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Despite great technological advancements, the rapid, on-the-spot identification of gutter oils continues
to be a great challenge. In this study, capsaicin is chosen as a biochemical marker of gutter oil, and an
electrochemical sensor of this marker is developed based on multi-walled carbon nanotubes/molecularly
imprinted polymers (MWCNTs-MIP). The MIP-modification of MWCNTs is achieved using 4-
vinylpyridine as a functional monomer and capsaicin as a template. The electrochemical behavior of the
prepared sensor is evaluated by differential pulse voltammetry, and the optimal conditions are
determined. The results show a significantly linear response of the sensor towards capsaicin in the range
0f 0.05 x 10 -1 x 10 mol L*!, with a limit of detection (LOD) of about 0.02 umol L™!. The sensor also
exhibits excellent selectivity, repeatability, and stability in real sample detection.
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1. INTRODUCTION

Food safety is closely related to public health. As such, it has always been an issue of global
concern. For example, gutter oil, a cooking oil commonly used in restaurants, is significantly harmful to
the human body due to high contents of carcinogenic and toxic substances such as cholesterol, trans-
fatty acids, heavy metals, condiments, dioxins, and bacteria. Nevertheless, used gutter oil is often refined
and sold on the market as an edible oil [1, 2]. Consumers can usually rely on the distinctive properties
of smell and color to identify gutter oils in the market (intuitionistic judgment method). However,
advances in reprocessing technology have enabled the improvement of gutter oil color and smell such
that it can no longer be distinguished from edible oil based on these properties [3]. Other methods of
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gutter oil identification are based on the detection of marker compounds, such as acetic acid, 3-butene
nitrile, zingiberene, anethole, allyl isothiocyanate, trans-fatty acids, triacylglycerols, cholesterol,
antioxidants, and furan, in the oil residues [4-12]. Still, treatment processes, including neutralization,
washing, drying, bleaching, filtering, and deodorizing can decrease the concentrations of these markers
to very low levels, thereby impeding detection [13]. As such, highly sensitive analytical techniques, such
as chromatography, chromatography coupled with mass spectrometry (MS), and magnetic resonance
spectroscopy have been applied in the analysis of gutter oil [4-9]. Despite the advantages of these
techniques, they cannot be used in field testing due to certain limitations, such as tedious sample
processing, the need for professionals, and high detection costs. Therefore, the effective identification
of gutter oil requires both a portable detection method and the selection of an appropriate marker.

Capsaicin (CAPS), one of the major active ingredients in hot pepper, is a component of gutter oil
residues. Owing to its lipophilicity and high boiling point, capsaicin cannot be easily eliminated by oil
refinement, and thus, it is a suitable marker for the identification of gutter oils [3]. Electrochemical
techniques based on direct-electron-transfer-shuttle-free detection have long been used for the analysis
of capsaicin [14]. Various kinds of electrodes, including multi-walled carbon nanotube modified basal
plane pyrolytic graphite (MWCNT-BPPGE), multi-walled carbon nanotube screen-printed (MWCNT-
SPE), and amino-functionalized mesoporous silica-modified carbon paste (NH2-FMS/CPE) electrodes,
have shown great efficiency in detecting this compound due to their remarkable sensitivity, repeatability,
and stability [ 15, 16]. Unfortunately, the application of these electrodes is limited by low selectivity, high
costs, and the complexity of the material reprocessing steps. The PAL enzyme/Nafion/MWCNTs/Pt-E
electrode has excellent selectivity and good sensitivity towards capsaicin [17], but it is relatively unstable
due to the degradation of the enzyme under particular conditions of temperature and pressure [14].

Molecularly imprinted polymers (MIPs), also referred to as synthetic antibodies, are widely used
in the artificial recognition of template molecules. The recognition mechanism of these materials is
similar to that of some natural biomolecular adsorption systems, such as the antibody/antigen,
receptor/ligand, and enzyme/substrate systems, that can mimic biological receptors [18, 19].Like these
systems, MIPs possess specific analyte-binding abilities. Moreover, they are chemically and thermally
stable, durable, and highly selective. Therefore, MIPs have great potential for use in electrochemical
Sensors.

