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Abstract Magnetic molecularly imprinted nanoparticles
(MMIPs) with improved dispersity and an increased
number of adsorption sites are described. Uniform silica
layers were first deposited on the surface of Fe3O4

nanoparticles (Fe3O4 NPs) in order to improve the
dispersi ty of magnet ic nanopart ic les . Then, 4-
formylphenylboronic acid (FPBA) as functional mono-
mer was immobilized on the magnetic carriers to im-
prove the efficiency of template eluting and rebinding.
A thin layer of polyaniline imprinted with horseradish
peroxidase (HRP) as a model glycoprotein was then
placed on the magnetic nanoparticles to enhance the
dispersity of the resultant MMIPs. These exhibit high
adsorption capacity (62 mg g−1), a satisfactory imprint-
ing factor ( 3.78) and short adsorption equilibrium time
(40 min) toward HRP, and the limit of detection is
18.7 μg L−1. This kind of MMIPs, therefore, is deemed
being a useful tool for extracting low-abundance glyco-
proteins from even complex samples.

Keywords Fe3O4 nanoparticles . MIPs . Improved
dispersity . Thin imprinted layer . Surface imprinting

Introduction

Glycoproteins play an important role in biological process.
Numerous studies have proven that the expression of various
glycoproteins is closely related to the occurrence of diverse
diseases, such as diabetes, cancer, neurodegenerative diseases
and cardiovascular disease [1–6]. An overview on the
nanomaterials-based methods reported within five years for
the extraction of glycoproteins is presented in Table S1.
Considerable efforts has been paid to extract low-abundance
glycoproteins from complex samples, such as hydrophilic in-
teraction chromatography [7], hydrazine chemistry [8], and
boronate-affinity chromatography [9]. Although the above ma-
terials have alleviated the difficulty but they cannot extract the
targets specifically. For example, boronate-affinity chromatog-
raphy, lacking of specific recognition ability, tends to extract an
important class of compounds as long as compounds contain-
ing cis-diols [10]. Therefore, additional method with specific
recognition capability for the efficient extraction of one kind of
low-abundance glycoprotein from complex samples is still ur-
gently needed [11].

Molecularly imprinted polymers (MIPs), containing specif-
ic adsorption sites complementary in size, shape and function-
al groups to the template, have widely application potential in
the field of specific extraction of template from complex sam-
ples [12–16]. Despite the attractive properties of molecular
imprinting, the imprinting of macromolecular still be hindered
greatly especially protein due to flexible conformation, large
molecular size, and poor mass transfer [17–19]. Core-shelled
surface molecular imprinting by reducing mass transfer routs,
increasing affinity capacity and efficiently eluting template
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well solved the difficulty of imprinting macromolecular,
which attempts to generate adsorption sites on the surface of
different materials [20]. Among them, magnetic molecularly
imprinted nanoparticles (MMIPs) building adsorption sites on
the surface of Fe3O4 nanoparticles (Fe3O4 NPs) have become
the efficient platform for the extraction of proteins from com-
plex samples. They have the properties of large surface-to-
volume ratio, better sites accessibility and convenient separa-
tion [21–23]. However, the magnetism of Fe3O4 NPs and the
thick imprinted layer which in company tend to wrap many
MMIPs together, leading to the seriously aggregation of the
resultant MMIPs [24, 25]. In this way, the number of the
adsorption sites was decreased. On the other hand, the long
mass transfer route resulted by the thick imprinted layer not
only prolonged the adsorption time but also increase the elu-
tion and adsorption difficulties of the templates. Therefore,
proper functional monomer to relieve the adsorption and elu-
tion difficulties, and thin imprinted layer to shorten the mass
transfer route of template, are urgently needed to improve the
conventional MMIPs.

