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Abstract
Molecularly imprinted polymers were synthesized for selective detection of ciprofloxacin on
magnetic nanoparticles via surface-initiated free radical polymerization. Methacrylic acid,
ethylene glycol dimethacrylate, azobisisobutyronitrile and ciprofloxacin were used for the
formation of molecularly imprinted layer as a functional monomer, cross linker, initiator and
template molecule, respectively. The surface characterization of the prepared nanoparticles was
carried out by using several methods such as TEM, XPS and VSM. The prepared imprinted
nanoparticles had high binding capacity and fast adsorption kinetics. Additionally, the prepared
nanoparticles showed superparamagnetic property with rapid magnetic separation and retained
binding selectivity after ten adsorption-desorption cycles. The imprinted magnetic nanoparticles
were subsequently applied for selective separation and determination of CPX from milk with
high recoveries (98.0% - 98.8%) and low relative standard deviations (2.76% - 4.59%). All the
results have shown that the developed new method is a good alternative for the selective
separation of ciprofloxacin in complex medium.

1. INTRODUCTION
Ciprofloxacin, a fluoroquinolone derivative antibiotic, is frequently used in the treatment of diseases
caused by Gram-negative and Gram-positive bacteria through inhibiting DNA gyrase enzyme which is an
important enzyme in bacterial DNA replication [1,2]. The pharmacokinetic properties of CPX are
characterized by good absorption and wide distribution in various animal fluids and tissues. However,
controlling the concentration and residues of such antibiotics is very important not only to examine their
pharmacokinetic properties but also to synthesize and develop new type of antibiotics [3-5]. CPX
antibiotic is frequently used in veterinary medicine so there is a possibility of presence of CPX in animalderived foods. The presence of such antibiotics in animal fluids/tissues and the consumption of these
animal foods by human pose a serious threat to human health. In addition, bacteria become more resistant
to these drugs because of the excessive using of CPX antibiotics which may lead to more serious
consequences for human. For this reason, CPX determination in animal-derived foods such as milk, eggs
and meat is very important task in terms of public health. Several analytical methods have been reported
for the determination of CPX in biological fluids and tissues such as voltammetry [6], liquid
chromatography [7], immunosorbent assay [8], spectrophotometric method [9], and capillary
electrophoresis [10]. Most of these methods have some merits such as complicated secondary extraction
step (liquid-liquid extraction or solid-liquid extraction), using of large amounts of solvents and timeconsuming. Moreover, the selectivity of these methods is low due to complex nature of the biological
fluids or tissues.
Molecularly imprinting is a synthetic method for preparation of polymer materials which has predesigned molecular recognition ability. Due to this feature, molecularly imprinted materials are often
named as plastic antibody or enzyme mimics [11]. Molecularly imprinted polymers (MIPs) can be used to
*Corresponding author, e-mail: ademzengin@yyu.edu.tr
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design functional polymeric materials with selective recognition properties. After polymerization with a
suitable monomer and template molecule, the template molecule is removed from the polymer matrix to
form three-dimensional cavities in the polymer matrix that are the same size, shape and functionality as
compared with the template molecule. Molecularly imprinted polymers have several advantages over
their biological counterparts: low cost, easy to prepare, high stability, high mechanical strength, and
applicable in most chemical environments. Thanks to these features, molecularly imprinted materials are
frequently used in biosensors, catalysis and many other applications [12].
Magnetic nanoparticles have a wide range of applications such as magnetic fluids, catalysis,
biotechnology, biological imaging [13-16]. Magnetic nanoparticles can be synthesized in different shapes
and phases such as iron oxides such (Fe3O4 and Fe2O3), pure metals (Fe, Co), spinel type ferromagnets
(MgFe2O4, MnFe2O4 and CoFe2O4), and alloys (CoPt3 and FePt) [17-21]. Among such particles,
superparamagnetic nanoparticles are more preferred as an adsorbent for rapid and simple removal of the
target molecule from the sample matrix. Thanks to superparamagnetism, the particles are collected very
easily by the applied external magnetic field via a simple magnet and redispersed easily when the
magnetic field is removed. Despite these advantages, superparamagnetic nanoparticles have some
drawbacks: (i) low molecular selectivity; (ii) low adsorption capacity; (iii) self-aggregation due to high
surface area/volume ratio; (iv) decreasing of superparamagnetic property when in contact with air. The
synthesis of molecularly imprinted polymers on magnetic nanoparticles not only preserves the
superparamagnetic property of the particles but also overcomes the above disadvantages [22,23].
In the present work, a novel superparamagnetic CPX imprinted Fe3O4 nanoparticle (Fe3O4@MIP) was
synthesized via surface-initiated free radical polymerization. The Fe3O4 nanoparticles were first
