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ARTICLE INFO ABSTRACT

Keywords: A sensitive electrochemical molecularly imprinted polymer (MIP) sensor was fabricated for
Molecularly imprinted polymer detection of ezetimibe (Eze) as an effective cholesterol absorption inhibitor on the surface of a
Ezetimibe

screen-printed carbon electrode based on a magnetic nanoparticle decorated with MIP
(Fe304@MIP). Placing the magnetic nanoparticle inside the MIP increases the biocompatibility,
surface-to-volume ratio, and sensitivity of the sensor. Methacrylic acid (MAA) was used as a
monomer, ethylene glycol dimethacrylate (EGDMA) as a cross-linker, and Eze as a template. The
fabricated Fe304@MIP was characterized using Fourier-transform infrared spectroscopy (FTIR),
Transmission electron microscopy (TEM), and scanning electron microscopy (SEM). Detection of
Eze was achieved by differential pulse voltammetry. Using this sensor, Eze can be sensitively
detected in the range of 1.0 nM-10 pM and detection limit of 0.7 nM. In addition, we have shown
that the proposed sensor successfully detects different concentrations of Eze in human serum
samples and thus proves its practical application.

Electrochemical sensors
Magnetic nanoparticles
Core-shell structure

1. Introduction

Ezetimibe (Eze) is a cholesterol absorption inhibitor drug in the small intestine villi, which leads to a decrease in hepatic cholesterol
storage. Also, concomitant use of Eze with statins can significantly reduce the risk of coronary heart disease [1,2]. Measuring very
small amounts of compounds in biological samples is a fundamental issue for analytical chemists to assess their balance within the
biological fluids since excessive amounts of components may cause various syndromes. Also, the use of various drugs in human daily
life is inevitable and the study of the effectiveness of the drug for therapeutic drug monitoring, pharmacological and pharmacokinetic
studies require the provision of reliable, rapid, and efficient methods for qualitative and quantitative analysis [3,4].

After oral administration of 10 mg of ezetimibe, it is absorbed within 4-12 h, and the maximum plasma concertation (0.11-0.173
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pmol L) occurs 1-2 h post-dose. The final measurable concentration of the drug is approximately 126.01 + 69.01 nghmL™! [5].
Quality control of the drug has become a rigorous tool in pharmacy to ensure product accurate implementation. Analytical techniques
that are mainly used for Eze analysis included UV-Vis spectroscopy, liquid chromatography-mass spectrometry (LCMS), ultra per-
formance liquid chromatography (UPLC), densitometry, electrokinetic chromatography, LC/MS-MS, electrophoresis, and voltam-
metry [6-9]. Some of these techniques do not show sufficient detection limits or selectivity in diagnosis, are very time consuming due
to complex sample preparation and pre-concentration, and require expensive tools of considerable size [10]. The complexity and the
very low concentration of drugs in the biological samples make it mandatory to perform preliminary steps of sample preparation before
final analysis. Therefore, development of an analytical method, as well as the selection of an appropriate method for the pharma-
cokinetic evaluation of Eze in humans to quantify drug concentrations in plasma or serum samples taken at different times from in-
dividuals can be challenging. Electrochemical methods have been used for the analysis of pharmacological compounds [11,12], these
methods offer the advantage of low cost, high sensitivity, and low limit of detection, fast response, direct analysis, and are portable.
Therefore, electrochemical methods have become more popular as an alternate method for the analysis of pharmaceutical and bio-
logical samples.

Moreover, several signal amplification strategies have been used in electrochemical assays to detect small amounts of target
molecules. One of the strategies to amplify the signal and increase the sensitivity is to modify the electrode surface with nanoparticles.
Today, magnetic nanoparticles have been used in the fields of separation, catalysis, and biosystems due to their small sizes, high
surface to volume ratio, effective and easy separation [13,14]. Magnetic nanoparticles enclosed by molecularly imprinted polymers
(MIPs) have the property of selectivity of MIPs in addition to the advantages of magnetic nanoparticles.

