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Electrochemical Determination of Capsaicin by Ionic Liquid
Composite-Modified Electrode
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ABSTRACT

An electrochemical detection method for capsaicin has been developed using ionic liquid (IL) doped graphene-titania-
Nafion composite-modified electrode. The combination of IL (1-hexyl-3-methylimidazolium with hexafluorophosphate
counter ion) in the composite-modified electrode resulted in a significantly increased electrochemical response for capsaicin
compared to that obtained at the corresponding electrode without IL. The increased electrochemical signal could be ascribed
to the decreased electron transfer resistance through the composite film and also to the effective accumulation of capsaicin
on the electrode surface due to 7T-7 interaction of the imidazole groups of IL with the aromatic rings of capsaicin. The present
IL composite-modified electrode can detect capsaicin with a concentration range from 3.0 x 10¥ M to 1.0 x 10° M with a

detection limit of 3.17 x 10° M (S/N = 3). The present sensor showed good reproducibility (RSD = 3.2%).
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1. Introduction

Pepper is one of the oldest plants in the world. It has
been used mainly as a spice due to its pungent taste. In
particular, capsaicinoids are compounds that are
responsible for the pungent taste in pepper fruits and
their products [1]. Capsaicin and dihydrocapsaicin are
the most abundant capsaicinoids in peppers, account-
ing for about 90% of the total 11 capsaicinoids [2,3].
Pungency is related to the concentration of capsaicin in
the pepper. Many health benefits related to capsaicin
are known [4,5]. For example, capsaicin is analgesic
for inflammation [6] and also anticarcinogenic [7]. It
has also degrading effects for cholesterol and obesity
[8-10], and are effective antioxidants [11,12]. How-
ever, high levels of capsaicin in human body have a
negative impact on health. Therefore, the develop-
ment of a simple detection method for capsaicin in
food and pharmaceuticals is very important.

To date, a number of detection methods for capsa-
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icin have been reported. Typically, the pungent taste
is measured through Scoville organoleptic test, in
which a trained volunteer detects the level of pun-
gency by tasting a pepper extract solution diluted in
sugar water [13]. In addition, high performance lig-
uid chromatography [14], gas chromatography-mass
spectrometry [15], HPLC-UV [16], HPLC-fluores-
cence [17], colorimetry [18,19] and capillary electro-
phoresis [20] were employed for the determination of
capsaicin in food and pharmaceuticals. Despite the
good analytical performance, such analytical meth-
ods are suffering from requirements for complex
sample preparation steps, expensive tools, long anal-
ysis times and skilled technicians. Therefore, electro-
chemical methods for capsaicin have attracted strong
attention because they are fundamentally simple and
can be fabricated as a portable device. Since Comp-
ton and his coworkers published the first electro-
chemical detection of capsaicin [21], a number of
electrochemical methods have been reported over the
last 10 years. For example, various composite-based
electrodes such as gold nanoparticles (NPs)/multi-
walled carbon nanotube [22], Ag/Ag,O NPs/reduced
graphene oxide [23], ruthenium NPs/carbon nano-
tubes [24], and poly(sodium 4-styrenesulfonate)/
graphite/screen printed electrode [25] were reported.
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Although the previous reports have demonstrated
their good analytical performance for capsaicin
detection, further research and development is still
needed to apply an electrochemical capsaicin sensor
to the real-world field analysis.

Previously, we reported the graphene-doped sol-
gel titania-Nafion composite-modified electrode for
the determination of capsaicin in real samples [26].
In the present study, an ionic liquid (IL) composite-
modified electrode was developed and characterized
for the determination of capsaicin in food sample. To
the best of our knowledge, IL has not been used for
the preparation of composite-modified electrode for
capsaicin. ILs have been widely applied to electro-
chemical sensors due to their low volatility, thermal
stability, high electrical conductivity, wide electro-
chemical potential range, and stability [27,28]. ILs
can be used as a modifier for the modified electrodes
as well as the electrolytes [29], and effective dispersion
of the graphene is possible through ‘cation-pi’ interac-
tions with the use of ILs [30,31]. Up to now, various
kinds of electrochemical sensors have been manufac-
tured based on different ILs [32-36]. In the present
work, the fabrication and characterization of the IL-
composite modified electrode will be reported and
their analytical performance will be compared to that
obtained at the corresponding electrode without IL.

