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In this research, a surface imprinting strategy has been adopted in protein imprinting. Bovine hemo-
globin surface-imprinted polystyrene (PS) nanoparticles with magnetic susceptibility have been syn-
thesized through multistage core-shell polymerization system using 3-aminophenylboronic acid (APBA) 
as functional and cross-linking monomers. Superparamagnetic molecularly imprinted polystyrene 
nanospheres with poly(APBA) thin films have been synthesized and used for the first time for protein 
molecular imprinting in an aqueous solution. The magnetic susceptibility is imparted through the 
successful encapsulation of Fe3O4 nanoparticles. The morphology, adsorption, and recognition prop-
erties of superparamagnetic molecularly imprinted polymers (MIPs) have been investigated using 
transmission electron microscopy, X-ray diffraction, thermogravimetric analysis, and vibrating sample 
magnetometer. Rebinding experimental results show that poly(APBA) MIPs-coated superparamagnetic 
PS nanoparticles have high adsorption capacity for template protein bovine hemoglobin and compara-
tively low nonspecific adsorption. The imprinted superparamagnetic nanoparticles could easily reach 
the adsorption equilibrium and achieve magnetic separation in an external magnetic field, thus avoid-
ing some problems of the bulk polymer. 

magnetic nanoparticles; protein molecular imprinting; poly(3-aminophenylboronic acid) thin films; selective adsorption 

1  Introduction 

The molecular imprinting technique (MIT) is a kind of 
promising method for imparting a predetermined mo-
lecular recognition property onto tailored materials that 
can recognize and in some cases respond to biological 
and chemical agents of interest[1―3]. In contrast to bio-
logical counterparts, enzymes, and antibodies, molecu-
larly imprinted polymers (MIPs) display significant ad-
vantages of high mechanical/chemical stability, low cost, 
easy preparation, and predictable specific recognition. 
MIT is widely applicable to the separation media[4], 
mimicking antibody[5], chemical and biochemical sens-
ing[6], and drug delivery[7].  

In recent years, magnetic nanoparticles (MNPs) play 

a more and more important role in the fields of bio-
medical and biotechnological applications, including 
magnetic resonance imaging (MRI) contrast enhance-
ment, target drug delivery, and separation and purifica-
tion of proteins and cells[8,9], because of their small size 
and high surface-to-volume ratio. Compared with those of 
the conventional micrometer-size resins or beads, MNPs 
have many superior characteristics for bioseparation ap-  
plications, such as good dispersability, fast and effective 
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binding of biomolecules, and reversible and controllable 
flocculation[10]. Moreover, the power and efficiency of 
magnetic separation is especially useful for the large- 
scale operations[11]. Surface modification of MNPs is a 
key to many of these applications. The selectivity of 
MNPs can be improved by MIPs film on the surface, 
which possesses specific affinities for guest molecules[1―3]. 
When modified with a specific functional polymer, for 
example, the MIPs, which provide functional materials 
able to recognize and in some cases respond to biologi-
cal and chemical agents of interest, these MNPs coated 
MIPs could be used to separate and concentrate chemi-
cals more conveniently with the help of an external mag-
netic field. 

However, most of the successes in molecular im-
printing are based on small target ligands, whereas the 
imprinting of macromolecules like proteins has been 
proven more problematic. Some difficulties faced by 
these large molecules in the imprinting application lie in 
the entrapment of the macromolecular template in the 
polymer matrix, poor mass transfer, low integrity of the 
polymer structure, and the production of heterogeneous 
binding sites, due to the geometric and chemical com-
plexity of proteins[12,13]. To solve these problems associ-
ated with bulk templates, surface imprinting has been 
proposed as a viable strategy for protein imprinting, 
which conduces to the ease of template removal as well 
as uptake. An ultrathin polymer coating on a solid sup-
port substrate through the surface imprinting approach 
can improve the mass transfer and reduce permanent 
entrapment of protein template, but these methods also 
reduce the number of imprint sites[14―22]. To overcome 
the difficulty, nanosized matrix is one of the important 
directions of development, that is, to make MIPs not 
only allow the prompt diffusion of proteins but also have 
enough binding area. 

