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Preparation of Core-shell Magnetic Molecularly Imprinted Polymer
Nanoparticles for Recognition of Bovine Hemoglobin

Lin Li,””! Xiwen He,"”! Langxing Chen,**! and Yukui Zhang*!>"!

Abstract: In this work, the core-shell
bovine hemoglobin (BHb) imprinted
magnetic nanoparticles (MNPs) with a
mean diameter of 210 nm were synthe-
sized for the first time. In this protocol,
the initial step involved co-precipita-
tion of Fe** and Fe’* in an ammonia
solution. Silica was then coated on the
Fe;O, nanoparticles using a sol-gel
method to obtain silica shell magnetic
nanoparticles. Subsequently, 3-amino-
phenylboronic acid (APBA), which is
the functional and cross-linking mono-
mer, and poly(APBA) thin films were
coated onto the silica-modified Fe;O,
surface through oxidation with ammo-
nium persulfate in an aqueous solution

The morphology, adsorption, and rec-
ognition properties of the magnetic
molecularly imprinted nanomaterial
were investigated by transmission elec-
tron microscopy (TEM), X-ray diffrac-
tion (XRD), thermogravimetric analy-
sis (TGA), and vibrating sample mag-
netometer (VSM). Rebinding experi-
ments were carried out to establish the
equilibrium time and to determine the
specific binding capacity and selective
recognition. The protein adsorption re-
sults showed that poly(APBA) MIPs-
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coated magnetic nanoparticles have
high adsorption capacity for template
protein BHb and comparatively low
non-specific adsorption. The imprinted
magnetic nanoparticles could easily
reach the adsorption equilibrium and
magnetic separation under an external
magnetic field, thus avoiding problems
related to the bulk polymer. We be-
lieve that the imprinted polymer-
coated magnetic nanoparticles can be
one of the most promising candidates
for various applications, which include
chemical and biochemical separation,
cell sorting, recognition elements in
biosensors, and drug delivery.

in the presence or absence of protein.

Introduction

Magnetic nanoparticles (MNPs), of which superparamagnet-
ic iron oxide (SPIO) is a representative example, have at-
tracted increasing attention in the fields of biomedical and
biotechnological applications, which includes targeted drug
delivery, magnetic resonance imaging (MRI) contrast en-
hancement, and separation and purification of proteins and
cells,? because of their small size and high surface-to-
volume ratio. In comparison with conventional micrometer-
size resins or beads, MNPs have many superior characteris-
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tics for bioseparation applications, such as good dispersabili-
ty, fast and effective binding to biomolecules, and reversible
and controllable flocculation.’! The magnetic separation
process can be performed directly in crude samples contain-
ing suspended solid particles or other biological particulates
in a rapid and easy way. Moreover, the power and efficiency
of magnetic separation is especially useful for large-scale op-
erations.”! For many of these applications, surface modifica-
tion of MNPs is the key challenge. In general, surface modi-
fication can be accomplished by physical/chemical adsorp-
tion or surface coating with specific ligands depending on
the specific application to the biomedical and biotechnologi-
cal fields. When modified with a specific functional polymer,
for example the molecularly imprinted polymers (MIPs), the
functional materials are able to recognize and in some cases
respond to biological and chemical agents of interest. These
MIP-coated MNPs would be able to separate and concen-
trate chemicals more conveniently with the help of an exter-
nal magnetic field.

The molecular imprinting technique is an attractive
method for the generation of tailored materials that have
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the ability to recognize and in some cases respond to biolog-
ical and chemical agents of interest."” The technique in-
volves polymerization of functional monomers and a cross-
linker around a template. The removal of the template
leaves behind the imprinted specific recognition sites with
the function, size, and shape complementary to the tem-
plate. MIPs have been used in a variety of applications, as
separation media,®? for mimicking antibodies,"” chemical
and biochemical sensing,"!! and drug delivery.'”! In contrast
to its biological counterparts, enzymes and antibodies, MIPs
display significant advantages such as high mechanical/
chemical stability, low cost, ease of preparation, and predict-
able specific recognition. Although MIPs have been success-
fully developed against a wide range of small molecules, the
imprinting of macromolecules like proteins has proven to be
more problematic. Some disadvantages, such as 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, arising from
the geometric and chemical complexity of proteins, have
also been observed.>¥ To resolve these problems, surface
imprinting has been proposed as a viable strategy for pro-
tein imprinting. An ultrathin polymer coating on a solid sup-
port substrate using the surface imprinting approach can im-
prove the mass transfer and reduce permanent entrapment
of the protein template, but these methods also reduce the
number of imprinted sites.['*2*