2. Experimental

2.1. Apparatus and chemicals

Cyclic voltammetry (CV) was performed with an
EG&G 263A potentiostat (Oak Ridge, TN, USA).
Electrochemical impedance spectroscopy (EIS)
experiments were carried out with frequency
response detector (Model 1025, Oak Ridge, TN,
USA). Three-electrode system was consisted of plati-
num wire as counter electrode, working GC electrode
(area=0.071 cm?) and Ag/AgCl (3 M NaCl) reference
electrode in 10 mL cell. Electrochemical impedance
spectroscopy (EIS) experiments were performed in
5.0 mM K;3Fe(CN)g/ K4Fe(CN)g (1:1, v/v) solution
dissolved in 50 mM phosphate buffer at pH 7.0.
Scanning electron microscopy (SEM) images were
obtained using field emission SEM (JSM-7100F,
JEOL Ltd. Japan). Energy dispersive spectroscopy
(EDS) measurements were performed using electron
probe of JSM-7100F (JEOL Ltd. Japan).

Capsaicin, titanium(IV) isopropoxide (99.999%

trace metals basis), Nafion® perfluorinated resin solu-
tion (5 wt.% in lower aliphatic alcohol and water,
contains 15-20% water), 1-ethyl-3-methylimidaz-
olium hexafluorophosphate, 1-butyl-3- methylimidaz-
olium hexafluorophosphate, 1-hexyl-3-
methylimidazolium hexafluoro- phosphate, 1,3-dime-
thoxy-2-methylimidazolium hexafluorophosphate, 2-
propanol, ethanol, acetic acid, boric acid, phosphoric
acid, sodium hydroxide, and hydrochloric acid were
purchased from Sigma-Aldrich. Reduced graphene
oxide powder was purchased from Graphene-Super-
market (Graphene Laboratories, NY, USA). The stock
solution of capsaicin (1.0 mM) was prepared by dis-
solving in ethanol. Working solution was prepared by
diluting the stock solution with 0.04 M Britton-Robin-
son buffer solutions. Britton-Robinson (BR) buffer
solutions were prepared by mixing solutions of acetic
acid, boric acid and phosphoric acid and then adjusting
the pH with HCI or NaOH [37,38].

2.2. Fabrication of the IL composite-modified
electrode

The glassy carbon electrode (GCE) modified with IL
composite has been fabricated in a multistep sequence.
First, a bare GCE was cleaned and then titania-Nafion
composite solution was prepared according to the pre-
vious report [26]. Graphene and ILs were then dis-
persed in the composite solution, and the mixture was
placed in an ultrasonic bath for 60 min. Finally, a 2 pL
aliquot of the resulting IL composite solution was
hand-casted on the surface of a pre-treated GCE using a
micro-injector. The modified GCE was dried for 20
min at room temperature and was immersed in buffer
solution in order to swell the composite.

2.3. Electrochemical Experiments

The as-prepared IL composite-modified GCE was
immersed in the capsaicin solution and stirred for 10
min. CV and EIS experiments were performed
according to the previous report [26].

3. Results and Discussion

3.1. Characterization of IL composite

In this study, the reduced graphene oxide was eas-
ily dispersed in the IL-titania-Nafion composite solu-
tion, which is similar to the case of single-walled
carbon nanotube in our previous study [36]. The IL
composite-modified electrodes were prepared by
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simply hand-casting a small aliquot of composite
solution onto the surface of a pre-cleaned GCE.

SEM images were gained to study the morphology
of the composite. As shown in Fig. 1, the graphene-
titania-Nafion composite incorporated with 1-hexyl-3-
methylimidazolium hexafluorophosphate (HMIHP)
shows three-dimensional micro-pore structure of com-
posite film. Thus, the highly porous nature enables
the faster diffusion of capsaicin through the intercon-
nected porous channels of the composite. In addi-
tion, the EDS mapping image of the IL composite
film shows even distribution of fluorine (A) and tita-
nium (B) atoms as shown in Fig. 2. The SEM images
indicates that IL containing counter anion (hexafluo-
rophosphate), Nafion (fluorocarbon backbone) and
sol-gel titania (TiO,) are well mixed together in the
composite.
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Fig. 1. Scanning electron microscopy image of the ionic
liquid-graphene-titania-Nafion composite film. Scale bar:
500 nm.
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3.2. Electrochemical behaviour of the modified
electrode

