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Selective and sensitive determination of capsaicin
using polymelamine formaldehyde decorated over
carbon nanotubesf

Daisy Mehta, Neha Thakur and Tharamani C. Nagaiah 2 *

An electrochemical biosensor based on polymelamine formaldehyde (PMF) supported over oxygen
functionalised carbon nanotubes (OCNTs) was designed for selective and sensitive determination of
capsaicin. The synergy between the highly porous PMF and conductive OCNTs enhanced the electron
transport at the electrode/electrolyte interface and eliminated the interference of common organic and
inorganic ions at pH 1. The PMF/OCNT composite exhibited superior selectivity and sensitivity towards
capsaicin with a low detection limit of 71.5 nM, a response time of ~1 minute and a wider detection
range of 0.1-500 uM with two linear ranges of 100 NnM-240 uM and 240-500 pM and high sensitivities
of 960 pA pM~t cm™2 and 2900 pA pM~t cm™2, respectively. The proposed sensor was successfully
applied to the determination of capsaicin in different chilli samples, with the recoveries between 99.2—
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1. Introduction

Capsaicin is an important phytochemical present in peppers
which constitutes 90% of total alkaloids present in chilli."* The
hotness of the peppers is due to the capsaicin content, which
ranges from 0.1 to 1% w/w.> Along with this, capsaicin is also
known for possessing various human health benefits, including
antioxidant,® anti-tumorigenic,® antimutagenic,® anti-bacterial,”
anti-inflammatory,® and anti-carcinogenic,’ as well as protective
properties against cholesterol and obesity.'®"*> Besides this,
capsaicin has also been used as a topical analgesic for post
herpetic neuralgia as well as the mouth sores caused due to
chemotherapy or radiation, osteoarthritis and rheumatoid
arthritis."® Despite the numerous benefits associated with cap-
saicin, excess consumption can lead to disastrous effects on
human health. Hence, determining the amount of capsaicin
with high accuracy and precision remains one of the hottest
topics in the field of medicine, the food industry and
pharmacology.** The heat level of pepper and hot sauces has
been conventionally measured using ‘“Scoville’s organoleptic
method” which is rather subjective and relies on the sensations
received by trained personnel.”> Other existing techniques
include thin layer chromatography (TLC), gas phase chromato-
graphy, high-performance liquid phase chromatography (HPLC),
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114%, demonstrating the practical applicability of the sensor.

UV-Vis spectroscopy, fluorescence spectroscopy capillary electro-
phoresis and the HPLC technique associated with UV-Vis and
mass spectrometry'®?* commonly employed for selective
determination of capsaicin in a complex mixture of various
capsaicinoids. Among the various techniques used for the deter-
mination of capsaicin, electrochemical methods are in vogue
and have drawn considerable attention because of their quick
response, high sensitivity, and ease of operation.>* Electrochemical
determination of capsaicin was firstly introduced by Kachoosangi
et al., who developed an adsorptive stripping voltammetry-based
method for determining capsaicin accurately within commercially
available hot-pepper sauces using carbon nanotubes (CNTs).**
Later on, continuous research attempts have been made to improve
the sensitivity towards capsaicin by developing efficient catalysts.>’
Until now, various catalytic materials, including boron-doped
diamond,*® carbon-based disposable electrodes,”””*®* metal nano-
particles (Ag/Ag,0, CeO,, Ru, Sn etc.),”>* mesoporous cellular
foams* and recently, N-doped atom graphene nanoplates®
have been explored for selective and sensitive electrochemical
determination of capsaicin. However, the synthesis of these
catalysts is a time consuming, complicated procedure that requires
harsh conditions and high temperature, and low stability and high
cost are major concerns.