3-Aminophenylboronic acid (APBA) is an attractive 
functional monomer for protein imprinting, due to its 
water-solubility. It provides a mild aqueous medium 
during polymerization, and offers a variety of favorable 
and reversible interactions with amino acids on the pro-
tein. The ultrathin poly(APBA) films have been fabri-
cated as surface coatings on solid support substrate such 
as polystyrene microwell plate and microsphere, glass 
slide, and gold surface of quartz crystal microbalance 
(QCM) electrode[14,17―20]. Poly(APBA) can be easily 
synthesized through the chemical oxidation of 3-amino-  

phenylboronic acid and can be grafted tightly to the sur-
face of polystyrene (PS) microtiter plates by aromatic 
ring electron-pairing interactions[23]. 

Hence, the combination of the advantages of mag-
netic separation with those of molecular imprinting 
would ideally provide a more effective technique with 
characteristics of simplicity, flexibility, and selectivity. 
By incorporating magnetic iron oxide, the superpara-  
magnetic composite MIP beads with an average diameter 
of 13 μm were prepared using suspension polymeriza-  
tion in perfluorocarbon for the first time[24]. Recently, 
protein surface-imprinted submicrometer particles with 
magnetic susceptibility through miniemusion polymeri-
zation were reported[22]. We reported the synthesis of 
Fe3O4 magnetic nanoparticles coated estrone-imprinted 
polymer with controlled size using a semi-covalent  
imprinting strategy[25], and poly(APBA) thin films were 
coated onto the silica-modified Fe3O4 surface through 
surface imprinting[26]. In this paper, we propose a novel 
synthesis of core-shell bovine hemoglobin (BHb) im-  
printed magnetic nanoparticles. The morphology, adsorp-  
tion, and recognition properties of magnetic molecularly 
imprinted nanomaterial were investigated, and the ap-  
plication of magnetic molecularly imprinted nanoparti-  
cles in the field of protein separation and enrichment 
were initially attempted. Our studies indicate that 
poly(APBA) can be tightly grafted onto the surfaces of 
PS nanospheres and that PS nanospheres with imprinted 
poly(APBA) have a specific selectivity for the initially 
imprinted protein.  

2  Methods 
2.1  Materials 

3-Aminophenylboronic acid monohydrate was obtained 
from Beijing Element Chem.-Tech. Company (Beijing, 
China). Ammonium persulphate (APS, (NH4)2S2O8), 
NaOH, NaHCO3, and Tween-20 were obtained from 
Tianjin North Tianyi Chemical Reagent Factory (Tianjin, 
China). Styrene, hexadecane (HD), sodium dodecyl sul-
fate (SDS), and ethanol were purchased from the Tianjin 
Guangfu Fine Chemical Research Institute (Tianjin, 
China). 3-Methacryloxy(propyl)trimethoxysilane (WD-70) 
was purchased from Hubei Wuda organic silicone mate-
rials Co., LTD (Hubei, China). Styrene was washed with 
NaOH aqueous solution (5%, w/w) for several times 
to remove inhibitor. Bovine serum albumin (BSA, 
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MW 68 kDa, pI = 4.9) was obtained from Beijing 
Dingguo Bio.-Tech. Company (Beijing, China). BHb 
(MW 68 kDa, pI = 6.8―7.2) was obtained from Shang-
hai Lanji Chem. -Tech. Company (Shanghai, China). 
Deionized water was used in all experiments. 

All the other materials were of analytical grade and 
commercially available, including FeCl3·6H2O, Fe-  
Cl2·4H2O, NH4OH (25%, w/w), tetraethyl orthosilicate 
(TEOS), and 2-propanol. 

