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Abstract: In this study, mono-sized anion-exchange microspheres with polyglycidylmethacrylate
were engineered and processed to introduce magnetic granules by penetration–deposition approaches.
The obtained magnetic microspheres showed a uniform particle diameter of 1.235 µm in average and a
good spherical shape with a saturation magnetic intensity of 12.48 emu/g by VSM and 12% magnetite
content by TGA. The magnetic microspheres showed no cytotoxicity when the concentration was
below 10 µg/mg. The magnetic microspheres possess respective adsorption capacity for three proteins
including Bovine albumin, Hemoglobin from bovine blood, and Cytochrome C. These magnetic
microspheres are also potential biomaterials as targeting medicine carriers or protein separation
carriers at low concentration.

Keywords: magnetic microspheres; surface embedding; magnetic separation; protein adsorption

1. Introduction

The purified proteins play a crucial role in the research of protein on life activities,
such as catalytic metabolic reactions and growth control. However, current separation and
purification methods are tedious and time-consuming [1–3], such as affinity chromatog-
raphy, dialysis, salting, and ultrafiltration. Magnetic separation technology has potential
in protein purification due to its advantages of easy operation and rapid separation [4–6].
Magnetic microspheres are composite material particles [6,7] consisting of both inorganic
magnetic materials providing magnetism and organic active functional groups carrying
affinity ligand to target on the surface.

Magnetic microspheres have been successfully used for the separation of proteins [8–10]
based on the interaction between protein and functional groups or special ligands on
the microspheres, including electrostatic adsorption and specific adsorption. Moreover,
magnetic microspheres modified with affinity ligands may have high selectivity to the
target proteins, but the available ligands are limited and relative expensive [11,12]. Some
commercial magnetic beads modified with monoclonal antibodies were successfully used
for target substances identification, especially in diagnosis. However, the high cost, the
tedious modification process, and the difference in separation effect severely limit their
widespread application.

Magnetic polymer microspheres could be synthesized by several methods. The em-
bedding method [13] is typically applied in the preparation of magnetic microspheres with
a magnetic shell, which is simple and easy to carry out, but results in the magnetic particles
with irregular shapes and polydisperse states. The emulsion polymerization method [14]
provides monodispersed magnetic microspheres, but the small grain size beads below
l.0 µm that exhibit higher separation efficiency under magnetic field are hard obtain. An
in situ method [15] is a way to obtain the magnetic nanocomposite materials by binding
nanoscale magnetic materials on the pre-synthetic polymer surface. During the magnetiza-
tion process, the particle size and distribution of the monodisperse polymer microspheres

Int. J. Mol. Sci. 2022, 23, 4963. https://doi.org/10.3390/ijms23094963 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms23094963
https://doi.org/10.3390/ijms23094963
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://doi.org/10.3390/ijms23094963
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms23094963?type=check_update&version=2


Int. J. Mol. Sci. 2022, 23, 4963 2 of 11

could be maintained. Each microsphere, containing the same concentration of magnetic
particles, ensures that it has uniform magnetic response in the magnetic field.

In this study, two kinds of anion-exchange microspheres were prepared by an in situ
method and applied for protein adsorption study. A novel method for modification of
amino-microsphere to carboxyl-microsphere by EDC, NHS, and sodium carboxymethyl
cellulose was proposed. The particle size, functional groups, and magnetic properties of
the resultant magnetic particles were characterized. The maximum binding capacity was
relatively high compared with similar research [16–18].

2. Results and Discussion
2.1. Synthesis of Anion-Exchange Magnetic Microspheres

The functional magnetic microspheres were synthesized by an in situ synthesis method
with moderate size and functional group beneficiation on the surface for further modi-
fication. Glycidyl methacrylate (GMA) was selected as the basic monomer to structure
monodisperse polymeric microspheres. The PGMA microsphere surface was rich in amino
group after reacting with EDA (Figure 1a). The amino group is a strong polar group, which
can form an ionic bond and a complex coordinate bond with a metal ion, thereby reducing
the probability of collision between the particles and preventing excessive aggregation
of the particles. Magnetic microspheres were prepared when Fe3O4 nanoparticles were
precipitated in the surface and the internal of PGMA microspheres through the interfacial
stripping precipitation method (see Figure 1b). Furthermore, a novel method in which
carboxymethyl cellulose was bonded to the surface of magnetic microspheres by the EDC
method was applied to prepare carboxyl magnetic microspheres (Figure 1c).

