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The content of capsaicin can be used as exotic markers of kitchen recycled oil. In this
study, a bimetallic MOF nanocage (FeIII-HMOF-5) was successfully prepared by a one-
step solvothermal method and used for electrode modification to prepare a highly sensitive
electrochemical sensor for rapid detection of capsaicin. Capsaicin could be selectively
immobilized onto the FeIII-HMOF-5 surface during infiltrating adsorption, thus exhibiting
very excellent sensing performance. The detection conditions of the sensor were
optimized. Under optimum conditions, the electrochemical sensor can linearly detect
capsaicin in the range between 1–60 μM with a detection limit of 0.4 μM. In addition, the
proposed electrochemical sensor showed excellent stability and selectivity. The real
sample tests indicated the proposed electrochemical sensor was comparable to
conventional UV spectrophotometry.
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INTRODUCTION

Capsaicin-like substances are active ingredients obtained from the fruits of the pepper plant and
are characterized by their pungency. Capsaicinoids is a general term for a group of lipophilic
alkaloids, including capsaicin, dihydrocapsaicin, hypo-dihydrocapsaicin, homo-dihydrocapsaicin,
and hypercapsaicin. Among them, capsaicin and dihydrocapsaicin accounting for more than 90%
of lipophilic alkaloids (Chan et al., 2021; Zhao et al., 2021). The application of capsaicin-like
substances is very wide. Illegal cooking oil (ICO) is a generic term for all kinds of poor quality oil,
among which slop oil from the catering industry is the main raw material of ICO, in addition to
frying waste oil, etc. After refining and processing, ICO loses a lot of essential fatty acids,
phytosterols and other nutrients, and leaves a lot of fungicides and other harmful ingredients, such
as polychlorinated biphenyls (PCBs) and dioxins, which can be very harmful to human health
(Granero et al., 2021; H.; Naskar et al., 2021). In 1999 and 2008, crises involving PCBs and dioxin
contamination of feed and foodstuffs erupted in Belgium and the Republic of Ireland (Bernard
et al., 2002; Jacob et al., 2011), respectively. Capsaicin, as a commonly used flavoring agent, has
become an inevitable active ingredient in ICO due to its own lipophilic nature (Sýs et al., 2019;
Chiorcea-Paquim et al., 2020; Wu et al., 2022). Therefore, the establishment of a simple, rapid,
sensitive and efficient method for the determination of capsaicin cannot only provide technical
support for the study of the pharmacological effects and pharmacokinetics of capsaicin, but also
the identification of ICO, which is of great significance in the field of maintaining human health
and food safety. At present, the commonly used methods for the detection of capsaicin include
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spectrophotometric method (Hulaswar and Patil, 2019), high
performance liquid chromatography (HPLC) (Popelka et al.,
2017) and Liquid chromatography-mass spectrometry (GC-
MS) (Hamada et al., 2019). The spectrophotometric method
is simple and easy to operate, but the anti-interference ability is
poor. The HPLC can achieve the effective separation and
detection of capsaicin, but the instrumentation is expensive,
so it is difficult to promote the use. The GC-MS has good
sensitivity and accuracy, however, it has a high detection cost.
Therefore, it is necessary to establish a simple, rapid, sensitive
and specific method for the determination of capsaicin at
low cost.

Electrochemical analysis is a qualitative or quantitative
detection technique based on the electrochemical activity of
the substance to be measured (Mpanza et al., 2014). Zhong
et al. (Zhong et al., 2019) successfully manufactured reduced
graphene oxide functionalized with poly dimethyl diallyl
ammonium chloride (PDDA) modified palladium
nanoparticles (PDDA-rGO/Pd). For sensitive capsaicin
determination, they used PDDA-rGO/Pd as the sensing layer.
The findings revealed that the nanocomposite had enticing
electrocatalytic activity for capsaicin oxidation. This was due
to the synergistic action of Pd nanoparticles and graphene
nanosheets’ outstanding characteristics. The electrochemical
sensor had a dynamic linear range of 320 nM to 64 μM under
optimal circumstances, with a detection limit of 100 nM.
Temcheon et al. (Temcheon et al., 2019) described a nitrogen-
doped mesoporous carbon (N-MC) modified glassy carbon
electrode (GCE) with strong electrocatalytic activity for very
sensitive capsaicin detection. The electrochemical sensor has a
surprisingly low detection limit of 460 nM under ideal conditions,
with a wide linear range of capsaicin between 1–10 μM and
10–40 μM. These electrochemical sensors are based on the
surface modification of GCE. They have been able to achieve
highly sensitive detection of capsaicin, but since GCE is an
electrode that needs to be polished, it is suitable for laboratory
detection and can hardly be used for field detection. Screen
printed carbon electrode (SPCE) has the advantages of simple
fabrication, portability and low price (Wang et al., 2017). The
modification of the electrode surface by nanomaterials can
significantly increase the specific surface area, and the
nanomaterials themselves have adsorption and catalytic
properties, which can significantly improve the sensitivity of
the detection. Metal-organic frameworks (MOFs) are a new
type of zeolite-like porous material that has attracted much
attention in recent years. It is a general term for a class of
polymers with a three-dimensional, periodic mesh structure
based on the self-assembly of multiple binding sites of metal
nanoparticles, metal clusters or single metal ions with organic
ligands using strong interactions such as covalent bonds (Cao
et al., 2019; Karimi-Maleh et al., 2021). MOFs not only have a rich
topology, but also a high specific surface area and a flexible and
versatile pore structure, and have been increasingly used in gas
storage, small molecule separation, catalysis, medicine, and other
fields in recent years. MOF has a highly repetitive honeycomb
pore structure, which increases the specific surface area of
electrodes, enhances electrical conductivity and promotes