2.2  Synthesis of superparamagnetic magnetite 
nanoparticles 

An aqueous suspension of superparamagnetic magnetite 
nanoparticles was prepared through the controlled 
chemical coprecipitation reaction[27]. FeCl2·4H2O (3.44 g) 
and FeCl3·6H2O (9.44 g) were separately dissolved in 
deaerated deionized water (160 mL) under a N2 atmos-
phere with vigorous mechanical stirring (800 rpm). A 
nitrogen gas environment was maintained in the vessel 
during the reaction to prevent critical oxidation. When 
the solution was preheated to 80℃, NH4OH (20 mL) 
was added to achieve alkaline conditions. After 30 min, 
the black superparamagnetic MNPs were obtained 
through sedimentation with help of an external perma-
nent magnet and the supernatant was decanted. The 
MNPs were washed with deionized water for several 
times (150 mL each time) to remove unreacted chemi-
cals until the stable ferrofluid was obtained. 

2.3  Synthesis of superparamagnetic silica nanopar-  
ticles 

The superparamagnetic MNPs were coated with silica 
by using a sol-gel method. 120 mg of superparamagnetic 
MNPs were redispersed in 240 mL of 2-propanol and 18 
mL of deionized water by sonication for approximately 
15 min. Then under continuous mechanical stirring  
(800 r·min−1), 21 mL of NH4OH and 4 mL of TEOS 
were consecutively added to the reaction mixture in the 
vessel. The reaction proceeded at room temperature for 
14 h under continuous mechanical stirring. The resultant 
product was obtained through magnetic separation with 
help of an external permanent magnet and was thor-
oughly washed with deionized water. 

2.4  Synthesis of superparamagnetic polystyrene 
nanoparticles 

The superparamagnetic PS nanoparticles were synthe-  
sized through surface modification and grafting. Briefly, 

superparamagnetic silica nanoparticles containing WD- 
70 and ethanol were mixed under continuous mechanical 
stirring (800 r·min−1). After 3 h, the solution was heated 
to 70℃ for 2 h. The resultant product was obtained 
through magnetic separation with help of an external 
permanent magnet and was thoroughly washed with de-
ionized water and ethanol separately. 

Surface-modified nanoparticles (0.055 g) were dis-
persed in 1.81 g of styrene and 0.1 g of hexadecane by 
sonication for approximately 20 min. Subsequently, 0.1 g 
SDS (0.1 g), NaHCO3 (0.0015 g), and deionized water 
(10 g) were added to the solution in a nitrogen gas envi-
ronment at room temperature with vigorous mechanical 
stirring (800 r·min−1). After 30 min, the solution became 
fine emulsion by sonication for approximately 15 min 
and then was added to 7.5 mg APS in a nitrogen gas 
environment at 70℃ for 3 h. 

2.5  Synthesis of MIP or NIP 

In the preparation of BHb-imprinted polymer, 10.0 mg 
BHb was dissolved in 5 mL sodium phosphate buffer 
(pH 7.2) containing 100 mmol·L−1 APBA and 0.1% 
Tween-20 (as a surfactant), and the complex was incu-
bated at room temperature for 1 h. After 40.0 mg super-  
paramagnetic PS nanoparticles were added, the solution 
was then incubated at room temperature for 2 h. Prior to 
use, the superparamagnetic PS nanoparticles were sub-
jected to extensive deionized water, and washed thor-
oughly. Subsequently, 6.5 mL 100 mmol·L−1 APS aque-
ous solution as initiator was slowly admixed dropwise 
with the above solution for about 20 min, and the po-
lymerization process was executed at room temperature. 
After 14 h, BHb imprinted polymer were obtained. Fi-
nally, the template-containing MIP-coated PS nanoparti-
cles were washed with 0.2 mol·L−1 sodium phosphate 
buffer (pH 9.0) containing 0.5 mol·L−1 sorbitol to re-
move the entrapped template molecules. The MIP- 
coated PS nanoparticles were then equilibrated with the 
buffer used in the polymerization. 

