
JOURNAL OF

SEPARATION
SCIENCE

www.jss-journal.com

J
S
S

Methods
Chromatography · Electroseparation

Applications
Biomedicine · Foods · Environment

ISSN 1615-9306 · JSSCCJ 43 (5) 847–1018 (2020) · Vol. 43 · No. 5 · March 2020 · D 10609

5  20

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjssc.201901024&domain=pdf&date_stamp=2020-01-15


Received: 5 October 2019 Revised: 5 December 2019 Accepted: 9 December 2019

DOI: 10.1002/jssc.201901024

R E S E A R C H A R T I C L E

Thermo-sensitive surface molecularly imprinted magnetic
microspheres based on bio-macromolecules and their specific
recognition of bovine serum albumin

Yufei Wang1 Yong Ma2 Jingjing Zhou1 Kehe Su1 Baoliang Zhang1

Qiuyu Zhang1

1MOE Key Laboratory of Material Physics

and Chemistry under Extraordinary

Conditions, School of Natural and Applied

Science, Northwestern Polytechnical

University, Xi’an, P. R. China

2School of Material Science and Engineering,

Shandong University of Science and

Technology, Qingdao, P. R. China

Correspondence
Professor Qiuyu Zhang, Northwestern

Polytechnical University, Youyi Road 127#,

Xi’an 710072, P. R. China.

Email: qyzhang@nwpu.edu.cn

Additional corresponding author: Dr. Baoliang

Zhang

Email: blzhang@nwpu.edu.cn

Bovine serum albumin imprinted magnetic microspheres, with functional monomers

of modified chitosan, N-isopropylacrylamide and sulfobetaine methacrylate, were

successfully prepared and characterized in detail. Computational analyses showed that

during the preparation process, modified chitosan can effortlessly form multiple non-

covalent bonds with protein molecules. Temperature-sensitive N-isopropylacrylamide

improves the elution efficiency by abating the mass transfer resistance. Meanwhile,

the zwitterionic sulfobetaine methacrylate strongly interacts with H2O molecules,

remarkably reducing the non-specific adsorption. The specific bovine serum albu-

min adsorption performances of the prepared imprinted material were then deter-

mined. The adsorption amount reached 86.87 mg/g and the imprinting factor was

6.49. These excellent specific adsorption properties are attributed to the synergetic

effects of the different monomers. The fabricated imprinted material not only exhibits

great prospects as a biosensor or separation material for protein molecules, but also

provides a collaborative strategy for preparing multi-functional imprinted materials.
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1 INTRODUCTION

Protein molecularly imprinted polymers (MIPs) are function-

ally polymeric materials that specifically recognize template

proteins [1,2]. Thus far, MIPs have shown wide application

prospects in many fields, such as chemical bionic sensors [3,

4], protein separation [5–7], natural antibody simulation [8–

10], and drug sustained release [11,12]. However, the protein

bio-macromolecules of the corresponding MIPs are disadvan-

taged by weak specificity of the functional groups, large size,

Article Related Abbreviations: IF, Imprinting factor; LCST, lower critical

solution temperature; MCS, modified chitosan; MIPs, Protein molecularly

imprinted polymers; NIPAM, N-isopropylacrylamide; NIPs, Non-imprinted

polymer microspheres; Q, Adsorption amount (mg/g); SBMA, sulfobetaine

methacrylate; β, selection factor.

and flexible conformations, which challenge their design and

preparation [13,14]. For example, high-molecular-weight pro-

tein molecules cannot easily access the imprinted sites of the

deep-coated MIPs [15]. The poor characteristics of functional

groups and variable conformation of the protein molecules

often degrade the MIP performance; specifically, they are

responsible for the low adsorption amount and the low spe-

cific adsorption capacity of the MIP to its target protein [16].

To solve these problems, researchers have developed

pioneering technologies and approaches such as sur-

face imprinting technology, which does not require protein

molecules to enter the deep layers of imprinted polymers. The

shortcoming of this approach is the small effective separation

site of the imprinted material, which reduces the separation

efficiency below that of conventional bulk MIPs [17,18].