3-aminophenylboronic acid (APBA) is an attractive func-
tional monomer for protein imprinting being water-soluble
and thus providing a mild aqueous environment during poly-
merization. Additionally, it also provides a variety of favora-
ble and reversible interactions with the amino acids on the
protein. Many biotechnological applications, like biosepara-
tion and biosensing, would employ MIPs as a surface coat-
ing on a solid material, to potentially overcome mass trans-
fer limitations and non-quantitative recovery of the template
molecule. The ultrathin poly(APBA) films have been fabri-
cated as surface coatings on solid support substrates such as
a polystyrene microwell plate and microsphere, a glass slide,
and the gold surface of a quartz crystal microbalance
(QCM) electrode.[':1821]

Therefore, combining magnetic separation and molecular
imprinting would ideally provide a powerful analytical tool
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having the characteristics of simplicity, flexibility, and selec-
tivity. By incorporating magnetic iron oxide, superparamag-
netic composite MIP beads with an average diameter of
13 um were prepared using suspension polymerization in
perfluorocarbon for the first time.**! Recently, protein sur-
face-imprinted sub-micrometer particles with magnetic sus-
ceptibility using mini-emulsion polymerization has been re-
ported.” In this work, we have reported the synthesis of
core-shell bovine hemoglobin imprinted magnetic nanoparti-
cles. Compared to traditional MIPs, the MIPs prepared on
the surface of iron oxide would be ideal as a multifunctional
nanomaterial towards bioseparation. Thus, molecular im-
printed magnetic nanoparticles, having a small dimension
with a high surface-to-volume ratio, are expected to improve
the removal of template molecules. The binding capacity
and fast binding kinetics, and the superparamagnetic iron
oxide core enables the MIP particles to replace the centrifu-
gation step with magnetic separation, and facilitates the ap-
plication of magnetic MIPs in immunoassay and magnetical-
ly stabilized fluidized bed separation. In this article, we pres-
ent a technique for the preparation of core-shell protein
MIP-coated magnetic nanoparticles (Figure 1). Nanosized
Fe;O, MNPs were prepared using a coprecipitation method,
and then the silica shell was deposited. Subsequently, poly-
(APBA) thin films were coated onto the silica-modified
Fe;O, surface through polymerization, where APBA is the
functional and cross-linking monomer. Finally, the template
protein was removed by repetitive washing with copious
amounts of deionized water and washing buffer. The mor-
phology, adsorption, and recognition properties of these
magnetic molecularly imprinted nanomaterials have been in-
vestigated.

coprecipitation suspension polymerization
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Figure 1. Schematic illustration of the preparation of magnetic molecular-
ly imprinted nanoparticles.