NIP was prepared via the same procedure in the ab-
sence of BHb. 

2.6  Characterization of synthesized nanoparticles 

The size and morphology of the nanoparticles were 
measured by a FEI (Netherlands) Tecnai-20 transmis-
sion electron microscopy (TEM). The nanoparticle sam-
ple dispersed in hexane solution was cast onto a carbon-  
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Figure 1  Schematic illustration of the preparation of magnetic molecularly imprinted nanoparticles. 

coated copper grid sample holder and was evaporated at 
room temperature. 

Thermogravimetric analysis (TGA) was performed 
for powder samples (~10 mg) with a heating rate of  
10℃·min−1 using a Netzsch STA 409 (Germany) ther-  
mogravimetric analyzer under a nitrogen atmosphere up 
to 1000℃. 

The crystal structure of nanoparticles was determined 
by X-ray diffraction (XRD). The XRD pattern of each 
sample was recorded with a Shimadzu (Japan) D/Max- 
2500 diffractometer, using a monochromatized X-ray 
beam with nickel-filtered Cu Kα radiation. The XRD 
patterns were collected in the range of 5° < 2θ < 80° with 
a dwelling time of 2 s and a scan rate of 6.0°·min−1. The 
substance is automatically searched by using JCPDS- 
International Center for Diffraction Data. 

Magnetic properties were measured with a vibrating 
sample magnetometer (VSM) (LDJ9600-1, USA) at 
room temperature. 

2.7  Protein adsorption experiments 

Rebinding conditions were kept the same as synthesis 
conditions. The amount of the protein adsorbed onto the 
MIP-coated PS nanoparticles was calculated from the 
differences in the protein concentrations before and after 
incubation on the rotator (100 r·min−1). The protein con-
centrations were measured with a Shimadzu (Japan) 
UV-2450 spectrophotometer at 405 nm for BHb. The 
eluting solution was prepared by admixing an 80 mL  
0.5 mol·L−1 sorbitol aqueous solution with a 20 mL   

0.2 mol·L−1 sodium phosphate buffer (pH 9.0). Before 
eluted, the nanoparticles were washed thoroughly with 
deionized water to remove the non-adsorbed protein.  

The experimental data are presented as the adsorption 
capacity per unit mass (mg) of the nanoparticles, and the 
adsorption capacity (Q) is calculated as follows:  
 ( )0 sQ C C V m= − ×  (1) 

Here C0 (mg·mL−1) is the initial concentration of pro-
tein solution; Cs (mg·mL−1) is the protein concentration 
of the supernatant; V (mL) is the volume of the initial 
solution; m (mg) is the mass of the nanoparticles. 

3  Results and discussion 
3.1  Synthesis of MIP-coated MNPs 

The synthesis of the MIP-coated MNPs via a multistep 
procedure is illustrated in Figure 1, which involves syn-
thesis of Fe3O4 MNPs, silica-shell deposition, surface 
modification, PS grafted onto silica surface, poly(APBA) 
film onto the PS surface, final extraction of template 
protein, and generation of the recognition site. It is 
known that the critical particle size of superparamagnet-
ism of magnetic particles is 25 nm. Therefore, the pre-
pared magnetic Fe3O4 nanoparticles have to be smaller 
than 25 nm to ensure that they have superparamagnetic 
properties. The formation of a silica coating on the sur-
faces of iron oxide nanoparticles could provide good 
biocompatible, non-toxic coating as well as a hydro-
philic surface, and prevent their aggregation in liq-
uid[28,29]. The growth of silica shells on Fe3O4 nanoparti-   
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cles was developed through a sol-gel process using tet-
raethyl orthosilicate (TEOS)[29]. The poly(APBA) thin 
films were coated onto the PS layer of magnetic 
nanoparticles through molecular imprinting process. 
APBA is the functional and cross-linking monomer. In 
an aqueous medium, template protein and functional 
monomer APBA form a complex through interactions 
between –B(OH)2 group on APBA and amino acids on 
the template protein[14]. Due to poly(APBA) polymer is 
easily synthesized by chemical oxidation of APBA and 
can be grafted tightly to the surface of polystyrene  
microsphere[17] and microplate[18] by way of aromatic 
ring electron-pairing interactions. After washed with  
0.2 mol·L−1 sodium phosphate buffer (pH 9.0) contain-
ing 0.5 mol·L−1 sorbitol till no template protein was 
monitored, the MIP-coated MNPs with imprinted recog-
nition sites on the layer of the MNPs was obtained. 