In the present report, we have explored polymelamine
formaldehyde (PMF) along with oxygen functionalized carbon
nanotubes (OCNTs) as an efficient catalyst for selective electro-
chemical detection of capsaicin. Recent past porous organic
polymers by virtue of their unique properties like porosity, high
surface area, adjustable functionality, biocompatibility, good
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(a) Schematic representation of the PMF/OCNT composite preparation process and electrochemical measurement of capsaicin; (b) and (c) FE-

SEM images of PMF and the PMF/OCNT composite; (d) and (e) AFM images of PMF and the PMF/OCNT composite, respectively.

chemical and thermal resistivity and physicochemical stability,
have been utilized for various applications, including drug
delivery, adsorbents, filters and electrochemical sensors.>*™’
Nevertheless, no work has been reported on employing PMF as
an electrode material to construct an electrochemical sensor for
capsaicin. Herein, we demonstrated PMF in combination with
OCNTs as a PMF/OCNT composite for selective determination of
capsaicin. The natural n-r affinity between PMF and OCNTSs
facilitates the electron transfer at the electrode/electrolyte interface.
Moreover, the huge number of amine functional groups of PMF
in hybridization with OCNTs enhances the sorption capacity
of PMF. In addition, the polymers enhance the electrical conduc-
tivity, mechanical strength, and adhesive property towards the
substrates.®® The proposed sensor has shown outstanding physi-
cochemical stability in highly acidic media (pH 1) along with high
selectivity towards capsaicin with detection of a wide detection
range of 0.1-500 pM and lowest detection limit (LOD) of 71.5 nM.
A schematic representation (Fig. 1(a)) shows the fabrication proce-
dure of the PMF/OCNT electrochemical sensor for capsaicin.

2. Experimental section

2.1. Materials and reagents

All chemicals were of analytical reagent grade and used without
any further purification. Paraformaldehyde and melamine were
purchased from Loba Chemie. Capsaicin was commercially
purchased from Sigma Aldrich. A stock solution of capsaicin
was prepared in anhydrous ethanol and stored at 4 °C. Briton-
Robinson (BR) buffer solution (50 mM) was prepared by mixing
boric acid, acetic acid and phosphoric acid and the pH
was adjusted from 1 to 5 by using 0.1 M NaOH solution.
All the aqueous solutions were prepared by using deionized
water obtained from a Millipore system with resistivity of
>12MQ em .
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2.2. Synthesis of polymelamine formaldehyde

Polymelamine formaldehyde was synthesized via one-pot
synthesis; briefly, both the monomers, melamine (0.378 g,
3 mmol) and paraformaldehyde (1.8 equiv., 0.162 g, 5.4 mmol),
were mixed with 3.36 mL (overall concentration of 2.5 M)
of dimethyl sulfoxide (DMSO) in a Teflon container protected
in a steel reactor. The reaction mixture was heated to 120 °C
in an oven for 1 h. The reactor was kept stirring for 15 minutes
to obtain a homogeneous solution. The solution was then
heated to 170 °C for 72 h.** The reaction was allowed to
cool at room temperature, then crushed, filtered, and washed
with different solvents, DMSO, acetone, tetrahydrofuran (THF)
and CH,Cl,. The resulting filtered solid was dried in oven 80 °C
for 24 h.

2.3. Preparation of the PMF/OCNT/GCE electrochemical
sensor

The PMF/OCNT composite was prepared by physically grinding
a mixture of PMF:OCNT (70:30) using a mortar and pestle.
The homogenous slurry was prepared by dispersing 1.3 mg of
composite in 500 pL containing isopropyl alcohol (IPA 100 pL)
and Millipore water (400 pL, 12 MQ) by ultrasonication for
30 min. Afterwards, 20 pL (52 pg) of the as prepared slurry was
drop cast on a graphite electrode and dried at room temperature.

2.4. Physical characterization

The synthesized material was characterized by X-ray diffracto-
meter (XRD) using a PAN analytical X'Pert-Pro diffraction
system with CuKa radiation of 1.54 A operated at 45 kv and
40 mA at a scanning of 2° min ' ranging from 5° to 80°.
Morphological analysis was performed by field emission scanning
electron microscopy (FESEM, JEOL, JSM-6610l) at 20 kV. FT-IR
spectra were recorded using a BRUKER TENSOR-27 spectrometer
in the range of 600-4000 cm™" with a spectral resolution of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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4 cm ™" and number of scans of 100. FT-IR data were collected and
analysed by OPUS data collection and analysis software. AFM
analysis was carried out using a Bruker multimedia 8 instrument
operating in non-contact mode during AFM analysis.