The transfer efficiency of protein molecules can be increased

996 © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim J Sep Sci 2020;43:996–1002.www.jss-journal.com

https://orcid.org/0000-0002-4823-5031


WANG ET AL. 997

by employing stimuli-responsive imprinted polymers as

MIPs [19–21]. For example, temperature-sensitive MIPs can

be rendered hydrophilic by a temperature change, favoring

the elution of the protein molecules from the MIPs. In our

previous research, we fabricated temperature-sensitive MIPs

by decorating the surfaces of magnetic microspheres with

N-isopropylacrylamide (NIPAM) and methyl methacrylate as

the functional monomers. This construct effectively solved

the difficulty of inserting/extracting the protein molecules

into/from the MIPs [13], but the NIPAM functional monomer

does not improve the adsorption amount and the imprint-

ing factor of MIPs. Therefore, finding suitable functional

monomers that enhance the performances of MIPs is urgently

demanded.

Natural monomeric biomolecules such as dopamine

and chitosan can obviously improve the performances of

MIPs [22–24]. Modified chitosan (MCS) plays dual roles as

a functional monomer and a cross-linking agent. The rich

hydroxyl, amino, and carboxyl groups of MCS can effec-

tively interact with protein molecules to increase the adsorp-

tion capacity of MIPs. Nevertheless, experiments have shown

that although the MCS functional monomer indeed increases

the adsorption capacity of MIPs, it does not improve the spe-

cific adsorption capacity. Sulfobetaine methacrylate (SBMA)

can increase the specific adsorption [25,26], and NIPAM can

endow the imprinted material with temperature sensitivity.

Therefore, a protein imprinted material with both responsive-

ness and specificity has been prepared from an environmen-

tally responsive macromolecular chain structure and an anti-

protein adsorption structure, which attaches to the surface of

the imprinted polymer.

2 MATERIALS AND METHODS

2.1 Materials
All chemicals were of analytical grade. BSA (MW 66.4 kDa,

pI 4.7) and ovalbumin (OVA, MW 43.0 kDa, pI 4.7) were

purchased from Amresco (Solon, OH, USA). Lysozyme (Lyz,

MW 14.4 kDa, pI 11.0), bovine hemoglobin (BHb, MW

67 kDa, pI 6.8) and ribonuclease A (RNase A, MW 13.7 kDa,

pI 7.8) were supplied by Sigma (St. Louis, MO, USA) and

stored in a refrigerator before use. Chitosan was obtained from

Alfa Aesar-Thermo Fisher Scientific (Tewksbury, MA, USA).

N-isopropylacrylamide (NIPAM) was bought from Acros

Organics (Morris Plains, NJ USA). SBMA was provided

by J&K Chemicals (Shanghai, China). Glacial acetic acid,

maleic anhydride, ammonium persulfate (APS), tetraethyl

orthosilicate (TEOS), γ-methacryloxypropyltrimethoxysilane

(KH-570, MPTS), Coomassie Brilliant Blue G-250

(Coomassie G), NaHSO3, NaCl, CaCl2, and MgCl2 were

obtained from commercial sources and used as received.

2.2 Preparation of imprinted and
non-imprinted polymer microspheres
To improve the water solubility of the product, chitosan

with abundant hydroxyl and amino groups was modified

with maleic anhydride to obtain MCS (Supporting Informa-

tion S2) [27,28]. The recipe and characterization of MCS is

described in the Supporting Information. The degree of sub-

stitution of MCS was 44.9%, and the introduced carboxyl

content was 2.9646 mmoL/g. SiO2/MPTS@Fe3O4 micro-

spheres (0.1 g; see Supporting Information S1) were dispersed

in a solution containing 0.03 g MCS, 0.02 g BSA, 0.05 g

NIPAM, and 0.01 g SBMA. After shaking at 35◦C for 30 min,

the polymerization was started by adding 0.01 g APS and

0.01 g NaHSO3 as the initiator. This mixture was stirried at

120 rpm for 24 h, yielding BSA-molecularly imprinted poly-

mer microspheres (BSA-MIPs@SiO2@Fe3O4, MIPs). The

spheres were washed with 0.01% CaCl2 to remove BSA

from the imprinted sites. Non-imprinted polymer micro-

spheres (NIPs@SiO2@Fe3O4, NIPs) were prepared by the

same method, but without adding BSA in the preparation.

