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In this report, calcitonin (CT) was sensitively and selectively detected using a novel route in which a
CT-imprinted polymer was synthesized on the surface of TiO, NPs using a surface molecular
imprinting strategy. The sensor derived from the above polymer was capable of detecting slight
variations in the human body CT concentration. For clinical analysis, this kind of sensor has potential
to provide a reliable, disposable, renewable and cost-effective approach that avoids the matrix effect
and cross-reactivity from real specimens.
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1. INTRODUCTION

Medullary thyroid carcinomas (MTCs), generated from the parafollicular cells of the thyroid
that secrete calcitonin (CT), are rare, representing 4-10% of all malignant thyroid neoplasms [1].
Approximately 25% of MTCs are familial forms that can be detected through molecular screening for
mutations in the rearranged during transfection protooncogene [2], while most forms are sporadic [3].
Due to the frequent involvement of lymph nodes or distant metastases at the point of diagnosis (even in
the case of a rather small primary tumor), an undesirable prognosis is always seen [4-7]. To improve
the MTC-related morbidity and mortality, early diagnosis and radical surgical treatment are of vital
significance.
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Based on reported results, both MTC and C cell hyperplasia (CCH) (a preneoplastic lesion in
the familial forms of MTC [8]) can be detected at an earlier stage through the routine measurement of
the serum CT level in patients with thyroid nodules. However, there is no evidence that the sporadic
forms of CCH undergo a malignant transformation. Although this sort of screening has been evaluated
in several studies [9-12], controversy still exists [13-16]. Additionally, considering the current problem
of the cost-effectiveness of the method, the American Thyroid Association has not proposed a
recommendation in terms of this practice. According to this association, confirmatory testing after
stimulation with pentagastrin (PG), which is not available in the USA markets, could enhance the
specificity of CT screening in a majority of measurements [17]. However, the European Thyroid
Association recently reported a recommendation for serum CT measurement in the initial diagnostic
assessment of thyroid nodules [18] without providing suggestions in terms of the measurement routes,
result interpretation, and application of stimulation testing.

CT determination can be applied to the biomarking of medullary thyroid carcinoma (MTC),
osteoporosis and malignant tumors [19]. Based on the table reported by Costante and co-workers in
January 2009, the normal range of CT in the body is below 10 ng/L. C-cell hyperplasia may occur at a
concentration range of 100 and 500 ng/L, and medullary thyroid carcinoma (MTC) is possible at a
concentration above 500 ng/L. In addition, the established presence of MTC in the body was suggested
to have a concentration of over 1000 ng/L [20]. Several approaches to CT determination have been
reported, including radioimmunoassay [21], enzyme-linked immunosorbent assay [22], high-
performance liquid chromatography (HPLC) [23], time-resolved fluoroimmunoassay [24], two-site
immunofluorometric assay [25] and room temperature phosphorescence immunoassay [26]. However,
the above routes suffer certain drawbacks, such as the harm of the radioactive contamination in the
radioimmunoassay to human health. In addition, other immunoassay strategies involve time-
consuming determination processes or complex manipulation. Hence, it remains necessary to develop
a facile, sensitive and cost-effective route to the clinical determination of CT.

Since electrochemical strategies are highly simple, sensitive, time-saving, and cost-effective,
they have gained extensive attention in the field of sensitive detection of cancer markers in biological
fluids, although these strategies are less selective [27]. Molecular recognition elements could be used
in electrochemical strategies to improve the poor selectivity, and among these elements, molecularly
imprinted polymers (MIPs) is one of the most common methods applied to electrochemical strategies
based on previous reports [28, 29]. MIPs consist of a polymer network generated from monomer
molecules with a cross-linker around a target molecule, and after the extraction of the target molecule,
a cavity is left that is specific to the shape and size of the template molecule. Small molecule-oriented
MIPs are common and can be easily synthesized. Considering the solubility factor, size, and structural
complexity, the imprinting of large molecules such as proteins and other biomolecules remains
difficult [30]. The water-soluble property of most proteins constitute a main problem during the
fabrication of an MIP in organic solvent, leading to a decreased binding capacity and site accessibility
in the 3D polymer matrix [31]. Different techniques have been reported for the successful imprinting
of proteins to solve the above problems, including surface imprinting [32], an epitope approach [33]
and the use of low cross-linking density hydrogels [34]. Generally, the imprinted sites are placed on
the material surface or adjacent to the surface through surface imprinting. The entrapment of a protein
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template can be limited in cross-linked polymers. Surface imprinting of nanosized spheres can not only
be used as a proper template of proteins and other bulky structures but can also support materials with
large specific surface areas. On the other hand, nanostructured materials possess distinct and varying
magnetic, mechanical, optical, and electrical features and provide a higher ratio of surface to volume
than micro-sized particles [35].