3.2  Characterization of the size of MNPs 

TEM images of magnetite, magnetite@silica, silica- 
coated MNPs with WD-70, PS-coated MNPs, and poly 
(APBA) MIP-coated MNPs are illustrated in Figure 2. 
From these images, it is obvious that all of these parti-
cles remain nanosized and have roughly spherical shape 
before and after being encapsulated by silica, PS, and 
APBA. Figure 2(a) shows the TEM image of the naked 
Fe3O4 nanoparticles. This image reveals a homogeneous 
size distribution with a mean diameter of about 12 nm. 
Figure 2(b) shows the TEM image of the magnet-
ite@silica nanoparticles with a mean diameter of about 
450 nm, which clearly shows that the magnetite 
nanoparticles were fully coated by the silica, providing 
magnetite core with a silica surface which favors the 
encapsulation of MNPs by polymers. Figure 2(c) shows 
silica nanoparticles with WD-70 have a fuzzy outline, 
which is due to silica surface modified by WD-70. Fig-
ure 2(d) shows that the fuzzy outline of nanoparticles in 
Figure 2(c) has disappeared after PS are coated onto the 

silica surface. The clear core-shell structure poly(APBA) 
thin film coated PS nanoparticles is observed from Fig-
ure 2(e). The TEM image (Figure 2(e)) shows that the 
poly(APBA) MIP coated magnetic PS nanoparticles re-
tain the morphology of the original particles. The mag-
netic PS core is completely coated with the poly(APBA) 
thin films’ shells in the thickness range of 15―20 nm. It 
is worth noting that the surfaces of the nanoparticles are 
porous. This image also suggests that the core-shell 
nanoparticles with more regular morphological features 
can be prepared through a step-by-step coating proce-
dure. Moreover, the images reveal that the coating proc-
ess did not significantly result in agglomeration and 
change in the size of particles, which is because the re-
action occurred only on the particle surface. The particle 
size increases slightly after the coating with APBA, with 
a mean diameter of about 480 nm, which is larger than 
that of silica-coated MNPs. 

3.3  Thermogravimetric analysis of MNPs 

TGA was performed to further estimate the relative 
composition of the nano-core and the organic shell (Fig-
ure 3). All samples displayed a similar mass-loss profile 
for the release of physically adsorbed solvent or water 
and organic capping materials. The evaporation amount 
of solvent or water release corresponds to approximately 
7% at T < ~ 120℃. For the organic mass loss at ~300°C 

< T < ~ 700℃, the PS nanoparticles with poly(APBA) 
revealed a slightly high organic mass release of ap-
proximately 10% for the organic shell, including WD-70 
and PS. This compound was completely decomposed at 
temperature above 700℃ and the silica coating began to 
slowly decompose. Both the magnetite content and silica 
coating content of the MNPs were evaluated to be ap-
proximately 83%. From the above TGA analysis, the 
coating of the silica shell to Fe3O4 MNPs indeed was 
quite efficient for the improvement of their stability and 
activity for further application. 

 
Figure 2  TEM images of (a) Fe3O4 MNPs, (b) silica-coated MNPs, (c) silica-coated MNPs with WD-70, (d) PS-coated MNPs and (e) 
poly(APBA)-coated MNPs. 
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Figure 3  TGA of (a) silica-coated MNPs and (b) PS-coated nanoparticles. 