2.5. Electrochemical measurements

Electrochemical experiments were carried out using a three-
electrode assembly in a single compartment electrochemical
workstation (Bio-logic (VSP)) consisting of a graphite electrode
(& 2 mm) used as a working electrode (WE), platinum wire as
an auxiliary/counter electrode (CE) and a Ag/AgCl/3 M KCl
electrode as a reference electrode. All the analyses were done
by cyclic voltammetry (CV), square wave voltammetry (SWV)
and electrochemical impedance spectroscopy (EIS) techniques.
CV measurements were made between 0.0 to 1.0 V vs. Ag/AgCl/
3M KCl at a scan rate of 25 mV s~ in a three-electrode assembly
containing 10 mL BR buffer. SWV measurements were done
with a step potential of 5 mV at a scan rate of 25 mV s '
between 0.0 V to 1.0 V. All the experiments were performed at
pH 1.0 with the optimized catalyst (70 : 30) and the accumulation
time of one minute.

3. Results and discussion

The surface morphology of the synthesized PMF and PMF/
OCNT composite were analysed by FE-SEM. The FE-SEM image
(Fig. 1(b)) showed the spherical morphology of the polymer
material and the particles became aggregated among themselves
to form clusters. After physical mixing of the polymer with
OCNTs, a homogenous distribution of polymer particles over
the OCNT surface could be seen without any aggregation of the
carbon nanotubes (Fig. 1(c)). This was further supported by AFM
images showing that the spherical clusters of PMF fully covered
the surface of the carbon nanotubes without altering the original
structure of the CNTs (Fig. 1(d) and (e)). The energy dispersive
spectroscopy (EDS) studies confirm the coexistence of N, C, and
O elements in the PMF/OCNT composite (Fig. S1, ESIT). This was
further supported by the XPS survey spectrum, which confirms
the presence of all N, C, and O elements without any additional
peak signifying the purity of the composite (Fig. S2a, ESIt).

OH
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The XPS spectrum of Cls was deconvoluted into five peaks
(Fig. S2b, ESIt). The peaks centred at 284.6 eV, 285.7 eV and
287.6 eV were assigned to C-H, C—=N and C-N bonds, respectively.
Whereas other peaks at 286.4 eV and 288.5 eV were attributed to
carbon-oxygen functional groups (labelled as C-OH and -COOH).
The N 1s XP spectra were fitted into three peaks at 398.7 eV,
399.7 eV, and 400.7 demonstrating the presence of pyridinic N
(C-N=C), pyrrolic N (C-N-C) and N-H bonds (Fig. S2c, ESIt). Also,
the O 1s spectrum shows three oxygen peaks arising from C—0O
(530.3 eV), C-O (531.3 eV) and O-C—0 (532.9 eV) groups ascribed
to OCNTs (Fig. S2d, ESIT).>>** The microstructural attributes of the
PMF/OCNT composite were further characterized by powdered
XRD. The presence of a sharp intense peak (Fig. S3a, ESIt) at
26.07° with a feeble hump at 44.02° corresponded to graphitic (002)
and (001) planes, respectively, in the OCNTs. As expected, a
broadened peak of PMF at 26 of 21.08° signified the amorphous
nature of the polymer.*> Furthermore, in the FT-IR spectrum
(Fig. S3b, ESI{), the appearance of a broad peak at 3390 cm™*
together with absorption bands at 2946 cm™* was attributed to the
stretching of free -NH & -CH, groups and the band at 1189 cm™*
was due to C-N stretching of secondary amines, confirming the
existence of numerous -NH, and -NH-CH,-NH groups in PMF.
Moreover, the absorption bands located at 1568 and 1471 cm ™
indicated successful polymerization. The thermal stability of the
polymer was further examined by TGA (Fig. S4, ESIt). The obtained
curve showed a weight loss of ca. 53% up to 200 °C upon heating in
air. The plausible reason could be the outgassing of moisture and
entrapment of the solvent as well as CO, adsorption in the pores of
the polymer matrix.** Furthermore, the weight loss above tempera-
ture 300 °C was due to decomposition of the polymer network and
was completely decomposed beyond 500 °C. The obtained results
indicated the excellent thermal stability of PMF up to 300 °C
in air.*!