In this work, a CT-imprinted polymer was prepared using TiO, as a platform. This was
followed by coating the monomer-decorated TiO,, cross-linker, reducing agent, catalyst, initiator, and
template on a vinyl group-decorated pencil graphite electrode (PGE). In either blood specimens or
aqueous media, our developed sensor was highly selective and sensitive to the detection of CT
molecules. Furthermore, the as-prepared sensor is applicable to the low-cost and rapid diagnosis of
bone cancer through the accurate monitoring of CT concentration.

2. EXPERIMENTS

2.1. Chemicals

Human CT, thionyl chloride, L-tyrosine, ascorbic acid, copper(ll) chloride (CuCly), 2,2'-
bipyridyl, triethoxy vinyl silane, ethylene glycol dimethacrylate, titanium butoxide, and other
interference agents, including globulin, albumin, citric acid, insulin, proinsulin C-peptide, porcine CT,
and salmon CT, were commercially available from Sigma-Aldrich. All other reagents were of
analytical grade and used without additional purification. A mixture of K;HPO4and KH,PO, (0.1 M)
was adjusted to the proper pH and used as phosphate buffer solution (PBS). Milli-Q water (18.2 MQ
cm) was used throughout the experiments.

2.2. Instruments

A CHI 660C workstation equipped with a triple-electrode geometry was used for all
electrochemical determinations, with MIP-decorated PGE as the working electrode, Ag/AgCI (3.0 M
KCI) as the reference electrode, and a platinum wire as the counter electrode. Fourier transform
infrared spectrometers from Varian were used to perform the IR experiments to characterize the
binding. A Quanta chrome Nova 3200e surface area and pore size analyzer was used for the nitrogen
adsorption investigation. All measurements were performed at ambient temperature (25 = 1 °C). CuKa
radiation was applied to a Bruker D8 Advance instrument for the powder X-ray diffraction (XRD)
investigation.

2.3. Synthesis of the TiO,-modified 2-acryloylamino-3-(4-hydroxy-phenyl)-propionic acid monomer

A simple hydrothermal route proposed by Lui and co-workers [36] with minimal modification
was used for the preparation of TiO, NPs. A mixture of acetic acid (20 mL) and titanium butoxide (2
mL) was stirred for 30 min before being delivered to a Teflon-lined stainless-steel autoclave (50 mL),
heated to 150 °C in an oven for 10 h, and natural cooled to ambient temperature. Afterwards, the
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mixture was centrifuged, with the sediment collected and washed. Finally, TiO, NPs were obtained
after heating to 500°C.

The monomer was synthesized by dissolving 3.62 g of 4-hydroxy-phenyl-propionic acid into
aqueous NaOH (1 M, 10 mL) under 10 min stirring, which was cooled in ice water. This dissolution
step was followed by slow addition of acryloyl chloride (0.5 M, 0.8 mL) under 60 min of stirring at
40 °C. The pH was kept at 2.0 throughout. The compound obtained after the reaction was terminated
was extracted using ethyl acetate and dried to give a yield of 87%.

The surface of TiO, was functionalized by covalently attaching the obtained monomer.
Specifically, a dispersion of distilled water (20 mL) and 0.1 g of TiO, was introduced into a mixture of
water (10 mL) and 0.1 g of 2-acryloylamino-3-(4-hydroxy-phenyl)-propionic acid monomer and
refluxed for 60 min at 60—70 °C. The solution pH was kept at 4 to 5 throughout the reaction. The final
product obtained after the reaction was washed using water and dried at ambient temperature.

2.4. Fabrication of the calcitonin-imprinted TiO,-modified PGE

The electrode was prepared after the pretreatment of pencil graphite lead with nitric acid
(6.0 M) for 15 min and washing with water. This pretreatment step was followed by cleaning the
surface of the lead by it rubbing with cotton and drying at ambient temperature. The PGE was prepared
by housing the 5-mm-long pencil lead (diameter, 0.5 mm) in a micropipette tip. In addition, a metallic
wire was wrapped around one end of the lead, with the other end free for additional modification, to
achieve electrical contact. The modification of the electrode began with the generation of double bonds
on the PGE surface along with the synthesis of the MIP, followed by decoration of the electrode with
hydrolyzed vinyl silane. Silane was hydrolyzed by mixing triethoxy vinyl silane (1 mL) with ethanol
(1 mL) and water (0.5 mL) and then adding 2—-3 drops of HCI under 30 min of stirring. This was
followed by dipping the as-prepared electrode in a specimen vial that contained the hydrolyzed vinyl
silane for 10 to 15 min and drying at ambient temperature.

