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Abstract. In this study, simple, effective and general processes were used for the synthesis of a new nano-
molecularly imprinted polymers (MIPs) layer on magnetic Fe3O4 nanoparticles (NPs) with uniform core–shell struc-
ture by combining surface imprinting and nanotechniques. The first step for the synthesis of magnetic NPs was
co-precipitation of Fe2+ and Fe3+ in an ammonia solution. Then, an SiO2 shell was coated on the magnetic core
with the Stöber method. Subsequently, the C=C groups were grafted onto the silica-modified Fe3O4 surface by 3-
(trimethoxysilyl) propyl methacrylate. Finally, MIPs films were formed on the surface of Fe3O4@SiO2 by the copoly-
merization of C=C end groups with methacrylic acid (functional monomer), ethylene glycol dimethacrylate (cross-
linker), 2,2-azobisisobutyronitrile (initiator) and tizanidine (template molecule). The products were characterized
using techniques that included Fourier transform infrared (FT-IR) spectroscopy, X-ray diffraction (XRD), thermo
gravimetric analysis (TGA), scanning electron microscopy (SEM), UV spectrophotometry, transmission electron
microscopy (TEM) and vibrating sample magnetometer (VSM). Measurement of tizanidine through use of the core–
shell magnetic molecularly imprinted polymers nanoparticles (MMIPs-NPs) in human plasma samples compared to
the paracetamol showed that the synthesized nanosized MMIP for tizanidine has acted selectively.
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1. Introduction

Tizanidine hydrochloride or 5-chloro-N-(2-imidazolin-2-yl)-
2,1,3-benzothiadiazol-4-ylamine hydrochloride (1-3), is a cen-
trally acting skeletal muscle relaxant. It is a α2-adrenergic
agonist that acts mainly at spinal and supraspinal levels to
inhibit excitatory interneurons. It is used for the symptomatic
relief of spasticity associated with multiple sclerosis or with
spinal cord injury or disease. It is also used in the symp-
tomatic treatment of painful muscle spasm associated with
musculoskeletal conditions [1]. The United States Pharma-
copoeia (USP) recommends HPLC method for determination
of tizanidine (I) in the raw materials and tablets. Addi-
tionally, a number of methods like spectrophotometer [2],
voltammeter [3], GC [4], TLC [5] and HPLC [6], have been
reported in the literature for the determination of tizanidine
hydrochloride.

Magnetic solid phase extraction (MSPE) by solid nanopar-
ticles as the adsorbents has recently attracted much atten-
tion among the scientific community. In 1973, Robinson
and his colleagues [7] first used magnetic separation meth-
ods in the biotechnology industry. In 1987, Wickstrom and
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colleagues [8,9] stated that the liquid/liquid extraction meth-
ods are comparable with other methods using additives such
as iron and iron oxide and quickly lead to phase separa-
tion. However, MSPE was first introduced by Šafaříková and
Šafařík [10] in 1999 for analytical purposes. In this pro-
cedure, MPs are added into the sample solution and the
analyte is adsorbed on the surface of the magnetic beads
which are separated from the aqueous solution by means
of an external magnetic force. Then, the analyte is des-
orbed by the eluent for further diagnosis. Compared with
conventional SPE, sample pretreatment is greatly simpli-
fied through the use of MSPE. In batch mode operation,
packing of the column with the sorbent is not necessary,
since phase separation can be quickly and easily accom-
plished by applying an external magnetic field [11]. In 1998,
MMIP was produced for the first time with a mean diameter
of 13 μm using a magnetic iron oxide from the polymerization
of monomers in liquid perfluoro-chlorine [12]. Development
of this method and the use of special functional monomers
have resulted in the production of MMIP to which some stim-
uli respond including thermal stimuli [13], optical stimuli
[14] and PH stimuli [15]. In addition, the use of magnetic
nanoparticles, nanocapsules, nanowires and nanotubes that
have a high surface-to-volume ratio can also be connected to
the MIP, increasing binding capacity and kinetics [16,17].
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Applications of MMIP have broadened in recent years and
now include cell separation, stabilization of proteins, enzy-
mes and other molecules; very quick concentration of target
molecules in the sample; solid-phase extraction techniques;
and chromatography and catalytic applications. Specific
applications that are detailed in published studies include
identification and extraction of antibiotics [18,19], identifi-
cation and removal of water and aqueous solutions [20,21],
recognition of low molecular weight templates in biomimetic
sensors [22], extraction and identification of certain com-
pounds from the urine [23], extraction and identification
of hormones [24] or chemical compounds [25] and colour
identification [26]. In general, the most important feature of
MMIPs is that one can separate and recover them from the
solution by the aid of an external magnetic field, as MMIPs
do not lump after removal of the external field and it is
possible to reuse them.

