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Abstract. A novel synthetic method for the preparation of magnetic molecularly imprinted polymer (MMIP) particles is
presented. Magnetic moulding particles with supporting framework and large inner space were first prepared by suspension polymerization. MMIP particles were synthesized in situ by polymerizing imprinted polymers within the inner
space of moulding particles. The resulting MMIP particles possessed high affinity to template molecules and excellent
selectivity of similar substrates in terms of their chemical structures. These MMIP particles could be handled easily and
separated rapidly under a magnetic field.
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Introduction

Molecularly imprinting techniques offer advanced and
versatile approaches to fabricate polymeric and biomimetic
receptors which show high binding affinity, outstanding
selectivity and exceptional stability [1]. Molecularly
imprinted polymer (MIP) could be conventionally prepared
by polymerizing functional and cross-linking monomers in
the presence of initiator, template molecule, crosslinker and
porogen. The synthesized MIP possesses three-dimensional
binding sites which are complementary to its template
molecules, in terms of their shape, size, chemical structure
and binding groups. The resulting polymer thus, exhibit
prominent properties of molecule binding and recognition.
MIPs have already been successfully applied in many scientific and technical fields, such as separation processes
(chromatography, capillary electrophoresis, solid-phase
extraction and membrane separations), immunoassays,
antibody mimics, sensors, catalysis and artificial enzymes
[2–7], etc.
Bulk polymerization is usually applied in a conventional
preparation of MIP [8,9]. The synthesis is relatively simple
and fast; however, after polymerization, additional and
cumbersome grinding and sieving processes, which are
time-consuming and less cost-effective, are required to
obtain refined MIP particles. With these issues in mind,

many approaches, such as suspension polymerization [10],
precipitation polymerization [11], emulsion polymerization
[12] and moulding polymerization [13], have later been
developed and modified to directly prepare spherical MIP
particles with low polydispersity. However, the separation
and/or purification of MIP particles could be difficult and/or
complicated.
Magnetic polymer particles have attracted enormous
interests due to their natural property of magnetism,
which can greatly facilitate the processes of separation
and purification [14]. They have been widely applied in
many fields, such as immunoassay, cell-label, drug
delivery system and polymer supported-catalysts [15–17].
When MIP particles containing magnetic components are
fabricated, they may possess superior advantages because
of their high selectivity for target analytes and the fast
and easy isolation from samples [18]. Magnetic molecularly imprinted polymer (MMIP) particles have now been
developed and applied in many fields such as solid-phase
extraction, immunoassay and drug-delivery system
[19,20].
In this paper, we report a novel preparation method for
MMIP particles. Magnetic moulding particles were first
prepared by suspension polymerization. MMIP particles
were then obtained after an in situ polymerization of
imprinted materials inside the inner space of moulding
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particles. A schematic representation of this preparation
method is illustrated in figure 1.
The main advantage of our reported work/system is to
provide a novel and alternative approach for the preparation/synthesis of molecular imprinted polymer particles
with good affinity and excellent selectivity. The resulting
imprinted particles could be easily and rapidly separated
under a magnetic field.
Also, since the imprinting is specifically proceeded inside
the moulding particles (which also have a smooth surface),
the non-specific and partial binding on the particle surface,
which is usually problematic for conventional imprinted
polymer particles, could thus be minimized. The easily
prepared moulding system could further provide a more
consistent and stable/protective inner environment for
molecular imprinting, resulting in increased specific binding, controllable reaction, enhanced batch-to-batch consistency and extended binding/recognition process. Such
advanced properties, could benefit a more efficient recognition and separation in various practical applications.

2.

Materials

4-vinylpyridine (4-VP, Aldrich) was purified before use by
distillation under vacuum. 2,4-dichlorophenoxyacetic acid
(2,4-D,[99.0%), 4-chlorophenoxyacetic acid ([99.0%) and
3,4-dichlorophenylacetic acid ([99.0%) were purchased
from Chengdu Kelong Chemical Reagent Company (Peoples’ Republic of China) and used without further purification. Ethylene glycol dimethacrylate (EGDMA, Acros)
was washed with 5% sodium hydrate solution before use to
remove the inhibitor and then, distilled under reduced
pressure. Azodiisobutyronitrile (AIBN) was obtained from
Shanghai Chemical Reagent Company (Peoples’ Republic
of China) and recrystallized from alcohol solution.
Methacryloxypropyl trimethoxysilane (MPS) was purchased from Chengdu Kelong Chemical Reagent Company
(Peoples’ Republic of China). Other reagents were purchased from Guangdong Jinhuada Chemical Reagent
Company (Peoples’ Republic of China).

