distribution diagram in Figure S2B reveals that the most
probable pore size is around 60.9 nm by utilizing the Barret—
Joyner—Halenda method. The large pores of SPSDVB-PAA-Ni
enable protein molecules to penetrate the porous structure,
increasing the quantity of recognition sites accessible for
protein interaction.

The functional groups of SPSDVB-PAA-Ni are determined
by the FTIR spectrum in Figure S3. The stretching vibrations

35190

of —CH= groups in the benzene ring are observed at 3081,
3058, and 3025 cm™'. The asymmetric and symmetric
stretching vibrations of —CH,— are indicated by the
absorption peaks at 2921 and 2850 cm™', respectively. The
bending vibrations of the benzene ring C=C bonds can be
seen at 1601, 1491, and 1449 cm™'. The characteristic
absorption bonds of carboxyl groups (C=0) in polyacrylic
acid are displayed at 1703 cm™'.*” These results demonstrate
that the preparation of polymer microspheres containing
polystyrene, polydivinylbenzene, and polyacrylic acid was
successfully accomplished.

The XPS analysis is employed to characterize the chemical
composition of SPSDVB-PAA-Ni. Analysis of the XPS
spectrum of SPSDVB-PAA-N; in Figure 2A demonstrates the
presence of characteristic peaks for C 1s, O 1s, and Ni 2p,
confirming that the SPSDVB-PAA-Ni microspheres consist of
C, O, and Ni elements. The C 1s high-resolution XPS
spectrum in Figure 2B exhibits three typical peaks at 284.7,
285.8, and 289.1 eV, assigned to the C—C=C, C—0, and C=
O groups, respectively.”® In Figure 2C, the O 1s high-
resolution XPS spectrum is deconvoluted into two peaks
corresponding to C=0 and C—O groups at 532.0 and 533.3
eV, respectively.”> These results imply that benzene rings and

https://doi.org/10.1021/acsomega.5c04837
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Figure 4. (A) Effect of adsorption time on the adsorption property of SPSDVB-PAA-Ni toward IgG. Adsorption kinetics curves fitted with (B)
pseudo-first-order and (C) pseudo-second-order models. (D) Adsorption isotherms of IgG onto SPSDVB-PAA-Ni. (E) The Langmuir model

fitting curve. (F) The Freundlich model fitting curve.

carboxyl groups are present in the SPSDVB-PAA-Ni
compound. The Ni 2p XPS spectrum in Figure 2D reveals
two peaks at 856.7 and 874.6 eV, identified as the Ni 2p;,, and
Ni 2p, /,, respectively. The high-spin orbital peaks, along with
two satellite peaks at 861.9 and 879.5 eV, indicate the existence
of Ni** on the surface of SPSDVB-PAA-Ni microsphere.”"** In
SPSDVB-PAA-N;, the elemental distribution of C, O, and Ni is
determined to be 87.4%, 12.0%, and 0.6%, respectively. It is
evident from the above results that the polymer microspheres
are synthesized and Ni** is effectively modified on the surface
of SPSDVB-PAA-Ni.

3.2. Protein Adsorption Behaviors onto SPSDVB-
PAA-Ni. The isoelectric points (pI) of IgG, Trf, and BSA are
8.0, 54, and 4.9, respectively. The adsorption behaviors of
three proteins onto SPSDVB-PAA-Ni microspheres are
evaluated within a pH range of 4.0 to 9.0. As shown in Figure
3A, SPSDVB-PAA-Ni, as an adsorbent, exhibits higher
adsorption efficiencies toward IgG than Trf and BSA at a
wide pH range, suggesting specific interactions between
SPSDVB-PAA-Ni and IgG. As anchor sites, Ni** can
coordinate to nitrogen atoms in the imidazole ring of histidine
residues. Due to the existence of an accessible histidine cluster
(pK, = 6.04) in the IgG Fc fragment, the metal affinity
interaction could occur between Ni** in SPSDVB-PAA-Ni and
histidine residues in IgG. It is evident that exposed histidine
residues display the highest affinity for metal ions.”” Therefore,
the pH values could affect the strength of the affinity
interaction. At pH 6.0, histidine residues within the Fc domain
are neutral and exposed on the surface of proteins, promoting a
strong affinity interaction of the SPSDVB-PAA-Ni polymer
microspheres to IgG.*>*” When the pH is below or above 6.0,
histidine residues are buried in the Fc domain, making it
unfavorable for binding to the adsorbent.