Figure 1. Schematic diagram of the preparation of magnetic anion-exchanged microspheres.
(a) Preparation and amino modification of PGMA Polymer Microspheres. (b) Synthesis of amino
magnetic microspheres. (c) Carboxyl coating on the surface of amino magnetic microspheres.

2.2. Characterization of the Magnetic Microspheres

The morphologies of microspheres were studied by SEM. It could be observed that the
PGMA microspheres were mono-sized microspheres with very smooth surfaces, while the
magnetic microspheres were relatively rough on the surface (Figure 2). The average diame-
ter of the magnetic microspheres was 1.235 ± 0.017 µm according to the 100 microspheres
selected from SEM images randomly, and the diameter of the Fe3O4 particles coated
by sodium carboxymethyl cellulose on the microspheres was 30~50 nm. The size of
these magnetic microspheres is relatively smaller compared with a similar polymerization
method [19]. Generally, smaller diameter means larger specific surface area and greater
adsorption capacity for the target.
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Figure 2. SEM images of microspheres. (a) PGMA microspheres. (b) Carboxyl magnetic microspheres.
(c) The close-up of carboxyl magnetic microspheres.

The presence of the functional groups of PGMA and amino-PGMA microspheres was
verified by FT-IR in Figure 3. PGMA microspheres were obtained by the polymerization
of GMA monomer with DVB as cross-linker; therefore, epoxy groups and carbonyl group
should distribute throughout the microspheres surface. The strong adsorption peak at
1727 cm−1 corresponds to C=O stretching vibration. Compared with Figure 3a, the char-
acteristic bands at 848 cm−1, 908 cm−1, and 1250 cm−1 belong to the epoxy group which
disappeared in Figure 3b, indicating that the epoxy groups transformed into an amino
group after the amino modification.

Figure 3. IR spectrum of microspheres. (a) PGMA microspheres. (b) Amino microspheres.

Controlling the magnetite content of the microspheres is important for realizing the
rapid response to external magnetic fields for efficient adsorption. TGA measurement
showed that the main weight loss of all microspheres was in the range of 200~450 ◦C,
indicating that the microspheres should have stable thermal performance in the adsorp-
tion condition (Figure 4A). By comparing the residual mass after full burning, it can be
calculated that the magnetite content of amino magnetic spheres and carboxyl magnetic
spheres is about 12%. The magnetic properties of the carboxyl magnetic microspheres
were measured by vibrating sample magnetometry (VSM). The magnetization curve shows
that the saturation magnetization of the microspheres reached 12.48 emu/g, while the
residual magnetism and coercive force were almost zero (Figure 4B). It means the magnetic
microspheres are of high enough magnetism such that they can be separated from a suspen-
sion quickly. Moreover, they are superparamagnetic, which could disperse in the solution
uniformly when there is no magnetic field. Compared with previous reports, magnetic
intensity lowering of sodium carboxymethyl cellulose coated magnetic decrease may be
caused by the embedding of the coating.
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Figure 4. (A) TGA of (a) PGMA microspheres, (b) Amino microspheres, (c) Amino magnetic mi-
crospheres, and (d) Carboxyl magnetic microspheres. (B) Hysteresis curve of carboxyl magnetic
microspheres. The inset shows photos of the carboxyl magnetic microsphere in aqueous solution
without (left) and with (right) a magnet.

The density of amino groups and carboxyl groups on corresponding microspheres
measured by the titration method was 2.75 mmol/g and 1.32 mmol/g respectively. It could
be inferred from the result that amino groups incompletely reacted with carboxymethyl
cellulose, so both amino groups and carboxyl groups exist on the surface of carboxyl
magnetic microspheres.

Investigation of the biological safety of magnetic microspheres is critical for biomolec-
ular separation medium. Herein, human pulmonary epithelial cells were used to study
the in vitro cytotoxicity of carboxyl magnetic microspheres solution and its supernatant
measured using a water-soluble tetrazolium cell proliferation assay. It could be inferred
from Figure 5 that the supernatant of suspension showed no cytotoxicity to the cell, and
the carboxyl magnetic microspheres showed no cytotoxicity when their concentrations
were lower than 10 µg/mg. Therefore, it could be said that the magnetic microspheres are
potential targeting medicine carriers or cell separation carriers at low concentrations.

Figure 5. Relation curve of cell viability with the concentration of magnetic microspheres.