The prepared NIPs were also washed with 0.01% CaCl2 for

the same number of times. After lyophilization, the products

were characterized and rebounded. Two 8 mg products as

adsorbents were separately incubated in 5 mL protein solu-

tion (0.6 mg/mL, pH 7.0) at 35◦C for 3.0 h.

2.3 Imprinting parameter determination
experiments
The imprinting parameters, namely, the adsorption amount

(Q, mg/g), the imprinting factor (IF), and the selection factor

(β) of the MIPs, were respectively calculated by the following

three formulas:

𝑄 = (𝐶0 − 𝐶1)𝑉 ∕𝑊 , (1)

IF = 𝑄MIPs∕𝑄NIPs, (2)

β = IFT∕IFC, (3)

where C0 (mg/mL) and C1 (mg/mL) are the protein concen-

trations in the initial solution and after adsorption to the MIPs,

respectively, detected at 595 nm on a UV–Vis spectropho-

tometer by Coomassie G staining [29,30]. V (mL) donates the

volume of the adsorbed protein solution and W (g) is the dry

weight of the adsorbent materials. IF and β reflect the specific

recognition properties of MIPs. IFT, and IFC are the IFs of the

template and competitive proteins, respectively.

2.4 Characterization
The morphologies of the materials were observed by trans-

mission electron microscope (TEM) imaging (JEM-3010

TEM, JEOL, Tokyo, Japan). Fourier transform infrared
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F I G U R E 1 Schematic of BSA-MIPs@SiO2@Fe3O4 synthesis,

showing the adsorption mechanism at each step

(FTIR) spectra were recorded on a Tensor27 FTIR spec-

trometer (Bruker Optics, Ettlingen, Germany). The inorganic

contents of the products were measured by thermogravimetric

analysis (TGA) using a TGA2 thermogravimetric analyzer

(Mettler Toledo, Columbus, OH, USA). The magnetic prop-

erties were evaluated from vibrating sample magnetometer

(VSM) curves obtained on a LakeShore 7307 vibrating sam-

ple magnetometer (Lake Shore Cryotronics, Westerville, OH,

USA). Finally, the protein contents were measured in a UV-

2550 spectrophotometer at 35◦C (Shimadzu, Kyoto, Japan).

3 RESULTS AND DISCUSSION

3.1 Fabrication of BSA specific adsorption
material
Figure 1 shows the preparation process of the surface BSA

MIPs. First, the SiO2@Fe3O4 microspheres were fabricated

by Stöber hydrolysis, followed by surface modification with

many C=C bonds. Next, a BSA imprinted layer was formed

on the modified microsphere surfaces by polymerizing the

functional monomers NIPAM and MCS. Before the prepa-

ration process, the affinity of the monomers to the protein

was demonstrated by a computational method. The crystal

structure of BSA (PDBID: 4jk4) was taken as the initial 3D

structure of the macromolecule for molecular docking. Using

NIPAM and the unit structures of CS and MCS as ligands,

the molecular docking was performed by the Ladmark genetic

algorithm implemented in the Autodock 4.2 software pack-

age (Supporting Information S3). The binding free energies

of the ligands to BSA are shown in Supporting Information

Table S1. CS demonstrated the lowest binding free energy,

followed by MCS and NIPAM. Because CS is insoluble in

aqueous solution, MCS was chosen as the ligand.

The numerous hydroxyl groups on the MCS not only

increase the water dispersibility of the MIPs, but also spon-

taneously form hydrogen bonds with the protein molecules.

Therefore, the imprinted shell exhibited excellent absorption

ability. Furthermore, the multiple double bonds attached to

MCS, which also originate from the surface modification,

acted as cross-linking agents through which the MCS macro-

molecular chains and NIPAM small molecules formed a net-

worked cross-linking structure [31]. Once the polymerized

NIPAM (PNIPAM) segment was formed, the adsorption and

desorption performances of the obtained MIPs could be read-

ily adjusted by changing the environmental temperature.