3.4  X-ray diffraction analysis of MNPs  

The crystal structures of the pure Fe3O4, silica-coated, 
PS-coated, and MIP-coated MNPs were investigated 
using Shimadzu D/Max-2500 diffractometer. As shown 
in Figure 4, in the 2θ range of 20―70°, there are six 
characteristic peaks of four MNPs with and without 
coating, which is quite similar to those of Fe3O4 
nanoparticles (2θ = 30.1°, 35.5°, 43.1°, 53.4°, 57.0°, and 
62.6°) reported by other group. The peak positions at 
corresponding 2θ value are indexed as (220), (311), 
(400), (422), (511), and (440), respectively, which 
match well with the database of magnetite in JCPDS- 
International Center for Diffraction Data (JCPDS  

 
Figure 4  XRD patterns of (a) Fe3O4 MNPs, (b) silica-coated MNPs, (c) 
silica-coated MNPs with WD-70, and (d) PS-coated MNPs. 

Card:19-629). 
The diffraction peaks are labeled with the indexed 

Bragg reflections spectra of the Fe3O4 structure. How-
ever, XRD analysis cannot discriminate between mag-
netite (Fe3O4) and its oxidation product maghemite 
(γ-Fe2O3) because both diffraction patterns overlap and 
are nearly identical. There are probably two types of 
iron oxide particles in the dispersion: magnetite and 
maghemite. The XRD patterns show the presence of the 
characteristic diffraction peaks of magnetite/maghemite 
for the synthesized particles, which are highly crystal-
line materials. The XRD patterns also reveal that the 
synthesized particles contain Fe3O4 with a spinel struc-
ture[32] and the binding process did not result in the 
phase change of Fe3O4. Even if we may have a mixture 
of both the oxides, because of the fact that both these 
oxides are magnetic and the surface states of either 
phase allow the growth of a silica shell, it is not consid-
ered important to determine the relative percentages of 
these phases in these samples. The peak positions are 
unchanged while their widths have increased, indicating 
that the crystal structure is substantially unchanged. The 
intensity of the XRD peaks decreased after the particles 
were coated with substance because of the effect of the 
increasing shell. 

3.5  Magnetic properties of MNPs  

Vibrating sample magnetometer was employed to study 
the magnetic properties of the synthesized MNPs. The 
magnetic hysteresis loop of the dried samples at room 
temperature are illustrated in Figure 5. From the VSM data, 
the remanent magnetization (Mr) and coercivity (Hc) can 
be determined. The values of Mr and Hc are 1.673 emu·g−1 
and 20.26 Oe for naked MNPs, 0.2614 emu·g−1 and 
15.81Oe for silica-coated MNPs, 0.2418 emu·g−1 and 
11.68 Oe for PS-coated MNPs, and 0.2659 emu·g−1 and 
14.23 Oe for poly(APBA)-coated MNPs, respectively. 
The very weak hysteresis confirms that naked MNPs, 
silica-coated MNPs, PS-coated MNPs, and poly(APBA) 
MIP-coated MNPs have superparamagnetic properties at 
room temperature, which implies that the sample keeps 
no remanence in the absence of an external magnetic 
field. Because Fe3O4 and γ-Fe2O3 have similar magnetic 
properties, the oxidation of a little amount of Fe3O4 to 
γ-Fe2O3 during the silanization process is not important 
in the present study. The superparamagnetism prevents 
MNPs from aggregating and enables them to redisperse  
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Figure 5  Hysteresis loops of (a) Fe3O4 MNPs, (b) silica-coated MNPs, (c) PS-coated MNPs, and (d) poly(APBA)-coated MNPs. 

rapidly when the magnetic field is removed. This is be-
cause the magnetic core is so small (with an average 
particle size of 12 nm) that it may be considered to have 
a single magnetic domain.  