electron transfer (Naghian et al., 2020; Xue et al., 2020). Due
to its pore diameter and flexible shape, MOF can specifically
bind to the target after grafting or doping with different groups,
making it an excellent electrode material for fabrication of
electrochemical sensors. In 2008, Riskin et al. (Riskin et al.,
2008) started to use MOF in electrochemical sensors. They used
a gold electrode as the working electrode and used gold
nanoparticles and p-aminothiophenol to form a pore
structure with adjustable pores, which conjugated with
trinitrotoluene through π-π interaction force. The
application of MOFs in electrochemical sensors has
developed rapidly in the last decade. Later, Yildiz et al.
(Yildiz et al., 2008) improved the above framework to
construct a new MOF using gold nanoparticles, quantum
dots and p-aminothiophenol. Quantum dots have been used
as label for contributing current signal. the In this work, we
prepared hollow FeIII-HMOF-5 by a one-step solvothermal
method. Capsaicin can be concentrated into FeIII-HMOF-5
by infiltrating adsorption. Although the electrochemical
performance of bare SPCE is not sufficient for highly
sensitive detection of capsaicin, the surface modification of
FeIII-HMOF-5 gives it this potential. The FeIII-HMOF-5-
modified SPCE becomes a portable electrochemical sensor,
which makes it possible to detect capsaicin in the field. In
addition, the proposed electrochemical sensor has a wide linear
detection range, This which makes the sensor suitable for both
ICO and capsaicin detection in peppers.

MATERIALS AND EXPERIMENTS

Materials and Instrument
Zinc nitrate hexahydrate, iron acetylacetonate, terephthalic acid,
polyvinylpyrrolidone (PVP, Mw = 10,000 g/mol), N,
N-dimethylformamide, ethyl acetate and capsaicin were
purchased from Aladdin Co. (Shanghai, China). Anhydrous
ethanol and methanol were purchased from Sinopharm Group
Co. (Shanghai, China). Screen-printed electrode (SPCE) was
purchased from Nanjing Youyun Biotechnology Co. (Nanjing,
China). The screen-printed carbon electrode consists of an
integrated three-electrode system. The working electrode and
counter electrode are printed from graphite and the reference
electrode is printed from Ag paste containing AgCl. The
supporting electrolyte is Britton-Robison (BR) buffer solution.
All electrochemical measurements were carried out at a CHI760E
working station. The morphology of the prepared FeIII-HMOF-5
was observed by transmission electron microscopy (TEM,
HT770, Hitachi, Tokyo, Japan). X-ray powder diffraction
patterns (XRD) were obtained with an XRD diffractometer
(X’pert Pro-1, Panaco, Almelo, The Netherlands). Thermal
decomposition was conducted using a thermogravimetric
analyzer (Mettler Toledo STARe, Berne, Switzerland). UV-VIS
spectra were recorded on Varian CaryScan50 spectrophotometer
(VarianInc., Berne, Switzerland). A vacuum centrifugal
concentrator (LNG-T96, Huamei Biochemical Instrument
Factory, Taicang, China) was used for sample preparation. A
Nicolet iS50 spectrometer (Thermo Fisher Scientific, Waltham,
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MA, United States) was used for collecting the FTIR spectra of
samples.

Preparation of FeIII-HMOF-5
FeIII-HMOF-5 was synthesized by a one-step solvothermal
method (Cheng et al., 2018), in which zinc nitrate hexahydrate
and iron acetylacetonate were used as metal nodes, terephthalic
acid was used as organic ligand, polyvinylpyrrolidone was used as
stabilizer, and N, N-dimethylformamide-ethanol was used as
solvent mixture. Zn(NO3)·6H2O (1200 mg), iron
acetylacetonate (1200 mg), terephthalic acid (192 mg), and
polyvinylpyrrolidone (4 g) were weighed and dissolved in N,
N-dimethylformamide-ethanol mixture (512 ml, v/v = 5:3)
with magnetic stirring at room temperature for 10 min. Then,
the mixture was transferred into a reactor and heated to 150°C for
6 h. After the reaction, the mixture was cooled to room
temperature, centrifuged at 10,000 rpm for 20 min to obtain

the precipitate, and washed three times with N,N-
dimethylformamide and ethanol, respectively. Finally, the
product was dried under vacuum at 40°C for 24 h.

SPCE Surface Modification and
Electrochemical Determination
First, 3 μL of FeIII-HMOF-5 aqueous dispersion (500 μg/ml) has
been drop-coated on the working electrode of the SPCE and dried
naturally (denoted as FeIII-HMOF-5/SPCE). Then, the FeIII-
HMOF-5/SPCE was inserted into an electrochemical cell
containing capsaicin. A simple accumulation process is
performed before scanning. The accumulation potential was
set to −0.1 V and the time was 3 min. Then, differential pulse
voltammetry (DPV) was carried out for measurement (potential
window: 0.35–0.75 V; pulse amplitude = 50 mV; step amplitude =
4 mV; pulse time = 50 ms; scan rate = 8 mV/s). Cyclic

FIGURE 1 | (A) TEM image of FeIII-HMOF-5. (B) Average diameter of the FeIII-HMOF-5.