Figure 1.
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Methods

3.1 Preparation of MPS-grafted Fe3O4 magnetic
nanoparticles
24.3 g FeCl36H2O and 16.7 g FeSO47H2O were dissolved
in 200 ml distilled water and heated to 90°C. Then, 60 ml of
ammonium hydroxide and 4 g of oleic acid were sequentially added. After 3 h, the sediment was washed with distilled water until a neutral pH was achieved. The resulting
magnetic nanoparticles were dried in vacuum at 50°C
overnight, and 0.5 g nanoparticles were dispersed in 50 ml
toluene to form a ferrofluid [21].
Four millilitres of MPS and 8 mmol dibutylamine were
added into 50 ml toluene dispersion of magnetic nanoparticles and the mixture was stirred for 24 h at room temperature. The magnetic nanoparticles grafted with MPS were
precipitated from the dispersion by adding 250 ml petroleum
ether and were collected by magnetic separation. Then, the
magnetic nanoparticles were dispersed in toluene and precipitated by petroleum ether for three times to remove
unreacted MPS and replaced oleic acid. Finally, the magnetic nanoparticles were dried in vacuum at 50°C overnight.

3.2

Synthesis of moulding particles

1.2 grams of polyvinyl alcohol was dissolved in 120 ml
deionized water in a 250 ml three-necked flask with a stream
of nitrogen gas for 15 min. A mixed solution containing 0.15 g
MPS-grafted Fe3O4 magnetic nanoparticles, 0.12 g AIBN,
chloroform, dioctyl phthalate (DOP) and EGDMA, was
added and stirred at 1000 rpm for 15 min at room temperature.
The mixture was continued to stir at 300 rpm under a temperature of 55°C for 24 h. Different moulding particles were
prepared by using the same method with varied amounts of
CHCl3, DOP and EGDMA, according to table 1.
The polymerized microspheres were separated under an
additional 0.42 T magnetic field, washed 3 times with distilled
water and then, washed 3 times with acetone. The moulding
particles were finally dried under vacuum at 50°C overnight.

Schematic representation of preparing MMIP particles.
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DOP (ml)

EGDMA (ml)

Pore volume, ml g-1

Yield (g)

Percent yield (%)

0
0
9
4.5
4
6.8
6

12
3
3
3
6
1.8
3

0.06
0.14
2.50
2.60
1.30
2.74
3.30

11.92
3.14
3.08
3.11
6.02
1.93
3.04

92.3
91.5
89.8
90.7
91.2
88.9
88.6

0
9
0
4.5
2
3.4
3

Synthesis of magnetic imprinted polymer particles

0.125 mmol 2,4-D, 0.5 mmol 4-VP, 2.5 mmol EGDMA and
0.09 mmol AIBN were first dissolved in 0.5 ml acetonitrile in
a container. Then, 1.0 g moulding particles were added and
the mixture was left under vacuum (C0.98 MPa) at room
temperature for 30 min, followed with an inlet of N2 gas. The
reaction temperature was increased to 60°C for 24 h.
The resulting microspheres were separated under an
additional 0.42 T magnetic field, and then, sufficiently
washed with MeOH-pyridine (90/10, v/v) and MeOH to
extract/remove 2,4-D from the imprinted polymer networks.
The magnetic imprinted polymer particles were dried under
vacuum at 50°C overnight.
The magnetic non-imprinted polymer (MNIP) particles
were prepared and treated in the same manner without
employing 2,4-D (template molecule).

3.4

microscope. The samples were coated under vacuum with a
thin layer of gold. The FTIR spectroscopic analyses were
conducted using a FTIR 850 spectrometer (Tianjing
Gangdong Sci&Tech Development Co. Ltd, Peoples’
Republic of China). The liquid sample was prepared and
then transferred to a liquid cell before measurement. The
X-ray diffraction (XRD) characterization was applied by
Jinyibo DJ-3500 X-ray diffractometer (Peoples’ Republic of
China). The size and morphology of magnetic nanoparticles
were determined using a transmission electron microscope
(TEM, Philips CM120, USA).
The magnetic responsivity of the MMIP particles was
investigated as follows: the particles were suspended in
alcohol solution and the transmittance of suspension was
determined using an UV–Vis spectrometer (Summit Instrument Manufacturing Co., Ltd, Peoples’ Republic of China) at
580 nm after a predetermined time under an additional 0.42 T
magnetic field or under sedimentation condition.