The electrochemical behaviour of the IL compos-
ite-modified electrodes were examined using CV and
EIS. Fig. 3 shows the Nyquist plots of EIS obtained
at different modified electrodes. The measured
charge transfer resistances were 9.31 x 10*> Q for a
bare GCE and 2.76 x 10* Q for the titania-Nafion
composite-modified GCE. Because of the electro-
static repulsion between the anionic redox probe and
the anionic titania-Nafion composite films, charge
transfer resistance value of titania-Nafion composite-
modified GCE was larger than that of bare GCE.
However, the addition of IL to the negatively charged
titania-Nafion composite led to the decreased resis-
tance of 4.87 x 10> Q. The results indicate that IL has
the positive effect of increasing the conductivity as
well as decreasing the overall negative charge of the
titania-Nafion composite. Finally, the inclusion of
graphene to the composite resulted in the additional
decrease in charge transfer resistance to 7.05 x 10° Q
due to the excellent electron transfer capability and
conductivity of graphene in the composite.

A linear sweep voltammogram with different com-
posite-modified electrodes were obtained for 0.5 pM
capsaicin in 0.04 M BR buffer (pH 1.0). As shown in
Fig. 4, the smallest oxidation peak current of 1.54 LA
was observed with peak potential at about 0.75 V in
titania-Nafion composite-modified GCE (a). When
the GCE was modified with an IL-titania-Nafion
composite (b), the oxidation peak current (11.6 pA)
was about 7.5 times greater than that without IL.
However, it is still smaller than the oxidation peak
current (59.8 pA) at the GCE modified with a
graphene-titania-Nafion composite (c). Finally, when
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Fig. 2. Energy-dispersive X-ray spectroscopy mapping image of the ionic liquid-graphene-titania-Nafion composite. (A)

Fluorine (B) Titanium.
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Fig. 3. Nyquist plots for the impedance measurements in
the presence of 5.0 mM K;Fe(CN)¢/K4Fe(CN)g in 0.05 M
phosphate buffer (pH 7.0) at a bare GCE([]), titania-Nafion
(O), ionic liquid-titania-Nafion (), ionic liquid-graphene-
titania-Nafion (A) composite modified glassy carbon
electrode.
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Fig. 4. Linear sweep voltammograms of 0.5 UM capsaicin
at a titania-Nafion (a), ionic liquid-titania-Nafion (b),
graphene-titania-Nafion (c¢) and ionic liquid-graphene-
titania-Nafion (d) composite modified glassy carbon
electrode in 0.04 M Britton-Robinson buffer (pH 1.0) at a
scan rate of 100 mV/s.

the GCE was modified with an IL-graphene-titania-
Nafion composite (d), the greatest peak oxidation cur-
rent of 101 pA was observed for 0.5 uM capsaicin.
Although 1- hexyl-3-methylimidazolium hexafluo-
rophosphate is most effective for the construction of
composite-modified electrode in the present study as
shown in Fig. 5, 1-butyl-3-methylimidazolium, 1-
ethyl-3-methylimidazolium, 1,3-dimethoxy-2-methy
imidazolium and 1-benzyl-3-methylimidazolium
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Fig. 5. Oxidation current of 10 pM capsaicin obtained at
glassy carbon electrodes modified with titania-Nafion
composites incorporated with 1-butyl-3-methylimidazolium (A),
1-hexyl-3-methylimidazolium (B), 1-ethyl-3-methylimidazolium
(©), 1,3-dimethoxy-2-methylimidazolium (D) and 1-benzyl-3-
methylimidazolium (E) hexafluorophosphate in 0.05 M pH 7.0
phosphate buffer at a scan rate was 100 mV/s.

hexafluorophosphate can also be used. The chemical
structures of the ionic liquids used, as well as the reac-
tion mechanism, are shown in Scheme 1. Regardless
of the type of the ILs, the incorporation of IL in the
composite resulted in the enhancement in the electro-
chemical signal for capsaicin. Each ionic liquid is
known to exhibit different electrocatalytic properties
when combined with graphene due to different interac-
tions with graphene for each IL [30], thus the different
IL composite-modified resulted in slightly different
electrochemical responses. As a result, HMIHP IL was
used for all subsequent experiments since it produced
the largest electrochemical signal for capsaicin.