MIPs have received a great deal of attention and have been widely used as promising alternatives to bioreceptors in electrochemical
sensors [15-17]. MIPs can be synthesized by polymerizing monomers combined with the template (target molecule). In this process, a
mixture of functional monomers around a selected target as a template is polymerized, and after the formation of a polymer matrix, the
target molecule is released and the carved holes are created, which in terms of the size, molecular shape, and sequence of functional
groups are complement with the target molecule and are therefore able to selectively identify the target molecules. The main ad-
vantages of MIPs as synthetic receptors are their high selectivity to the target molecule, excellent chemical and thermal stability, their
reproducibility and cost-effective preparation [18-20]. The combination of MIPs with a sensor platform in electrochemical methods
represents a valuable approach to the development of sensitive sensing systems and is one of the most promising strategies for rapid
and selective monitoring of target molecules due to its inherent advantages such as molecular properties, and physicochemical stability
in harsh chemical environments. Here, we report the development of a core-shell Fe304@MIP-based electrochemical sensor by the
decoration of methacrylic acid-modified magnetic nanoparticles (core) with molecularly imprinted polymer (shell) for measuring Eze
for the first time. The aim of this work is to develop a simple, low-cost, fast, sensitive, and validated method for the determination of
Eze without complicated sample preparation or pre-concentration steps.

2. Experimental
2.1. Chemicals and reagents

Potassium hexacyanoferrate (III), potassium hexacyanoferrate (II), polyvinylpyrrolidone (PVP), oleic acid, ferrous chloride tet-
rahydrate (FeClp-4H20), ferric chloride hexahydrate (FeCls-6H20), benzoyl peroxide, ethylene glycol dimethacrylate (EGDMA), and
methacrylic acid (MAA) were purchased from Sigma Aldrich (Germany). Standard of Eze was kindly supplied by the Dr. Abidi
pharmaceutical laboratory Co (Iran).

2.2. Instrumentation

Screen-printed graphite electrodes (SPGEs, 3 mm diameter of working electrode) were obtained from Ecobioservices & Researches
(Italy). All voltametric and impedance (EIS) measurements were carried out using Autolab PGstut 30 analyzer controlled by GPES 4.9,
and FRA software (Netherlands). Morphology and properties of synthesized Fe3O4@MIP were characterized by scanning electron
microscopy (SEM) image, FT-IR spectra, and transmission electron microscopy (TEM) image, and the magnetic properties of the MIP
which were recorded using Mira 3-XMU FE-SEM (Czech Republic), Shimadzu instrument, TEM-PHILIPS-CM10HT100KV, Vibrating-
sample magnetometer-model 155- PAR instrument respectively.

2.3. Synthesis of Fe3s04@MIP

Fe304@MIP was synthesized in two steps:

First, magnetic iron oxide nanoparticles (MNPs) were synthesized through coprecipitation method. For this purpose, 34.6 mmol
FeCl3-6H20 and 17.3 mmol FeCl,-4H,0 were dissolved in 160 ml deionized water. Then 20 ml of ammonium hydroxide solution (25%
v/v) was added under the nitrogen atmosphere and 1200 rpm stirring speed at 80 °C. After 1 h the synthesized MNPs were separated by
a strong magnet.

In the second step, 1.5 mmol of Eze was dissolved in 10 ml methanol, and 4 mmol of methacrylic acid (MAA) was added and stirred
for 30 min (step a). Then, synthesized MNPs (1 g) were mixed with oleic acid (1 ml) and stirred for 15 min (step b). The mixture of the
step (a) and ethylene glycol dimethyl acrylate (25 mmol) was added to the mixture of step (b) and placed in an ultrasonic bath for 30
min. In the next step, 0.4 g of polyvinyl pyrrolidine (PVP) as a dispersant was stirred in 100 ml ethanol (80%) at 300 rpm under a
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nitrogen atmosphere. The mixture from second step, and 0.1 g of benzoyl peroxide (BPO) as a polymerization initiator were added to
the PVP flask. The reaction was carried out at 60 °C for 24 h. After polymerization, the resulting polymer was separated by a strong
magnet and washed with a solution of the mixture of methanol/acetic acid (80:20 v/v) under ultrasound, until complete removal of the
template molecule. The obtained Fe304@MIP were washed again with water and dried under vacuum. The magnetic non-imprinted
polymers (NIPs) were synthesized by the same method as Fe3O4@MIP in the absence of the template molecule [21].