The aim of this study was to prepare core–shell magnetic
molecularly imprinted polymer nanoparticles (MMIP-NPs)
for selective extraction of tizanidine. Measurement of tizani-
dine obtained from MMIP-NPs showed that significant dif-
ferences exist in the absorption of tizanidine and paracetamol
extracted from MMIP-NPs. The imprinted polymer showed
good selectivity for tizanidine.

2. Experimental

2.1 Reagents and solutions

The drugs used in this study were obtained from Daroupakhsh
Co. (Tehran, Iran). Methacrylic acid (MAA), ethylene glycol
dimethacrylate (EGDMA), 2,2-azobisisobutyronitrile (AIBN),
acetic acid (HOAC), methanol (MeOH), tetraethoxysilane
(TEOS). FeCl3 · 6H2O, FeCl2 · 4H2O, hydrogen chloride
(HCl) and anhydrous toluene were purchased from Merck
chemical company, 3-(trimethoxy silyl) propyl methacry-
late 98% was purchased from Sigma Aldrich company, all
other chemicals used in this study were of analytical reagent
grade and obtained from Merck. Double-distilled water was
used throughout the experiments. A stock solution of target
analyte (namely, tizanidine (template)) was prepared from
methanol containing 1000 mg l−1 of the drug. The working
solution (5 mg l−1) was prepared daily with the appropriate
dilution of tizanidine stock.

2.2 Instrumentation

The template was separated by UV (Lambda 25 dual-
beam; Perkin Elmer, Waltham, Massachusetts, USA). The
FT-IR spectra in KBr were recorded using a Spectrum
RXI (Perkin Elmer, USA), a scanning electron microscope
(LEO 1430VP; Leo Pharma UK, Berkshire, UK), transmis-
sion electron microscopy (TEM), X-ray diffraction (XRD,
D8 Advance, Bruker-AXS, Karlsruhe, Germany; Madison,
Wisconsin, USA), thermogravimetric analysis (TGA, model

PL, UK), magnet 1.3 T dimensions 20 × 40 × 50 cm were
used to characterize the core–shell nonmagnetic molecularly
imprinted polymer.

The magnetic properties were analysed with a vibrating
sample magnetometer (VSM) (LDJ 9600-1, USA).

2.3 Synthesis of (Fe3O4@SiO2–C=C–MIP) NPs or
MMIPs-NPs

There are four basic steps in the synthesis of MMIPs-NPs
according to figure 1, as described in this section.

2.3a Magnetic Fe3O4 nanoparticles (MNPs): 11680 mg
FeCl3 · 6H2O and 4300 mg FeCl2 · 4H2O were dissolved in
200 ml of deionized water with a nitrogen atmosphere with
vigorous stirring at 70–85◦C. Then, 20 ml of 30% aqueous
ammonia was added to the mixture rapidly; the colour of
the bulk solution immediately changed from orange to black
during this step. After magnetic separation via an external
magnetic field, MNPs were washed with deionized water
and ethanol. Finally, MNPs were dried under a vacuum at
70◦C [27].

2.3b Silica-coated magnetic Fe3O4 nanoparticles: 300 mg
of Fe3O4 was dispersed in 40 ml of ethanol and 4 ml of ultra-
pure water by ultra-sonication for 15 min, followed by the
addition of 5 ml of NH3 · H2O (28%) and 2 ml of TEOS. The
mixture was reacted for 12 h at room temperature with stir-
ring at 400 rmp. The products were collected by magnetic
separation, washed with diluted HCl and ultrapure water, and
dried under vacuum [28].

2.3c Surface modification of silica-coated magnetic Fe3O4

nanoparticles: 250 mg of Fe3O4–SiO2 particles was dis-
persed in 50 ml of anhydrous toluene containing 5 ml of 3-
(trimethoxysilyl) propyl methacrylate (98%) and the mixture
was allowed to react at 70◦C for 12 h under dry N2. The prod-
ucts (Fe3O4–SiO2–C=C) were obtained after magnetic sepa-
ration, washing with water and drying under vacuum.

2.3d Polymerization: In this step, five reagents are used:
magnetic nanoparticles coated with silica, cross-linking
agent EGDMA, monomers containing functional group
MAA, initiator AIBN and tizanidine as target. Tizani-
dine (58.04 mg) was stirred with 40 ml ethanol and 110
mg monomer MAA for 12 h. With the addition of these
materials while stirring, the temperature rises gradually
and the reactions ensue. Then, 520 mg EGDMA and 50 mg
AIBN were added and the mixtures sonicated for 15 min.
Finally, the system was reacted at 62◦C [29] for 24 h purge
with N2 gas.