2.3. Binding Capability of Magnetic Microspheres

The adsorption capability of magnetic microspheres to proteins is mainly affected by
the properties of the protein, the functional groups content on the surface of the micro-
spheres, and the adsorption conditions. Generally, proteins are more likely to precipitate
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around their isoelectric point. It is comprehensible that pH value has a great effect on
the adsorption of proteins by the microspheres. The maximum adsorption capacity of
three proteins to amino magnetic microspheres is in close proximity to the isoelectric point
(pI) in Figure 6a. Amino magnetic microspheres were positively charged while BSA was
negatively charged at pH 5, which means BSA (pI 4.6) would be more easily absorbed on
the magnetic surface of the microspheres due to its electrostatic interaction. The absorption
mechanism of Hb (pI 7.0) was similar to BSA with the optimal amount of adsorption at pH
7. However, the adsorption for Cyt C (pI 10.65) was not very significant and the adsorption
amount differences between each pH value were slight.

Figure 6. Adsorption capacity of three proteins to magnetic microspheres with different pH values.
(a) Amino magnetic microspheres. (b) Carboxyl magnetic microspheres.

The carboxyl magnetic microsphere was negatively charged on the protein surface.
Due to electrostatic adsorption, binding capacities of Hb to the microspheres were greater
when the pH value was below 7. Since there were both carboxyl groups and amino groups
existing on the carboxyl magnetic microsphere surface, the adsorption of carboxyl magnetic
microspheres was more complicated than the adsorption of amino magnetic microspheres.
Binding experimental results (Figure 6b) suggested the overall adsorption of BSA was not
much with the maximum adsorption when the pH value was close to its isoelectric point;
greater adsorption of Hb is observed in an acidic environment; maximum absorption of Cyt
C is also near the isoelectric point. According to our experiment, the optimal adsorption
conditions Hb, BSA, and Cyt C are pH 5, pH 7, and pH 9 for amino microspheres, pH 4, pH
3, and pH 11 for the carboxyl microspheres, respectively. The adsorption of Hb was also
recorded in the concentration ranging from 0 to 10 mg/mL at 25 ◦C (Figure 7). With the
increase of the initial concentration of Hb, the equilibrium adsorption amount generally
increased and eventually became saturated.

Figure 7. Adsorption isotherm of magnetic microspheres on Hb at 25 ◦C.
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The adsorption capacities of several magnetic microsphere adsorption materials were
compared in Table 1. We can see that the adsorption capacity of the prepared microspheres
is comparable to that of the magnetic microspheres prepared by the in situ method. Mean-
while, they have the advantages of simple preparation and low cost. The immunoaffinity
magnetic microspheres are highly specific to the target protein, however, sacrificing part of
the adsorption capacity. The magnetic microspheres prepared by the imprinting technology
have ordered imprinting pores and excellent specificity for target protein, realizing an
efficient adsorption rate, which is higher than immunomagnetic microspheres. In addition,
the surface mesoporous structure and the enrichment effect of metal particles are also
considered to be the factors that improve the ability to adsorb proteins.

Table 1. Comparison of the adsorption capacity of several magnetic microspheres for proteins.

Magnetic Microspheres Protein Maximum Adsorption Capacity
(mg/g)

Thepreparedmagnetmicrospheres Hb 217
Chitosan-based magnetic beads byin situmethod [20] BSA 240.5

Cu2+-cooperated magnetic imprinted nanomaterial [21] Hb 116.3
surface-imprinted polyvinyl alcohol microspheres [22] papain 44

magnetic immunoaffinity beads by dispersion
polymerization [23] Anti-Tf 2.0

Fe3O4@PMAA@Ni microspheres with flower-like Ni
nanofoams [7] Hb 2660

The adsorption isotherm describes the distribution of the adsorbed molecules between
the liquid phase and the solid phase when the adsorption process reaches equilibrium. To
study the adsorption mechanism of amino magnetic microspheres and carboxyl magnetic
microspheres to Hb, whose adsorption capacity is larger than that of other proteins, the
isotherm data were analyzed based on the Langmuir and Freundlich models respectively.
The expressions, adsorption constantsm and correlation coefficients of the Langmuir and
Freundlich models at 25 ◦C were calculated and are presented in Table 2.

Table 2. The adsorption isotherm parameters of Hb by amino magnetic microspheres and carboxyl
magnetic microspheres.