Electrochemical behavior of capsaicin

In order to analyze the electrocatalytic behavior of the proposed
PMF/OCNT composite towards capsaicin, preliminary experi-
ments were performed using a 3 electrode assembly in 50 mM
BR buffer electrolyte in the presence of 100 pM of capsaicin by
sweeping two successive scans of cyclic voltammogram between
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Fig. 2 (a) Two successive cyclic voltammetric scans in the presence of 100 uM capsaicin at a scan rate of 25 mV s~* showing electrochemical oxidation

of capsaicin; (b) mechanism showing the reaction pathway of electrochemical oxidation of capsaicin.
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a voltage range of 0.0 to 1.0 V at 25 mV s~ (Fig. 2(a)). In the first
scan, a sharp oxidation peak (peak I) at 0.67 V was observed,
which corresponds to the electrooxidation of capsaicin,
followed by an irreversible hydrolysis (Cirr) step ascribed to
conversion of the 2-methoxy group into o-benzoquinone and
giving rise to a well-known catechol redox couple shown by
peak IT and peak III at 0.49 V and 0.45 V, respectively. Furthermore,
the redox cycle takes place between peak II & peak III as shown
in the mechanism (Fig. 2(b))."** To further authenticate the
capability of PMF/OCNT towards electrocatalytic oxidation of
capsaicin, preliminary studies were conducted with the PMF/
OCNT composite. Fig. 3(a) and (b) display the well-defined
redox peak in the second cycle of CV with an oxidation peak
current density (0.16 mA cm’) and peak separation (AE,) of
0.04 V. Comparatively the PMF and bare graphite showed an
inferior current density of 0.13 mA cm 2 and 0.078 mA cm >
fortifying that the superior activity of PMF/OCNT towards
electrochemical oxidation of capsaicin was due to the synergic
effect of the porous PMF and highly conductive OCNTs.
The above results were further supported by electrochemical
impedance spectroscopy (EIS), wherein the lowest R, (Fig. 3(c)
and Table S1, ESIt) in PMF/OCNT as compared to the bare
graphite and PMF signifies the dominance of faster kinetics
towards the electrochemical oxidation of capsaicin. This gov-
erns the effective charge transfer at the electrode-electrolyte
interface and was fitted to an equivalent circuit shown in
Fig. S5, ESL,f which was further confirmed by calculating the
double layer capacitance in the capacitive region (Fig. S6 and
Table S2 detailed in the ESIt).
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Optimization of the sensing parameters

PpH optimization. The effect of pH on the peak potential and
the current response was investigated by varying the pH from 1.0
to 5.0 in BR buffer containing 100 pM capsaicin (Fig. 3(d)). The
decrease in the peak current density (jj,) with the increase in pH
from 1.00 to 5.00, was apparently due to the partial deprotonation
of the phenolic moiety in capsaicin at higher pH.”* Moreover, the
peak potential varied linearly per unit increase in pH (Fig. 3(d)
inset) and shifted to negative by 0.053 V, which was close to the
—0.059 V as predicted by the Nernst equation. This suggested
that electrooxidation of capsaicin involves an equal number of
electrons and protons and the overall electrochemical as well as
chemical step involves two electrons and protons. Therefore, BR
buffer of pH 1.0 was taken as the optimum in subsequent
experiments for better sensitivity and better signal to noise ratio.

Capsaicin accumulation time and composite optimization

In order to understand the effect of accumulation time of
capsaicin on the fabricated sensor, SWV analysis was per-
formed in BR buffer solution having pH 1.0 at 100 pM of
capsaicin. The current density started decreasing from 55.7 to
8.4 mA cm > when the accumulation time increased from 1 to
4 min, and became constant (8.4 mA cm *) with a further
increase in time up to 6 minutes, indicating the saturation of
the electrode surface (Fig. S7a and b, ESIt). Therefore, one
minute was selected for operational direction of capsaicin.
The electrocatalytic activity of PMF is strongly influenced by
the conductive support, which was analysed by taking different
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(a) CV showing the response of various catalysts towards capsaicin, (b) corresponding SWV and (c) EIS, (d) CV showing the effect of different pHs