www.chemasianj.org 287



FULL PAPERS

Results and Discussion
Synthesis of Superparamagnetic MIP-coated Nanoparticles

The synthesis of the MIP-coated MNPs through a multistep
procedure is illustrated in Figure 1, which involves synthesis
of the Fe;O, MNPs, silica-shell deposition, coating poly-
(APBA) film onto the silica surface, and final extraction of
the template protein and generation of the recognition site.
First, superparamagnetic Fe;O4 nanoparticles were prepared
by the coprecipitation method.™ It is known that the criti-
cal particle size of superparamagnetism of magnetic parti-
cles is 25 nm. Therefore, the prepared magnetic Fe;O, nano-
particles have to be less than 25 nm in order to ensure that
they possess superparamagnetic properties. Secondly, be-
cause of the anisotropic dipolar attraction, unmodified
MNPs tend to aggregate into large clusters and thus lose the
specific properties of a single-domain. The formation of a
silica coating on the surfaces of iron oxide nanoparticles
could provide a good biocompatible, non-toxic coating as
well as a hydrophilic surface, and thus prevent aggregation
in liquid. The silica shell helps to avoid electrostatic agglom-
eration because of the low isoelectric point (about 2-3) of
silica and therefore the silica-coated nanoparticles display a
significant negative surface charge at the pH employed in
the experiment. Furthermore, the terminated silanol groups
on the silica coating offer many possibilities for surface
functionalization through covalent attachment of specific li-
gands on the surfaces of these MNPs.”*?l The growth of
silica shells on Fe;O, nanoparticles was developed by a sol-
gel process using tetraethyl orthosilicate (TEOS).*"! Finally,
poly(APBA) thin films were coated onto the silica shells of
the magnetic silica nanoparticles by molecular imprinting
process. In an aqueous solution, the template protein and
the functional monomer APBA form a complex through in-
teractions between the —B(OH), group on APBA and the
amino acids on the template protein.'! Poly(APBA) poly-
mer can be easily synthesized by the chemical oxidation of
APBA and can be grafted tightly to the surface of polystyr-
ene microplate!” and microsphere,'”® glass and gold of
quartz crystal microbalance electrodes.”*?" The silica shells
on Fe;O, nanoparticles have a strong affinity to APBA,
therefore the complex is grafted onto the surface of the
magnetic silica nanoparticles by the chemical oxidation of
APBA. After washing with 0.2m sodium phosphate buffer
(pH 9.0) containing 0.5m sorbitol until no further template
protein could be monitored, the MIP-coated MNPs with im-
printed recognition sites on the layer of the MNPs were ob-
tained.

Characterization of the Synthesized Nanoparticles

Representative transmission electron microscopy (TEM)
images of magnetite, magnetite@silica and poly(APBA)
MIP-coated MNPs are provided in Figure 2. From these
images, it is obvious that all of these particles are nano-sized
and roughly spherical in shape before and after being encap-
sulated by silica and APBA. Figure 2a shows the TEM
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Figure 2. TEM images of a)Fe;O, magnetic nanoparticles, b) silica-
coated MNPs and c) poly(APBA) MIP-coated MNPs.

image of the uncoated Fe;O, nanoparticles. This image re-
veals an homogeneous size distribution with a mean diame-
ter of about 12 nm. Figure 2b shows the TEM image of the
magnetite@silica nanoparticles with a mean diameter of
200 nm, clearly showing that the magnetite nanoparticles
were fully coated by the silica. This provides the magnetite
core with a silica surface, which favors the encapsulation of
MNPs by polymers. Figure 2¢ shows the distinct core-shell
structure of the poly(APBA) film-coated silica nanoparti-
cles, with a 10 nm thin layer of APBA on the surface of
silica-coated MNPs and complete coverage of the core by
APBA. This image suggests that core-shell nanoparticles
with more regular morphological features were prepared
through a step-by-step coating procedure. This image also
reveals that the coating process did not significantly result in
the agglomeration and change in size of particles, which can
be attributed to the fact that the reaction occurred only on
the particle surface. The particle size increases slightly after
the coating with APBA, with a mean diameter of about
210 nm, which is slightly larger than that of silica-coated
MNPs.

Thermogravimetric analysis (TGA) was performed to fur-
ther estimate the relative composition of the nano-core and
the organic shell. Figure 3 shows a representative set of the
weight loss for a)silica-coated MNPs and b) poly(APBA)
MIP-coated MNPs. All nanoparticle samples displayed a
similar mass-loss profile for the release of physically ad-
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Figure 3. TGA of MNPs a) silica-coated MNPs and b) poly(APBA) MIP-
coated MNPs.
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sorbed solvent or water and organic capping materials. The
amount of solvent or water released corresponds to approxi-
mately 8% at T<~120°C. For the organic mass-loss at ap-
proximately 300°C<T<~400°C, the silica nanoparticles
with APBA revealed a slightly high organic mass release of
~T7%. The compound completely decomposed at tempera-
tures above 400°C and the silica coating began to slowly de-
compose. Both the magnetite content and silica coating con-
tent of the nanoparticles were evaluated to be approximate-
ly 85%.