The size, shape and distribution of the imprinted cavities

of the MIPs are complementary to those of the functional

groups of BSA alone at an appropriate temperature (35◦C).

At temperatures below the lower critical solution temperature

(LCST), PNIPAM is hydrophilic and the expanded imprinted

cavities no longer complement the shape structure of the func-

tional groups; accordingly, the specific adsorption on the pro-

tein molecules disappears. At temperatures above the LCST,

PNIPAM is hydrophobic and the imprinting cavities shrink. In

this case, protein molecules can be trapped by the hydrophobic

interaction between the imprinted polymers and the shrunken

imprinted cavities, impeding the protein transfer. Therefore,

protein adsorption is favored at 35◦C and protein elution is

favored at temperatures below the LCST.

To study the effects of monomer content and cross-linking

degree on the specific adsorption properties of the imprinted

materials, MIPs and NIPs with different monomer con-

tents were prepared (see Table 1). Increasing the amount of

temperature-sensitive monomer NIPAM increased the Q, and

initially increased the IF. At higher NIPAM concentrations,

the IF decreased under the increased temperature response

of the polymer. In this situation, the Q increased because the

NIPAM facilitated the transfer of the protein molecules. On

the other hand, increasing the amount of NIPAM decreased

the crossing degree, which reduced the rigidity of the molec-

ular chains. The increased flexibility of MCS molecules

increased the ease of protein capture by both MIPs and NIPs.

Meanwhile, for an imprinted material exposed to increas-

ing temperature, the proportion of QMIPs increased less than

that of QNIPs, so the IF increased and then decreased. As

this rule was violated by the QMIPs and QNIPs of sample-1,

it was speculated to be mainly caused by MCS. To check

this speculation, sample-5 with no NIPAM was prepared as

a control experiment. Both the QMIPs and QNIPs of this sam-

ple were elevated significantly with temperature. As NIPAM

was absent in this sample, the MCS molecules were not

completely cross-linked. MCS molecules floating freely on

the microsphere surfaces can overstretch through the water,



WANG ET AL. 999

T A B L E 1 Adsorption amounts Q and imprinting factors IF of microspheres with different monomer contents (MCS, 30 mg)

Microspheres NIPAM (mg) SBMA (mg) QMIPs (mg/g) QNIPs (mg/g) IF
Sample-1 20 0 135.74 66.21 2.05

Sample-2 30 0 108.15 43.11 2.51

Sample-3 40 0 128.16 45.34 2.83

Sample-4 50 0 138.25 52.82 2.62

Sample-5 0 0 223.2 204.4 1.09

Sample-6 30 10 70.31 20.25 3.47

Sample-7 40 10 103.21 23.49 4.39

Sample-8 50 10 114.97 30.89 3.72

Sample-9 40 20 86.87 13.38 6.49

thereby capturing many more protein molecules than cross-

linked MCS molecules. However, the obviously declining IF
indicates an inferior specific adsorption capacity. To reduce

the non-specific adsorption of imprinted microspheres, we

added 10 mg SBMA to samples prepared under the same

reaction conditions as Sample-2, Sample-3, and Sample-4,

thereby obtaining Sample-6, Sample-7, and Sample-8, respec-

tively. The IF obviously increased from 2.51, 2.03, and 2.62

in Samples 2, 3, and 4, respectively to 3.47, 4.39, and 3.72 in

Samples 6, 7, and 8, respectively. The IF improved because

the non-specific adsorption decreased much faster than the

specific adsorption. With no imprinting sites, NIPs lack a

specific adsorption capability. In MIPs, the SBMA blocks

the non-specific adsorption without destroying the imprinted

cavities that adsorb specific proteins. Consequently, the anti-

protein effect of SBMA is instrumental in reducing the

non-specific adsorption capacity. Increasing the amount of

SBMA to 20% (thereby obtaining Sample-9) further reduced

the non-specific adsorption. The IF of Sample-9 was raised

to 6.46.

To test the elution performance of the temperature-

sensitive imprinted polymer, 0.1 M NaCl, CaCl2 and MgCl2
buffer solutions were selected as the eluents of BSA at 25◦C.