2.3e Synthesis of MNIPs-NPs: MNIPs were prepared in a
way that was similar to the synthesis of MMIPs without the
addition of template molecule.
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Figure 1. Schematic diagram of synthesis of MMIPs-NPs and their application for extraction of tizanidine by an external magnetic field.

3. Results and discussion

Figure 2 shows X-ray diffraction (XRD) patterns for the syn-
thesized Fe3O4, Fe3O4@SiO2 and MMIPs. In the 2θ range
of 20–70◦, six characteristic peaks for Fe3O4 (2θ = 30,
35, 43, 53.5, 57 and 63◦) were observed for the three sam-
ples, and the peak positions at the corresponding 2θ value
were indexed as (220), (311), (400), (422), (511) and (440),
respectively, which matched well with the database of mag-
netite in the JCPDS-International Center for diffraction data
(JCPDS card: 19-629) file. The XRD patterns show the pres-
ence of specific diffraction peaks of the synthesized particles,
which are highly crystalline. However, it is insufficient to
exclude the presence of γ-F2O3; there are probably two types
of iron oxide particles in this dispersion, maghemite and
magnetite [29–32]. The trace amount of maghemite could be
attributed to the oxidation of Fe3O4 to γ-F2O3 during the
coprecipitation and silanization processes [33]. As they have
similar magnetic properties, identification is not important in
the present study.

Figure 3 shows FT-IR spectra for (a) unleached MMIPs,
(b) leached MMIPs and (c) MNIPs. In all three spectra, the
peak at 590 cm−1 is attributed to the stretch of Fe–O. In
comparison with the infrared data of pure Fe3O4, the char-
acteristic peaks for the Si–O–Si group at about 1150 cm−1

and for the Si–O group at about 800 and 470 cm−1 indi-
cate the formation of silica coating on the surface of Fe3O4.
The strong vibrational band (about 1720 cm−1) is due to the
–C=O of the carboxylic acid group of methacrylic acid,
which is typically located at the surfaces of the synthesized
polymeric particles. This band can be observed in all the
examined polymers, including unleached MMIPs, leached
MMIPs and MNIPs. In spectrum (a) for unleached MMIPs,
there is a band at about 1647 cm−1, which is the result of
the –C=O, via coordination bonding. These observations and
examined evidence proved the presence and efficient inter-
action of the selective recognition sites in the MIP particles,

Figure 2. The XRD pattern of (a) magnetic nanoparticles Fe3O4,
(b) Fe3O4@SiO2 and (c) MMIPs-NPs.

which were produced in the course of the imprinting proce-
dure. After the polymers were eluted, the FT-IR spectrum of
MIP is very close to that of NIP. The results show that the
template molecule has been removed from the MIP.

Figure 4 shows the transmission electron microscopy
(TEM) images of Fe3O4 and Fe3O4@SiO2. The mean diam-
eter of Fe3O4 was about 30 nm (figure 4a) and the core–
shell structure of Fe3O4@SiO2 NPs with silica coating was
successfully prepared (figure 5b). After coating with SiO2,
the diameter of the Fe3O4@SiO2 increased to approximately
40 nm.

Figure 5 shows the scanning electron microscopy (SEM)
images of MMIPs-NPs. With tizanidine as the template,
the average diameter of MMIPs-NPs relatively increased to
about 80 nm.
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Figure 3. FT-IR spectra for (a) unleached MMIPs, (b) leached
MMIPs and (c) MNIPs.

Figure 4. Transmission electron microscopy image of (a) Fe3O4
and (b) Fe3O4@SiO2.

Figure 6 clearly shows the TGA plot for the imprinted
polymer. TGA plot for MMIP-NPs can prove the thermal
stability of the synthesized polymer. The thermal stability is
due to the presence of Fe3O4 and SiO2 in the core–shell sys-
tem. Therefore, the primary mass removal (about to 13%) can
be related to the polymeric portion in this system; however,
no mass removal was experienced with respect to thermal
stability.

Figure 5. Scanning electron microscopy image of MMIPs-NPs.

Figure 6. Thermogravimetric analysis of MMIPs-NPs.