From the above-mentioned TGA analysis, the coating of
the silica shell on Fe;O, magnetic nanoparticles indeed was
quite efficient for the improvement of their stability and ac-
tivity for further application.

Figure 4 shows the X-ray diffraction (XRD) patterns for
the magnetic nanoparticles with and without coating. In the
26 range of 20-70°, six characteristic peaks for Fe;O, (20=
30.1°, 35.5°, 43.1°, 53.4°, 57.0°, and 62.6°) were observed for
the three samples, and the peak positions at the correspond-
ing 26 value were indexed as (220), (311), (400), (422),
(511), and (440), respectively, which match well with the da-
tabase of magnetite in the JCPDS-International Center for
Diffraction Data (JCPDS Card: 19-629).

The diffraction peaks are labeled with the indexed Bragg
reflections spectra of the Fe;O, structure. The XRD patterns
show the presence of the characteristic diffraction peaks of
magnetite/maghemite for the synthesized particles, which
are highly crystalline materials. The XRD patterns also
reveal that the synthesized particles contain Fe;O, with a
spinel structure® and the binding process did not result in
the phase change of Fe;0,.

XRD analysis cannot discrimi- -
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Figure 4. X-ray diffraction patterns of a) Fe;O, magnetic nanoparticles,
b) silica-coated MNPs and c) poly(APBA) MIP-coated MNPs.

nanoparticles reflected the differences in their average parti-
cle size. As the particle sizes get larger, the XRD peaks dis-
play slightly narrower peak widths.

Vibrating sample magnetometry (VSM) was employed to
study the magnetic properties of the synthesized MNPs, and
the magnetic hysteresis loop of the dried samples at room
temperature is illustrated in Figure 5. From the VSM data,
the remnant magnetization (M,), coercivity (H,), and

nate between magnetite
(Fe;0,) and its oxidation prod-
uct maghemite (y-Fe,O;) be-
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Figure 5. Hysteresis loops of a) Fe;O, nanoparticles, b) silica-coated MNPs and c) poly(APBA) MIP-coated

shell. The difference in peak pNps; d) The separation process of the nanoparticles in distilled water (black MNPs on the left: uncoated
width for the three types of Fe;O, nanoparticles; yellow MNPs on the right: silica-coated MNPs).
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squareness (S,=M,/M,) can be determined. The values of
M,, H, and S, are 1.673 emug ', 20.26 Oe, and 0.033 for the
uncoated magnetic nanoparticles, 0.2988 emug™', 17.51 Oe,
and 0.045, for silica-coated MNPs and 0.2852 emug ',
16.66 Oe, and 0.044, for poly(APBA) MIP-coated MNPs, re-
spectively. The very weak hysteresis confirmed that the un-
coated MNPs, silica-coated MNPs and poly(APBA) MIP-
coated MNPs have superparamagnetic properties at room
temperature, which implies that the sample retains no rem-
nant in the absence of an external magnetic field environ-
ment. In the presence of an external magnetic field, black
MNPs on the left of the magnet (i.e., uncoated MNPs) and
yellow MNPs on the right of the magnet (i.e., silica-coated
MNPs) were attracted to the wall of the vial and the dis-
persed liquid became clear and transparent (Figure 5d). The
MNPs’ color change from black to yellow could be attribut-
ed to the oxidation of a little amount of Fe;O, to y-Fe,0;
during the silanization process. Since both Fe;O, and y-
Fe,O; have similar magnetic properties, the presence of
trace amounts of oxide is not important in the present study.
The superparamagnetism prevents MNPs from aggregating
and enables them to redisperse rapidly when the magnetic
field is removed. This can be attributed to the fact that the
magnetic core is so small (average particle size is 12 nm)
that they may be considered to have a single magnetic
domain.