functionalized with a methacrylate group containing organosilane and then polymerization was performed
in the presence ciprofloxacin (template molecule, CPX), methacrylic acid (MAA, functional monomer),
ethylene glycol dimethacrylate (EGDMA, cross-linker), azobisisobutyronitrile (AIBN, initiator) and
acetonitrile (solvent or porogen). The prepared Fe3O4@MIP nanoparticles were characterized by several
surface characterization methods such as transmission electron microscopy (TEM), X-ray photoelectron
spectroscopy (XPS), vibrating sample magnetometer (VSM). The binding properties of the prepared
Fe3O4@MIP nanoparticles were further studied by equilibrium properties, binding capacity and
selectivity experiments. Moreover, the usability of the prepared Fe3O4@MIP nanoparticles was further
assessed for removal and enrichment of CPX from milk.
2. EXPERIMENTAL
2.1. Materials and Reagents
FeCl3.6H2O, FeCl2.4H2O, NH4OH solution (28%), 3-(trimethoxysilyl) propyl methacrylate (MPS),
methacrylic acid (MAA), ethylene glycol dimethacrylate (EGDMA), methanol, acetonitrile, and acetic
acid were purchased from Sigma-Aldrich at available highest purity and used as received unless
otherwise stated. Azobis(isobutyronitrile) (AIBN, Across 98%) was recrystallized in ethanol.
Ciprofloxacin (CPX), Ciprofloxacin lactate (CPFL), and moxifloxacin (MPX) were purchased from
Bayer (Germany) and used without any purification. Double distilled deionized water was used in all
experiments.
2.2. Instrumentation
The morphology and structure analysis of the prepared nanoparticles were investigated by transmission
electron microscopy (TEM, JEOL 1400). 5 µL of the nanoparticle dispersion was dropped on the carbon
coated copper grid and left to dry at room temperature. X-ray photoelectron spectroscopy (XPS) analysis
was examined by a SPECS XPS spectrometer using Al Kα as an X-ray source. Magnetic properties of the
prepared nanoparticles were characterized by vibrating sample magnetometer (VSM) from Cryogenic
Limited PPMS system. UV-vis analysis was done with a Shimadzu UV-2550 spectrophotometer at room
temperature.
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2.3. Preparation of Fe3O4 and Fe3O4@MPS Nanoparticles
Superparamagnetic Fe3O4 nanoparticles were synthesized via chemical co-precipitation of Fe3+ and Fe2+ in
the basic medium [24]. Briefly, FeCl3.6H2O and FeCl2.4H2O were dissolved in 50 mL of deionized water
with a molar ratio of 0.5. 20 mL of NH4OH was added to the solution under nitrogen atmosphere and the
formed black precipitate was vigorously stirred with a mechanical stirrer at 800 rpm for 30 min at room
temperature. The mixture was additionally stirred for 30 min at 80 °C. The black precipitate was collected
with an external magnet and washed with deionized water until the pH of the washing water reached to 7
and finally, the nanoparticles were dried under vacuum.
To prepare Fe3O4@MPS nanoparticles, 200 mg of the prepared Fe3O4 nanoparticles was added to 200 mL
of toluene and the mixture was ultrasonicated for 10 min at room temperature. Then, 500 µL of the MPS
was added to the dispersion and the dispersion was stirred at 90 °C under nitrogen atmosphere (to prevent
self-polymerization of MPS) for 8 hours. The MPS coated magnetic nanoparticles were collected via
external magnet and sequentially rinsed with toluene, toluene:methanol (1:1, v/v) and methanol. The
Fe3O4@MPS nanoparticles were dried under vacuum and stored in a vacuum desiccator until used.
2.4. Preparation of Fe3O4@MIP and Fe3O4@NIP Nanoparticles
50 mg of Fe3O4@MPS was dispersed in 50 mL of acetonitrile and then 18.1 mg MAA, 310 µL EGDMA,
7.2 mg AIBN and 78.5 mg CPX were added to this solution, sequentially. The mixture was purged with
nitrogen for 15 min in an ice bath and subsequently, stirred on a temperature controlled shaker at 400 rpm
at 60 °C for 16h. The resultant Fe3O4@MIP nanoparticles were collected by an external magnet and
rinsed with acetonitrile and ethanol several times. The Fe3O4@NIP (non-imprinted nanoparticles)
nanoparticles were prepared as the same method in the absence of CPX.
2.5. Determination of Binding Properties
Before determination of the binding properties of the Fe3O4@MIP nanoparticles, the template molecule,
CPX was removed from the polymer layer by using methanol: acetic acid mixture (3:1, v/v). The
prepared magnetic nanoparticles were dispersed in the methanol:acetic acid mixture and stirred in an
orbital shaker at 300 rpm and the extraction solution was changed every three hours until the no template
molecule was detected by UV-vis spectrophotometer at 326 nm. Subsequently, the magnetic
nanoparticles were rinsed with acetic acid and methanol several times, respectively. The resultant
magnetic nanoparticles were dried under vacuum.
To determine the static equilibrium properties, 3.0 mg of Fe3O4@MIP was mixed with different amounts
of CPX solution (0.2-2.8 mg/mL) in 3.0 mL of acetonitrile in eppendorf tubes. The tubes were sealed and
incubated on an orbital shaker for 1 h at room temperature. After incubation, the Fe 3O4@MIP
nanoparticles were collected by an external magnet and the concentration of the CPX in supernatants
were determined by UV-vis spectrophotometer at 326 nm. The Same experimental protocol was applied
to the Fe3O4@NIP nanoparticles.
The equilibrium concentration of the CPX was estimated according to the equation given below:
𝑄 = (𝐶𝑖 − 𝐶𝑓 )