FIGURE 2 | XRD patterns of FeIII-HMOF-5, capsaicin and FeIII-HMOF-5/
capsaicin.

FIGURE 3 | FTIR spectra of capsaicin, FeIII-HMOF-5 and FeIII-HMOF-5/
capsaicin.
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voltammetry (CV) was used for measuring the electrochemical
behavior of the electrode and analyte (scan rate = 100 mV/s). The
electrodes were reused by dipping the tested SPCE or FeIII-
HMOF-5/SPCE into ethyl acetate three times to desorb the
capsaicin, and then rinsed with water.

Sample Pre-treatment
The sample pre-treatment method was slightly modified from that
reported in the literature (Kachoosangi et al., 2008). Fresh chili
peppers were purchased from the local supermarket, ground.
200 mg sample was weighed and added to 12ml of anhydrous
ethanol, sealed and sonicated for 20min. The sonicated mixture
was stirred for 2 h in a magnetic stirrer and then centrifuged at
10,000 rpm for 10min. Finally, 200 μL of the filtrate was
centrifuged to dryness using a vacuum centrifugal concentrator.
The sample was re-dissolved with 4 ml of supporting electrolyte
solution, and placed in a 20ml electrochemical cell for
measurement. ICO samples were supplied by Department of
Quality Standards, Institute of Agricultural Sciences. 5 g of ICO
were added into 5 ml methanol and followed by 5 min sonication
and 10min centrifugation at 2000 rpm. The supernatant was
filtered through an organic membrane (0.45 μm) and then used
for electrochemical analysis (Wang et al., 2020).

RESULTS AND DISCUSSION

Material Characterizations
TEM was used to characterize the FeIII-HMOF-5 obtained by the
one-step hydrothermal method (Figure 1A). It can be seen that
FeIII-HMOF-5 shows an octahedral structure. The high

FIGURE 4 | (A) TGA curves of FeIII-HMOF-5 and FeIII-HMOF-5/capsaicin. (B) UV-vis spectra of 20 mg/ml of capsaicin before and after adsorption.

FIGURE 5 | CV curves and of bare SPCE and FeIII-HMOF-5/SPCE at
1 mM K3[Fe(CN)6].

FIGURE 6 | (A) CVs of bare SPCE and FeIII-HMOF-5/SPCE toward 50 μM capsaicin (pH 1.5; scan rate: 100 mV/s). (B) CVs of FeIII-HMOF-5/SPCE toward 50 μM
capsaicin using scan rate from 20 to 200 mV/s.
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resolution image (Inset of Figure 1A) shows some fuzzy regions
within the octahedra that are cavities in FeIII-HMOF-5. The
average diameter is about 211 nm (Figure 1B). The smaller size
ensures that the material has a large specific surface area, which
not only facilitates the adsorption of capsaicin, but also increases
the area for electrochemical reactions.

Figure 2 shows the XRD patterns of FeIII-HMOF-5, capsaicin and
FeIII-HMOF-5/capsaicin. It can be seen that both capsaicin and FeIII-
HMOF-5 show good crystal structures. Faint peaks (19.7°, 18.6°, 20.2°,
24.7°, 25.2°, 26.1°) of FeIII-HMOF-5 can be seen after the adsorption
of capsaicin by FeIII-HMOF-5, suggesting the FeIII-HMOF-5 can
adsorbed capsaicin into its cavities.

We conducted FTIR characterization of the prepared FeIII-
HMOF-5 and FeIII-HMOF-5/capsaicin to determine whether new
chemical bonds were formed before and after adsorption. As shown
in Figure 3, the spectrum of capsaicin showed a clear peak of CH2 at
2,900 cm−1 (Kuzminova et al., 2021). The spectrum of FeIII-HMOF-5
showed a clear presence of -OH, while the spectrum of FeIII-HMOF-
5/capsaicin showed a significant weakening of the -OHpeak. It can be
inferred that the interaction between -NH2 of capsaicin and -OH of
FeIII-HMOF-5 promoted the adsorption of capsaicin (Sharanyakanth
and Radhakrishnan, 2020). The more obvious peak of -CH2-
appeared in the complex, indicating the successful complexation
between the FeIII-HMOF-5 and capsaicin (Zhao et al., 2020). There is
specific adsorption between capsaicin and FeIII-HMOF-5 in addition
to simple physical adsorption. Supplementary Figure S1 shows the
XPS Fe2p results. The peak positions of Fe2p3/2 and Fe2p1/2 of Fe(III)
were blue-shifted from 728.2 eV to 715.3 eV–727.4 eV and 713.7 eV,
respectively, after the adsorption of capsaicin by FeIII-HMOF-5,
demonstrating that the adsorption of capsaicin was carried out by the
interaction with FeIII.