The saturation magnetization of silica-coated MNPs and
poly(APBA) MIP-coated MNPs was 6.582emug ' and
6.536 emug !, respectively, which is lower than that of the
uncoated Fe;O, magnetic nanoparticles (50.69 emug™'). The
M, value for poly(APBA) MIP-coated MNPs was slightly
lower than that for the silica-coated MNPs. These results in-
dicate that the modification reaction on the particle surface
had a strong impact on the magnetism of the nanospheres,
which might quench the magnetic moment. As a result of
such high saturation magnetization, which makes them very
susceptible to magnetic fields, the nanoparticles could be
easily and quickly separated from a suspension. This is very
favorable for the magnetic separation of proteins on a large
scale.

Adsorption Kinetics

Figure 6a presents the adsorption kinetics of 0.2 mgmL™'
BHDb solution onto MIP. We can see that the adsorption ca-
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Figure 6. a) Curve of adsorption kinetics (Il MIP, @ NMIP; Cgy,=
0.2 mgmL "' myp=myp=15.0 mg; pH=7.2; T=25°C); b) Plot of In Y
versus f.
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pacity increased with time and the imprinted nanoparticles
had a fast adsorption rate. In the first 80 min, the adsorption
increased rapidly; after 80 min the adsorption had almost
reached an equilibrium. This time profile indicates an initial
rapid increase in the adsorption capacity and then a slower
approach to a limiting value. For the imprinted materials of
non-thin films, it takes generally 12-24 h to reach adsorption
equilibrium.” However, the imprinted materials of thin
films need only 30-120 min to reach adsorption equilibrium
for biomacromolecule templates. Therefore, in our case,
BHb molecules reached the surface imprinting cavities of
MIP easily and took less time to reach adsorption satura-
tion, which implies that poly(APBA) MIP-coated MNPs has
the property of good mass transport and thus overcomes
some drawbacks of traditional packing imprinted materials.

This process can be described as an apparent first-order
kinetic process:[*"

—dC/dt = kC 1)
Integration of Eq. (1) gives:
C=C, exp (—kt) @)

Here C, and C are the original and actual concentrations
of the template protein, respectively, and k is the apparent
rate constant of protein adsorption. So the amount of ad-
sorption capacity with time would be:

Q = Q. [1—exp (—ki)] 3)

To use conveniently, one can rearrange Eq. (3) into the
following form:

InY = 7kt’ Y= (QeiQ)/Qe (4)

Here Q. and Q are the final equilibrium adsorption ca-
pacity and the actual adsorption capacity, respectively. Ac-
cording to Eq.4, a plot of InY versus ¢ would be a straight
line (Figure 6b). The apparent rate constant, which charac-
terizes the rate of protein adsorption, was obtained from the
slope of the linear fit and was found to be 5.5x 1072,

Adsorption Isotherm

A general method to study the thermodynamic adsorption
properties of MIP is the adsorption isotherms curve. Ad-
sorption experiments were carried out at room temperature.
After 80 min incubation, which was sufficient to reach the
adsorption equilibrium, the solutions were centrifuged, and
their concentrations were measured by a UV/Vis spectro-
photometer. Figure 7a shows the adsorption isotherms of
BHD solutions on BHb-imprinted nanoparticles. From Fig-
ure 7a, we can see that when C, was below 0.2 mgmL™', the
adsorption capacity increased quickly; however, when C,
was over 0.2 mgmL ™, the adsorption curve became relative-
ly flat. This indicates that the amount (Q.) of protein ad-
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Figure 7. a) Curve of adsorption isotherm (myp=30.0 mg; pH=7.2; T=
25°C); b) Curve of CJ/Q, versus Cq

sorbed onto MIP or NMIP (non-imprinted polymers) in-
creased as the concentration (C,) of the protein solutions in-
creased and that the imprinted nanoparticles had specific
adsorption within the range of the experimental concentra-
tions (Q, is the equilibrium adsorption capacity and Cj is
the original protein concentration). The recognition sites on
the surface of imprinted nanospheres have better steric
matching with the template protein, which allows imprinted
thin films to adsorb more template protein molecules.