2.5. Electrochemical determination

An electrochemical cell was used throughout the voltammetric investigations. Prior to
measurement, the accumulation of analyte was performed under the following optimal parameters:
accumulation time, 1 min; accumulation potential, —0.5 V (vs. Ag/AgCl), and 15 s equilibration.
Afterwards, DPSV profiles were plotted using the following the parameters: scan rate, 0.01 V/s; pulse
width, 50 ms; pulse amplitude, 25 mV; and potential range, —0.3 V to —1.2 V (vs. Ag/AgCl). We also
recorded the CVs within the potential window range of +1.5 to —2.0 V (vs. Ag/AgCl) with varying the
scan rate.

3. RESULTS AND DISCUSSION

The obtained TiO, nanostructures were characterized via the XRD profiles shown in Fig. 1A.
Broad peaks at 68.88°, 67.89°, 66.32°, 62.77°, 56.56°, 47.53°, 36.21°, 34.48°, and 31.61° were
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observed, and these peaks were consistent with those of the standard JCPDS file for TiO,. For the
measurement of the UV-vis absorption spectrum, the specimen was dispersed in double-distilled water
as a reference. As shown in the UV-vis spectrum in Fig. 1B, an insignificant but discernable peak was
observed in the UV domain due to the excitonic absorption peak of ZnO.
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Figure 1. (A) XRD pattern and (B) UV-vis spectrum of the TiO, NPs.
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Figure 2. (A) CV and (B) differential pulse stripping voltammetric (DPSV) measurement of the
original and TiO, NP-decorated PGE using KsFe(CN)g (5.0 mM).

The electrocatalytic performance of the TiO, NPs was investigated in a pH 8.0 KCI solution
that contained KsFe(CN)s (5.0 mM) as an electrochemical probe. An oxidation peak and a reduction
peak were observed at +0.35V and +0.18 V, respectively, in the cyclic voltammogram (CV) of
K3Fe(CN)g using the original PGE (Fig. 2A). Upon the immobilization of TiO, NPs on the electrode, a
fourfold increase in the peak current was observed, since the nanoparticles coating promoted an
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increase in the effective working electrode surface area. As shown in Fig. 2B, the DPSV measurement
provided similar results, confirming the enhancement of the electrocatalytic activity by the deposition
of TiO, NPs on the PGE surface. This result confirms the dual behavior of the TiO, NPs of increasing
the imprinting efficiency and the enhancing the electrochemical properties [37, 38].

A series of electrodes, including the original PGE, silica-decorated PGE, TiO, NP-decorated
PGE, MIP-decorated PGE, and MIP/TiO, NP-decorated PGE, were used in electrochemical
measurements to investigate the role of the TiO, NPs in the calcitonin estimation. Table 1 displays the
corresponding results. Compared with the original PGE and the silica-modified PGE, the TiO, NP-
decorated PGE exhibited a more desirable current response, indicating the corresponding
electrochemical role. However, the MIP/TiO, NP-decorated PGE showed the highest current response,
as shown in Fig. 3A. The kinetic and electrochemical factors of the calcitonin molecule were
determined by carrying out CV investigations within the potential range of +1.5 to —2.0 V (scan rate
0.01-0.5 V/s). Fig. 3B shows that a single reduction peak at —0.6 Vs was observed when the scan rate
was low, indicating that the calcitonin molecule reduction as irreversible. Nevertheless, an oxidation
peak at +0.3 VV was observed in the reverse scan when the scan rate was increased, which indicated that
this process was quasi-reversible. According to the literature, the cathodic peak is attributed to the
reduction of the disulfide bond present in the protein molecule to free thiol groups [39]. At a low scan
rate, the —S—S— bond is reduced to a free thiol group and the 3D structure of the protein is
destroyed, but at a higher scan rate, there is not enough time for the structural degradation of the
protein molecule, and the reaction can then be reversed upon scanning in the opposite direction [40].
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Figure 3. (A) CV scans of the PGEs decorated with imprinted polymer (before and after adding TiO,
NPs). (B) CV scans collected at a scan rate of 0.01 - 0.5 V/s.

For the chronocoulometry (CC) investigation, the charge was plotted vs. the time response to
an applied potential step waveform. The Q-t curves obtained for the blank background solution and
calcitonin using the NIP-coated PGE, the original PGE, and the MIP-decorated PGE are compared in
Fig. 4A. For the blank solution, the CC response could be neglected since the charge is the integration
of the current. The MIP-decorated electrode exhibited the highest CC response to calcitonin. The
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number of cavities on the surface of the electrode was determined to be 1.72 x 10 for the case of a
single template molecule binding to one MIP cavity.

Table 1. Comparative study of a series of decorated electrodes and the original electrode in the
detection of calcitonin.