Figure 7 shows the employment of vibrating sample mag-
netometry (VSM) to study the magnetic properties of the
synthesized magnetic NPs, and the magnetic hysteresis loop
of the dried samples at room temperature. There is no hys-
teresis and both remanence and coercivity are zero, suggest-
ing that the samples are super paramagnetic. The saturation
magnetization values obtained at room temperature were
about 40, 20 and 10 emu g−1 for Fe3O4, Fe3O4@SiO2 and
MMIP, respectively. The theoretical value of saturation mag-
netization for bulk magnetite is reported to be 92 emu g−1

[34,35]. The decrease in magnetization value can be
attributed to the small particle surface effect, such as a mag-
netically inactive layer containing spins that are not collinear
with the magnetic field [36]. The saturation magnetization of
MMIP was reduced to 10 emu g−1 in comparison with the pure
Fe3O4, but remained strongly magnetic at room temperature
and allowed to work as effective magnetic separation carrier.
Figure 7a shows the separation and redispersion process of
MMIP. In the absence of an external magnetic field, a dark
homogeneous dispersion exists. When an external magnetic
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Figure 7. VSM images of (A) Fe3O4, (B) Fe3O4@SiO2 and (C)
MMIP.

field was applied, the black particles were attracted to the
wall of the land via the dispersion became clear and trans-
parent. The super paramagnetism of MMIP prevents MIPs
from aggregating and enables them to redisperse rapidly after
removal of the magnetic field (figure 7b).

4. Optimization of the MSPE procedure

4.1 Effect of pH

The pH value of the sample solution plays a significant role
in analyte adsorption by nano-MIP as a result of the chemical
structure of the analytes and functional groups existing in the
nano-MIP. Therefore, the extraction efficiency of the analyte
can be affected by the pH value [36]. To evaluate the effect
of pH, a working solution with different pH in the range of
2–10 was studied. As shown in figure 8, the highest adsorp-
tion of tizanidine by MIP-NPs was almost constant at pH
8–10. Thus, the pH 8 was selected as optimized pH according
to the findings from the present results.

4.2 Choice of eluent

This step involves the examination of several solvents. The
results have been presented in table 1. From the results, acetic
acid in methanol (10 : 90, v/v%) exhibited better recovery
compared with the other solvents. Thus, imprinted tizanidine
molecules were displaced from the polymeric structure using
acetic acid in methanol (10 : 90, v/v%).

4.3 Effect of elution solvent volume

To evaluate elution solvent volume on the recovery of the
tizanidine from MIP-NPs, various volumes (from 2 to 5 ml)

Figure 8. The effect of solution’s pH on the extraction efficiency
of tizanidine. Experimental and extraction conditions (tizanidine
concentration: 5 mg l−1, sample volume: 5 ml).

Table 1. The effect of elution solvent type (the volume for
each elution solvent was 5 ml) on the recovery of the tizani-
dine from MMIP-NPs (the obtained results are the mean of three
measurements).

Elution solvent v/v (ml) Ra ± Sb

Water 100 68.38 ± 0.17
Methanol 100 98 ± 0.43
Acetic acid : methanol 10 : 90 99.12 ± 0.2
Acetic acid : methanol 80 : 20 98.78 ± 0.31
Acetic acid : methanol 70 : 30 98.47 ± 0.48
Acetic acid : methanol 60 : 40 97.5 ± 0.61
Acetic acid : methanol 50 : 50 96.4 ± 0.8

aRecovery (%); bstandard deviation (n = 3).

Table 2. The effect of eluent solvent volume on the recovery of
the tizanidine from MIP-NPs (the obtained results are the mean of
three measurements).

Acetic acid : methanol v/v (ml) Ra ± Sb

10–90 5 99.12 ± 0.2
10–90 4 98.70 ± 0.57
10–90 3 98.43 ± 0.92
10–90 2 98.26 ± 1.17

aRecovery (%); bstandard deviation (n = 3).

were studied. As shown in table 2, 5 ml of acetic acid
in methanol (10 : 90, v/v%) was used as optimum elution
solvent volume.

4.4 Effect of amount of nano-sized MMIP

To investigate the optimum amount of MIP-NPs on the
extraction efficiency of tizanidine, various amounts were
studied from 50 to 200 mg, thus, a 100 mg amount used as
the optimum amount of MIP.
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Figure 9. (a) The effect of adsorption time and (b) desorption
time on the extraction efficiency synthesized magnetic molecularly
imprinted polymer nanoparticles.

Figure 10. Absorption spectra of (a) tizanidine and (b) paraceta-
mol by MMIPs.

4.5 Effect of adsorption and desorption times

To investigate the optimal time for adsorption and desorp-
tion, time intervals from 5 to 30 min were studied, with other
parameters being kept in optimum conditions. As shown in
figure 9, 15 and 20 min time intervals were chosen as the
optimum adsorption and desorption times, respectively.