The shape of the adsorption curve was similar to that of
the Langmuir adsorption curve (Figure 7b). According to
Langmuir’s isotherm equation,

Here, Q, is the saturated adsorption capacity, C; is the
substrate concentration after adsorption equilibrium, and K
is the adsorption constant. The plot of C/Q,. versus C; is
linear over the investigated concentration range, which dem-
onstrates that the adsorption isotherm of MIP agrees with
the Langmuir adsorption model. From the slope of the
linear fit, we can find that Q, is about 55.87 mgg~". It is in-
teresting that this kind of nanoparticle has a high adsorption
capacity for the template protein, something which is rarely
reported in the literature.

Ability to Recognize the Template Protein

To confirm the selective recognition of the MIP, we selected
bovine serum albumin (BSA) as the control. BSA is a most
representative and appropriate model because the molecular
weight and volume of the BSA molecule is similar to that of
the BHb molecule. The solutions were filtered, and the pro-
tein concentrations were measured after an 80 min incuba-
tion at room temperature. To test the selective recognition
of MIP, the same experiments were carried out with non-
MIP. The imprinting factor (a) of BHb-MIP, defined as the
ratio of adsorption quantities of BHb-MIP to that of NMIP
(a=Q0Omip/Onvip) Was found to be 1.803. The separation
factor (B) of BHb-MIP, which is defined as the ratio of ad-
sorption quantity of template (BHD) to that of competitor
molecules (BSA) (8= Qgup/Qgsa), Was found to be 1.966. It
is suggested that, in the case of BHb-MIP, its adsorption
quantity for BHb is more than that for the competitor pro-
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tein in the same solution. The experimental results
(Figure 8) illuminate that specific recognition sites for BHb
are formed during the course of imprinting and thin films of
imprinted nanoparticles are able to selectively adsorb tem-
plate proteins.

EImip
C__INMIP

Adsorption capacity/mgg™’

BHb ‘ BSA

Figure 8. Adsorption selectivity of BHb-MIP and NIP for BHb and BSA,
respectively (Cpp=Cpsa=0.2 mgmL™"; myp=nmyyp=15.0 mg; pH 7.2;
T=25°C;t=5h).

Conclusions

We have constructed superparamagnetic molecularly im-
printed nanomaterials by coating thin films of functional
monomer (APBA) onto the surface of silica-coated MNPs
in an aqueous solution with BHb as the template. The
method of coating silica nanoparticles with APBA over-
comes the drawback of monolith materials of hindering pro-
tein molecules from diffusion. The results indicated that the
imprinted nanoparticles that possess specific recognition
sites on the shells have specific selectivity for the initially
imprinted template protein and high stability and can make
protein molecules attain diffusion-controlled equilibrium
within 80 min. Moreover, this kind of nanoparticle has high
adsorption capacity and selective recognition for the tem-
plate protein. All these results demonstrate that the super-
paramagnetic molecularly imprinted nano-composite has po-
tential applications in the separation and detection of bio-
macromolecules so as to enable high abundance of protein
to be removed and low abundance of protein to be enriched
in proteomics.

Experimental Section

Materials

3-Aminophenylboronic acid monohydrate was obtained from Beijing El-
ement Chem.-Tech. Company (Beijing, China). Ammonium persulphate
((NH,),S,04) was obtained from Tianjin North Tianyi Chemical Reagent
Factory (Tianjin, China). Bovine serum albumin (BSA, MW 68 kDa, pl=
4.9) was obtained from Beijing Dingguo Bio.-Tech. Company (Beijing,
China). BHb (MW 68 kDa, pl=6.8~7.2) was obtained from Shanghai
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Lanji Chem.-Tech. Company (Shanghai, China). Deionized water was
used for all experiments.

All other materials used were of analytical grade and commercially avail-
able, including ferric chloride hexahydrate (FeCl;-6H,0), ferrous chlo-
ride tetrahydrate (FeCl,-4H,0), ammonium hydroxide (25% w/w), tet-
raethyl orthosilicate (TEOS) and 2-propanol.