In this work, a method for preparing MMIPs with im-
proved dispersity via surface modification of Fe3O4 nano-
particles and regulating the thickness of the imprinted
layer was developed. Solvothermal method was adopted
to prepare Fe3O4 NPs and then uniform silica layers were
coated on the surface of Fe3O4 nanoparticles to get core-
she l l ed Fe 3O4@SiO2 NPs by so l -ge l me thod .
Fe3O4@SiO2 NPs not only enhance the dispersity of mag-
netic nanoparticles but also enable magnetic nanoparticles
easy to be modified with FPBA via forming covalent
bound. After horseradish peroxidase (HRP) as the model
glycoprotein was reversible fixed on the boronic acid-
functionalized Fe3O4@SiO2 NPs [26], the thin imprinted
layers of polyaniline were formed by controlling the po-
lymerization time. Through optimizing the polymerization
time of aniline, imprinted layer with proper thickness was
generated on the surface of magnetic nanoparticles.
Therefore, the resultant MMIPs with improved dispersity
and excellent extraction efficiency toward HRP were
achieved.

Experimental

Materials and reagents

All chemicals and reagents were used without further purifi-
cation. Ferric chloride (FeCl3˙ 6H2O), anhydrous sodium ac-
etate (NaAc), ammonium persulfate, sodium dihydrogen
phosphate (NaH2PO4) and disodium phosphate (Na2HPO4)
were obtained from Sinopharm Chemical Reagent Co., Ltd.
(Beijing, China, www.crc-bj.com/). Tetraethyl orthosilicate
(TEOS) was purchased from Tianjin Fuyu Fine Chemical

Co., Ltd. (Tianjin, China, https://fuyuhuagong.cn.china.cn/).
Hydrochloric acid (HCl) and aqueous ammonia (NH3·H2O)
were provided by Xilong Scientific Co., Ltd. (Guangdong,
C h i n a , h t t p : / / www. x l h g . c om / ) . A n i l i n e , 4 -
Formylpheny lboronic ac id (FPBA) and sod ium
cyanoborohydride (NaBH3CN) were all purchased from
J&K Scientific (Beijing, China, http://www.jkchemical.
com/). 3-aminopropyltriethoxysilane (APTES) was obtained
from Aladdin industrial corporation (Shanghai, China, http://
www.aladdin-e.com/). Polyethylene glycol (PEG-6000),
anhydrous methanol, anhydrous ethanol, ethylene glycol
(EG), acetic acid and acetonitrile were all purchased from
Rionlon Bohua (Tianjin) Pharmaceutical & Chemical Co.,
Ltd. (Tianjin, China, http://www.rionlon.com/). Fetal bovine
serum (FBS) was bought from Zhejiang Hangzhou Bio-
Techonology Co., Ltd. (Zhejiang, China, http://www.hzsjq.
com). Horseradish peroxidase (HRP), ovalbumin (OVA) and
bovine serum (BSA) were purchased from Shanghai Ryon
Biological Technology Co., Ltd. (Shanghai, China, http://
www.ryon-sh.com/).

Instruments

The UV-vis adsorption spectra of the samples were re-
corded using a Perkin Elmer ultraviolet-visible spectro-
photometer (USA) with a 1 cm path length quartz cuvette.
The morphologies of the magnetic nanoparticles were ex-
amined by transmission electron microscopy (TEM)
(FEITECNAI G2TF20, USA). The average hydrodynamic
diameter of nanoparticles was detected using nano-
particle size and potential analyzer (Malvern, ZEN 3600,
UK). Nicolet Nexus 870 FT-IR spectrometer was used to
identify the presence of certain functional groups on the
magnetic nanoparticles. X-ray photoelectron spectroscopy
(XPS) analysis was carried out on an ESCALAB 250Xi
X-ray photoelectron spectrometer (Thermo Fisher scien-
tific, United States). The magnetic properties of the nano-
particles were investigated at room temperature by mea-
suring the magnetization curve via vibrating sample mag-
netometer (VSM) (Lakeshore 7304, USA).