Absorbing and selectivity tests
4.

A series of 100 mg of MMIP particles were placed in a 25
ml conical flask, and mixed with 10 ml of 2,4-D acetonitrile
solution with specific initial concentrations ranging from
0.2 to 5.0 mmol l-1. After being shaken for 24 h at room
temperature, these MMIP particles were separated under an
additional 0.42 T magnetic field. The concentration of free
2,4-D in the solution was determined by UV–Vis spectrophotometry (VARIAN CARY 100 Conc., USA) at 285
nm. The adsorbed amount of 2,4-D into the MNIP particles
could thus be estimated in parallel.
The same optical method was applied in the recognition
and selectivity test. The solutions with the same concentration (1.0 mmol l-1) of 2,4-D, 4-chlorophenoxyacetic acid
and 3,4-dichlorophenylacetic acid in acetonitrile were
prepared.

3.5

286

Pore volumes of different magnetic moulding particles with percentage yields.

CHCl3 (ml)

3.3

Page 3 of 8

Results and discussion

4.1 Synthesis of MPS-grafted Fe3O4 magnetic
nanoparticles
Fe3O4 magnetic nanoparticles were successfully synthesized based on a method reported by Zheng and his coworkers [21]. The diffraction pattern of MPS-grafted Fe3O4
magnetic nanoparticles in figure 2 matches the related data
of standard crystalline Fe3O4 [22]. The peaks at 220, 311,
400, 422, 511 and 440 represent 6 crystal surfaces/planes.
The TEM image (figure 3) further suggested that the grafted/coated nanoparticles have an average diameter of 10–15
nm in toluene. These resulting particles seem to have various geometrical morphologies. Some of them are multifaceted and some others are spherical. Recently, Jiao et al
[23] have reported the morphological uniformity of Fe3O4
magnetic nanostructures.

Characterization

The pore volume of particles was measured by BET NOVA
2000 Series (Quantachrome Corp, USA). The scanning
electron micrographs (SEM) of particles were taken using
an AMARY-100 (Amray, USA) scanning electron

4.2

Synthesis of moulding particles

In our work, the fabrication of moulding particles with large
internal space and strong supporting structure is crucial for

286

Page 4 of 8

Bull Mater Sci

180

311
160
140

220

120

counts/s

440
100

511

80

400
60

422
40
20
0
20

30

40

o

50

60

70

- )
2 0(

Figure 2. XRD Pattern of MPS-grafted Fe3O4 magnetic
nanoparticles.

Figure 3. TEM image of MPS-grafted Fe3O4 magnetic nanoparticles in toluene.

the following imprinting procedure. Hence, EGDMA was
applied in the polymerization for a reasonable degree of
cross-linking. The macro-porous and multi-hollow polymeric microspheres, as moulding particles, were successfully prepared by suspension polymerization in aqueous
media with polyvinyl alcohol as stabilizer, and a mixture of
chloroform and DOP as pore-forming agents.
In a solution of chloroform, DOP and MPS-grafted Fe3O4
magnetic nanoparticles, the crosslinker EGDMA was
polymerized after adding the initiator AIBN. A highly
cross-linked and micro-sized polymeric network was hence
constructed with covalently embedded/bonded MPS-grafted
Fe3O4 magnetic nanoparticles. After the removal of porogen by evaporation, the polymeric network was able to
remain its skeleton, and has an internal macro-porous and
multi-hollow structure, which was facilitated by poreforming agents chloroform and DOP [24,25].