Adsorbents

Langmuir Adsorption Isotherm
ce
qe

= ce
qm

+ 1
Kqm

Freundlich Adsorption Isotherm
lnqe=lnKF+ lnce

n

qm (mg/g) K R2 KF (mg/g) 1/n R2

amino magnetic
microspheres 131.27 1.4837 0.9966 52.55 0.5342 0.9427

carboxyl
magnetic

microspheres
215.74 0.4282 0.9997 48.41 0.6603 0.9750

Where ce is the equilibrium concentration (mg/L), qe is the adsorption amount at
equilibrium (mg/g), K is the Langmuir adsorption equilibrium constant, qm is the Langmuir
constant, which represents the saturated monolayer adsorption capacity (mg/g), KF is a
Freundlich constant related to the adsorption capacity (mg/g), and n is a Freundlich
adsorption equilibrium constant relevant to the adsorption intensity.

Comparing the adsorption constants and correlation coefficients (R2) of the Langmuir
and Freundlich isotherms, it is suggested that the adsorption of the magnetic microspheres
to Hb is in accordance with the Langmuir equation and the adsorption process is chemical
monolayer adsorption. In Langmuir model, the maximum capacity q_mof the carboxyl
microspheres in the Langmuir constant monolayer was 215.74 mg/g at 25 ◦C, indicating
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that the carboxyl magnetic microspheres have better adsorption capacity than the amino
magnetic microspheres.

The kinetic curves (Figure 8) showed that the adsorption of the microspheres saturated
quickly in 15 min. It is because electrostatic force between magnetic microspheres and
proteins occurs mainly on the surface of the magnetic microspheres without the inward
diffusion phenomenon. In the initial stage, there are a large number of active sites on
the surface of the magnetic microspheres, and proteins were easily adsorbed. As the
adsorption increases, the surface active sites of the magnetic microspheres decrease, and
the adsorption becomes slower. Therefore, the microspheres would be more efficient for
protein purification.

Figure 8. Adsorption kinetics of three proteins to magnetic microspheres. (a) Amino magnetic
microspheres. (b) Carboxyl magnetic microspheres.

The adsorption data of the microspheres to Hb were respectively fitted to the pseudo
first-order and pseudo-second-order kinetic models (Table 3). The correlation coefficients
of the pseudo second-order kinetic model for amino magnetic microspheres and carboxyl
magnetic microspheres were 0.9981 and 0.9911, and the maximum adsorption amounts
obtained were 119.05 mg/g and 172.41 mg/g, respectively, which are consistent with the
experimental results. It is suggested that the adsorption process is a pseudo second-order
kinetic adsorption, which is consistent with the mentioned adsorption mechanism above.

Table 3. Adsorption kinetics parameters of HB by amino magnetic microspheres and carboxyl
magnetic microspheres.

Amino Magnetic Microspheres Carboxyl Magnetic Microspheres

k qe/(mg/g) R2 k qe/(mg/g) R2

Lagergren first-order rate kinetics
ln(qe − qt) = ln qe − kt 0.2660 166.05 0.9209 0.1143 153.33 0.9767

Lagergren second-order rate kinetics
t
qt

= 1
kq2

e
+ t

qe

2.352 119.05 0.9981 0.0010 172.41 0.9911

Where qe and qt signify the amount adsorbed at equilibrium and at any time t, k is a
Lagergren constant.

3. Materials and Methods
3.1. Materials

Glycidyl methacrylate (GMA) was obtained from TCI Company (Shanghai, China). Divinyl-
benzene was obtained from J&K chemical (Beijing, China). 1-Ethyl-3-(3-dimethyllaminopropyl)
carbodiimide hydrochloride (EDC·HCl) and N-Hydroxysuccinimide (NHS) were purchased
from Shanghai Medpep corporation (Shanghai, China). Bovine albumin (BSA), Hemoglobin
from bovine blood (Hb), Cytochrome C (Cyt C) were obtained from Aladdin chemical corpora-
tion (Shanghai, China). Polyvinyl pyrrolidone (PVP K-30), 2,2′-azobis-(isobutyronitrile) (AIBN),
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ethylenediamine (EDA), anhydrous morpholine ethanesulfonic acid, and other chemicals were
received from Beijing Chemical Factory (Beijing, China). Cell Counting Kit-8 (CCK-8) was received
from Dojindo Laboratories, Kumamoto, Japan. Human pulmonary epithelial cells were purchased
from InvivoGen (San Diego, CA, USA) and grown in Dulbecco’s modified Eagle’s medium (Sigma-
Aldrich, St. Louis, MO, USA) containing 10% (v/v) fetal bovine serum, 50 units/mL penicillin,
50 mg/L streptomycin, 100 µg/mL normocin, and 10 µg/mL blasticidin. All chemicals were
used without further treatment. Deionized water used in polymerization and characterization
was distilled and purified by Aqua Pro (Chongqing, China).