2.4. Fabrication of Fes04@MIP based sensor for eze detection

As explained in the experimental part, first we synthesized Fe304@MIP as a selective synthetic capture probe for SPGE surface
modification. Then, different concentration (range of 1.0 nM-16 pM) of Eze was dropped (10 pL) onto the electrode surface (Fig. 1).
After each step, the modified electrode was thoroughly rinsed with doubly distilled water to remove unbound molecules. The
Fe304@MIP based sensor was then ready to analyze samples containing Eze.

3. Results and discussion
3.1. Structure and morphology analysis of FesO4@MIP

The synthesis of Fe304@MIP was verified by the FT-IR method. Fig. 2A shows the FT-IR spectra of (a) Fe30y4, (b) Fe304@MIP, and
() NIP. The peak at 571 cm ™! is related to the Fe-O bond of Fe30, particles which can be seen in all three spectra and shows the same
structure of the synthesized compounds. The peak at about 1200 cm™!, attributable to C-O symmetric and asymmetric stretching
bands, implied that ethylene glycol dimethacrylate had been loaded onto synthesized structures as cross-linker. The 1720 cm ™! bands
are arising from the carboxylic groups in MIP and NIP structures. Moreover, the peaks at about 2800-2900 cm ™! are ascribed to the
C-H asymmetry stretching vibrations. The absorption bands at 3450 cm ™! are associated with the O—H vibration. The similarity of the
MIP and NIP spectra showed that these polymers have a same structure. In addition, to verify the template removal process, we
compared the FT-IR spectra of Eze, Fe304@MIP with Eze, and Fe304@MIP without Eze in Fig. S1.

In the FT-IR spectrum of Eze (a) absorption peaks at 3247 c¢m ! (broad O-H stretch), 3009 cm ™! (aromatic C-H stretch), 2940 and
2861 cm™! (aliphatic C-H stretch), 1720 cm ! (C=0 of lactam), 1602 cm ! (ring skeletal vibration band), 1614, 1508 and 1465 em™!
(ring C=C stretch), 1457 and 1435 cm ™! (C-N stretch), 1350 cm ™! (in plane O-H bending), 1225 cm ™! (C-F stretch), 1116, 1104 and
1061 cm™! (C-O stretch) and 841 em ! (ring vibration due to para-disubstituted benzene) were observed. After entering the Eze into
the MIP, additional peaks appear in the FT-IR spectrum of MIP at 3009 cm ' and 1508 cm !, which are attributed to aromatic C-H
stretching and ring C—=C stretching of Eze (b) respectively, while they eliminated in MIP- ezetimibe spectrum by removing of Eze (c).

The morphology and particle size of the synthesized Fe304@MIP were investigated by SEM and TEM. The SEM image (Fig. 2B)
shows that the resulting Fe304@MIP is porous and has small pores. The polymer adsorption capacity and mass transfer are improved in
the presence of these cavities for selective bonding with the analyte. TEM image in Fig. 2C shows Fe304@MIP spherical shape with
particle size about 30 nm. Fig. S2 shows the magnetization curve of synthesized Fe304@MIP. The magnetic saturation value of
Fe304@MIP is around 9.2 emu g~ ! indicating that Fe304,@MIP shows superparamagnetic behavior.

3.2. Electrochemical characterization

For the characterization of the Fes04@MIP modified electrode, the electrochemical cyclic voltammetry (CV) and impedance
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Fig. 1. Schematic illustration of the fabrication of the Fe304@MIP sensor for Eze detection.
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Fig. 2. Characterization of sensing interface. (A) FT-IR spectra of (a) Fe3O4 nanoparticles, (b) Fe304@MIP, and (c) NIP. (B) SEM images of
Fe304@MIP, (C) TEM image of MIP.