(2020) 43:286

To prepare these moulding particles with suitable inner
space/size, the amounts of chloroform, DOP and EGDMA
used in polymerization were further evaluated.
As can be seen in table 1, the pore volume of moulding
particles was as small as 0.06 ml g-1 if no pore-forming
agent (chloroform and DOP) was used. As more poreforming agent was added, the pore volume was increased.
Interestingly, when chloroform became the only poreforming agent, the pore volume was 0.14 ml g-1. And it
was increased to 2.5 ml g-1, while DOP was the only poreforming agent. It suggests that the polarity of pore-forming
agent is important in the polymerization, and pore-forming
is more favourable to less polar agent. Chloroform is
however, still useful as another pore-forming agent as well
as miscible solvent.
The amount of crosslinker EGDMA also has an effect on
the pore volume. When the concentration of EGDMA
reached 25%, the pore volume was as high as 3.30 ml g-1.
However, the pore volume decreased to 2.74 ml g-1 when
the concentration of EGDMA was dropped to 15%. This
may be attributed to the less rigid and cross-linked polymer
network which fails to support and maintain larger internal
space.
In our study, an optimized amount of chloroform (3 ml),
DOP (6 ml) and EGDMA (3 ml) was adapted to achieve a
more rigid and cross-linked polymer network with larger
internal space. The MPS-grafted Fe3O4 magnetic nanoparticles were covalently bonded in moulding particles during
polymerization. The resulting moulding particles could thus
be separated under magnetic field.
The surface morphology and inner structure of magnetic
moulding particles are shown in figure 4. As can be seen in
figure 4a, b, these magnetic particles are micro-sized and
have regular spherical smooth surface. The inner space
(e.g., cavity, pore and channel) can clearly be observed in
figure 4c, d. These figures also confirm that the polymerization was completed, and the resulting polymer framework is porous/multi-hollow and strong, which are crucial
for the following imprinting step.

4.3

Synthesis of MMIP

To evaluate the binding interaction between the template
and functional monomer in MMIP synthesis, solutions of
2,4-D and 2,4-D/4-VP complex in acetonitrile were prepared according to the concentrations used in synthesis. The
concentration of 2,4-D was the same in both solutions. As
can been seen in figure 5, the FTIR spectrum (figure 5a) of
2,4-D clearly showed strong broad bands between 3200 and
2800 cm-1 corresponding to the –OH stretching of carboxylic acid group in 2,4-D. The stretching frequency at
1769 cm-1 is responsible for C=O of the carboxylic acid
group of 2,4-D. The porogen acetonitrile gave absorptions
at 2252 and 2291 cm-1 due to –CN vibration. After the
functional monomer 4-VP was introduced to template 2,4-D
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Figure 5. FTIR spectra of (a) 2,4-D and (b) mixture of 2,4-D
and 4-VP in acetonitrile.

Figure 4. SEM photographs of magnetic moulding particles.
(a, b) Surface morphology and (c, d) inner structure.

(figure 5b), the absorption intensity of 2,4-D decreased
between 3200 and 2800 cm-1 and at 1769 cm-1, together
with an apparent red-shift. These results suggested that
there is an interaction between 2,4-D and 4-VP. Since the
PKa values of 2,4-D and 4-VP are 2.64 and 5.62, respectively, such intermolecular interaction could be attributed to
ionic bonding mainly along with hydrogen bonding.
The magnetic moulding particles were first fully
immersed in a pre-polymerization mixture which contained
template molecule, functional monomer, cross-linking
agent and porogenic agent. According to the measured pore
volume of magnetic moulding particles (3.30 ml g-1), the
total amount (about 1.1 ml) of pre-polymerization mixture
should be able to be completely accommodated within the
internal space of given magnetic moulding particles (1.0 g).
External vacuum was applied to evacuate the trapped air in
the magnetic moulding particles, thus facilitating the
absorbing/penetration of pre-polymerization mixture. The
imprinted polymer was then formed at 60°C within the
internal space of given magnetic moulding particles
(figure 1).
The surface morphologies of MMIP and MNIP particles
are shown in figure 6. Compared with magnetic moulding
particles, MMIP and MNIP particles remain micro-size and
regular spherical shape; however, there are embossing
patterns on the surface, making them look like ‘golf balls’.
The reason is probably that the ‘absorbed’ pre-polymerization mixture in the internal space shrunk after polymerization, thus resulting in an uneven surface. The pore
volume of MMIP particles measured by BET was 2.6
ml g-1, which indicated that there is still adequate inner
space in MMIP particles for the absorption and binding of
template molecule and other small molecules.
It is also crucial to prevent the coagulation of moulding
particles during the imprinting process, to drive an internal
imprinting within the inner structures of moulding particles.
As a result, the unfavourable surface bulky imprinting could
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Figure 6.
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SEM photographs of (a, b) MMIP and (c, d) MNIP particles.

be suppressed. In our system, since the amount of
imprinting solution, including 2,4-D, 4-VP, EGDMA,
AIBN and acetonitrile, was minimized, these materials/
reagents were absorbed into the internal space of moulding
particles before polymerization (i.e., at pre-polymerization
stage) because of capillary effect/absorption. This migration
was further facilitated by the external vacuum applied. In
figure 6, a visible separation of individual MMIP and MNIP
particles are clearly shown.