3.2. Synthesis of PGMA Microspheres

PGMA microspheres are fabricated by dispersion polymerization method [24]. The
polymerization was carried out under nitrogen in the three-necked flask equipped with
a condenser. PVP K-30 (2.4 g) and GMA (8.0 g) dissolved in ethanol (67.0 g) was stirred
at 300 rpm under nitrogen at room temperature for 15 min. After the initiator AIBN
(0.16 g/5 g ethanol) was added, the polymerization was carried out at 70 ◦C for 2 h. There-
after, Divinylbenzene (DVB, 0.24 g) was added into the flask smoothly, keeping the reaction
going on for 5 h. Then the microspheres were centrifuged and washed with ethanol and
water several times and dried under vacuum.

3.3. Synthesis of Amino Magnetic Microspheres

The amino magnetic microspheres were synthesized according to the reported method [15].
The dry PGMA microspheres (2.0 g) were added into a mixture of ethylene diamine (EDA,
50 mL) and water (50 mL) while stirring at 80 ◦C for 6 h. The microspheres were centrifuged
and washed with water, and then dried under vacuum. The EDA functionalized microspheres
(1.0 g) were added into water (100 mL), which was cooled to 0 ◦C under nitrogen for 30 min.
Afterwards, FeCl3·6H2O (0.41 g) and FeSO4·7H2O (0.24 g) dissolved in water (10 mL) were
added to the mixture respectively, and stirred for 3 h below 5 ◦C. After adding the ammonia
solution (10 mL) smoothly, the ice bath was removed and the temperature was raised to 80 ◦C
for 1.5 h. The resulting microspheres were centrifuged and washed with 0.5 M HCl three
times and followed by pure water. The magnetic microspheres were dried by lyophilization
and reserved.

3.4. Synthesis of Carboxyl Magnetic Microspheres

The amino magnetic microspheres were modified with sodium carboxymethyl cel-
lulose to the synthesis of the amino-microspheres. EDC (1.94 g) and NHS (0.58 g) were
dissolved in MES solution (100 mL, 0.1 M) together with sodium carboxymethyl cellulose
solution (100 mL, 2.5 g/L). Then the dry amino magnetic microspheres (1.0 g) were added
and stirred at room temperature for 2 h. Finally, the microspheres were washed with pure
water and dried by lyophilization.

3.5. Characterizations of the Magnetic Microspheres

The morphology of magnetic microspheres was observed by scanning electron mi-
croscopy (SEM, S-4800, HITACHI, Tokyo, Japan). The sample powders were sputter-coated
with gold before examination. The magnetic properties of magnetic microspheres were
measured by a vibrating sample magnetometer (VSM, 9600-1, LDJ Electronics, Troy, MI,
USA) at room temperature. TGA was performed with a thermal gravimetric analyzer
(DTG-60H, Shimadzu, Kyoto, Japan) in the temperature range from room temperature
to 800 ◦C with a scanning rate of 10 ◦C/min under nitrogen stream. The presence of
certain functional groups was detected by Fourier Transform infrared spectrometer (FT-IR,
ALPHA, Bruker, Billerica, MD, USA). The densities of amino groups and carboxyl groups
on the microspheres were measured by a titration method.
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3.6. Cytotoxicity Test of the Carboxyl Magnetic Microspheres

The cytotoxicity of the carboxyl magnetic microspheres was investigated using a
CCK-8 method in vitro. The 96-well plates were seeded with a suspension of 5000 human
pulmonary epithelial cells for 24 h to allow the cells to adhere. Then serial dilutions of
carboxyl magnetic microspheres solution, the supernatant and medium alone (control)
were added into the wells. After incubation at 37 ◦C for 24 h in an atmosphere of 5% CO2,
10 µL CCK-8 solution was added to each well and the cells were incubated for another three
hours. Absorbance at 450 nm was determined using a microplate reader using a microplate
reader (MTP-880 Lab, Corona Electric, Ibaraki, Japan). Cytotoxicity was expressed as a
percentage of viable cells compared with untreated control ones.