TGA was used to study the uptake of capsaicin in FeIII-
HMOF-5. As shown in Figure 4, the final weights of the TGA
curves show that FeIII-HMOF-5 possesses a stable metal skeleton,
and comparing the differences between the two curves

demonstrates that FeIII-HMOF-5 can adsorb approximately 5%
of its own total amount of capsaicin.

Capsaicin has a clear absorption peak in the UV region, so we
also measured the absorption spectrum of capsaicin before and
after FeIII-HMOF-5 adsorption. As shown in Figure 4B, there
was a very significant decrease in the absorption peak of capsaicin
at 20 mg/ml after FeIII-HMOF-5 absorption.

Electrode Performance
In this experiment, CV was selected for the electrochemical
characterization of the modification process. K3[Fe(CN)6] is
widely used probe for characterizing the surface property of the
electrode. As shown in Figure 5A, the detection process was carried
out in 1mMK3[Fe(CN)6]. It can be seen that the bare SPECproduces
a pair of obvious redox peaks in the voltage range of −0.2–0.6 V. The
peak current value has increased when the SPCE modified with the
FeIII-HMOF-5, which indicates the large specific surface area and
excellent electrical conductivity of FeIII-HMOF-5.

Sensing Optimization and Performance
Figure 6A shows the CV curves of SPCE and FeIII-HMOF-5/SPCE
for 50 μM capsaicin. Since capsaicin exhibits excellent
electrochemical behavior in an acidic environment, pH 1.5 BR
was chosen as the buffer solution. It can be seen that SPCE has a
pair of weak oxidation peaks at potentials 0.57 and 0.38 V, indicating
that the electrochemical reaction of the untreated electrode on
capsaicin is weak. In contrast, the modification of FeIII-HMOF-5
significantly improved the response intensity of capsaicin on the
electrode surface, with a pair of well-defined sharp redox peaks at
potentials 0.53 V, 0.46 V. Capsaicin is known to undergo redox
reactions and can thus be identified using electrochemical
methods (Ya et al., 2012). The peak at 0.46 V corresponded to the
two-electron reduction of the o-benzoquinone (produced by the
hydrolysis of the 2-methoxy group) to catechol, whereas peak at

FIGURE 7 | The effect of accumulation time on the anodic peak current
of 50 μM capsaicin at FeIII-HMOF-5/SPCE. FIGURE 8 | The anti-interference of FeIII-HMOF-5/SPCE towards 50 μM

capsaicin and 100-folds of interference species.
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0.53 V corresponded to the reverse process, the two-electron
oxidation reaction of catechol to o-benzoquinone (Supplementary
Figure S2). Compared with the bare SPCE, the oxidation peak
potential of capsaicin was negatively shifted with a positive shift of
reduction peak. In addition, the peak potential differencewas reduced
along with current enhancement indicating that the reversibility of
capsaicin on FeIII-HMOF-5/SPCE was better. The enhancement of

FeIII-HMOF-5 towards capsaicin is due to the increase of the specific
surface area and active sites of the electrode. On the other hand, the
specific binding of FeIII-HMOF-5 and capsaicin increased the local
concentration. Therefore, it showed a better electrochemical response
on capsaicin. Figure 6B shows the CV profiles of FeIII-HMOF-5/
SPCE towards 50 μM capsaicin with different scan rates. The redox
peak current of capsaicin increases with the increase of the scan rate.
The oxidation peak potential graduallymoves toward amore positive
potential, while the reduction peak potential moves toward a more
negative potential. The peak current has a good linear relationship
with the scan rate, indicating the electrochemical redox process of
capsaicin on the FeIII-HMOF-5/SPCE surface is controlled by
adsorption.

Since FeIII-HMOF-5 can adsorb capsaicin, the accumulation of
capsaicin before detection is beneficial to improve the sensitivity of
sensing. Figure 7 shows the electrochemical response currents of
50 μM capsaicin under the same conditions at different accumulation

FIGURE 9 | DPV responses of capsaicin at the FeIII-HMOF-5/SPCE with different concentrations [(A–I)i: 200 nM to 80 μM]. Inset: The calibration plot of capsaicin.

TABLE 1 | Linear range and LOD obtained using FeIII-HMOF-5/SPCE and other sensors reported for the capsaicin sensing.

Sensor Linear range LOD (nM) References

CeO2/SWNT/GCE 100 nM–7.5 μM 28 Ziyatdinova et al. (2020)
RGO/SPCE 200 nM to 22 μM 20 Numphud et al. (2020)
β-cyclodextrin/SPCE 1.3–9.3 μM 210 Díaz de León Zavala et al. (2018)
Enz/MWCN/Pt electrode 20–100 μM 610 Sabela et al. (2016)
10% CB−SPE 80 nM to 6 μM 28 Deroco et al. (2020)
FeIII-HMOF-5/SPCE 200 nM to 80 μM 68 This work

TABLE 2 | Determination results and recoveries of capsaicin content in actual
pepper and ICO samples using electrochemical sensor (n = 5) and UV-vis
spectroscopy (n = 5).