E (V vs. Ag/AgCli3M KClI)

on the PMF/OCNT modified electrode in 100 uM capsaicin (inset: corresponding linearity graph), (e) SWV showing the optimization of the catalyst ratio
for PMF/OCNT (inset: corresponding linearity graph) and (f) CV showing the PMF/OCNT modified electrode at various scan rates in 50 mM BR buffer
(pH 1.0) solution containing 100 uM capsaicin; CE: Pt wire, RE: Ag/AgCl/3 M KCL
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ratios of PMF: OCNT. As displayed in Fig. 3(e), different ratios
of polymer and OCNT (PMF : OCNT) viz. 50:50, 60:40, 70:30,
80:20 and 90:10 showed particular responses towards the
oxidation of capsaicin. The response current density increased
with the increase in the amount of OCNTs, reaching the
maximum value (44.20 mA cm™ %) at 70:30, and then started
decreasing. Therefore, 70: 30 ratio was selected for subsequent
experiments. The kinetic behaviour of capsaicin was further
examined by studying the influence of the scan rate on the peak
potential and peak current for 100 pM capsaicin on the PMF/
OCNT modified electrode. CV was performed by varying the
scan rate from 25 mV s~ " to 300 mV s~ " (Fig. 3(e)). The linear
increase in the oxidation and reduction peak currents with scan
rate indicated that both oxidation and reduction were
adsorption-controlled processes (Fig. S8a, ESIt). In addition,
the slope of the plot between the log of peak current and the log
of scan rate was found to be 0.743, which is higher than 0.5
confirming that the process is adsorption controlled. The
relationship between redox peak potential E, and logarithm
of scan rate was also investigated and it was found that E,, also
changes linearly with the logarithm of the scan rate in the range
of 25-350 mV s~ '. Based on the slope between the peak
potential and scan rate, the number of electrons involved in
the oxidation and reduction of capsaicin was calculated via
Laviron’s equation (Fig. S8b, ESIt).*

The total number of electrons involved in the oxidation and
reduction process was found to be two. The value of the charge-
transfer rate constant (k) for the composite in 100 pM capsaicin
was found to be 7.15 x 10*> s™*. Moreover, the concentration of
capsaicin adsorbed on the PMF/OCNT modified electrode was
analysed according to the formula using the slope of the
relationship between the peak current and scan rate (I, vs. v)
(Fig. S7c, ESIt). Furthermore, the electrocatalytic efficiency of the
composite for oxidation of capsaicin was evaluated by calculating
the catalytic rate constant using the Galus equation.*

Teadli, = 1" (keacCot)?

wherein, L., I1, t, and C, are the catalytic current for capsaicin,
the limited current in the absence of capsaicin, the time
elapsed, and the bulk concentration of capsaicin, respectively.
Based on the slope of I../I, versus t,,,, the value of K., was
found to be 32.294 M~' s7' (Fig. S9a and b, ESI). This high
value could be attributed to the increased efficiency of PMF/
OCNT towards electrochemical oxidation of capsaicin.

Analytical detection of capsaicin

The analytical performance of the proposed sensor PMF/OCNT
was investigated using CV and SWV under optimal conditions
by varying the concentration of capsaicin from 100 nM-500 uM
with an accumulation time of 1 minute for each concentration.
Fig. 4 shows that with an increase in the concentration of
capsaicin, the oxidation peak current increased and gets
saturated at a current density of 48.14 mA cm > when the
concentration reaches 500 uM, which indicates that all of the
active sites that are present became saturated resulting in no
further adsorption of capsaicin (Fig. 4(b)). Furthermore, the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) CV, (b) SWV and (c) EIS response of the PMF/OCNT modified
electrode in 50 mM BR buffer at various conc. of capsaicin; (d) bar diagram
representing the current density w.r.t. interferants at a 100 pM concen-
tration of capsaicin.