Preparation of MMIPs

Solvothermal method reported previously was adopted to pre-
pare Fe3O4 NPs [27]. Briefly, FeCl3·6H2O (1.35 g) were dis-
persed into EG (40 mL) to form a clear yellow solution. NaAc
(3.6 g) and PEG-6000 (1.0 g) were subsequently added into
the above solution under magnetic stirring. After that, vigor-
ous stirring was kept for 30 min. Then the solution was re-
moved into a Teflon-lined stainless-steel autoclave and kept at
200 °C for 24 h. when the reaction was completed, the product
was washed with ultrapure water for several times and then
dried at 60 °C for 12 h in vacuum oven.
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Sol-gel method was adopted to synthesize core-shelled
Fe3O4@SiO2 NPs [28]. Firstly, the prepared Fe3O4 NPs
(0.1 g) were dispersed into 0.1 M HCl solution (50 mL) with
ultrasound for 30 min, and then washed with ultrapure water
for several times until the washing solution was neutral.
Afterwards, the nanoparticles were dispersed into the mix-
ture of anhydrous ethanol (60 mL) and ultrapure water
(20 mL) under stirring, followed by adding aqueous am-
monium (1 mL) and TEOS (400 μL) drop by drop. After
reacting for 24 h, the resultant products were washed with
ultrapure water for several times and then dried at 60 °C
for 12 h in vacuum oven.

Fe3O4@SiO2 NPs (0.1 g) were dispersed into 0.1 M HCl
solution (50 mL) with ultrasound for 30 min, and washed with
ultrapure water for several times until the washing solution is
neutral, and then dispersed into anhydrous methanol (40 mL).
Subsequently, APTES (800 μL) was added into the dispersion
and the mixture was refluxed at 65 °C for 24 h. The APTES
modified Fe3O4@SiO2 NPs (Fe3O4@SiO2-APTES NPs)
were washed with anhydrous methanol for several times and
dried at 60 °C for 12 h in vacuum oven.

The Fe3O4@SiO2-APTES NPs (100 mg) were dispersed
into anhydrous methanol (30 mL), followed by the successive
addition of FPBA (250 mg) and NaCNBH4 (300 mg) to syn-
thesis FPBA functionalized Fe3O4@SiO2 NPs (Fe3O4@SiO2-
FPBA NPs) [29]. The reaction was allowed to proceed under
reflux for 24 h. The prepared Fe3O4@SiO2-FPBA NPs were
washed with anhydrous methanol for several times and then
placed into vacuum oven for 12 h at 60 °C.

HRP (15 mg) were added into the dispersion of
Fe3O4@SiO2-FPBANPs (60 mg) in 200 mM phosphate buff-
er (PB, pH 8.5, 30 mL) and the dispersion was stirred at 25 °C
for 12 h. The resultant magnetic nanoparticles immobilized
with HRP were washed with PB (pH 8.5, 200 mM) for several
times and dried in air at room temperature. The dried nano-
particles (30 mg) were dispersed into PB (pH 8.5, 200 mM,
25 mL), then aniline (180 μL) and amonium persulfate
(120 mg) were successively added into the above solution
under ultrasound. Subsequently, the mixture was stirred at
room temperature for 30 min. The resultant polymers were
washed with 5% acetic acid aqueous solution containing
30% acetonitrile under ultrasound to remove HRP for several
times until the washing solution showed no adsorption at
398 nm detected by UV-Vis spectrophotometer and then dried
in air at room temperature. The same way was adopted with-
out addition of HRP to prepare non-imprinted magnetic nano-
particles (MNIPs). The complete preparation synthesis
procesure can be observed from Fig. 1.

Isothermal binding study of MMIPs

To investigate the adsorption capacity of the prepared mate-
rials, MMIPs or MNIPs were added to HRP solutions

prepared in PB (pH 8.5, 200 mM) with various concentrations
from 0.05 to 0.5 mg mL−1. The mixtures were allowed to be
incubated at 25 °C for 1 h and stand for 5 min under external
magnetic field. Afterwards, the liquid supernatant was detect-
ed by UV-vis spectrophotometer. The adsorption capacity (Q
mg g−1) of MMIPs or MNIPs was calculated according to the
following formula:

Q ¼ C0−Ctð ÞV
m

Where C0 and Ct are the initial and final concentrations of
HRP, s (mL) is the initial volume of HRP solution and m (mg)
is the mass of dried MMIPs or MNIPs. Additionally, in order
to evaluate the selectivity of MMIPs or MNIPs, imprinting
factor (IF) was calculated according to the following formula:

I F ¼ QMMIPs

QMNIPs

Adsorption kinetics study of MMIPs

The adsorption kinetics of the materials was studied by adding
MMIPs orMNIPs into 0.4 mgmL−1 of HRP solution prepared
in PB (pH 8.5, 200 mM). The above mixture was incubated at
diverse time intervals ranging from 10 min to 90 min at 25 °C,
and then was allowed to stand for 5 min under external mag-
netic field. After that, the liquid supernatant was measured by
UV-vis spectrophotometer.

Specific adsorption study of MMIPs

To investigate the specific adsorption capability of
Fe3O4@SiO2-FPBA NPs, MMIPs and MNIPs, specific ad-
sorption experiments were carried out. The aforementioned
materials were respectively added into the mixed solution of
BSA, OVA and HRP which were prepared in PB (pH 8.5,
200 mM) at a concentration of 0.4 mg mL−1. After incubation
at 25 °C for 40min, the mixture stood for 5 min under external
magnetic field. And then the liquid supernatant was measured
by UV-vis spectrophotometer.

Real sample analysis of MMIPs

A 20-fold-diluted fetal bovine serum (FBS) in PB (pH 7.4,
200 mM) was spiked with HRP to prepare 0.2 mg mL−1 HRP
solution. 8 mg of MMIPs were added into 6 mL of the above
solution, incubating for 40 min under room temperature. After
the supernatant and MMIPs were separated with an external
magnet, the supernatant was measured with UV-Vis spectro-
photometer [31].
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Results and discussion

Characterization

The structure of Fe3O4 NPs, Fe3O4@SiO2 NPs, Fe3O4@SiO2-
APTES NPs, Fe3O4@SiO2-FPBA NPs and MMIPs were sep-
arately analyzed by FT-IR (Fig. S1). The sharp peak at
580 cm−1 (curves a-e) assigned to the stretch of Fe-O vibration
gradually become weak (curves band e) for the sake of
forming shell on the surface of Fe3O4 NPs. Comparing with
the infrared spectrum of Fe3O4 NPs, a sharp peak of Si-O-Si
group vibration appears at 1100 cm−1 (curves b-e), indicating
the successful wrapping of SiO2 on the surface of Fe3O4 NPs.
Characteristics peaks at 2948 cm−1 and 2920 cm−1 (curves c-
e) attributed to the stretch of methylene vibration arise com-
paring with the infrared data of Fe3O4@SiO2 NPs, showing
APTES was grafted on the Fe3O4@SiO2 NPs successfully. In
comparison to curve c, a shoulder peak at 1420 cm−1 and
1376 cm−1 (curves d and e) resulted from B-O adsorption
emerge, proving that FPBA had been anchored on the surface
of nanoparticles. In curve e, the appearance of characteristics
peaks of C = C stretching vibration of benzene ring at
1577 cm−1 and 1512 cm−1 indicate a shell of polyaniline
was successfully formed on the surface of nanoparticles.

In order to identify the chemical compositions of
Fe3O4@SiO2-APTES NPs and Fe3O4@SiO2-FPBA NPs, X-
ray photoelectron spectroscopy (XPS) analysis was carried
out. As observed from Fig. S2a, the XPS spectrum of

Fe3O4@SiO2-APTES NPs in which the peaks at 101, 285,
401, 534 and 712 eV is assigned to Si2p, C1s, N1 s, O1s
and Fe2p, obviously confirm the existence of Si, C, N, O
and Fe on the Fe3O4@SiO2-APTES NPs. Inspected from
Fig. S2b, besides the above peaks, the B1s peak around
186 eV is also observed which obviously reveals that FPBA
as functional monomer had been successfully grafted on the
surface of nanoparticles.