In this work, molecularly imprinted polymers were synthesized over the surface of multi-walled
carbon nanotubes using capsaicin as template and 4-vinylpyridine as monomer. The synthesized
MWCNT-MIP was coated on a glassy carbon electrode (GCE) and used to determine capsaicin
concentrations in gutter oil samples. The results demonstrate that the MWCNT-MIP-based electrode
exhibits remarkable specificity and sensitivity, and thus, it can be applied in the identification of gutter
oils.

2. EXPERIMENTAL

2.1. Apparatus and reagents

MWCNTs (internal diameter 3—5 nm, outer diameter 8—15 nm, length ~50 um, and purity > 95%),
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allylamine, p-aminophenol, 2,2-azoisobutyronitrile (AIBN), and CAPS were purchased from Sigma
Aldrich (Shanghai, China). Commercial ehyleneglycol dimethacrylate (EGDMA) and 4-vinyl pyridine
(4-VP) products were also bought from Sigma Aldrich, but they were distilled under reduced pressure
to remove inhibitors before use. Thionyl chloride (SOCI,), tetrahydrofuran (THF), dimethylformamide
(DMF), and acetic acid (HAc) were obtained from Aldrich, and Britton-Robinson buffer solution was
prepared with H3PO4, HAc, and H3BOs3, purchased from Aldrich as well.

The electrochemical data was acquired using a three-electrode CHI660E workstation (ChenHua
Instruments, Shanghai, China) comprised of an MWCNTs-NIP or MWCNTs-MIP GCE working
electrode, a platinum counter electrode, and a saturated Ag/AgCl reference electrode. The surface
morphology of the MIPs was analyzed by scanning electron microscopy (SEM), and functional group
analysis was performed using Fourier transform infrared spectroscopy (FTIR). High performance liquid
chromatography (HPLC) data was acquired using an Acquity UPLC system (Waters Corp Milford, MA,
USA) equipped with a binary pump and a Xevo TQ MS mass spectrometer (Waters Corp).
Chromatographic separation was achieved on an Acquity UPLC BEH C18 column (100 mm x 2.1 mm
x 1.8 um) using gradient elution. The injection volume and flow rate were set to 20 pLL and 0.3 mL min
!, respectively, and the mobile phase consisted of water:formic acid (100:0.1 v/v, solvent A) and

acetonitrile:formic acid (100:0.1 v/v, solvent B).

2.2. Modification of MWCNTs

Five hundred milligrams of MWCNTs was oxidized with 60 mL H>SO4 and HNO; (molar ratio
= 3:1) at 80 °C for 6 h. Then, the obtained the mixture was diluted and washed several times with
deionized water until the pH value reached 7. The carboxylic-acid-functionalized MWCNT product was
obtained by centrifugation, followed by vacuum drying at 60 °C. Subsequently, 400 mg of this product
was dispersed in 60 mL SOCl,, and 1 mL DMF was added dropwise. The mixture was stirred for 24 h
at 60 °C, then the residual SOCl> was removed by reduced pressure distillation at 20 °C, as well as by
reaction with NaOH solution. Thereafter, 200 mg of the obtained MWCNTs-COCI was mixed with 30
mL THF by ultra-sonication for 30 min[20], followed by the dropwise addition of allylamine solution in
DMF (20 mL allylamine dissolved in 10 mL DMF). The mixture was continuously stirred at 60 °C for
24 h, and the resulting product (MWCNTs-CH=CH>) was finally collected by centrifugation.