The saturation magnetization of silica-coated 
MNPs, PS-coated MNPs, and poly(APBA) MIP-coated 
MNPs is 6.994, 6.938, and 6.057 emu·g−1, respectively, 
which were lower than that of the naked Fe3O4 MNPs 
(50.69 emu·g−1). The Ms value for poly(APBA) MIP- 
coated MNPs is slightly lower than that for silica-coated 
MNPs and that for PS-coated MNPs. These results indi-
cate that the surface modification has much impact on 
the magnetism of nanospheres, which might quench the 
magnetic moment. Due to such high saturation mag-
netization which makes them very susceptible to mag-
netic fields, the nanoparticles could be easily and 
quickly separated from a suspension. This is very fa-
vorable for the magnetic separation of proteins on a 
large scale. 

3.6  Adsorption analysis 

To investigate the affinity of MIP-coated MNPs for 
template BHb, binding experiments and subsequent 
Scatchard analysis were carried out. As a primary ex-
amination of MIP and NIP MNPs, a kinetic experiment 
was carried out to confirm that template can be rebound 

in the MIP and NIP matrix and to estimate how long it 
takes to reach the binding equilibrium. The MIP and NIP 
were incubated with 0.2 mg·mL−1 BHb solution for a cer-  
tain time at room temperature. The amount of BHb bound 
to MNPs with MIP and NIP coating was plotted as a 
function of time and the results are shown in Figure 6(a). 
It can be seen that the adsorption capacity increased with 
time and the imprinted MNPs had high adsorption rate. 
In the early 60 min, the adsorption increased quickly and 
then slowly, and after 60 min the adsorption almost 
reached equilibrium. This time profile indicates an ini-
tial rapid increase in the adsorption capacity and then a 
slower approach to a limiting value. For the imprinted 
nonthin films, it takes generally 12―24 h to reach the 
equilibrium of adsorption[26]. However, the imprinted 
thin films need only 30―120 min to reach the equilib-
rium of adsorption for biomacromolecule templates. 
Therefore, in our case, it was easy for BHb molecules to 
reach the surface imprinting cavities of MIP, and it took 
less time to gain adsorption saturation, which implies 
that poly(APBA) MIP-coated MNPs have the property 
of good mass transport and thus overcome some draw-
backs of the traditional monolithic imprinted materials. 

To examine the controlling mechanism of the adsorp-
tion process such as mass transfer and chemical reaction,  
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Figure 6  (a) Curve of adsorption kinetics (CBHb＝0.2 mg·mL−1; mMIP＝

mNIP＝15.0 mg; pH 7.2; T=25℃); (b) plot of ln(Qe − Q)/Qe vs. t. 

kinetic models were used to test experimental data. The 
first-order rate equation of Lagergren is one of the most 
widely used for the adsorption of solute from a liquid 
solution. The BHb rebinding process can be described as 
an apparent pseudo first-order kinetic process[32]:  

 ( )e eln Q Q Q kt− = −  (2) 

Here Qe and Q are the final equilibrium adsorption 
capacity and the actual adsorption capacity, respectively. 
A plot of ln(Qe–Q)/Qe vs. t would be a straight line 
(Figure 6(b)) to confirm the applicability of the kinetic 
model. The linear regression equation is ln(Qe–Q)/Qe = 

0.1609 − 0.0811t (R2 = 0.9914). The apparent rate con-
stant characterizing the speed of protein adsorption was 
found to be 8.11 × 10−2 from the slope of the line. 

The adsorption isotherm of MIP-coated MNPs was 
determined in the concentration range of BHb from 0 
to 0.3 mg·mL−1(initial concentration). As shown in  
Figure 7(a), the amount of BHb bound to the MIP- 
coated MNPs at equilibrium Qe increased with the in-
crease of the initial concentration of BHb, and reached 
saturation at higher BHb concentration. The saturation 
binding data were further processed with Scatchard 
equation to estimate the binding properties of MIPs[33].  