The accumulation time under the open-circuit
potential had an influence on the amount of capsaicin
adsorbed on the surface of the modified GCE, thus
affecting the oxidation current. As shown in Fig. 6,
the oxidation current was shown to increase with
accumulation time. When comparing the measured
signal values at 3 minutes of accumulation, the cur-
rent signal for capsaicin at the composite-modified
GCE without IL was almost negligible, whereas a
relatively large oxidation current of 2.16 HA was
observed at IL composite-modified GCE. The current
at the IL composite-modified GCE no longer
increased even when the accumulation time was
increased to more than 6 minutes, indicating that cap-
saicin is saturated on the surface of composite-modi-
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Scheme 1. Reaction mechanism of the oxidation of capsaicin, and the chemical structures of the ionic liquids used: 1-butyl-

3-methylimidazolium (A),

1-hexyl-3-methylimidazolium (B),

1-ethyl-3-methylimidazolium (C), 1,3-dimethoxy-2-

methylimidazolium (D) and 1-benzyl-3-methylimidazolium (E) hexafluorophosphate.
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Fig. 6. Effect of the accumulation time on the oxidation
peak current of 0.1 UM capsaicin at the graphene-titania-
Nafion (dashed line) and ionic liquid-graphene-titania-
Nafion (solid line) composite-modified electrode in 0.04 M
Britton- Robinson buffer (pH 1.0) at a scan rate of
100 mV/s.

fied GCE. In addition, it was observed that the time
required for the saturation of capsaicin on the elec-
trode surface is relatively faster at the IL composite-
modified GCE than at the composite-modified GCE
without the IL (~ 9 min). This result clearly indicates
that the incorporation of ILs into the composite leads
to increased electron transfer ability of the electrode,

as well as effective accumulation of capsaicin on the
electrode surface through n-m interaction between the
imidazole groups of ILs and the aromatic rings of
capsaicin. Therefore, a highly sensitive electrochemi-
cal sensor for capsaicin was achieved through the
incorporation of IL, along with electrocatalytically
active graphene, in the titania-Nafion composite film.
The amount of IL incorporated into the composite
was shown to affect the electrochemical signal of
capsaicin. Fig. 7 shows the change in the peak current
for 100 pM capsaicin according to the various con-
centrations of HMIHP IL in the composite. Compos-
ite with 50 mM IL displayed a significant
enhancement of the oxidation current due to excellent
conductivity of IL. However, the signal value of cap-
saicin decreased with increasing concentration of IL
when the concentration exceeded 50 mM. This may
be due to the saturation of IL in the composite as well
as decreased stability of the composite with excessive
amount of IL [36]. Further, excessive amount of IL
thickens the film formed on the electrode surface,
which hinders the electron transfer [39]. Thus,
50 mM was used for all subsequent experiments.
The amount of graphene incorporated into the
composite had a significant effect on the electrochemi-
cal response of capsaicin. As seen in Fig. 8, the oxida-
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Fig. 7. Effect of concentration of ionic liquid on the
oxidation peak current of 100 puM capsaicin at the
composite-modified electrode in 0.04 M Britton-Robinson
buffer (pH 1.0) at a scan rate of 100 mV/s.
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Fig. 8. Effect of amount of graphene on the oxidation peak
current of 100 UM capsaicin at the composite-modified
electrode in 0.04 M Britton-Robinson buffer (pH 1.0) at a
scan rate of 100 mV/s.

tion current of capsaicin increased with increasing the
graphene content in the range from 0.75 mg/mL to
2.0 mg/mL. This result suggests improved charge
transfer on the electrode surface as well as the accu-
mulation of capsaicin. However, further increasing
the amount of graphene in the composite to more
than 2.0 mg/mL led to a decrease in the signal value
for capsaicin since the graphene is no longer uni-
formly dispersed in the composite. These results
show that more graphene (2.0 mg/mL) can be dis-
persed in IL modified composite compared with the
previously reported titania-Nafion composite with-
out IL (1.5 mg/mL) [26]. This result clearly indicates
that IL has solubility for graphene.
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Fig. 9. Calibration curves for capsaicin obtained at the
composite-modified electrode in the concentration of 10 uM,
1 uM, 0.5 uM, 0.1 uM, 0.05 uM, and 0.03 pM. Insert (A):
calibration curves for capsaicin obtained at ionic liquid-
graphene-titania-Nafion (solid line) and graphene-titania-
Nafion (dashed line) composite-modified electrode in the
concentration range from 0.03 uM to 1.0 uM. (B): Linear
sweep voltammograms of buffer (solid line) and 0.03 uM
capsaicin (dotted line) at ionic liquid-graphene-titania-
Nafion composite.