Synthesis

Superparamagnetic magnetite nanoparticles: An aqueous suspension of
superparamagnetic magnetite nanoparticles were prepared by the con-
trolled chemical coprecipitation reaction. FeCl,,4H,O (3.44¢g) and
FeCl;6 H,O (9.44 g) were respectively dissolved under a N, atmosphere
in deaerated deionized water (160 mL) 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°C, ammonium hydroxide (20 mL) was added to achieve
alkaline conditions. After 30 min, black superparamagnetic MNPs were
obtained by sedimentation with the help of an external permanent
magnet and the supernatant was decanted. The MNPs were washed with
deionized water several times (150 mL each time) to remove unreacted
chemicals until a stable ferrofluid was obtained.

Superparamagnetic silica nanoparticles: The superparamagnetic MNPs
were coated with silica by using a sol-gel method. Superparamagnetic
MNPs (0.120 g) was redispersed in 2-propanol (240 mL) and deionized
water (18 mL) by sonication for approximately 15 min. Then, under con-
tinuous mechanical stirring (800 rpm), ammonium hydroxide (21 mL)
and TEOS (4 mL) were consecutively added to the reaction mixture. The
reaction proceeded at room temperature for 14 h under continuous me-
chanical stirring. The resultant product was obtained by magnetic separa-
tion with the help of an external permanent magnet and was thoroughly
washed with deionized water.

MIP or NMIP: For the preparation of BHb-imprinted polymer, BHb
(0.01 g) was dissolved in sodium phosphate buffer (5 mL, pH 7.2) con-
taining APBA (100 mM), and the mixture was incubated at room temper-
ature for 1 h. After adding silica-coated MNPs (0.04 g), the solution was
then incubated for 2h at room temperature. Prior to use, the silica-
coated MNPs were subjected to extensive deionized water, and washed
thoroughly. Subsequently, a 100 mm aqueous solution of ammonium per-
sulfate (6.5 mL) as initiator was slowly added dropwise to the above solu-
tion for about 20 min and the polymerization process was executed at
room temperature. After 14 h, BHb imprinted polymer were obtained.
Finally, the template-containing MIP-coated MNPs were washed with
0.2m sodium phosphate buffer (pH 9.0) containing 0.5 sorbitol to
remove the entrapped template molecules. The MIP-coated MNPs were
then equilibrated with the buffer used in the polymerization process.

NMIP was prepared using the same procedure but without BHb.
Characterization

The crystal structure of the nanoparticles was determined by 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 Cug, radiation. The XRD patterns were collected in the
range of 5°<260<80° with a dwelling time of 2's and a scan rate of 6.0°/
min. The substance was automatically searched using the JCPDS-Interna-
tional Center for Diffraction Data.

The size and morphology of the nanoparticles were measured by a FEI
(Netherlands) Tecnai-20 TEM instrument. The nanoparticle sample dis-
persed in hexane solution was cast onto a carbon-coated copper grid
sample holder followed by evaporation at room temperature.

TGA was performed for powder samples (~10 mg) with a heating rate of
10°C-min~! using a Netzsch STA 409 (Germany) thermogravimetric ana-
lyzer under a nitrogen atmosphere up to 1000°C.

Magnetic properties were measured with a LDJ9600-1 (United States)
VSM at room temperature.
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Protein Adsorption Experiments

Rebinding conditions remained similar to the synthetic conditions. The
amount of protein adsorbed onto the MIP-coated MNPs was calculated
from the differences in the protein concentrations before and after incu-
bation on the rotator (100 rpm). The protein concentrations were mea-
sured with a Shimadzu (Japan) UV-2450 spectrophotometer at 405 nm
for BHb. The eluting solution was prepared by mixing a 0.5M aqueous so-
lution of sorbitol (80 mL) and 0.2M sodium phosphate buffer (pH 9.0,
20 mL). Before elution, 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 calcu-
lated using Eq. (6):

Q= (C—C)xVm™! (6)

Here C, (mgmL™") is the initial concentration of protein solution, C,
(mgmL™") is the protein concentration of the supernatant, V (mL) is the
volume of the initial solution and m (mg) is the mass of the nanoparti-
cles.
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