 
Figure 7  (a) Curve of adsorption isotherm (mMIP＝30.0 mg; pH 7.2; 
T=25℃); (b) curve of Qe/Cs vs. Qe. 

The Scatchard relationship can be obtained using the 
following equation. 
 ( )e s max e DQ C Q Q K= −  (3) 

Here, Qmax is the saturated adsorption capacity, Qe is the 
amount of BHb bound to MIPs at equilibrium, Cs is the 
free concentration after adsorption equilibrium, and KD is 
the dissociation constant. As shown in Figure 7(b), the 
Scatchard plot is a single straight line, which illustrates 
that there is only a class of binding sites populated in 
MIP-coated MNPs. The linear regression equation is 
Qe/Cs = −74.23 Qe + 3376.7 (R2 = 0.9673). The Qmax and 
KD are calculated to be 45.49 mg·g−1 and 0.0135 mg·mL−1, 
respectively, from the slope and the intercept of the 
Scatchard plot. It is attractive that this kind of nanopar-
ticles has high adsorption capacity for template protein, 
which is infrequent in the related literature. 

3.7  Binding specificity of BHb MIP-coated MNPs 

To confirm the selective recognition of the MIP-coated 
MNPs, we selected BSA as control. BSA is most repre-
sentative and appropriate because the molecular weight 
and volume of BSA molecule are similar to those of 
BHb molecule. To test the selective recognition of MIP, 
the amount of BHb and BSA bound to MIP and NIP 
were determined by equilibrium binding experiments.  
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The specificity of the MIP-coated MNPs was estimated 
by the imprinting factor (α) of BHb-MIP, which is de-
fined as the ratio of adsorption quantities of BHb-MIP to 
that of NIP (α = QMIP/QNIP). The separation factor (β) of 
BHb-MIP was selected to validate the selectivity of 
BHb-MIP and NIP for BHb and BSA, which is defined 
as the ratio of adsorption quantity of template (BHb) to 
that of competitor molecules (BSA) (β = QBHb/QBSA). 
The imprinting factor α and the separation factor β were 
calculated from the binding data. α and β is 2.322 and 
1.977, respectively. Both α and β of BHb-MIP are larger 
than those of using silica-coated MNPs as matrix in our 
former work[26]. It is suggested that, for BHb-MIP, its 
adsorption quantity of BHb is more than that of the com-
petitor protein in the same solution. The experimental 
results (Figure 8) show that specific recognition sites for 
BHb formed during the course of imprinting and thin 
films of imprinted MNPs are able to selectively adsorb 
template proteins. 

4  Conclusions 

A novel core-shell structure MIP-coated MNPs was 
prepared by coating thin films of functional monomer 
APBA onto the surface of PS MNPs in an aqueous me-
dium with BHb as the templates. This kind of sur-
face-imprinted polystyrene MNPs with magnetic sus-
ceptibility is more robust and reusable because poly 
(APBA) can be grafted tightly to the surface of PS layer  

 
Figure 8  Adsorption selectivity of BHb-MIP and NIP for BHb and BSA, 
respectively (CBHb = CBSA = 0.2 mg·mL−1; mMIP = mNMIP = 15.0 mg; pH 7.2; 
T = 25℃; t = 3 h). 

through aromatic ring electron-pairing interactions. The 
morphology, adsorption, and recognition properties of 
superparamagnetic molecularly imprinted nanomaterials 
were investigated by TEM, XRD, TGA, and VSM. The 
experimental results show that surface-imprinted MNPs 
have high adsorption capacity for template protein bo-
vine hemoglobin and comparatively low nonspecific 
adsorption. The imprinted MNPs could easily reach the 
adsorption equilibrium and achieve magnetic separation 
in an external magnetic field, thus avoiding some prob-
lems of the bulk polymer. In this research, we demon-
strated that molecularly imprinted MNPs are applicable 
to the separation and detection of biomacromolecules 
especially for removal of high abundance of protein and 
enrichment of low abundance of protein in proteomics. 
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