𝑉
𝑚

where Q (mg/g) is the equilibrium concentration of CPX, Ci (mg/mL) is the initial concentration of CPX,
Cf (mg/mL) is the final concentration of CPX after incubation, V (mL) is the total volume of the mixture,
and m (mg) is the mass of the magnetic nanoparticles.
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3.0 mg of Fe3O4@MIP was dispersed in CPX solution (2.2 mg/mL in 3.0 mL acetonitrile) and incubated
for different time intervals (5-90 min) on an orbital shaker at room temperature for the adsorption
experiments. After incubation, Fe3O4@MIP nanoparticles were collected and the CPX concentration of
supernatant was determined by UV-vis spectrophotometer at 326 nm. Same experimental protocol was
applied to the Fe3O4@NIP nanoparticles.
CPFL and MPX were selected as structural analogues of CPX for the selectivity experiments. 3.0 mg of
Fe3O4@MIP nanoparticle was dispersed in the solutions of CPX and its analogues (2.2 mg/mL in 3.0 mL
acetonitrile) for 1 h at room temperature. After incubation, the magnetic nanoparticles were collected and
the concentration of each compound in supernatant was determined by UV-vis spectrophotometer. Same
experimental protocol was applied to the Fe3O4@NIP nanoparticles.
2.6. Determination of CPX in Milk
The milk sample was purchased from local grocery market. Firstly, the milk sample was filtered through
a sterile millipore membrane (pore diameter: 0.2 µm) [25] and diluted ten times with phosphate buffer
solution (0.1 M, pH 7.4). The diluted milk samples (5 mL) were homogenized by vortex mixing for 5
min. Then, the homogenized milk samples were spiked with different CPX solutions, making the final
concentrations 2.0 µg/L, 4.0 µg/mL, 6.0 µg/L, 8.0 µg/L. The Fe3O4@MIP nanoparticles (5.0 mg) were
added to the spiked milk samples and incubated for 1 h at room temperature. After incubation, the
Fe3O4@MIP nanoparticles were collected and the concentration of CPX in supernatant was determined by
UV-vis spectrophotometer at 326 nm (see Supplementary Material Figure S1 for UV-vis spectra of spiked
and unspiked milk samples). Same experimental protocol was applied to the Fe3O4@NIP nanoparticles.
3. RESULTS AND DISCUSSION
3.1. Characterization of Fe3O4@MIP and Fe3O4@NIP Nanoparticles
Surface imprinting is a very useful method for preparing molecularly imprinted polymers on or near the
particle surface, allowing mass transfer. Scheme 1 illustrated the three main steps for the preparation of
molecularly imprinted nanoparticles. In the first step, Fe3O4 nanoparticles were synthesized by coprecipitation of iron ions in basic medium. After preparation of the magnetic nanoparticles, methacrylate
terminated nanoparticles were prepared by chemical modification with MPS molecules on the magnetic
nanoparticles for initiating polymerization. Afterwards, the methacrylate terminated nanoparticles were
dispersed in ACN solution containing MAA, EGDMA, and CPX. A uniform molecularly imprinted
polymer layer was formed on the magnetic nanoparticles after polymerization. In the last step, the
recognition cavities were formed after removal of the template molecule on or near the surface of the
imprinted polymeric layer.