corresponding calibration curve was plotted using the oxida-
tion peak current density (j,.) vs. capsaicin concentration.
The proposed sensor exhibited two linear ranges, that is,
100 nM-240 pM and 240-500 uM with a superior sensitivity
of 960 pA uM~' em™? and 2900 pA pM ™' em >, respectively
(Fig. S8d, ESIt). The limit of detection (LOD) was calculated
using the LOD = 3S,/b formula, where S, is the standard
deviation of the intercept and b is the slope of the calibration
curve and was found to be 71.5 nM, respectively. The presence
of two linear ranges with different sensitivities was attributed
to the adsorptive nature of capsaicin over the electrode surface. At
low concentration capsaicin directly adsorbs as a monolayer on the
electrode surface and at higher concentration it absorbs in the
form of multilayers and passivating all available active sites on the
electrode surface provides a second range with lower sensitivity.*®
In addition, the effect of interferences of some common organic
and inorganic compounds (i.e., KCl, MgCl,, CaCl,, citric acid,
glucose and ascorbic acid) present in the chilli samples along
with capsaicin was also evaluated using SWV. The results depicted
that no significant increase in peak current was observed for
addition of 10 mM of each interferent in the presence of 100 M
capsaicin suggesting good anti-interference properties of the
proposed sensor and that it can be used for real sample analysis
(Fig. 4(d)). The operational stability of PMF/OCNT was investigated
by cyclic voltammogram studies over 100 consecutive cycles with
the scan rate of 25 mV s~ * (Fig. S10a, ESIt). The negligible decay in
either current or potential demonstrated the excellent stability of
the composite. Furthermore, the sensor was stored for twelve days
and the current response was measured on alternate days.
Fig. S10b, ESIf shows that the sensor retained its initial response
after being stored for 12 days. This result indicated the long-term
storage stability of the proposed sensor. Moreover, the PMF/OCNT
based electrochemical sensor displays a wider linear range as well
as the shortest accumulation time compared to the previously
reported sensors for capsaicin detection (Table S3, ESIT).
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pepper samples and (b) SWV responses for the addition of 10, 40, 60, 80,
120, 140, 180, 200, 240, and 280 pM capsaicin in diluted samples of
different chillies after 1 min accumulation time in 50 mM BR buffer (pH 1)
(inset: corresponding calibration curve between concentration and peak
area for additions of capsaicin).

Real sample analysis

The practical applicability of the developed PMF/OCNT sensor
was carried out by choosing fresh green pepper, bell pepper and
cayenne pepper available in a local market. The chillies were
crushed, and filtered to remove any solid waste. The extraction
of capsaicin from the real samples was carried out by dissolving
10 mg of each sample in 2 mL of 30% ethanol containing BR
buffer (pH 1.0). The diluted samples were then ultrasonicated
for 30 minutes to obtain a uniform dispersion and 100 pL of the
above-diluted sample was then added to 10 mL of BR buffer.
To ascertain the authentication of the proposed sensor, certain
known amounts of capsaicin were added to the diluted sample
and then detected using the standard addition method (Fig. 5).
The results obtained are tabulated in Table S4, ESIT. Furthermore,
the recovery was found from 99.2-114%. The obtained results
were in good agreement (Fig. S11 and Table S5, ESIT) with HPLC,
signifying that the sensor possesses good accuracy and can be
promising for practical applications.

4. Conclusion

Herein, we have developed a PMF/OCNT based electrochemical
sensor for direct capsaicin sensing, wherein the PMF/
OCNT exhibits high surface area and good electrochemical
properties. The proposed sensor exhibited high sensitivities
of 0.96 mA pM~* em ™2 and 2.90 mA pM ™' ecm ™2, with LOD of
71.5 nM. The interference study demonstrated good selectivity
among various interferents with high adsorbing power of cap-
saicin over PMF/OCNT due to strong interactions. The hetero-
geneous electron transfer rate constant (k) was calculated to be
7.15 x 10” s~ " which is higher than those so far reported.
Additionally, the proposed sensor was also tested for the detec-
tion of capsaicin in real samples and showed excellent activity,
which suggests that the proposed electrochemical sensor can be
used for the trace detection of capsaicin in a wide range of water
and vegetable samples with good accuracy.
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