Furthermore, the adsorption of IgG is significantly
influenced by electrostatic interactions, which vary depending
on the pH values. Surface charges of SPSDVB-PAA-Ni
microspheres at pH 4.0—9.0 are shown in Figure 3B, and the
results prove they are negatively charged. Zeta potential
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measurements were conducted for SPSDVB-PAA-Ni before
and after IgG adsorption at pH 6.0. The material exhibits a zeta
potential of —46.10 + 2.55 mV in the initial state, which
significantly increases to —14.50 + 1.60 mV after IgG
adsorption. The potential shift confirms the occurrence of
electrostatic attraction interactions between SPSDVB-PAA-Ni
and IgG. When the pH level is below 8.0 (pI of IgG), positively
charged IgG leads to electrostatic attraction interactions with
negatively charged carboxylate groups in SPSDVB-PAA-Ni.
Even though a lower pH value results in a stronger electrostatic
attraction, the metal affinity interaction becomes weaker when
the pH drops below 6.0 due to the existence of protonated
histidine residues in the IgG Fc domain. Hence, the highest
adsorption efficiency of SPSDVB-PAA-Ni to IgG is obtained at
pH 6.0, based on the effects of metal affinity and electrostatic
attraction interactions. By contrast, the adsorption efficiencies
of BSA and Trf are less than 40% over a wide pH range. Since
the pl values of BSA and Trf are approximately 5.0, they may
carry negative net charges when the pH is above 5.0. As a
result, there could be an electrostatic repulsion interaction
between SPSDVB-PAA-Ni and BSA or Trf at pH 6.0 that
contributes to reduced adsorption efficiencies. Therefore, the
optimal pH for separation of IgG is 6.0, and this pH value has
been selected for additional research.

In order to clarify the contribution of Ni**, the adsorption
experiment was conducted on SPSDVB-PAA microspheres
without Ni** for comparison with SPSDVB-PAA-Ni micro-
spheres. The results are shown in Figure S4. At pH 6.0, the
SPSDVB-PAA microspheres demonstrate higher adsorption
efficiency toward IgG than BSA and Trf, which is attributed to
electrostatic attraction between the negatively charged
carboxylate groups in SPSDVB-PAA and positively charged
IgG. Following Ni** modification, the adsorption efficiency
toward IgG increases from 75.8% to 89.7%, indicating that
Ni** enhances the selective adsorption of IgG via specific Ni**-
histidine residue affinity interaction.

Adsorption kinetics and adsorption isotherms play impor-
tant roles in evaluating the adsorption equilibrium. Figure 4A
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Figure 5. (A) The elution efficiencies of the captured IgG from SPSDVB-PAA-Ni by various elution reagents. (B) The adsorption efficiencies of

SPSDVB-PAA-Ni for IgG over five adsorption—desorption cycles.

displays the time-dependent adsorption efficiencies of IgG
onto SPSDVB-PAA-Ni at an IgG concentration of 100 ug-
mL™'. The adsorption efficiencies increase quickly and
approach equilibrium within the initial 30 min, resulting in
over 80% of IgG being captured onto SPSDVB-PAA-Ni. The
high adsorption rates are attributed to abundant available
recognizing sites exposed on the surface of SPSDVB-PAA-Ni
with a nanoporous structure. Thus, adsorption time is
maintained at 30 min in the following adsorption experiments.
To investigate the adsorption mechanism, the adsorption
kinetics data are fitted with the pseudo-first-order and pseudo-
second-order kinetic models, as depicted in eqs 3 and 4:

In(Q,-Q)=mhQ, -kt (3)
o1 t
Q. kQ!  Q, (4)

where Q. (mg-g™!), Q, (mg-g™"), t (min), k,, and k, represent
adsorption capacity at equilibrium and time ¢, adsorption time,
the pseudo-first-order rate constant, and the pseudo-second-
order rate constant, respectively. The fitted curves in Figures
4B and 4C and parameters in Table SI indicate that the
pseudo-second-order model is found to be more appropriate
for the adsorption kinetics of IgG onto SPSDVB-PAA-Ni due
to its higher correlation coefficient (R* = 0.9984) and closer
adsorption capacity. It is demonstrated that the adsorption
process of SPSDVB-PAA-Ni to IgG is mainly governed by
chemical adsorption.

To develop deeper into the binding properties, the
adsorption isotherm of IgG is performed at room temperature,
with protein concentrations ranging from 100 to 1000 ug:-
mL™". In Figure 4D, it is evident that the adsorption capacity
of IgG increases as the initial concentration of IgG improves,
reaching a maximum of 192.7 mg-g™". The linearized Langmuir
and Freundlich models expressed in eqs 5 and 6 are employed
to fit the experimental values.

C. G 1
—= = 4
KQ,

Q. Q, ()

1
InQ, = nln C.+InKg ©)
where C, (ugmL™"), Q. (mgg™), Qn (mgg™"), K, and K
are the IgG free concentration at equilibrium, IgG equilibrium
and maximum adsorption capacity, and Langmuir and
Freundlich constants, respectively. 1/n represents the hetero-
geneity index. As shown in Figure 4E,F and Table S2, the
Freundlich model (R* = 0.9981) is a better fit compared to the
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Langmuir model (R* 0.9718) based on the correlation
coefficient R?, indicating heterogeneous adsorption behavior of
IgG onto SPSDVB-PAA-Ni. The Freundlich model displayed
1/n values below 1.0, suggesting favorable adsorption affinity
of the sorbent toward IgG.”

3.3. Protein Desorption Behaviors onto SPSDVB-PAA-
Ni. It is essential to retrieve the captured IgG on SPSDVB-
PAA-Ni for further biological research. Tris (0.1 mol-L™"),
imidazole (0.5 mol-L™"), 0.1 wt % SDS, 0.05 wt % CTAB, and
0.1 wt % CTAB are employed as stripping reagents to desorb
IgG. As shown in Figure SA, a satisfactory elution efficiency of
84.8% is provided by 0.1% CTAB in contrast to other reagents.
The hydrophobic interactions between CTAB and IgG and the
electrostatic attraction between cationic quaternary ammo-
nium in CTAB and negatively charged SPSDVB-PAA-Ni
facilitate the stripping of IgG from the surface of SPSDVB-
PAA-Ni. Hence, 0.1 wt % CTAB solution is chosen as eluent
for further investigations.

The regeneration performance of SPSDVB-PAA-Ni to IgG
was assessed during five adsorption—desorption cycles, as
illustrated in Figure SB. The adsorption efficiencies are
maintained above 76% after three adsorption—elution cycles
and decrease to 69.4% in the fifth cycle. To evaluate the
stability of SPSDVB-PAA-Ni, the amounts of Ni** in the eluent
after the adsorption—desorption experiment were determined
by ICP—MS analysis. The results show that the content of Ni**
is 9.38 ug'L™" and 186.05 ug-L™" in the first and fifth eluent,
respectively. The slight loss of Ni*" causes reduced binding
sites with IgG, leading to a decrease in adsorption efficiency.