Name of electrode Current in CV (mA) Current in DPSV (UA)
Bare PGE 0.14 10.13
Silica coated PGE 0.12 8.22
TiO, NPs coated PGE 0.18 15.05
Imprinted PGE without TiO, NPs 0.63 13.14
Imprinted PGE with TiO, NPs 1.08 34.47

Electrochemical impedance spectroscopy (EIS) is a powerful tool for studying the interfacial
properties of surface-modified electrodes and the electron transfer resistance at the electrode surface
[41-43]. The semicircle diameter in the impedance spectrum (presented in the form of a Nyquist plot)
equals the charge transfer resistance, Rct, which is related to the charge transfer kinetics of the redox
probe on the electrode surface. The electrochemical impedance spectra of the original PGE, the MIP-
decorated PGE, the MIP-decorated PGE with calcitonin rebound and the non-imprinted polymer
(NIP)-decorated PGE are shown in Fig. 4B. The original PGE showed a charge transfer resistance (Rc)
of 4.6 kQ, which is comparable to that of the imprinted sensor (4.9 kQ). Nevertheless, after
60.0 ug L™ of the template molecule was bound, an increase in the resistance was observed. It can be
seen that the MIP-decorated PGE and the MIP-decorated PGE after template rebinding showed
different R values, which was due to the selective rebinding of the template on the MIP membrane,
further leading to blockage of the available cavities as well as a lowered charge transfer, viz., a
higher R value. On the other hand, the resistance of the non-imprinted sensor was found to be much
higher. This high resistance indicates that the polymer membrane does not have available recognition
sites and is probably not a good conductive surface for electrochemical processes [44, 45].
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Figure 4. (A) Chronocoulometry scans (Q-t curves) before and after addition of calcitonin to the
solution using the NIP-coated PGE, the original PGE and the MIP-decorated PGE. (D) Nyquist
diagrams of CT using the original PGE, the MIP-decorated PGE, the MIP-decorated PEG with
CT rebound and the non-imprinted polymer (NIP)-decorated PGE.
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The pH of the supporting electrolyte was optimized by placing the MIP-decorated electrode
into an electrochemical cell that contained 60.0 pug/L CT, and 10 mL phosphate buffer with different
pH values (2.0 to 12.0) and recording the DPSV measurement. As the pH increased, an increase in the
DPSV current was observed, which then reached its maximal value when the pH was 12. Compared
with the traditional CV measurements, DPSV was more sensitive towards the quantitative detection of
CT. The DPSV measurements of CT at varying concentrations are shown in Fig. 5. As the CT
concentration increased, an increase in the peak current was observed, indicating the increased number
of binding sites in the film that were occupied by the template molecule. For the calibration curve, the
concentration of CT (10 ng/L to 900 pg/L) using the MIP electrode under the optimum conditions was
found to be linearly related to the DPSV peak current for the reduction of CT. After three repeated
analyses, the limit of detection (LOD) was calculated to be as low as 3.5 ng/L, which suggested that
our developed sensor was highly sensitive.
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Figure 5. (A) DPSV response to CT using the MIP-decorated PGE with increasing CT concentration
from 0 to 900 ng/L. (B) DPSV response to CT from 25 to 100 pg/L with an accumulation time
of 60 s and an accumulation potential of —0.5 V in a phosphate buffer solution (pH 12). (C, D)
Calibration curves of the concentrations against the currents in (A, B).
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Table 2 shows the comparison in the detection of CT using our developed route and other
previously reported routes. In this comparison, our proposed route showed a lower LOD and a more
desirable dynamic linear range. We also compared the detection of CT by the as-prepared sensor and
the commercially available ELISA Kit.

Table 2. Comparison of the proposed work with some other reported commercial and research
methods for CT determination.

Method Linear Range LOD Ref
ELISA kit 12.35-1000 ng/L 4.58 ng/L Product
Biovendor ELISA kit 10-400 ng/L 0.7 ng/L Product
Alpco ELISA kit 10-1000 ng/L 1.0 ng/L [39]
HPLC with electrochemical 0.5-20 ng 0.1ng [46]
SSRTPIA 0.04-4.0 fg/spot 2ngL*t [26]
HPLC 3-30 mg/L 05mgL™ [47]
IMFM assay 0.3-300 pM 0.15 pM [25]
Proposed sensor 10 ng/L-8mg/L 3.5 ng/L This work

4. CONCLUSIONS

To detect an ultra-trace-level biomarker, an electrochemical sensor was prepared based on a
new medullary thyroid carcinoma marker-imprinted polymer that was synthesized on the surface of
TiO, NPs. CT at trace levels was successfully detected using the polymer molecularly imprinted with
the CT molecule. This report also investigated the electrochemical performance of a sensor derived
from the polymer in the detection of the CT molecule. Our proposed sensor was highly reproducible
and had a desirable LOD, confirming that this sensor could be successfully applied to CT
determination in real samples.
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