3.3. Analytical performance of the modified electrode

Under optimized conditions, calibration curves
(peak current vs. concentration of capsaicin) were
constructed with the present IL composite-modified
GCE using linear sweep voltammetry at a scan rate
of 100 mv/s after accumulation of capsaicin for
10 min. As shown in Fig. 9, the present composite-
modified electrode had a linear response from
0.03 uM to 10 uM of capsaicin. The regression equa-
tion was estimated to be i,,; (A) = 1.94 x 10° C (uM)
+8.76 x 1077 (R? = 0.996) with a detection limit of
3.17 x 10° M (S/N = 3). As shown in Table 1, the
dynamic range and detection limit obtained at the
present IL composite-modified GCE were superior to
other modified electrodes in previously reported liter-
atures.

Sensor-to-sensor reproducibility of the present
composite-modified electrode for capsaicin detection
was investigated using five freshly prepared compos-
ite-modified electrodes. The reproducibility for the
fabrication for the fabrication of the composite-modi-
fied electrode was relatively good (RSD=3.2%). A
recovery test has been performed in a solution of cap-
saicin extracted from Korean hot pepper (Chungyang
pepper) samples. Capsaicin was extracted with a
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Table 1. Comparison of the present capsaicin sensor with different reported methods.

Composite- modified electrode Dynamic range (uM) Detection limit (uM) Reference
CNT-SPE 0.5-35.0 0.45 [21]
AuNPs-MWCNT-GCE 0.15-35.0 0.0027 [22]
Ag/Ag,0O-PSS-rGO-SPE 1.0-60 0.4 [23]
RuNPs-CNTs-GCE 0.01-0.41 0.0025 [24]
PSS-graphite-SPE 0.3-70 0.1 [25]
rGO-titania-Nafion-GCE 0.03-10 0.0086 [26]

Ionic liquid-rGO-titania-Nafion-GCE 0.03-10 0.0032 This work

AuNPs: gold nanoparticles; MWCNT: multi-walled carbon nanotube; PSS:poly(sodium 4-styrenesulfonate); rGO: reduced graphene oxide;
RuNPs: ruthenium nanoparticles; GCE: glassy carbon electrode; SPE: screen printed electrode.

Table 2. Recovery of capsaicin spiked in Korean hot pepper (Chungyang pepper) solution.

Sample Capsaicin added (M) Capsaicin measured (M) Recovery
Chungyang pepper 5.0x10°% 5.0x%x10°% 93 +£6.1%
Chungyang pepper 5.0x 107 5.0x107 105 +4.7%

method similar to that of a previous report [40]. For  Acknowledgement

recovery test, capsaicin solutions with known con-
centrations were spiked into the prepared pepper
solution. The results showed good recoveries, as
listed in Table 2. These results clearly demonstrate
that the present IL composite-modified electrode can
be effectively applied to the capsaicin analysis in real
samples.

4. Conclusions

The present study clearly demonstrated that the IL
can be effectively used for the fabrication of a sensi-
tive electrochemical capsaicin sensor. Due to the high
ionic conductivity of ILs, the addition of ILs in the
composite has decreased the electron transfer resis-
tance in the composite. In addition, IL in the compos-
ite enables the rapid and effective accumulation of
capsaicin on the composite-modified electrode sur-
face due to m-m interaction between aromatic rings of
capsaicin and imidazole groups of ionic liquids, thus
leading to a significant increase in electrochemical
response as similar to the case of bisphenol A detec-
tion [36]. Since the proposed electrochemical sensor
has superior analytical performance for capsaicin to
the previous reports, it is expected to be able to quan-
tify pungency through direct detection of capsaicin in
food and pharmaceuticals, and used as an alternative
to the Scoville organoleptic test.
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