Sample Detection (μM) UV-vis spectroscopy (μM) t Value

Pepper 1 38.07 ± 0.24 38.21 ± 0.22 1.20582
Pepper 2 44.79 ± 0.19 45.07 ± 0.26 2.21776
ICO 1 27.03 ± 0.14 26.90 ± 0.19 1.72949
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times. In the range of 30–180 s, the oxidation peak current of capsaicin
on FeIII-HMOF-5/SPCE increased significantly with the increase of
accumulation time. However, the peak current increase rate decreases
after the accumulation time is longer than 180 s. This is because the
adsorption and dissolution of capsaicin on the electrode surface tend
to reach an equilibrium state. Although the sensitivity of capsaicin
detection could be improved by increasing the accumulation time,
300 s was chosen as the optimal deposition time in consideration of
the detection efficiency and the detection limit.

We conducted CV scans with FeIII-HMOF-5/SPCE in BR buffers
containing 50 μMcapsaicin at pH 1.5, 3.5, 5.5 and 7.5. The redox peak
current and the peak potential of capsaicin were strongly influenced
by the pH value. The peak current decreases with increasing pH,
which is due to the partial deprotonation of the phenolic structure of
the capsaicin molecule. At near-neutral conditions, the CV curves
showed almost no redox peaks. In addition, the increase in pH shifted
the capsaicin peak potential to a more negative direction of potential.
Considering the sensitivity, pH = 1.5 was chosen as the optimal pH
condition in this study. In order to study the process of capsaicin
redox reaction, the relationship between pH value and oxidation peak
potential was investigated. The linear equation was Epa(mV) =
610–63.2pH with a slope of 63.2mV/pH, which is close to the
theoretical value of 59.0mV/pH. According to the Nernst
equation, it can be concluded that the electrochemical redox
process of capsaicin included equal number of electron and proton.

Figure 8 shows the anti-interference performance of the
FeIII-HMOF-5/SPCE. It can be seen that the presence of 100-
folds of heavy metal ions, sucrose, fructose, ascorbic acid have
no effect on the sensing performance.

Figure 9 shows the DPV response curves of FeIII-HMOF-5/
SPCE to successive addition of certain concentrations of
capsaicin. As can be seen from the figure, the oxidation peak
current increases linearly with increasing concentration of
capsaicin. The correlation equation was Ipa (μA) = 0.033 c
(μM) + 0.046 (R2 = 0.9961) in the range of 200 nM to 80 μM.
The limit of detection was calculated to be 68 nM based on signal-
to-noise ratio of 3 (Supplementary Figure S3A). The limit of
quantification was tested to be 150 nM (Supplementary Figure
S3B). Table 1 shows the sensing performance of the proposed
electrochemical sensor with other electroanalytical methods. The
LOD of the proposed sensor is not the lowest among the recently
published articles. However, the proposed sensor has an excellent
linear detection range. Since FeIII-HMOF-5/SPCE is a portable
sensing chip, it exhibits potential field applications.

Six FeIII-HMOF-5/SPCE were prepared in the same way and
50 μM capsaicin was measured under the same conditions. The
relative standard deviation (RSD) of the results obtained was
4.7%, indicating the proposed sensor exhibited an excellent
reproducibility and sensing accuracy. Since the working
electrode surface of SPCE is a carbon paste. It tends to adsorb
and bind better for nanomaterials than other carbon electrodes
(such as glassy carbon) and metal electrodes. Meanwhile, PVP
was used in the synthesis of FeIII-HMOF-5, which allowed the
FeIII-HMOF-5to exhibit stable immobilization on the electrode
surface. The RSD for the determination of the same concentration
of capsaicin at the same electrode after 2 weeks was about 2.6%,
suggesting the sensor had an excellent stability.

Real Sample Test
We tried to apply the prepared FeIII-HMOF-5/SPCE
electrochemical sensor to the determination of capsaicin content
in actual pepper and ICO. A certain volume of extract was added to
10ml of BR buffer (pH 1.5), and the content of capsaicin in the
actual sample was determined by DPV. To evaluate the reliability
of the method, UV-vis spectroscopic method was conducted for
comparison. The results were statistically evaluated using t-test. As
shown in Table 2, the results deduced from electrochemical sensor
are in good agreement with the UV-vis spectroscopy values.

CONCLUSION

In conclusion, this work proposed an electrochemical sensor for
capsaicin determination. A bimetallic MOF nanocage (FeIII-
HMOF-5) was successfully prepared by a one-step
solvothermal method and used for SPCE modification. The
FeIII-HMOF-5 has been characterized to prove its ability of
adsorption of capsaicin in its cavities. The FeIII-HMOF-5/
SPCE shows a superior sensing performance towards
capsaicin. It can detect capsaicin linearly in the range between
0.2–80 μM with a low limit of detection of 0.068 μM. In addition,
the proposed electrochemical sensor has been used for
determination of capsaicin in pepper and ICO samples. The
practical performance of the proposed electrochemical sensor
was comparable to conventional UV spectrophotometry.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

Conceptualization, RD; methodology, RD; validation, XF and
RD; formal analysis, XF and RD; resources, RD; data curation,
XF; writing—original draft preparation, XF; writing—review and
editing, RD; supervision, RD; project administration, RD;
funding acquisition, RD.