Scheme 1. Schematic representation of the preparation of Fe3O4@MIP nanoparticles.
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The chemical composition of the nanoparticles after each step was examined by XPS analysis. The wide
scan XPS spectrum of the nanoparticles and relative atomic concentration of the nanoparticles were given
in Figure 1 and Table 1, respectively. The pristine magnetic nanoparticles (Figure 1a) showed four main
peaks located at 711 eV, 720 eV, 529 eV and 285 eV corresponding to Fe 2p 3/2, Fe 2p1/2, O 1s and C 1s,
respectively. The presence of the C element (3.9 % atomic concentration) for the bare magnetic
nanoparticles indicated that some contamination occurred during XPS operation [26]. The increase of the
O 1s and C 1s intensities and relative atomic concentrations for oxygen and carbon after incorporation of
the MPS molecule on the magnetic nanoparticles was indicated that chemical attachment of the MPS
groups successfully occurred (Figure 1b and Table 1). In addition, core-level XPS spectra of MPS
modified magnetic nanoparticles consists of Fe 2p, O 1s and C 1s peaks curve fitted to components with
binding energies of 710.1 eV (Fe 2p1/2) and 723.3 eV (Fe 2p3/2) for Fe 2p, 530.7 eV (C-O) and 531.3 eV
(C=O) for O 1s, 285.0 eV (C-C/C-H), 285.8 eV (C-O) and 290.0 eV (O-C=O) for C 1s (Supplementary
Material, Figure S2). The decrease in iron peak intensity and the increase in carbon and oxygen peak
intensities after molecular imprinting was the strongest evidence of the formation of a polymer layer on
the nanoparticle surfaces (Figure 1c). Moreover, increasing atomic concentration of oxygen/carbon, and
decreasing of atomic concentration of iron elements additional evidence of the presence of a polymer
layer on the nanoparticles (Table 1). However, the fact that the iron peaks could still be detected
indicating that the polymer layer thickness on the particle surface is less than 10 nm which is typical
depth length of X-rays.

Figure 1. XPS wide spectrum of Fe3O4 (a), Fe3O4@MPS (b), Fe3O4@MIP (c).
Table 1. Relative atomic concentration of the prepared nanoparticles determined by XPS.
Sample
Fe3O4
Fe3O4@MPS
Fe3O4@MIP

Elements, %
Fe
41.2
19.5
4.1

O
54.9
57.2
60.5

C
3.9
23.3
35.4

The morphology and diameters of each nanoparticle were determined by TEM analysis. TEM images of
each particle were given in Figure 2. The pristine and MPS-functionalized magnetic nanoparticles were
agglomerated (this was expected due to high magnetization properties of the nanoparticles) and mean
diameters were 12 nm (Figure 2a and Figure 2b). After polymerization, it was clearly seen that similar
morphologies were obtained and a polymeric layer was formed on the MPS coated magnetic
nanoparticles for Fe3O4@MIP and Fe3O4@NIP nanoparticles (Figure 2c and Figure 2d). The average

77

Adem ZENGİN / GU J Sci, 30(4): 72-85 (2017)

thickness of the polymer layer was calculated to be 6 nm for both nanoparticles. The agglomeration of
nanoparticles was still present due to most probably the polymeric layer on the particle surface restricted
the movement of the particles to form an eccentric structure [27].