3.7. Binding Experiment

The binding properties of magnetic anion-exchange microspheres to the proteins were
studied by HPLC with a diode array detector and the C8 column at 40 ◦C. The standard
curves and adsorption capability for the proteins were measured with the corresponding
conditions. For BSA, the mobile phase was acetonitrile/water (2/8–8/2, v/v), using a
linear gradient elution at the wavelength of 280 nm, and the injection volume was 10 µL.
For Hb, the mobile phase was acetonitrile/water (5/5, v/v), using isocratic elution at the
wavelength of 400 nm, and the injection volume was 20 µL. For Cyt C, the mobile phase
was acetonitrile/water (3/7–5/5, v/v), using linear gradient elution at the wavelength of
400 nm, and the injection volume was 20 µL.

The adsorption of proteins by magnetic microspheres was carried out in phosphate
buffers (100 mM) of different pH values ranging from 3–11, adjusted with phosphoric
acid solution or sodium hydroxide solution. The following experiment was performed
in triplicate. The dry magnetic polymer microspheres (5 mg) were dispersed in 1 mL
buffer solution followed by the adsorption experiment while the initial concentration of
protein was determined from 0 to 10 mg/mL and the equilibrium time was 60 min. In the
adsorption kinetics experiment, protein solution with initial concentration (BSA 5 mg/mL,
Hb 5 mg/mL, Cyt C 1 mg/mL) was added, and the mixture was incubated at 25 ◦C
for different times (0~60 min) respectively. Then the tubes were placed in the magnetic
separation rack for 2 min, and the supernatant was extracted carefully for HPLC detection.

The protein binding quantity q (mg/g) of magnetic microspheres could be calculated
from Formula (1).

q =
(C0 − C)×V

W
(1)

where C0 and C are the protein concentrations (mg/mL) before and after adsorption; V is
the volume of protein solution (mL); W is the weight of magnetic microspheres (g).

4. Conclusions

A new process to obtain the carboxymethyl cellulose surface-coated magnetic polymer
microspheres by EDC method was performed in this study. The superparamagnetism and
no significant cytotoxicity of the magnetic microspheres attribute to their potential appli-
cation in vivo. The adsorption capacity of three proteins (BSA, Hb, and Cyt C) on amino
magnetic microspheres and carboxyl magnetic microspheres was evaluated, wherein maxi-
mum adsorption capacity of Hb on carboxyl magnetic microspheres reached 215.74 mg/g
within sufficient binding time at appropriate pH value. However, further studies based
on the increase of the stability of magnetic microspheres, specific adsorption of a certain
protein, and desorption of protein are required. This paper provides an idea for the prepa-
ration of magnetic microspheres for protein separation, which is expected to be a fast and
efficient new way of protein separation in the future.
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tualization, Z.M.; supervision, review, and editing, M.X. All authors have read and agreed to the
published version of the manuscript.



Int. J. Mol. Sci. 2022, 23, 4963 10 of 11

Funding: This research was funded by the Natural Science Foundation of China, grant number 21874009.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We are grateful for the support of the SEM test from Analysis &Testing Center
in Beijing Institute of Technology and cytotoxicity test from National Institute for Materials Science
(NIMS), Japan.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Schmelter, C.; Funke, S.; Treml, J.; Beschnitt, A.; Perumal, N.; Manicam, C.; Pfeiffer, N.; Grus, F. Comparison of Two Solid-Phase

Extraction (SPE) Methods for the Identification and Quantification of Porcine Retinal Protein Markers by LC-MS/MS. Int. J. Mol.
Sci. 2018, 19, 3847. [CrossRef] [PubMed]

2. Karakus, C.; Uslu, M.; Yazici, D.; Salih, B.A. Evaluation of immobilized metal affinity chromatography kits for the purification of
histidine-tagged recombinant CagA protein. J. Chromatogr. B 2016, 1021, 182–187. [CrossRef] [PubMed]

3. Keilhauer, E.C.; Hein, M.Y.; Mann, M. Accurate Protein Complex Retrieval by Affinity Enrichment Mass Spectrometry (AE-MS)
Rather than Affinity Purification Mass Spectrometry (AP-MS). Mol. Cell. Proteom. 2015, 14, 120–135. [CrossRef] [PubMed]