FUNDING

This work has been supported by Research Project of
Development Plan of Youth Innovation Team in Colleges and
Universities of Shandong Province 2019 (No.2019KJE014).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fchem.2022.822619/
full#supplementary-material

Frontiers in Chemistry | www.frontiersin.org February 2022 | Volume 10 | Article 8226197

Fang and Duan Electrochemical Sensor for Capsaicin Detection

https://www.frontiersin.org/articles/10.3389/fchem.2022.822619/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2022.822619/full#supplementary-material
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


REFERENCES

Bernard, A., Broeckaert, F., De Poorter, G., De Cock, A., Hermans, C., Saegerman,
C., et al. (2002). The Belgian PCB/Dioxin Incident: Analysis of the Food Chain
Contamination and Health Risk Evaluation. Environ. Res. 88, 1–18. doi:10.
1006/enrs.2001.4274

Cao, Y., Wang, L., Shen, C., Wang, C., Hu, X., and Wang, G. (2019). An
Electrochemical Sensor on the Hierarchically Porous Cu-BTC MOF
Platform for Glyphosate Determination. Sensors Actuators B: Chem. 283,
487–494. doi:10.1016/j.snb.2018.12.064

Chan, K. K., Hamid, M. S. B., andWebster, R. D. (2021). Oxidation of Capsaicin in
Acetonitrile in Dry andWet Conditions. J. Electroanalytical Chem. 903, 115838.
doi:10.1016/j.jelechem.2021.115838

Cheng, X., Jiang, Z., Cheng, X., Guo, S., Tang, L., Yang, H., et al. (2018). Bimetallic
Metal-Organic Frameworks Nanocages as Multi-Functional Fillers for Water-
Selective Membranes. J. Membr. Sci. 545, 19–28. doi:10.1016/j.memsci.2017.
09.056

Chiorcea-Paquim, A. M., Enache, T. A., De Souza Gil, E., and Oliveira-Brett, A. M.
(2020). Natural Phenolic Antioxidants Electrochemistry: Towards a New Food
Science Methodology. Compr. Rev. Food Sci. Food Saf. 19, 1680–1726. doi:10.
1111/1541-4337.12566

Deroco, P. B., Fatibello-Filho, O., Arduini, F., and Moscone, D. (2020).
Electrochemical Determination of Capsaicin in Pepper Samples Using
Sustainable Paper-Based Screen-Printed Bulk Modified with Carbon Black.
Electrochimica Acta 354, 136628. doi:10.1016/j.electacta.2020.136628

Díaz de León Zavala, E., Torres Rodríguez, L. M., Montes-Rojas, A., Torres
Mendoza, V. H., and Liñán González, A. E. (2018). Study of
Electrochemical Determination of Capsaicin and Dihydrocapsaicin at
Carbon Paste Electrodes Modified by β-cyclodextrin. J. Electroanalytical
Chem. 814, 174–183. doi:10.1016/j.jelechem.2018.02.055

Granero, A. M., Fernández, H., Zon, M. A., Robledo, S. N., Pierini, G. D., Di Tocco,
A., et al. (2021). Development of Electrochemical Sensors/Biosensors to Detect
Natural and Synthetic Compounds Related to Agroalimentary, Environmental
andHealth Systems in Argentina. A Review of the Last Decade. Chemosensors 9,
294. doi:10.3390/chemosensors9110294

Hamada, N., Hashi, Y., Yamaki, S., Guo, Y., Zhang, L., Li, H., et al. (2019).
Construction of On-Line Supercritical Fluid Extraction with Reverse Phase
Liquid Chromatography-Tandem Mass Spectrometry for the
Determination of Capsaicin. Chin. Chem. Lett. 30, 99–102. doi:10.1016/
j.cclet.2018.10.029

Hulaswar, P. R., and Patil, K. S. (2019). Development and Validation of
Analytical Method for Simultaneous Determination of Curcumin and
Capsaicin in Bulk. J. Pharmacogn. Phytochem. 8, 904–909.

Jacob, C. J., Lok, C., Morley, K., and Powell, D. A. (2011). Government
Management of Two media-facilitated Crises Involving Dioxin
Contamination of Food. Public Underst. Sci. 20, 261–269. doi:10.1177/
0963662509355737

Kachoosangi, R. T., Wildgoose, G. G., and Compton, R. G. (2008). Carbon
Nanotube-Based Electrochemical Sensors for Quantifying the ’heat’ of
Chilli Peppers: the Adsorptive Stripping Voltammetric Determination of
Capsaicin. Analyst 133, 888–895. doi:10.1039/b803588a

Karimi-Maleh, H., Yola, M. L., Atar, N., Orooji, Y., Karimi, F., Senthil Kumar,
P., et al. (2021). A Novel Detection Method for Organophosphorus
Insecticide Fenamiphos: Molecularly Imprinted Electrochemical Sensor
Based on Core-Shell Co3O4@MOF-74 Nanocomposite. J. Colloid Interf.
Sci. 592, 174–185. doi:10.1016/j.jcis.2021.02.066

Kuzminova, A. I., Dmitrenko, M. E., Poloneeva, D. Y., Selyutin, A. A., Mazur,
A. S., Emeline, A. V., et al. (2021). Sustainable Composite Pervaporation
Membranes Based on Sodium Alginate Modified by Metal Organic
Frameworks for Dehydration of Isopropanol. J. Membr. Sci. 626,
119194. doi:10.1016/j.memsci.2021.119194