Figure 2. TEM images of Fe3O4 (a), Fe3O4@MPS (b), Fe3O4@MIP (c).
Magnetic properties of Fe3O4, Fe3O4@MPS and Fe3O4@MIP nanoparticles were studied by VSM at room
temperature and magnetic hysteresis loops of the nanoparticles were shown in Figure 3. The saturation
magnetization value of the Fe3O4 nanoparticles was found to be 63.2 emu/g (Figure 3a). The saturation
magnetization value of the Fe3O4@MPS decreased to 58.3 emu/g (Figure 3b). The slight decrease in the
magnetization value was due to the formation of monolayer of the MPS molecule on the Fe3O4
nanoparticles. After polymerization, the saturation magnetization value of the Fe3O4@MIP nanoparticles
was drastically decreased to 39.1 emu/g (Figure 3c) because of the presence of a polymer layer as
observed by TEM (Figure 2c.). In all cases, the magnetic hysteresis loops also showed no remanence or
coercivity indicating that all prepared magnetic nanoparticles had superparamagnetic behavior at room
temperature. The Fe3O4@MIP particles could be collected very easily for a short time period (~ 40 s) via
an external magnet at room temperature because of their superparamagnetic properties (Figure 3 inset).
This is so important for magnetic separation of interested molecules in complex media such as urine,
serum, milk, etc.

Figure 3. VSM curves of Fe3O4 (a), Fe3O4@MPS (b), Fe3O4@MIP (c).
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3.2. Adsorption Capacity of Fe3O4@MIP and Fe3O4@NIP Nanoparticles
The static adsorption experiments were carried out to determine the adsorption capacity of the
Fe3O4@MIP and Fe3O4@NIP nanoparticles by using different initial concentration of CPX for adsorption
time of 60 min at room temperature. As shown in Figure 4, the adsorption capacity of Fe3O4@MIP and
Fe3O4@NIP nanoparticles increased as the initial concentration of CPX increased. When the initial
concentration of CPX was 2.2 mg/mL, the adsorption capacity reached to 31.1 mg/g and 9.7 mg/g for of
Fe3O4@MIP and Fe3O4@NIP, respectively. The adsorption capacity did not change for high initial
concentration of CPX for both nanoparticles. It was obviously seen that the Fe3O4@MIP nanoparticles
had specific binding cavities to the template molecule of CPX than Fe3O4@NIP nanoparticles.

Figure 4. Adsorption isotherms of CPX on the Fe3O4@MIP and Fe3O4@NIP nanoparticles (Adsorption
conditions: 1.0 mg/mL nanoparticle, 2.2 mg/mL initial concentration of CPX, T = 25 °C).
Scatchard analysis [28] was employed to the data obtained from the static adsorption experiments to
demonstrate the quantitatively the binding properties of the imprinted and non-imprinted nanoparticles.
Scatchard equation is expressed as given below:

Q Q max
Q


Ce
Kd
Kd
where Q (mg/g) is the amount of CPX bound to the Fe3O4@MIP and Fe3O4@NIP at equilibrium, Qmax
(mg/g) is the theoretical maximum adsorption capacity, Ce (mg/mL) is the free analytical concentration of
CPX at equilibrium and Kd (mg/mL) is the dissociation constant. The values of Kd and the Qmax can be
estimated from slope and intercept of the linear plotted in Q/Ce versus Q. The theoretical maximum
adsorption capacity of Fe3O4@MIP for CPX was 37.8 mg/g with a dissociation constant 0.411 and the
theoretical maximum adsorption capacity of Fe3O4@NIP for CPX was 11.8 mg/g with a dissociation
constant 0.227. The results also approved that the Fe3O4@MIP nanoparticles had much stronger
recognition ability toward CPX than the Fe3O4@NIP nanoparticles.
3.3. Adsorption Kinetics of Fe3O4@MIP and Fe3O4@NIP Nanoparticles
The adsorption kinetic of molecularly imprinted nanoparticles is a very important parameter in many
applications. The adsorption kinetics of the Fe3O4@MIP and Fe3O4@NIP nanoparticles were investigated
by using an initial concentration of 2.2 mg/mL by different adsorption time intervals (5-90 min) and the
results were shown in Figure 5. The adsorption capacity of the Fe3O4@MIP nanoparticles was rapidly
increased to 28.9 mg/g within 30 min and slightly increased to 31.6 mg/g after additional 15 min. After
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prolonged adsorption time, the adsorption capacity did not change and reached a plateau value at constant
adsorption capacity. The adsorption capacity of Fe3O4@NIP was also studied. The adsorption capacity of
CPX on the Fe3O4@NIP nanoparticles was very low and at prolonged adsorption time, the adsorption
capacity was kept at 9.9 mg/g indicated that the Fe3O4@MIP nanoparticles had selective binding cavities
towards CPX. The fast adsorption of CPX on the Fe3O4@MIP nanoparticles also approved that the
imprinted nanoparticles showed high mass transfer and better site accessibility for CPX. As a result, the
adsorption time of 45 min was selected for further binding experiments.