4. Ma, Y.; Chen, T.; Iqbal, M.Z.; Yang, F.; Hampp, N.; Wu, A.; Luo, L. Applications of magnetic materials separation in biological
nanomedicine. Electrophoresis 2019, 40, 2011–2028. [CrossRef]

5. Schwaminger, S.P.; Blank-Shim, S.A.; Scheifele, I.; Pipich, V.; Fraga-García, P.; Berensmeier, S. Design of Interactions Between
Nanomaterials and Proteins: A Highly Affine Peptide Tag to Bare Iron Oxide Nanoparticles for Magnetic Protein Separation.
Biotechnol. J. 2019, 14, 1800055. [CrossRef]

6. Tavakoli, Z.; Rasekh, B.; Yazdian, F.; Maghsoudi, A.; Soleimani, M.; Mohammadnejad, J. One-step separation of the recombinant
protein by using the amine-functionalized magnetic mesoporous silica nanoparticles; an efficient and facile approach. Int. J. Biol.
Macromol. 2019, 135, 600–608. [CrossRef]

7. Wang, Y.; Wei, Y.; Gao, P.; Sun, S.; Du, Q.; Wang, Z.; Jiang, Y. Preparation of Fe3O4@PMAA@Ni Microspheres towards the Efficient
and Selective Enrichment of Histidine-Rich Proteins. ACS Appl. Mater. Interfaces 2021, 13, 11166–11176. [CrossRef]

8. Yang, Q.; Wu, Y.; Lan, F.; Ma, S.; Xie, L.; He, B.; Gu, Z. Hollow superparamagnetic PLGA/Fe3O4 composite microspheres for
lysozyme adsorption. Nanotechnology 2014, 25, 085702. [CrossRef]

9. Yang, S.; Zhang, X.; Zhao, W.; Sun, L.; Luo, A. Preparation and evaluation of Fe3O4 nanoparticles incorporated molecularly
imprinted polymers for protein separation. J. Mater. Sci. 2015, 51, 937–949. [CrossRef]

10. Bae, S.W.; Kim, J.I.; Choi, I.; Sung, J.; Hong, J.-I.; Yeo, W.-S. Zinc Ion-immobilized Magnetic Microspheres for Enrichment and
Identification of Multi-phosphorylated Peptides by Mass Spectrometry. Anal. Sci. 2017, 33, 1381–1386. [CrossRef]

11. Lai, Z.; Zhang, M.; Zhou, J.; Chen, T.; Li, D.; Shen, X.; Liu, J.; Zhou, J.; Li, Z. Fe3O4@PANI: A magnetic polyaniline nanomaterial
for highly efficient and handy enrichment of intact N-glycopeptides. Analyst 2021, 146, 4261–4267. [CrossRef]

12. Shen, L.H.; Zhou, J.; Wang, Y.X.; Kang, N.; Ke, X.B.; Bi, S.L.; Ren, L. Efficient Encapsulation of Fe3O4Nanoparticles into Genetically
Engineered Hepatitis B Core Virus-Like Particles Through a Specific Interaction for Potential Bioapplications. Small 2015,
11, 1190–1196. [CrossRef]

13. Wang, Y.; He, J.; Chen, J.; Ren, L.; Jiang, B.; Zhao, J. Synthesis of Monodisperse, Hierarchically Mesoporous, Silica Microspheres
Embedded with Magnetic Nanoparticles. ACS Appl. Mater. Interfaces 2012, 4, 2735–2742. [CrossRef]

14. Liu, Y.; Song, L.; Du, L.; Gao, P.; Liang, N.; Wu, S.; Minami, T.; Zang, L.; Yu, C.; Xu, X. Preparation of Polyaniline/Emulsion
Microsphere Composite for Efficient Adsorption of Organic Dyes. Polymers 2020, 12, 167. [CrossRef]

15. Yan, B.; Zeng, C.; Yu, L.; Wang, C.; Zhang, L. Preparation of hollow zeolite NaA/chitosan composite microspheres via in situ
hydrolysis-gelation-hydrothermal synthesis of TEOS. Microporous Mesoporous Mater. 2018, 257, 262–271. [CrossRef]

16. Liao, M.H.; Chen, D.H. Fast and efficient adsorption/desorption of protein by a novel magnetic nano-adsorbent. Biotechnol. Lett.
2002, 24, 1913–1917. [CrossRef]