As shown in Figure 2, CaCl2 solution delivered the high-

est elution efficiency (84.1%), so CaCl2 solutions of varying

concentrations were prepared for further elution studies. As

the CaCl2 concentration increased from 0.01 to 0.5 M, the

elution efficiency first increased and then decreased. Ca2+

destroys the interaction between protein molecules and MIPs,

thereby releasing the protein molecules into the elution. How-

ever, it also interacts with the carboxyl group of MCS to form

a physical cross-linked structure. Thus, high concentrations

of Ca2+ actually impede the elution of protein molecules.

To weaken the effect of the physical cross-linked struc-

ture, some elution efficiency must be sacrificed, so 0.01 M

CaCl2 solution was chosen as the eluent. To illuminate the

effect of temperature on elution efficiency, the elution perfor-

mances in 0.01 M CaCl2 solution were compared at 35 and

25◦C. The elution efficiency declined from 75.1% at 25◦C to

53.6% at 35◦C. This result convincingly demonstrates that the

F I G U R E 2 Elution efficiencies of different eluents in one

instance

temperature response improves the adsorption and elution

abilities of the imprinted polymer.

3.2 Characterization
Figure 3 shows the TEM images of SiO2@Fe3O4, Sample-

9-MIPs and Sample-9-NIPs. The hierarchical structure of

these samples was obscured by the similar contrasts of the

SiO2 and polymer. At high magnification (Figure 3A, inset),

SiO2@Fe3O4 exhibited a two-layered structure with an outer

coating of approximately 30 nm. However, as shown in the

insets of Figure 3B and C respectively, the MIPs and NIPs

clearly presented a three-layered structure with an outer shell

thickness of approximately 11 nm. These visual images verify

the successful coating of the polymer shell on the surfaces of

the SiO2@Fe3O4 microspheres.

From the FTIR spectra (Supporting Information

Figure S7), new functional groups represent -CON stretching

(1649 cm−1) and -N–H formation (1539 cm−1) of Sample-

9-MIPs, confirming that the polymer layer had formed on

the SiO2@Fe3O4 microspheres. Supporting Information

Figure S8 presents the TGA curves of SiO2/MPTS@Fe3O4,
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F I G U R E 3 TEM images of (A) SiO2@Fe3O4, (B) Sample-9-MIPs and (C) Sample-9-NIPs

Sample-9-MIPs and Sample-9-NIPs. The ultimate inor-

ganic contents of SiO2/MPTS@Fe3O4, Sample-9-MIPs and

Sample-9-NIPs were 94.9, 80.8 and 82.9%, respectively.

The specific saturation magnetization is an important per-

formance index of magnetic composite microspheres. A

higher specific saturation magnetization indicates a higher

susceptibility to magnetic separation in the material. The

specific saturation magnetizations of SiO2@Fe3O4, Sample-

9-MIPs and Sample-9-NIPs were 59.2, 38.3, and 45.8 emu/g,

respectively (Supporting Information Figure S9).

3.3 Saturated adsorption properties and
kinetics study
To investigate the adsorption capability of Sample-9-MIPs

and Sample-9-NIPs for BSA, the saturated adsorption prop-

erties were measured while increasing the BSA concentration

from 0.2 to 1.0 mg/mL for 120 min to ensure equilibrium. The

results are plotted in Figure 4A. The QMIPs increased remark-

ably as the initial concentration increased to 0.6 mg/mL.

The trends of Sample-9-NIPs and Sample-9-MIPs were

similar, but QNIPs reached equilibrium (13.0 mg/g) at only

C0 = 0.3 mg/mL. The poor performance of Sample-9-NIPs

was attributed to the lack of imprinted sites on its surface,

meaning that most of the protein molecules could not adsorb.

The adsorption equilibrium data were also fitted by two

thermodynamic adsorption models: the Langmuir isotherm

and Freundlich isotherm models (see Supporting Information

Table S2). Judging from the correlation coefficients, the

adsorption equilibrium results of Sample-9-MIPs were better

fitted by the Langmuir isotherm model than the Freundlich

isotherm model (Supporting Information Table S3). This

suggests that the binding sites on Sample-9-MIPs were

homogeneously deposited as a monolayer.