Figure 5. Adsorption kinetics of CPX on the Fe3O4@MIP and Fe3O4@NIP nanoparticles (Adsorption
conditions: 1.0 mg/mL nanoparticle, 2.2 mg/mL initial concentration of CPX, T = 25 °C).
3.4. Selectivity of Fe3O4@MIP and Fe3O4@NIP Nanoparticles
To demonstrate the selectivity of the Fe3O4@MIP and Fe3O4@NIP nanoparticles for CPX, the structural
analogues of CPX namely, ciprofloxacin lactate (CPFL) and moxifloxacin (MPX) were selected. The
selectivity tests were carried out under the same experimental conditions and the results were displayed in
Figure 6. The Fe3O4@MIP nanoparticles had shown much higher adsorption capacity (31.2 mg/g) toward
CPX than non-template molecules CPFL (5.2 mg/g) and MPX (4.8 mg/g). In addition, the adsorption
capacities of imprinted and non-imprinted nanoparticles for the non-template molecules were similar due
to the absence of the specific cavities on the polymer layer. The imprinting factor (α= QMIP/QNIP where
QMIP and QNIP are the adsorption capacities of CPX for Fe3O4@MIP and Fe3O4@NIP nanoparticles) was
determined for the evaluation of the selectivity of the prepared nanoparticles. The imprinting factor values
for CPX, CPFL and MPX were calculated as 3.2, 1.48, and 1.37, respectively. The results showed that
Fe3O4@MIP nanoparticles were a good adsorbent for enrichment and separation of CPX as a
consequence of the formation of specific cavities after polymerization.
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Fig. 6. Selectivity of Fe3O4@MIP and Fe3O4@NIP nanoparticles for CPX, CPFL, and MFX (Adsorption
conditions: 1.0 mg/mL nanoparticle, 2.2 mg/mL initial concentration of each compound, T = 25 °C).
3.5. Reusability of Fe3O4@MIP and Fe3O4@NIP Nanoparticles
The reusability of the imprinted magnetic nanoparticles is key parameter for magnetic separation of the
interested molecule form complex media. It was thus investigated the stability and reusability of the
Fe3O4@MIP nanoparticles by measuring the adsorption capacity in an adsorption-desorption cyclic
manner. The Fe3O4@MIP nanoparticles were incubated with CPX for 45 min and the particles were
collected by an external magnet. The obtained results were shown in Figure 7. The results indicated that
the prepared Fe3O4@MIP nanoparticles had a high stability and good reusability and preserved almost the
same recognition abilities for template molecule of CPX even after ten adsorption-desorption cycles.

Figure 7. Reusability of the Fe3O4@MIP nanoparticles (Adsorption conditions: 1.0 mg/mLnanoparticle,
2.2 mg/mL initial concentration of each compound, T = 25 °C).
3.6. Removal of CPX in Milk Samples
The limit of detection (LOD) and limit of quantification (LOQ) values were calculated for the prepared
Fe3O4@MIP nanoparticles in diluted milk samples. The calibration curve was obtained by measuring the
average absorbance of known concentrations of CPX ranging from 0.5-100 µg/mL. A good linearity in
the range of 0.5-50 µg/mL was obtained. The linear regression equation was y = 0.5041x + 0.0436 with
a correlation coefficient 0.9996. The LOD and LOQ values were found to be 0.15 µg/mL and 0.48
µg/mL, respectively.
The risk of the presence of veterinary drug residues, the detection of CPX in milk is of considerable
interest since milk is one of the heaviest products in the food industry. The Fe3O4@MIP nanoparticles
were evaluated on the capability of removing CPX from milk samples. Before the experiments, milk
samples were filtered and diluted with PBS and the diluted samples were spiked with different amounts of
CPX. The Fe3O4@MIP nanoparticles were dispersed into spiked samples and incubated for the identical
time. The results were tabulated in Table 2. The recovery and relative standard deviation of CPX in milk
samples changed from 98.0% to 99.8% and 2.76% to 4.59%, respectively. These results indicated that the
Fe3O4@MIP nanoparticles not only had the high binding capacity and affinity for CPX separation in milk
but also showed high accuracy and repeatability while employed with real samples.
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Concentration of CPX in