Mpanza, T., Sabela, M. I., Mathenjwa, S. S., Kanchi, S., and Bisetty, K. (2014).
Electrochemical Determination of Capsaicin and Silymarin Using a Glassy
Carbon Electrode Modified by Gold Nanoparticle Decorated Multiwalled
Carbon Nanotubes. Anal. Lett. 47, 2813–2828. doi:10.1080/00032719.2014.924010

Naghian, E., Marzi Khosrowshahi, E., Sohouli, E., Ahmadi, F., Rahimi-Nasrabadi,
M., and Safarifard, V. (2020). A New Electrochemical Sensor for the Detection

of Fentanyl Lethal Drug by a Screen-Printed Carbon Electrode Modified with
the Open-Ended Channels of Zn(ii)-MOF. New J. Chem. 44, 9271–9277. doi:10.
1039/d0nj01322f

Naskar, H., Pradhan, S., Ghatak, B., Biswas, S., Tudu, B., and Bandyopadhyay, R.
(2021). Electrochemical Detection of Capsaicin in Chili Pepper Using
Molecular Imprinted Poly β-Cyclodextrin Embedded Graphite (MIP-β-CD@
G) Electrode. IEEE Sensors J. 21, 17657–17664. doi:10.1109/JSEN.2021.3083527

Numphud, W., Chienthavorn, O., and Siriwatcharapiboon, W. (2020). Cyclic
Voltammetric Determination of Capsaicin by Using Electrochemically
Deposited Tin and Reduced Graphene Oxide on Screen-Printed Carbon
Electrodes. ScienceAsia 46, 586–594. doi:10.2306/scienceasia1513-1874.
2020.076

Popelka, P., Jevinová, P., Šmejkal, K., and Roba, P. (2017). Determination of
Capsaicin Content and Pungency Level of Different Fresh and Dried Chilli
Peppers. Folia Vet. 61, 11–16. doi:10.1515/fv-2017-0012

Riskin, M., Tel-Vered, R., Bourenko, T., Granot, E., and Willner, I. (2008).
Imprinting of Molecular Recognition Sites through Electropolymerization of
Functionalized Au Nanoparticles: Development of an Electrochemical TNT
Sensor Based on π-Donor−Acceptor Interactions. J. Am. Chem. Soc. 130,
9726–9733. doi:10.1021/ja711278c

Sabela, M. I., Mpanza, T., Kanchi, S., Sharma, D., and Bisetty, K. (2016).
Electrochemical Sensing Platform Amplified with a Nanobiocomposite of
L-Phenylalanine Ammonia-Lyase Enzyme for the Detection of Capsaicin.
Biosens. Bioelectron. 83, 45–53. doi:10.1016/j.bios.2016.04.037

Sharanyakanth, P. S., and Radhakrishnan, M. (2020). Synthesis of Metal-Organic
Frameworks (MOFs) and its Application in Food Packaging: A Critical Review.
Trends Food Sci. Tech. 104, 102–116. doi:10.1016/j.tifs.2020.08.004

Sýs, M., Farag, A. S., and Švancara, I. (2019). Extractive Stripping Voltammetry at
Carbon Paste Electrodes for Determination of Biologically Active Organic
Compounds. Monatsh Chem. 150, 373–386. doi:10.1007/s00706-018-2346-0

Temcheon, P., Chienthavorn, O., Siriwatcharapiboon, W., and Hasin, P. (2019). In
Situ formation of Nitrogen Doped Mesoporous Carbon via Directly
Carbonizing Polyaniline as an Efficient Electrocatalyst for Determination of
Capsaicin. Microporous Mesoporous Mater. 278, 327–339. doi:10.1016/j.
micromeso.2019.01.001

Wang, M., Gao, B., Xing, Y., and Xiong, X. (2020). Preparation of an
Electrochemical Sensor Based on Multi- Walled Carbon Nanotubes/
Molecularly Imprinted Polymers for the Detection of Capsaicin in Gutter
Oil by Differential Pulse Voltammetry. Int. J. Electrochem. Sci. 15, 8437–8449.
doi:10.20964/2020.09.09

Wang, Y., Huang, B.-B., Dai, W.-L., Xu, B., Wu, T.-L., Ye, J.-P., et al. (2017).
Sensitive Electrochemical Capsaicin Sensor Based on a Screen Printed Electrode
Modified with Poly(sodium 4-styrenesulfonate) Functionalized Graphite. Anal.
Sci. 33, 793–799. doi:10.2116/analsci.33.793

Wu, X., Xu, N., Cheng, C., McClements, D. J., Chen, X., Zou, L., et al. (2022).
Encapsulation of Hydrophobic Capsaicin within the Aqueous Phase of Water-
In-Oil High Internal Phase Emulsions: Controlled Release, Reduced Irritation,
and Enhanced Bioaccessibility. Food Hydrocolloids 123, 107184. doi:10.1016/j.
foodhyd.2021.107184

Xue, Z., Jia, L., Zhu, R.-R., Du, L., and Zhao, Q.-H. (2020). High-performance Non-
enzymatic Glucose Electrochemical Sensor Constructed by Transition Nickel
Modified Ni@Cu-MOF. J. Electroanalytical Chem. 858, 113783. doi:10.1016/j.
jelechem.2019.113783