17. Heebøll-Nielsen, A.; Dalkiær, M.; Hubbuch, J.J.; Thomas, O.R.T. Superparamagnetic adsorbents for high-gradient magnetic
fishing of lectins out of legume extracts. Biotechnol. Bioeng. 2004, 87, 311–323. [CrossRef]

18. Zhang, H.P.; Bai, S.; Xu, L.; Sun, Y. Fabrication of mono-sized magnetic anion exchange beads for plasmid DNA purification. J.
Chromatogr. B 2009, 877, 127–133. [CrossRef]

19. Jiang, X.Y.; Bai, S.; Sun, Y. Fabrication and characterization of rigid magnetic monodisperse microspheres for protein adsorption.
J. Chromatogr. B 2007, 852, 62–68. [CrossRef]

20. Mahdavinia, G.R.; Soleymani, M.; Etemadi, H.; Sabzi, M.; Atlasi, Z. Model protein BSA adsorption onto novel magnetic
chitosan/PVA/laponite RD hydrogel nanocomposite beads. Int. J. Biol. Macromol. 2018, 107, 719–729. [CrossRef]

21. Shi, L.; Tang, Y.; Hao, Y.; He, G.; Gao, R.; Tang, X. Selective adsorption of protein by a high-efficiency Cu2+-cooperated magnetic
imprinted nanomaterial. J. Sep. Sci. 2016, 39, 2876–2883. [CrossRef] [PubMed]

http://doi.org/10.3390/ijms19123847
http://www.ncbi.nlm.nih.gov/pubmed/30513899
http://doi.org/10.1016/j.jchromb.2015.11.045
http://www.ncbi.nlm.nih.gov/pubmed/26657801
http://doi.org/10.1074/mcp.M114.041012
http://www.ncbi.nlm.nih.gov/pubmed/25363814
http://doi.org/10.1002/elps.201800401
http://doi.org/10.1002/biot.201800055
http://doi.org/10.1016/j.ijbiomac.2019.05.114
http://doi.org/10.1021/acsami.0c19734
http://doi.org/10.1088/0957-4484/25/8/085702
http://doi.org/10.1007/s10853-015-9423-0
http://doi.org/10.2116/analsci.33.1381
http://doi.org/10.1039/D1AN00580D
http://doi.org/10.1002/smll.201401952
http://doi.org/10.1021/am300373y
http://doi.org/10.3390/polym12010167
http://doi.org/10.1016/j.micromeso.2017.08.053
http://doi.org/10.1023/A:1020956309976
http://doi.org/10.1002/bit.20116
http://doi.org/10.1016/j.jchromb.2008.11.026
http://doi.org/10.1016/j.jchromb.2006.12.044
http://doi.org/10.1016/j.ijbiomac.2017.09.042
http://doi.org/10.1002/jssc.201600413
http://www.ncbi.nlm.nih.gov/pubmed/27234958


Int. J. Mol. Sci. 2022, 23, 4963 11 of 11

22. Gao, B.; Chen, T.; Cui, K. Constituting of a new surface-initiating system on polymeric microspheres and preparation of basic
protein surface-imprinted material in aqueous solution. Polym. Adv. Technol. 2018, 29, 575–586. [CrossRef]

23. Saçlıgil, D.; Şenel, S.; Yavuz, H.; Denizli, A. Purification of transferrin by magnetic immunoaffinity beads. J. Sep. Sci. 2015,
38, 2729–2736. [CrossRef] [PubMed]

24. Ma, Z.; Guan, Y.; Liu, H. Synthesis and characterization of micron-sized monodisperse superparamagnetic polymer particles with
amino groups. J. Polym. Sci. Part A Polym. Chem. 2005, 43, 3433–3439. [CrossRef]

http://doi.org/10.1002/pat.4167
http://doi.org/10.1002/jssc.201500216
http://www.ncbi.nlm.nih.gov/pubmed/25980364
http://doi.org/10.1002/pola.20803

	Introduction 
	Results and Discussion 
	Synthesis of Anion-Exchange Magnetic Microspheres 
	Characterization of the Magnetic Microspheres 
	Binding Capability of Magnetic Microspheres 

	Materials and Methods 
	Materials 
	Synthesis of PGMA Microspheres 
	Synthesis of Amino Magnetic Microspheres 
	Synthesis of Carboxyl Magnetic Microspheres 
	Characterizations of the Magnetic Microspheres 
	Cytotoxicity Test of the Carboxyl Magnetic Microspheres 
	Binding Experiment 

	Conclusions 
	References