Amount found

spiked milk sample

(µg/mL) a

Recovery (%)

RSD (%)b

(µg/mL)
2.0

1.96 ± 0.09

98.0

4.59

4.0

3.98 ± 0.14

99.5

3.52

6.0

5.99 ± 0.21

99.8

3.50

8.0

7.98 ± 0.22

99.8

2.76

Table 2. Recovery of CPX from spiked milk sample.
a
b

Average value from three determinations for each concentration.
Relative standard deviation of band intensity (RSD (%) = (SD/mean)×100

To evaluate the interference effect for the detection of CPX by molecularly imprinting method, the
diluted milk samples were firstly spiked by CPX and then CPFL, MPX and mixture that contains CPFL
and MPX with different molar ratio, respectively. The concentration of CPX was fixed at 2.0 µg/mL for
all conditions. The calculated recovery values for CPX were tabulated in Table 3. It can be seen that when
CPFL or MPX was present in the CPX solution, the recovery of CPX is 96.9-99.8%. In addition, similar
trend was observed for the mixture of CPFL/MPX in the CPX containing milk samples. These results also
suggest that Fe3O4@MIP nanoparticles had good size and shape selectivity for CPX in the presence of
other structural analogues.
Table 3. The interference effect of competitive molecules on determination of CPX in milka.
Molecules

Added

CPFL

0
1
5
10
0
1
5
10

MPX

a
b

Recoveryb
(%)
99.8
98.9
97.7
96.9
99.9
97.8
96.5
96.3

Mixture
CPFL/MPX

MPX/CPFL

Added (molar
ratio)
0
1
5
10
0
1
5
10

Recoveryb
(%)
100.1
98.5
98.1
96.9
99.8
98.4
97.1
96.8

CPX concentration: 2.0 µg/mL.
Average value from three determinations for each concentration.

3.7. Comparison of other methods
To illustrate the advantages of the new magnetic molecularly imprinted nanoparticles as a novel
extraction material, the comparative study of proposed method with other reported analytical
methodologies for CPX detection and the results are presented in Table 4. It can be seen from the
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comparison, lower LOD can be obtained in the present method than other methods so allowing analysis of
lower concentration of CPX. The lower LOD can be attributed to not only the presence of the shape
memory thin polymer shell layer on the nanoparticle surface but also the high surface area of
nanoparticles which can enhance mass transportation.
Table 4. Comparison of spectrophotometric methods for CPX determination.
Reagent
Cerium (IV)sulphate
Eosin and palladium
Bromocresol green
Cobalt(II) thiocyanate
Bismuth (III)
Tetraiodide
Fe3O4@MIP

Linear range (µg/mL)
1.57-6.28
3-10
1-20
20-240
5-80

LOD (µg/mL)
0.4627
0.9112
0.352
0.99
0.40

Reference
[29]
[30]
[31]
[32]
[33]

0.5-50

0.15

Present Method

4. CONCLUSION
In summary, the surface imprinted magnetic nanoparticles were synthesized using surface-initiated free
radical polymerization method for selective separation of CPX. The surface modification of the magnetic
nanoparticles was done by using the chemical reaction of methacrylate containing organosilane and the
subsequent polymerization of functional monomer in the presence of template molecule CPX. The
formed Fe3O4@MIP nanoparticles showed superparamagnetic properties allowing the fast separation of
the nanoparticles from complex media by an applied external magnet. Moreover, the imprinted
nanoparticles had high binding capacity and fast adsorption kinetics. The high selectivity of the prepared
nanoparticles suggests that the CPX molecule could be identified from a complex medium such as milk
with high recovery and low relative standard deviations. All the results obtained have shown that the
developed method is a good alternative to the previously reported analytical methods such as HPLC,
voltammetry, immunoassay for CPX determination. The comparison with the spectrophotometric
methods for CPX detection in the literature well indicates that the developed method is sensitive and
practicable.
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SUPPLEMENTARY MATERIAL

Fig. S1. Uv-vis spectra of unspiked and spiked milk sample (CPX concentration: 8.0 µg/mL)

Fig S2. Core-level XPS spectra of Fe3O4@MPS: (a) Fe 2p, (b) O 1s, (c) C 1s.