To further study the effect of SBMA on the MIPs kinet-

ics, the adsorption kinetics of BSA to Sample-3-MIPs and

Sample-9-MIPs were determined and are shown in Figure 4B.

The Q of Sample-3-MIPs reached equilibrium within 60 min,

F I G U R E 4 Adsorption isotherms (A) and adsorption kinetics

(B) of Sample-9-MIPs and Sample-9-NIPs during BSA adsorption

but that of Sample-9-MIPs saturated after 100 min. Although

the adsorption kinetics of Sample-9-MIPs and Sample-

3-MIPs followed similar trends, the former achieved a higher

Q than the latter. This difference is attributable to the SBMA

reagent in Sample-9-MIPs, which was absent in Sample-

3-MIPs. Thus, it was deduced that the SBMA chain segment
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F I G U R E 5 Q and β values of Sample-9 for BSA, OVA, BHb,

Lyz, and RNase A

of Sample-9-MIPs exerted an anti-protein adsorption effect,

which slowed the migration rate of the protein molecules to

the imprinted sites. Therefore, to improve the IF, we must

compromise the saturation time of the protein adsorption to

the MIPs.

Figure 5 displays the Q and β of Sample-9-MIPs in var-

ious protein solutions. The four protein molecules in this

analysis—BHb, OVA, Lyz, and RNase A—were selected for

their contrastingly different isoelectric points (pIs) and molec-

ular weights. OVA has a similar pI to BSA, but a smaller

molecular weight. The QMIPs and β for OVA were 17.27 mg/g

and 5.3, respectively (note that the QMIPs was lower than

for BSA). According to these data, Sample-9-MIPs achieved

almost no selective adsorption capacity for OVA, implying

that shape memory is a dominant effect of imprinting. To

further illustrate the adsorption selectivity of the MIPs, their

adsorption performances to BHb were examined. BHb as a

homologous protein to BSA with similar molecular weight,

yet its QMIPs (33.83) and QNIPs (14.63) were lower than those

of BSA, and its β was only 2.74. This situation resulted from

the different pIs and distributions of surface functional groups

on BSA and BHb. To further demonstrate that both shape

memory and multiple non-covalent interactions between the

imprinted polymer and protein molecules are essential for the

imprinting effect, the adsorption performances of Sample-

9-MIPs to Lyz and RNase A were examined. These protein

molecules are much smaller than BSA and their pIs also dif-

fer from that of BSA. The QMIPs and QNIPs were 13.53 and

11.62, respectively for Lyz, and 13.70 and 11.32, respectively

for RNAse A (lower than those of BSA), and the respective

β factors were 5.45 and 5.22. To verify the specific adsorp-

tion capacity of the MIPs for BSA in a protein mixture, the

adsorption performance of MIPs was studied in a mixed solu-

tion of Lyz and BSA (concentration ratio = 1:1). Finally, the

initial solution and the eluent were analyzed by sodium dode-

cyl sulfate–polyacrylamide gel electrophoresis. Only the band

of BSA appeared in Lane 4 of the eluate, indicating that the

MIPs specifically recognized the target protein BSA in the

mixed protein solution (Supporting Information S7).

4 CONCLUING REMARKS

We introduced a BSA-specific adsorption magnetic com-

posite with excellent temperature sensitivity. MCS, N-

isopropylacrylamide and sulfobetaine methacrylate were

introduced as the functional monomers, and the Fe3O4 micro-

spheres accelerated the response time to an externally applied

magnetic field. The temperature sensitivity of the imprinted

polymer abated the mass transfer resistance and improved the

elution efficiency. When optimized, the MIPs were highly

selective for BSA, with an absorption amount of 86.87 mg/g

BSA and an imprinting factor of 6.49. More importantly,

the specific adsorption ability was not degraded in compet-

itive studies of mixed BSA and other protein molecules. With

their excellent imprinting properties, high thermo-response

sensitivity, and inexpensive recovery by magnetic separation,

the prepared MIPS demonstrate huge potential in the future

preparation of protein molecules.
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