The morphologies of Fe3O4 NPs, Fe3O4@SiO2 NPs,
MMIPs and MNIPs were characterized by TEM images. The
TEM displays that well-dispersed and uniform sphere-shaped
Fe3O4 NPs with diameter about 200 nm (Fig. 2a) were pre-
pared. The TEM image of Fe3O4@SiO2 NPs (Fig. 2b) exhibits
that Fe3O4 NPs are coated with SiO2 uniformly. Additionally,
the core-shelled Fe3O4@SiO2 NPs still display good dispersity.
After the formation of polymerized imprinted shell, theMMIPs
(Fig. 2c) and MNIPs (Fig. 2d) do not appear sensible aggrega-
tion which is favorable for eluting and rebinding templates.
Moreover, the TEM images ofMMIPs prepared under different
polymerization time intervals were also carried out. Fig. 3
shows that the imprinted layer of polyaniline increasing and
the reduced dispersity of MMIPs follow with the extended
polymerization time. The dynamic light scattering (DLS) was
applied to test averaged hydrodynamic diameters of the Fe3O4

NPs, Fe3O4@SiO2 NPs, MMIPs and MNIPs and their aver-
aged diameters are 303 ± 12 nm, 360 ± 13 nm, 382 ± 18 nm and
391 ± 14 nm, respectively. The results (Fig. 2e-h) show that the
preparedmaterials with homogeneous particles size. According

Fig. 1 Schematic of the prepared procedure of MMIPs
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to the DLS, the averaged thickness of the imprinted layer is
about 10 nm.

The VSM results of Fe3O4 NPs, Fe3O4@SiO2 NPs and
MMIPs (Fig. S3) detected at room temperature, no hysteresis
is observed. Both remanence and coercivity are zero, indicat-
ing the superparamagnetism of the nanoparticles. Inspected
from curves Fig. S3b and c, the slightly decreased saturated
magnetic value is attributed to the existence of imprinted po-
lymerized layer, which also confirms a rather thin imprinted
polymerized layer generated.

Effect of imprinted layer thickness on the adsorption
properties of MMIPs

Well dispersity is a sufficient condition for MMIPs to have
excellent adsorption property since well dispersity enables

more adsorption sites on MMIPs to be exposed. However,
conventional MMIPs ordinarily are coated with thick
imprinted layers which tend to wrap many nanoparticles to-
gether, leading to concealed adsorption sites and the incom-
plete templates eluting. For these reasons, it is practical to
prepare MMIPs with thin imprinted layer to improve the
dispersity of MMIPs. The thickness of imprinted layer is inti-
mately associated with polymerization time as can be seen in
Fig. 3. Thus, diverse polymerized time from 10 min to 40 min
was investigated to obtain the optimal thickness of imprinted
layer. Fig. 3a shows that the imprinted layer is too thin which
is unfavorable for the adsorption of MMIPs for HRP when the
polymerized times are 10 min and 20min.When the polymer-
ized time reaches 30 min, satisfactory adsorption capacity and
high imprinting factor is gained. However, when the polymer-
ized time prolonged to 40 min, the adsorption properties are

Fig. 3 TEM images of MMIPs
prepared under different
polymerization time intervals a
10 min, b 20 min, c 30 min, and d
40 min

Fig. 2 TEM image and DLS size distribution graphs of (a and e) Fe3O4 NPs, (b and f) Fe3O4@SiO2 NPs, (c and g) MMIPs, and (d and h) MNIPs
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unsatisfied. The imprinted layer is too thick which causes
unsatisfied adsorption capacities since more MMIPs tend to
aggregate and binding sites are omitted. Thus, the thickness of
the imprinted layers play an important role, thin polymer
layers can reduce the embedment of HRP and accelerating
mass transfer of the templates.