2.3. Synthesis of the MWCNTs-MIP-template adduct

The MWCNTs-MIP material was prepared by precipitation polymerization, as per the method
detailed below. First, 0.1 mmol of the CAPs template were dispersed in 20 mL trichloromethane and
acetonitrile (1:3 v/v), along with 0.4 mmol of the 4-VP monomer and 60 mg of MWCNTs-CH=CH2.
Afterwards, EGDMA (2.0 mmol) and AIBN (60 mg) were added, and the mixture was homogenized by
sonication for 10 min [21]. Before polymerization, the solution was degassed using a flow of high purity
nitrogen. Finally, the polymerization reaction was carried out in a 60 °C oil bath for 24 h. The polymeric
particulates were separated from the mixture by centrifugation then washed with methanol/acetic acid



Int. J. Electrochem. Sci., Vol. 15, 2020 8440

(9:1 v/v) using a Soxhlet apparatus until no template was detected by HPLC. Subsequently, the
particulates were dried under vacuum at 60 °C to obtain the final solid product. The non-imprinted
polymers (MWCNT-NIP) were prepared using the same procedure, but in the absence of the template.
the polymerization reaction was carried out in a 60 °C oil bath for 24 h.

2.4. Fabrication of the sensor

Two milligrams of MWCNT-MIP was dispersed in 1 mL chitosan solution (1%) by ultra-
sonication for 1 h. Before modification, GCE was polished using 1.0 and 0.05 um alumina slurry, then
it was rinsed thoroughly with ultrapure water. Afterwards, 5 uL. of MWCNTs-MIP was dropped on the
surface of the pretreated GCE electrode and dried at room temperature. The MWCNTs-NIP and
MWCNTs-MIP modified GCE electrodes were prepared in the same way. The modified electrodes were
immersed in an HOAc/ethanol mixture (9:1 v/v) for 10 min to extract the template.

2.5. Real sample analysis

Gutter oil samples were supplied by Chongqing Public Security Bureau. Five grams of each
sample were transferred to a 10 mL polypropylene-capped centrifuge tube containing 5 mL methanol.
The mixture was vortexed for 10 min and centrifuged at 2000 rpm and 4 °C for another 10 min. The
upper layer was transferred and filtered through an organic membrane (0.45 p m)[3], and then it was
stored at 4 °C for subsequent electrochemical analysis.

3. RESULTS AND DISCUSSION

3.1. Preparation and characterization of MIP

MWCNT-COOH MWCNT-COCI
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Scheme 1. Schematic representation of the MWCNT-MIP preparation procedure.
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As shown in Scheme 1, MWCNTs-MIP synthesis is initiated by reacting 3-aminopropene-
modified MWCNTs with CAPS and the 4-vinyl pyridine monomer to form a self-assembly complex that
is maintained by hydrogen bonding between the N-H proton of 4-VP and CAPS [21]. This complex is
fixed on the surface of MWCNTs by free radical crosslinking reaction between EGDMA and the vinyl-
group-functionalized MWCNTs. Finally, the templates in the imprinted polymer are removed in order to

expose the special recognition site.
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Figure 1. FTIR spectra of (a) MWCNT-CH=CH2, (b) MWCNT-NIP, and (c) MWCNT-MIP.

The FTIR spectra of the MWCNTs-CH=CH2, MWCNTs-MIP, and MWCNTs-NIP are shown in
Fig. 1. The absorption peaks observed at 1623 and 3395 cm™ (C=C and N-H stretching vibrations,
respectively) in Fig. 1a indicate that the MWCNTs-CH=CH: intermediate had been successfully formed
[20]. Meanwhile, the MWCNTs-MIP and MWCNTs-NIP spectra (Figs. 1b and 1c¢) present peaks at 1637
and 1463 cm™! corresponding to the C=C and C=N stretching vibrations of the 4-vinyl pyridine monomer,
respectively. The peaks at 1726 and 1156 cm™! are characteristic of the C=O and C-O stretching
vibrations of EGDMA. The observation of the N-H stretching band at 3200-3500 cm ™! confirms the
presence of hydrogen bonds, which in turn proves that the polymer had been successfully synthesized
[22-24].

Based on SEM analysis, the lengths and diameters of MWCNTS are in the order of several
micrometers and 5-10 nm, respectively (Figs. 2A and 2B). After polymerization, some granular
substances are clearly observed on the MWCNT surface. These substances correspond to carbon
nanotubes that are embedded in the polymer matrix to from a three-dimensional electroconductive

network.
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3.2. Voltammetric behavior of CAPS
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Figure 2. SEM images of (A) MWCNT and (B) MWCNT-MIP(C) Cyclic voltammograms of GCE and

MWCNTs-MIP/GCE in 10 uM CAPS solution (pH = 2.0, scan rate = 100 mV/s). D) DPVs of (a)

bare GCE, (b) NIP/GCE, (c¢) MIP/GCE, (d) MWCNT-NIP/GCE, and (¢) MWCNT-MIP/GCE in

10 mL 5.0 uM CAPS solution (pH = 2.0).