spectroscopy (EIS, the frequency ranged from 100 kHz to 0.1 Hz at open circuit potential) behaviors of 0.01 M Fe (CN)¢ /> redox
couple were investigated during the modification steps. As shown in Fig. 3A, Fe (CN)¢ /% redox peak currents of Fe;04@MIP modified
electrode (curve b) are increased (80 pA) with a with a decrease in AEp (0.04 V), compare to the bare SPGE (curve a) (50 pA, AEp =
0.27 V) and also in Fig. 3B, when the electrode was modified with Fe3O4@MIP, the diameter of the semicircle diminished (curve b)
relative to the bare SPGE (curve a). This is due to the high surface area, the porosity of Fes04@MIP, and high-electron transfer
capability which caused an enhancement in the redox peak intensity. The effective surface area of Fe304@MIP/SPGE was calculated as
0.18 cm? using Cottrell equation (chronoamperometry method) which is significantly larger than the bare SPGE (0.07 cm?) [21]. After
incubation of Eze (0.06 pM) with Fe;04@MIP/SPGE, the peak current significantly decreased to 57 pA (Fig. 3 A, curve c) and R
increased (Fig. 3 B, curve c) because the imprinted cavities are occupied with the target molecules so the accessibility of the redox

A b B
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Fig. 3. (A) Cyclic voltammetry (CV), and (B) Nyquist plots of (a) bare SPGE, (b) Fe304@MIP/SPGE, (c) Eze/Fe304@MIP/SPGE in 0.01 M [Fe
(CN)6]>~’* containing 0.1 KCL.
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probe to the electrode surface decreased, thus leading to a decrease in electrical conductivity.

3.3. Detection feasibility and optimization of eze sensor

In order to prove the detection feasibility of Fe304@MIP/SPGE sensor, the differential pulse voltammetry (DPV) method was used
to measure oxidation signal of Eze after 8 min of incubation (4 pM) on the surface of bare SPGE (a), NIP/SPGE (b), Fe304@MIP/SPGE
and (c). As shown in Fig. 4, a negligible redox peak current was observed at NIP/SPGE (curve b). After incubation of MIP/SPGE with
1.0 uM Eze, an oxidation peak was observed at 0.51 V in 0.1 M PBS (pH 7.0) (curve c), indicating that Eze was successfully detected by
MIP. The affection of Eze incubation time on the fabricated sensor was investigated by the differential pulse voltammetry (DPV) with
the potential range from 0.25 to 0.75 V in 0.1 M PBS (pH 7.0). The DPV results indicated that the 8 min incubation time caused to
capture more Eze on the Fe304@MIP/SPGE surface (Fig. S3) and further incubation time did not significantly influence the variation.

3.4. Sensitivity of the proposed sensor and determination of eze in human serum sample

To assess the sensitivity of Fe304@MIP/SPGE to Eze, we investigate the effect of Eze concentration on DPV response of the
fabricated sensor in 0.1 M PBS (pH 7.0). As the concentration of Eze increased, the DPV current at 0.51 V increased gradually (Fig. 5),
due to the increase in the number of imprinted holes filled by the Eze. A linear relationship was achieved from 1.0 nM to 10 pM with a
limit of detection of 0.7 nM which is superior to previously reported methods for determination of Eze (Table 1). Moreover, another
important parameter used to describe the analytical performance of the MIP-based sensors is the imprinting factor, which indicates the
detection performance of the fabricated sensor. The imprinting factor, calculated from the slope ratio of calibration plots obtained for
both MIP and NIP-modified electrodes [22] (Fig. S4) is equal to 20, thus confirming successful imprinting. The higher DPV current at
MIP/SPGE compared to NIP/SPGE, is due to the successfully created specific binding sites leading to selective binding to EZe
molecules.

In order to prove the capability of the sensor to measure the Eze in the real sample matrix, known concentrations of Eze were added
to the healthy human serum (50% diluted, provided by sigma Aldrich). Analysis and recovery experiments were carried out using our
proposed Fe304@MIP- based sensor, and the results are shown in Table S1. The results showed satisfactory recovery in the range of
101-114% with RSDs (relative standard deviations) of less than 1.5% for Eze determination.