3.4. Separation/Purification of IgG from Human
Serum. The practical performance of SPSDVB-PAA-Ni in
selectively separating IgG is evaluated using human serum as
an actual biological sample. Diluted by 100-fold with pH 6.0
B—R, the human serum sample was processed through an
adsorption—desorption procedure following the steps outlined
in the Experimental Section. Figure 6 shows the SDS-PAGE
assay results. The human serum sample is a complex matrix
containing multiple protein bands in lane 1, mainly
corresponding to Trf at 80 kDa, human serum albumin
(HSA) at 66.4 kDa, IgG heavy chain at 50 kDa, and IgG light
chain at 25 kDa. After treatment with SPSDVB-PAA-Ni, the
supernatant in lane 2 exhibits less intense bands of IgG.
Subsequently, the adsorbed proteins are eluted with 0.1 wt %
CTAB, revealing two prominent protein bands at 50 and 25
kDa in lane 3, which match the standard IgG bands in lane 4.
However, the eluent in lane 3 contains faint coadsorbed serum
protein bands, such as HSA and Trf, which are attributed to
nonspecific binding between these proteins and SPSDVB-
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Figure 6. SDS-PAGE results. Marker: standard molecular weight
(kDa); lane 1: 100-fold diluted human serum; lane 2: the supernatant
of 100-fold diluted human serum after adsorption with SPSDVB-PAA-
Ni; lane 3: the eluate recovered from SPSDVB-PAA-Ni; lane 4: IgG
standard solution (100 ug-mL™").

PAA-Ni. The recovery and purity of IgG from human serum
were 73.7% and 83.7% using SPSDVB-PAA-Ni. These results
demonstrate that SPSDVB-PAA-Ni shows promise as an
adsorbent for selectively isolating IgG from complicated
biosamples.

The binding performance of SPSDVB-PAA-Ni toward IgG is
further evaluated in comparison with the recently reported
adsorbents, and the outcomes are presented in Table 1. The
SPSDVB-PAA-Ni nanoporous microspheres exhibit higher
adsorption capacity and shorter equilibrium time than other
adsorbents, including protein A/G-Se harose,*”*° ABI-APBA/
FYE-ABI ligand-modified resins, "' polyoxometalates,33
metal—organic frameworks,*** monolithic cryogels,44 and
polymers.” The exceptional binding performance of SPSDVB-
PAA-Ni is attributed to its multimodal binding (metal affinity
and electrostatic attraction interactions) and macroporous
structure. Compared with protein A/G adsorbents, SPSDVB-
PAA-Ni exhibits a slightly lower purity but significantly higher
recovery. Due to the high cost and toxic ligand leakage of
protein A/G adsorbents, SPSDVB-PAA-Ni has advantages of
low cost, facile synthesis, and eco-friendly positioning, making
it a promising alternative for IgG purification.

However, the purity and recovery of IgG are somewhat
unsatisfactory. It is attributed to nonspecific adsorption of
protein impurities in human serum, mainly HSA and Trf, with
SPSDVB-PAA-Ni. In addition, the loss of Ni** after several
adsorption—elution cycles results in a reduced number of
binding sites with IgG, leading to a decline in adsorption
efficiency. Potential strategies could be employed in the future

to improve the binding performance of the material. First,
introducing reagents with high grafting density to immobilize
Ni** on the polymer surface could enhance the Ni** content
while decreasing Ni** leakage. Second, the surface of materials
can be modified with hydrophilic molecules like polyethylene
glycol (PEG) or zwitterionic polymers to decrease nonspecific
adsorption of hydrophobic interactions. In addition, a deep
analysis of proteomic research could strengthen the potential
applications of the synthesized microspheres in clinical
diagnosis.

4. CONCLUSIONS

In this work, a low-cost, easily prepared adsorbent is developed
through the modification of nickel ions on the surface of
nanoporous heterostructure microparticles produced via
emulsion interfacial polymerization. The dense macroporous
structures throughout the entire microsphere enable the
adsorption of proteins. Given that there is a histidine cluster
in the Fc region of IgG, SPSDVB-PAA-Ni can interact with
IgG via metal affinity interaction and electrostatic attraction
interactions. It has been demonstrated that SPSDVB-PAA-Ni
has adsorption selectivity toward IgG and ensures effective
separation/purification of IgG from complicated biological
samples. This work is expected to provide a promising
adsorbent for the thorough purification of antibody drugs,
thereby enhancing their utilization in clinical analysis.
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