Figure 2C presents the electrochemical behavior of CAPS at the MWCNTs-MIP-modified GCE
and blank GCE in B-R buffer solution. An anodic peak at 0.74 V and a pair of redox peaks at 0.36 and
0.42 V are observed, which is consistent with previous reports [16,17] . Considering that the Pal peak
shows the highest sensitivity, it was selected as the test index in the following experiments.

To confirm the electrochemical characteristics of MWCNTs-MIP/GCE, the behaviors of CAPS
at different modified electrodes, as well as at the bare electrode, were observed by differential pulse
voltammetry (DPV) in the potential range of 0.2—-0.8 V (vs. Ag/AgCl). The results illustrated in Fig. 2D
show great differences in the DPV curves of bare GCE (a), NIP/GCE (b), MIP/GCE (c), MWCNTs-
NIP/GCE (d), and MWCNTs-MIP/GCE (e). The oxidation peak current can hardly be observed at the
bare glassy carbon electrode, within the investigated potential range. This suggests that this electrode
cannot be used to analyze trace levels of CAPS. Meanwhile, the NIP- (curve b) and MIP-modified GCE
(curve ¢) DPV curves exhibit remarkably increased oxidation peak currents, compared to bare GCE,
which indicates that both, NIP and MIP exhibit adsorption behavior [25]. The stronger Pal signal at
MIP/GCE (curve c¢), compared to the NIP/GCE signal (curve b), indicates that the prepared polymer can
provide selective binding sites on the electrode surface [26] . When NIP is bonded to the surface of a
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multi-walled carbon nanotube, the response of the modified electrode to CAPS increases appreciably,
compared to NIP/GCE (curves b and d in Fig. 2D). The peak current of MWCNTs-MIP/GCE (curve e)
is higher than that MWCNTs-NIP/GCE (curve d), indicating that the performance of the latter electrode
is better. This is probably due to the excellent conductivity and high surface-to-volume ratio of carbon

nanotubes [19].

3.3. Optimization of polymerization

The imprint sites in the imprinted nanomaterial are determined based on the ratio of templates
(CAPS) to functional monomers (4-VP) [27]. This ratio was varied in the range of 1:2—1:8 for a
template/cross-linker molar ratio of 1:20. Between 1:2 and 1:4, the response currents increase
significantly; however, between 1:4 and 1:8, they drop (Fig. 3A).

03 0.6
A B
0.5+
0.2 0.4«
0.3=
<
< =
=01 = 0.2+
0.1+
0.0+ 0.0+
T v T T T L) L . U
1-2 1:4 16 1:8 1:4:10 1:4:20 1:4:30 1:4:40
M T:MC
C D
0.6 1.0
0.5+ —a—MIP
4 == NIP
0.4 =
i 0.3= i 0.54
= =

0.2+

0.1=

o p .—++__|/_*+l
L] L] T L) L) L) L]

MWCNT(mg) T{min)

Figure 3. Optimization of the (A) T/M and (B) T/M/C ratios. Effects of (C) incubation time and (D)
MWCNT content on DPV response.

This indicates that the optimal of template to monomer ratio is 1:4. As shown in Fig. 3B, the ratio
of template (T) /functional monomers (M) / cross-linkers (C) also affects the response current of the
proposed sensor [28]. The current rapidly increases with increasing EGDMA between 10 and 20 mg due
to the increased number of template-monomer complexes on the MWCNTs. However, excessive
crosslinking polymerization of 4-VP by EGDMA in the range of 20-30 mg leads to many recognition



Int. J. Electrochem. Sci., Vol. 15, 2020 8444

cavities buried in the polymeric network, which ultimately decreases the current response. Therefore,
the optimal template/ monomer/cross-linker ratio is 1:4:20.