4.4

Bull Mater Sci

Magnetic responsivity of MMIP

Magnetic responsivity is an important character of MMIP
particles. With the advantage of magnetism, MMIP particles could be easily separated and fast purified. Figure 7
showed the natural and magnetic separation performances
of MMIP particles, which were evaluated through the
measurement of transmittance (%) of particle suspension
at 580 nm at different time intervals. The results
undoubtedly suggested that MMIP particles could be
separated rapidly and easily under magnetic field. The
transmittance of suspension reached about 99% within just
4.5 min by magnetic separation, whereas at least 50 min
was required to reach the same transmittance by
sedimentation.

This distinct difference of separation rate further suggests
that MPS-grafted Fe3O4 magnetic nanoparticles were successfully embedded/incorporated within the inner space
(e.g., cavity, pore and channel) of MMIP particles.
4.5

Adsorption capacity of MMIP

The adsorbing curves of the synthesized particles were
made using 2,4-D acetonitrile solution with a concentration
ranging from 0.2 to 5.0 mmol l-1. As can be seen in figure 8, the adsorbed amount of 2,4-D at different concentrations was much higher for MMIP particles than MNIP
particles. The result is in good agreement with the theory of
molecular imprinting. The imprinted sites of MMIP particles have the ‘memory’ of template molecule, enabling a
better binding and recognition towards it. Although MNIP
particles were able to absorb template molecule via nonspecific binding within their internal structure, their
adsorption capacity was low and heterogeneous.

4.6

Molecular recognition and selectivity of MMIP

The molecular recognition and selectivity of imprinted
particles could be evaluated by using the static distribution
coefficient KD, which also reflects the adsorption capacity
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Figure 7. Transmittances (%) of MMIP particle suspensions at
580 nm at different time intervals. The separation was achieved by
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Figure 8. Adsorbing curves of (j) MMIP particles and (d)
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where Qe (mmol kg-1) is the equilibrium binding amount;
Ce (mmol l-1) the equilibrium concentration.
In our study, the template 2,4-D and its analogues
4-chlorophenoxyacetic acid and 3,4-dichlorophenylacetic
acid, were chosen as the substrates to test the molecular
recognition and selectivity of MMIP. The chemical structures of these substrates are shown in figure 9.
KD values of MMIP and MNIP particles upon different
substrates are listed in table 2. For template 2,4-D, the KD
of MMIP particles is nearly 2-fold higher than that of MNIP
particles. It suggests that MMIP particles have a good
recognition and affinity of template molecule. The result is
further in consistent with the finding of adsorption capacity.
The analogue, 4-chlorophenoxyacetic acid, is in short of
one chloro group only. However, MMIP particles still were
able to differentiate it from the template. Very interestingly,
the affinity of 3,4-dichlorophenylacetic acid was quite poor
for MMIP particles. It indicates that the moiety of oxyacetic
acid, which has ionic binding and hydrogen binding sites, was
crucial for the molecular recognition and selectivity. The
length of side chain may also be important. Moreover, it
seems there was very little specific binding between 3,4dichlorophenylacetic acid and particles since the KD values of
MMIP and MNIP particles are the same.
As discussed earlier, there is still adequate inner space in
MMIP particles since the pore volume of MMIP particles
was 2.6 ml g-1. Hence, when the affinity of substrates
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decreased, less difference of KD was found in MMIP and
MNIP particles. Generally, the selectivity of MMIP particles upon different substrates is better than that of MNIP
particles.

5.

Conclusions

Magnetic moulding particles, which have large internal space
and strong supporting structure, were prepared by suspension
polymerization with magnetic nanoparticles and pore-forming agents. An optimized amount of chloroform, DOP and
EGDMA was applied. MMIP particles were subsequently
obtained by in situ synthesizing imprinted polymers within
the inner space of moulding particles. The results of magnetic
responsivity test confirmed that the resulting imprinted particles could be easily and rapidly separated under a magnetic
field. MMIP particles exhibited an excellent character of
template recognition compared to MNIP particles. A good
selectivity of similar substrates in terms of chemical structure
was also found in MMIP and MNIP particles. These tailormade MMIP particles may further be applied in solid-phase
extraction, sample purification/pre-concentration, sensing
and drug delivery system, etc.
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