Effect of pH on the adsorption properties of MMIPs

In order to anchor HRP efficiently, six batch experiments with
different pH (6.5, 7.5, 8.5, 9.5, 10.5) of PB within the realm of
the favorable adsorption pH of FPBA for HRP were carried
out [10]. Fig. 4b shows that from 8.5 to 6.5 of pH, the inter-
action between FPBA and HRP is reduced, therefor the ad-
sorption capacity of the MMIPs exhibits decline trend. From
8.5 to 10.5, the adsorption capabilities of MMIPs toward HRP
also tend to decrease owing to the activity of HRP is decreased
gradually. Therefore, the value of 8.5 is chosen as the most
proper pH.

Adsorption kinetics of MMIPs

The diffusion limitation which restricts the ease of templates
adsorption and removal is one of the major difficulties faced
by macromolecules for imprinting. Based on the above con-
sideration, adsorption kinetics was also studied with the initial
HRP solution (0.4 mg mL−1). Fig. 5a shows that both MMIPs
and MNIPs have fast adsorption kinetics. In the first 40 min,
the adsorption capacity increases quickly and reached adsorp-
tion equilibrium subsequently. The fast mass transfer rate of
HRP is related to the thin imprinted layer. To further realize
the adsorption kinetics, the second-order kinetic model was
used to analyze the kinetics data. The second-order kinetic
model is shown as follows:

t
Qt

¼ 1

K2Q2
e

þ t
Qe

¼ 1

v0
þ t

Qe

Where Qt and Qe are the amount of HRP adsorbed on
MMIPs or MNIPs at the time t (min) and equilibrium, sepa-
rately. v0 is the initial adsorption rate of MMIPs or MNIPs.

The relatively high correlation coefficients (r > 0.99) in
Table 1 indicates that the second-order kinetic model suits to
characterize adsorption kinetics. As a result, the rate-limiting
step of adsorption kinetics is chemical adsorption. [32]

Adsorption isotherms of MMIPs

In order to investigate the maximum adsorption capacity of
MMIPs toward HRP, adsorption isothermal was carried out
with different initial HRP concentration ranging from 0 to
0.5 mg mL−1. Below the concentration of 0.4 mg mL−1 in
Fig. 5c, the adsorption capacity increases greatly along with
the increased concentration of HRP. The great gap of adsorp-
tion capacity between MMIPs and MNIPs indicates the
imprinted cavities are formed on the surface of MMIPs. In
order to further learn about isothermal adsorption, Langmuir
model is applied to describe the data of adsorption isotherms,
which is expressed as follows:

Ce

Qe
¼ Ce

Qm
þ 1

kdQm

Where Ce (mg mL−1) is the concentration of HRP at equi-
librium, Qe (mg g−1) and Qm (mg g−1) are the experimental
and theoretical adsorption capacity of MMIPs or MNIPs for
HRP, respectively and kd (mL mg−1) is the Langmuir adsorp-
tion equilibrium constant related to the affinity of MMIPs or
MNIPs for HRP [36].

Inspected from Table 1, the high correlation coefficient
(r > 0.99) confirms that the data of adsorption isothermal fitted
the Langmuir model well. The maximum adsorption capacity
(61.98 mg g−1) obtained from experiment is close to the the-
oretical adsorption capacity (67.52 mg g−1). Therefore, the
adsorption of MMIPs toward HRP can be monolayer adsorp-
tion. [32]

Specific recognition capability of MMIPs

Glycoprotein OVA (Mw 45 kDa, pI 4.7) and non-glycoprotein
BSA (Mw 66 kDa, pI 4.8) were selected as the interferences to
investigate the specific recognition ability of MMIPs towards

Fig. 4 The effect of a
polymerization time and b
reaction pH on the adsorption
performance of MMIPs

3734 Microchim Acta (2017) 184:3729–3737



HRP (Mw 40 kDa, pI 7.2). The experiment was carried out by
separately adding Fe3O4@SiO2-FPBA, MMIPs and MNIPs
into the protein mixture at concentration of 0.4 mg mL−1,
respectively. The rebinding condition is displayed in Fig. 6.
The Fe3O4@SiO2-FPBA NPs display the highest adsorption
capacity for all proteins as boracic acids and remained amino
groups interact with them. However, for glycoproteins of HRP
and OVA, the absent imprinted layer inclined Fe3O4@SiO2-
FPBA NPs have no specific recognition ability toward HRP.
Moreover, the Fe3O4@SiO2-FPBA NPs tend to absorb more
OVA since OVA contain much more glyco content than HRP.
While for MMIPs, the great distinction of adsorption capacity
between HRP and OVA informs that imprinted layer play a
key role in specific recognition. Moreover, the lowest adsorp-
tion capacity was obtained for MNIPs toward all proteins,
which further proved that imprinted cavities do not exist on
the surface of MNIPs.