3.4. Optimization of the electrochemical conditions

The effect of pH on the electrochemical response of 10 umol L' CAPS in 0.1 M B-R buffer
solution at the MWCNTs-MIP-modified electrode was investigated in the range of 2.0-10.0. Fig. 4A
shows that the oxidation peak current decreases continuously with increasing pH value, which suggest
that acidic conditions favor the binding of CAPS to MIP. The oxidation potential also decreases linearly
with increasing pH, as demonstrated in Fig. 4B. The equation of the linear relation between Epal and
pH is Epal(mV) = -0.0615pH + 0.80, and the corresponding correlation coefficient (R?) is 0.99. The
mechanism of the electrochemical redox reaction of CAPS is presented in Fig. S1 [32-35].
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Figure 4. Effect of pH on (a) MWCNT-MIP/GCE DPVs and (b) peak potential and current in 5.0 uM
CAPS. (c, d) DPV responses of the MWCNT-MIP-modified electrode in B-R buffer solution
containing different concentrations of CAPS.

The effect of incubation time is explored at pH = 2.0, as shown in Fig. 3D. The obtained results
indicate that the peak current increases with increasing incubation time between 5 and 30 min. However,
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the rate of current increase at the MWCNTs-NIP-modified electrode is substantially less than that at
MWCNTs-MIP. The currents of MWCNTs-MIP and MWCNTs-NIP GCEs become nearly constant
beyond 30 min of incubation, which means that 30 min is the optimal incubation time.

Film thickness and MWCNT amount are important factors affecting sensor performance. Sensors
prepared with 5.0 puL of the polymer solution yield optimal electrochemical behavior. In the range of 20—
60 mg, the current response gradually increases with increasing MWCNT amount (Fig. 3C) due to the
availability of larger surface areas for MIP loading. Beyond 60 mg, the current decreases due to reduced
effective recognition sites on the MWCNT surface.

3.5. Performance of the sensor

The DPV response of the MWCNTs-MIP-modified electrode was investigated for various
concentrations of CAPS (1.0-20 uM), under optimum conditions (Fig. 4C). The curve presented in Fig.
4D shows good linearity between oxidation peak current (Ip, pA) and concentration (C, pmolL™), with
R? = 0.9915 and Ip(pA) = 0.0051C(umol L) + 0.0463. Using Cm = 3Sd/S (S is the slope of the
calibration curve in the linear range and Sd is the standard deviation of the blank response based on five
replicate measurements in B-R buffer solution), the limit of detection was found to be 0.02 pM.
Compared to other reported capsaicin sensors , the sensor developed herein exhibits excellent

electrocatalytic performance with good linearity and selectivity in the investigated capsaicin
concentration range (Table 1).
Table 1. Comparison of the different sensors for the detection of CAPS.
Detection Modified electrode Detection limit | linear range Referenc
method (uM) es
AdsSV/CV | CNTs/GCE 0.31 umol L 0.5-60 [15]
AdsSV Boron-Doped 0.034 pmol Lt | 0.16-20 [29]
Diamond Electrode
LSV/SWV/ | MCFs/CPE 0.08 pmol L 0.76-11.65 [30]
DPV/
Amperometr
y
UV-Visible | MBTH/Sol- gel/Butyl | 0.17 mM 0.2-4.0 mM [31]
acrylate/HRP/Chito
san
EIS-CV MWCNT-SPE 0.45 pmol L-1 - [32]
SPME-GC- | - 0.045 pmol L | 0.357-0.433 [33]
MS
CE - 2.16 umol L™ 3.28-1311 [34]
DPV/CVI/EIS | MnSeNPs /GCE 0.05 pmol L - [35]
DPV NH2- FMS/CPE 0.02 umol L 0.04-4 [16]
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DPV/CV PAL/Nafion/MWC 0.61 pmol L1 - [17]
NTs/Pt-E
HPLC - 0.09 g /g - [36]
AdSV/DPV | SPCE 0.05 umol LY | 0.16-16.37 [37]
DPSV PSS-Grp/SPE 0.1 umol L2 0.3-70 [38]
SWV/CV PPy-Bi203-GO/GCE | 0.059 pmol L* | 0.26-2.62 [39]
DPV MWCNTs-MIP 0.02 pmol L 0.05-100 Present
work