Ya, Y., Mo, L., Wang, T., Fan, Y., Liao, J., Chen, Z., et al. (2012). Highly Sensitive
Determination of Capsaicin Using a Carbon Paste Electrode Modified with
Amino-Functionalized Mesoporous Silica. Colloids Surf. B: Biointerfaces 95,
90–95. doi:10.1016/j.colsurfb.2012.02.025

Yildiz, H. B., Freeman, R., Gill, R., and Willner, I. (2008). Electrochemical,
Photoelectrochemical, and Piezoelectric Analysis of Tyrosinase Activity by
Functionalized Nanoparticles. Anal. Chem. 80, 2811–2816. doi:10.1021/
ac702401v

Zhao, J., Wei, F., Xu, W., and Han, X. (2020). Enhanced Antibacterial Performance
of Gelatin/chitosan Film Containing Capsaicin Loaded MOFs for Food
Packaging. Appl. Surf. Sci. 510, 145418. doi:10.1016/j.apsusc.2020.145418

Zhao, Q., Wu, Y., Shi, X., Dong, H., Liu, H., Zheng, Y., et al. (2021). Rapid
Quantitative Detection of Capsaicinoids in Serum Based on an Electrochemical
Immunosensor with a Dual-Signal Amplification Strategy. J. Solid State.
Electrochem. 25, 671–681. doi:10.1007/s10008-020-04833-6

Frontiers in Chemistry | www.frontiersin.org February 2022 | Volume 10 | Article 8226198

Fang and Duan Electrochemical Sensor for Capsaicin Detection

https://doi.org/10.1006/enrs.2001.4274
https://doi.org/10.1006/enrs.2001.4274
https://doi.org/10.1016/j.snb.2018.12.064
https://doi.org/10.1016/j.jelechem.2021.115838
https://doi.org/10.1016/j.memsci.2017.09.056
https://doi.org/10.1016/j.memsci.2017.09.056
https://doi.org/10.1111/1541-4337.12566
https://doi.org/10.1111/1541-4337.12566
https://doi.org/10.1016/j.electacta.2020.136628
https://doi.org/10.1016/j.jelechem.2018.02.055
https://doi.org/10.3390/chemosensors9110294
https://doi.org/10.1016/j.cclet.2018.10.029
https://doi.org/10.1016/j.cclet.2018.10.029
https://doi.org/10.1177/0963662509355737
https://doi.org/10.1177/0963662509355737
https://doi.org/10.1039/b803588a
https://doi.org/10.1016/j.jcis.2021.02.066
https://doi.org/10.1016/j.memsci.2021.119194
https://doi.org/10.1080/00032719.2014.924010
https://doi.org/10.1039/d0nj01322f
https://doi.org/10.1039/d0nj01322f
https://doi.org/10.1109/JSEN.2021.3083527
https://doi.org/10.2306/scienceasia1513-1874.2020.076
https://doi.org/10.2306/scienceasia1513-1874.2020.076
https://doi.org/10.1515/fv-2017-0012
https://doi.org/10.1021/ja711278c
https://doi.org/10.1016/j.bios.2016.04.037
https://doi.org/10.1016/j.tifs.2020.08.004
https://doi.org/10.1007/s00706-018-2346-0
https://doi.org/10.1016/j.micromeso.2019.01.001
https://doi.org/10.1016/j.micromeso.2019.01.001
https://doi.org/10.20964/2020.09.09
https://doi.org/10.2116/analsci.33.793
https://doi.org/10.1016/j.foodhyd.2021.107184
https://doi.org/10.1016/j.foodhyd.2021.107184
https://doi.org/10.1016/j.jelechem.2019.113783
https://doi.org/10.1016/j.jelechem.2019.113783
https://doi.org/10.1016/j.colsurfb.2012.02.025
https://doi.org/10.1021/ac702401v
https://doi.org/10.1021/ac702401v
https://doi.org/10.1016/j.apsusc.2020.145418
https://doi.org/10.1007/s10008-020-04833-6
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Zhong, F., Liu, Z., Han, Y., and Guo, Y. (2019). Electrochemical Sensor for
Sensitive Determination of Capsaicin Using Pd Decorated Reduced
Graphene Oxide. Electroanalysis 31, 1182–1188. doi:10.1002/elan.
201900048

Ziyatdinova, G., Ziganshina, E., Shamsevalieva, A., and Budnikov, H. (2020).
Voltammetric Determination of Capsaicin Using CeO2-surfactant/SWNT-
Modified Electrode. Arabian J. Chem. 13, 1624–1632. doi:10.1016/j.arabjc.
2017.12.019

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Fang and Duan. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Chemistry | www.frontiersin.org February 2022 | Volume 10 | Article 8226199

Fang and Duan Electrochemical Sensor for Capsaicin Detection

https://doi.org/10.1002/elan.201900048
https://doi.org/10.1002/elan.201900048
https://doi.org/10.1016/j.arabjc.2017.12.019
https://doi.org/10.1016/j.arabjc.2017.12.019
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Highly Sensitive Capsaicin Electrochemical Sensor Based on Bimetallic Metal-Organic Framework Nanocage
	Introduction
	Materials and Experiments
	Materials and Instrument
	Preparation of FeIII-HMOF-5
	SPCE Surface Modification and Electrochemical Determination
	Sample Pre-treatment

	Results and Discussion
	Material Characterizations
	Electrode Performance
	Sensing Optimization and Performance
	Real Sample Test

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