Reusability of the MMIPs

Reusability is one of the most important factors for the prac-
tical application of MIPs. The reusability of MMIPs was stud-
ied by using the same batch of MMIPs and MNIPs for con-
tinuous adsorption-desorption cycles shown in Fig. S4. After
the eight cycles, for MMIPs, there is only a slight reduction of
adsorption capacity from 61.98 to 55.41 mg g−1, which can be
ascribed to the part destruction of imprinted cavities.While for
MNIPs, the adsorption capacity keeps almost constant after
five continuous cycles since MNIPs have no specific binding
sites for HRP.

Real sample analysis

In order to investigate the practicability of MMIPs, the pre-
pared MMIPs were applied to extract HRP from FBS. Fig. 7

Fig. 5 Adsorption kinetics of
MMIPs and MNIPs; b second-
order kinetics model and d
Langmuir model fit of HRP on
MMIPs and MNIPs; c adsorption
isothermal ofMMIPs andMNIPs.
V = 6 mL, m = 8 mg, PB (pH 8.5,
200 mM)

Table 1 Equations and
parameters of adsorption kinetics
and isothermal of MMIPs and
MNIPs

Model Parameters MMIPs MNIPs

Second-order kinetics Equation t/Qt = 0.01501 t + 0.0924 t/Qt = 0.05727 t + 0.27392

Qe (mg g−1) 66.62 mg g−1 17.46 mg g−1

K2 (g mg−1 min−1) 0.002438 g mg−1 min−1 0.01198 g mg−1 min−1

v0 (mg g−1 min−1) 10.82 mg g−1 min−1 3.651 mg g−1 min−1

r 0.9988 0.9992

Langmuir isothermal Equation Ce/Qe = 0.0148 Ce + 0.00048 Ce/Qe = 0.0508 Ce + 0.00257

Qe (mg g−1) 67.52 mg g−1 18.49 mg g−1

kd (mL mg−1) 30.61 mL mg−1 21.04 mL mg−1

r 0.9994 0.9994
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shows the UV-Vis spectrum of diluted FBS (a), 0.2 mg mL−1

HRP in diluted FBS after (b) and before (c) adsorbed by
MMIPs. Inspected from Fig. 7a, the UV-Vis spectrum of di-
luted FBS showed a strong absorbance at 298 nm and a weak
absorbance at 410 nm due to the adsorption of BSA and BHb,
separately [30]. After HRP was added into the FBS, the ad-
sorption peak shifted to 400 nm (Fig. 7c) which is the adsorp-
tion peak of HRP. Observed from Fig. 7b, apparently reduc-
tion of absorption at 400 nm appeared due to the extraction of
MMIPs toward HRP. The result further confirmed that the
MMIPs prepared by this way have excellent extraction
capability.

Conclusion

This study provides a strategy to improve the dispersity of
MMIPs by coating uniform silica on Fe3O4 NPs and precisely
controlling the polymerization time of aniline. As a result, the
number of adsorption sites on the MMIPs was increased and
mass transfer route was reduced. Moreover, the introduction
of FPBA as functional monomer also relieves the template
adsorption and elution difficulty. Stemming from these rea-
sons, the prepared MMIPs showed improved adsorption ca-
pacity, excellent selectivity and fast mass transfer rate toward
HRP. Moreover, considering the trend in simultaneous

determination of several tumor markers in clinical, improved
MMIPs which could simultaneously selective extract several
kinds of glycoproteins in a single run would be researched in
future work.
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