3.6. Comparison of different capsaicin sensors

Table 1 compares different methods reported in the literature for the detection of capsaicin.
According to the listed data, electrochemical methods allow for rapid, miniaturized, and on-the-spot
detection of the analyte, even in trace amounts, unlike other methods based on large instruments. In
addition, some of the traditionally used enzyme-based biosensors are affected by temperature, pH, and
humidity, and they cannot be easily prepared. Comparatively, electrochemical sensors modified with
molecularly imprinted polymers are more stable and selective. In summary, the proposed sensor is
characterized by the favorable properties of low detection limit, wide detection range, and specific
recognition.

3.7. Selectivity

To evaluate the selectivity of the MWCNTs-MIP/GCE sensor, the detection efficiency of CAPS
structural analogues including 6-gingerol, dihydrocapsaicin, and catechol was tested under optimum
conditions, at the same concentration as CAPS.
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Figure 5. DPV responses in (A) CAPS, (B) dihydrocapsaicin, (C) 6-gingerol, (D) catechol, (E) Cu**, (F)
Mg?*, (G) Na“, and (H) K* solutions.
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As shown in Fig. 5, both, MIP- and NIP-modified electrodes have little response towards the
tested interferents. Moreover, the peak current of CAPS is not affected by the presence of interfering
ions in gutter oils (ex. Cu?, Mg?", Na*, and K*), even at concentrations 50 times greater than that of
CAPS. This indicated that the MWCNTs-MIP prepared herein is highly selective in capsaicin detection.

3.8. Repeatability, stability, and reproducibility of the electrode

The repeatability of the sensor was explored based on the 10-time-repeated detection of 10 umol
L' CAPS in B-R (pH = 2.0). The relative standard deviation (RSD) of the repeated measurements was
found to be 4.9%, which suggests that the prepared sensor exhibits good repeatability. The
reproducibility of the electrode was also estimated by repetitive measurements in 10 pmol L' capsaicin
solution. The obtained results show a relative standard deviation (RSD) of 3.58%(n = 8). As for stability,
it was examined by measuring the response in 10 umol L' CAPS after one month of storing the
electrochemical sensor in air at room temperature. The RSD value of 4.3% (n = 6) indicates that the
electrode is highly stable.

3.9. Real sample analysis

In order to evaluate the capsaicin detection efficiency of MWCNTs-MIP-modified electrodes in
real samples, gutter oil was analyzed using the proposed sensor, after 150 times dilution with B-R buffer.
The results demonstrate that the MWCNTs-MIP sensor possesses excellent accuracy in terms of RSD
values (Table 2).

Table 2. Determination of capsaicin in extract of gutter oils by MWCNT-MIP/GCE(n=6).

Sample Origin Spiked/uM  found/uM  Recovery RSD (%)
value/uM (%)
1 4.4 5.0 9.3 98.9 1.7
2 53 5.0 10.5 101.9 2.5
3 4.2 5.0 8.9 96.7 3.8

Moreover, the recovery values vary between 96.7 and 101.9%, indicating that the fabricated
electrochemical biosensor is as efficient as an HPLC analyzer in detecting CAPS. Therefore, it can be
used to analyze this compound in gutter oils.

4. CONCLUSION

Anovel electrochemical sensor was prepared for the identification and quantification of capsaicin
(CAPS) in gutter oil samples. This sensor is composed of MWCNTs modified with molecularly



Int. J. Electrochem. Sci., Vol. 15, 2020 8448

imprinted polymeric film, and it is capable of selectively recognizing and sensitively detecting CAPS.
Moreover, it exhibits a wide linear range of detection, a relatively low detection limit (0.02 w mol L),
good recovery (96.7-101.9%), and high stability and repeatability. Therefore, the MWCNTs-MIP-based
sensor may be applied in the detection of CAPS in gutter oil samples.
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