3.5. Selectivity, reproducibility and stability of the sensor

To investigate the selectivity of the Fe3O4@MIP/SPGE electrochemical sensor, studies were carried out with atorvastatin and
simvastatin as two medicines structurally related to lipid reducing. As shown in Fig. 6, at the equal concentration of each analyte (4
pM), the decrease of the peak current of atorvastatin (Atr), and simvastatin (Sim) is more evident compared to Eze. The results in Fig. 6
shows that the nonspecific interactions of the Fe304@MIP- based sensor with other analytes are very low (0.005-0.008 pA) compared
to Eze (The Eze signal intensity is approximately 12 times that of others). The response of the NIP-based sensor was obviously low
compared to all analytes which is mainly due to the non-specific compound adsorption on the polymer surface. It is clear that the
detection specificity of the Fe304@MIP/SPGE sensor to Eze was significantly higher than the rest which can be ascribed to the three-
dimensional created cavities in the Fe304@MIP, which are complementary and well matched to the molecular shape and direction of
functional groups of Eze.
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Fig. 4. DPV signals of (a) bare SPGE, (b) NIP/SPGE, and (c) Fe30,@MIP/SPGE after incubation for 8 min with 1.0 pM Eze in 0.1 M PBS (pH 7.0).
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Fig. 5. (A) DPV signal response toward various concentrations of Eze: (a) 0.001, (b) 0.004, (c) 0.007, (d) 0.01, (e) 0.02, (f) 0.06, (g) 0.1, (h) 0.4, (i)
0.7, (1.0, (k) 4.0, (1) 7.0, and (m) 10 pM in 0.1 M PBS (pH 7.0). (B) Linear relationship between DPV signal changes and the Eze (uM)
concentrations.

Table 1

Comparative analysis of different methods for Eze detection.
Detection method Linear range (mol L) Limit of detection (mol L™1) Ref.
DPV 2.0 x1077-1.0 x 107° 5.0 x 1078 [23]
AdSV* 8.0x10%-1.4x10°° 2.8 x 1078 [24]
LC-MS/MS" 1.0 x 107897 x 1078 1.0 x 1078 [25]
HPLC® 1.0 x107°-1.0 x 107* [26]
AdSV 4.0 x107-7.6 x 107 1.5 x 1077 [271
GC-MS* 3.7 x 1078-6.0 x 1077 2.0 x 1078 [28]
DPV 1.0 x 107°-10 x 10°° 1.0 x 107° This work

2 Adsorptive stripping voltammetry.

Y Liquid chromatography-tandem mass spectrometry.
¢ High-performance liquid chromatography.

4 Gas chromatography-mass spectrometry.

The reproducibility of developed method was evaluated to detect 0.7 pM Eze on 8 prepared Fe3O4@MIP/SPGE sensor. The RSD of
1.7% was obtained, reflecting a good sensor-to-sensor reproducibility. To investigate the stability of the sensor a series of 21
Fe304@MIP/SPGE sensors was fabricated and once every two weeks the prepared sensors were tested by incubating with 0.7 pM Eze.
After 10 weeks, it was observed that the as-prepared sensors lost about 6% of initial current, indicating the prepared sensor have
excellent long-term stability (Fig. S5).

4. Conclusion

In this study, an electrochemical sensor-based core-shell Fe304@MIP structure was developed for selective detection of Eze. The
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Fig. 6. Selectivity investigation of the prepared sensor to Eze by comparing it with Atorvastatin, and Simvastatin in PBS (0.1 M, pH 7.0).

magnetic nanoparticles were used to improve the effective surface area and sensitivity of the fabricated sensor. Engraved cavities in the
polymer provide specific sites for selective detection of Eze via hydrogen bonds. CV, EIS, and DPV techniques have been used for
monitoring the interaction between the Fe304@MIP and Eze. According to the calibration curve of the sensor, it presented a good
linear relationship with Eze concentrations in the range of 1.0 nM-10 pM, which was much better than that in most of the detecting
methods. In addition, the prepared sensor when applied to detect different concentrations of spiked Eze in human healthy serum
samples showed satisfying recovery. The fabricated sensor displayed many attractive features: very easy preparation, simplicity,
rapidity, cheapness, high selectivity, and sensitivity in detecting Eze with low detection limit. Future research should focus on the
development of MIP-based sensors suitable for being tested in undiluted biological environments. Also, device portability needs to be
investigated, where optimal portability is often equipped with miniaturized electrodes and a hand-held analyzer for data processing.
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