5. Measurement of tizanidine in real sample

Human plasma samples were collected from healthy volun-
teers, and the tizanidine was extracted and analysed by means
of MMIP-NPs in their optimized conditions with the subse-
quent determination by UV–Vis spectrophotometer. All pre-
cipitated materials were removed by centrifuging the samples
at 3800 rpm for 20 min. Figure 10a and b illustrates the
UV spectra tizanidine and paracetamol after the extraction
from plasma samples at the concentration level of 2 mg l−1

of tizanidine and paracetamol by nanosized MMIP, respec-
tively. As shown in figure 10a and b, synthesized nanosized
MMIP for tizanidine has acted selectively.

6. Conclusion

In this study, simple, effective and general processes were
used for the synthesis of a nano-MIPs layer on magnetic
Fe3O4 NPs with a uniform core–shell structure by com-
bining surface imprinting and nanotechniques. By choosing
the right conditions for the synthesis of MMIPs-NPs, this
method can also be used to identify other drugs. Moreover,
MMIPs-NPs provide conditions for control and separation
using a magnetic field and (as an overall technique) provide
an alternative to the use of a centrifuge and different kinds
of filtration due to the fact that they are available and eco-
nomical. Other advantages of the suggested method include
low consumption of organic solvent, simplicity and selec-
tivity. Synthesized MMIPs-NPs can be used repeatedly with
no significant decrease in binding affinities. Measurements
of tizanidine obtained from MMIP-NPs in human plasma
showed that there were significant differences in absorption
between tizanidine and paracetamol extracted from MMIP-
NPs. The results showed that synthesized nanopolymers
acted selectively.
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[10] Šafaříková M and Šafařík I 1999 J. Magn. Magn. Mater. 194
108

[11] Aguilar-Atreaga K, Ridrugyez J A and Barrado E 2010 Anal.
Chim. Acta 674 157

[12] Ansell R J and Mosbach K 1998 Analyst 123 1611

[13] Turan E, Özçetin G and Caykara T 2009 Macromol. Biosci. 9
421

[14] Fang Li, Chen S, Zhang Yi and Zhang H 2011 J. Mater. Chem.
21 2320

[15] Demirel G, Özçetin G, Turan E and Çaykara T 2005 Macro-
mol. Biosci. 5 1032

[16] Henry O, Cullen D and Piletsky S 2005 Anal. Bioanal. Chem.
382 947

[17] Moreno-Bondi M C, Navarro-Villoslada F, Benito-Pena E and
Urraca J L 2008 Curr. Anal. Chem. 4 316

[18] Chen L and Li B 2013 J. Food Chem. 141 23

[19] Liu B, Tang D, Zhang B, Que X and Yang H 2013 Biosens.
Bioelectron. 41 551

[20] Chen L, Zhang X, Xu Y, Du X, Sun X, Sun L, Wang H, Zhao
Q, Yu A, Zhang H and Ding L 2010 Anal. Chim. Acta 662 31

[21] Pan J, Li L, Hang H, Ou H, Zhang L, Yan Y and Shi W 2013
J. Chem. Eng. 223 824

[22] Haupt K and Mosbach K 2000 Chem. Rev. 100 2495

[23] Zhang Z, Tan W, Hu Y and Li G 2011 J. Chromatogr. A 1218
4275

[24] Chen F, Xie X and Shi Y 2013 J. Chromatogr. A 1300 112

[25] Piao C and Chen L 2012 J. Chromatogr. A 1268 185

[26] Hou Y, Yu J and Gao S 2003 J. Mater. Chem. 13 1983

[27] Wang Y, Luo X, Tang J, Hu X, Xu Q and Yang C 2012 Anal.
Chim. Acta 713 92

[28] Khanahmadzadeh S and Tarigh A 2014 J. Chromatogr. B
972 6

[29] Gao R, Kong X, Wang X, He X, Chen L and Zhang Y 2011 J.
Mater. Chem. 21 17863

[30] Kong X, Gao R, He X, Chen L and Zhang Y 2012 J.
Chromatogr. A 1245 8

[31] Lu Y, Yin Y, Mayers B T and Xia Y 2002 Nano Lett. 2 183

[32] Tronc E, Belleville P, Jolivet J P and Livage J 1992 Langmuir
8 313

[33] Zaitsev V S, Filimonov D S, Presnyakov I A, Gambino R J
and Chu B 1999 J. Colloid Interface Sci. 212 49

[34] Popplewell J and Sakhnini L 1995 J. Magn. Magn. Mater.
149 72

[35] Kodama R H, Berkowitz A E, McNiff E J Jr and Foner S 1996
Phys. Rev. Lett. 77 394

[36] Ansell R J and Mosbach K 1998 Analyst 123 1611


