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Abstract

Ginger and Ajwain are used extensively in food products, natural medicine to treat certain common
diseases and as an immunity booster against viral infections. In this work, we report the fabrication

of a novel electrochemical sensor based on a-Fe,O; nanoparticles for detection and quantification of
[6]-Gingerol (GIN) and Thymol (THY)) which are water soluble phytochemicals derived from edible
herbs Ginger and Ajwain respectively. The a-Fe,O, nanoparticles were synthesised by sol-gel method
and its structure and composition were confirmed by powder X-ray diffraction and photoelectron
spectroscopy studies. The a-Fe,O; NPs modified glassy carbon electrode (GCE) exhibited an excellent
electrocatalytic activity towards the oxidation of GIN and THY in phosphate buffer saline at pH 7. The
a-Fe,0, modified GCE exhibited the lowest detection limits of 35.2 nM and 24 nM for GIN and THY
respectively over the corresponding dynamic ranges of 55.6 nM to 118 uM and 27.8 nM to 56 uM.
Detailed interference study confirmed the potential anti-interference ability of the fabricated sensor
against a number of potential interfering compounds. Cyclic stability study yielded relative standard
deviation (RSD) values of 9.9% and 9.18% for GIN and THY respectively, demonstrating excellent
stability of the sensor. Reproducibility of the a-Fe,O,/GCE was investigated by testing a number of
electrodes which yielded RSD values of 1.08% and 0.97%, for GIN and THY respectively. These
promising characteristic features of the proposed sensor make it suitable for quick and precise detec-

tion of GIN and THY in food and natural medicines.
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1. Introduction

Ginger, a flowering plant originated from Southeast Asia, is
used in traditional food items of India, China, and around
the world. Rhizome part of the ginger is commonly used as
spice and it is known to contain many nutrients and bioac-
tive compounds including Zingerones, Shogaols, and Gin-
gerols[1] that have powerful benefits for human body and
brain. Among these, 6-Gingerol or Gingerol (C;;H,s0,)
has many attractive properties of pharmacological impor-
tance[1-3]. Gingerol forms as yellow colored powder
with a low melting point of 30 to 32 °C having pungent
odor[4]. It has anti-inflammatory[2, 3], anti-oxidant[2, 5],
anti-tumor[5], anti-apoptotic[6],and anti-bacterial proper-
ties. High pressure liquid chromatography(HPLC)[7] and
spectroscopic techniques (Ultraviolet-visible) have been
employed to determine 6-gingerol in ginger extract, and
foods. Though electrochemical sensors are gaining popu-
larity for detection and quantification of several analytes
because of its simplicity, low-cost, high sensitivity, and
selectivity, there exists only one report dealing with the
detection of gingerol. Chaisiwamongkholet al. reported the
fabrication of an electrochemical sensor for detecting gin-
gerol spices in ginger using multiwalled carbon nanotubes
(MWCNT) modified basal plane pyrolytic graphite elec-
trode[3].The authors used anodic stripping voltammetry to
quantify gingerol over a narrow dynamic range of 1 to 50
UM with the lowest detection limit of 0.21 pM.

Ajwain caraway or bishop’s weed, is a spice derived from
an herb plant in the Apiaceae family. The seeds have a bitter
and pungent flavour, like oregano. Ajwain is often added to
several food items because of its strong aromatic essence
and rich fibre, minerals and vitamins content. Ajwain is the
major source of Thyme oil, from which Thymol (2-isopro-
pyl-5-methylphenol), a colourless crystalline monoterpene
phenol is extracted. In addition to its use as dietary item,
thymol is extensively used as antiseptic lotions, mouth wash
liquids, inhalation mixtures, perfumes, and food additive[8,
9]. Thymol has been widely used for centuries as traditional
medicine due to its pharmacological properties such as anti-
bacterial, anti-fungal, anti-oxidative and anti-inflammatory
properties[10]. It is fed to pigs along with cinnamaldehyde
to improve their immune system by increasing the levels of
immunoglobulins (IgA/IgM) in their gut[9]. Despite such
potential applications of thymol, very few electrochemical
sensors based on CeO,/GN/GCE[8], CeO,/Brij35/GCE[11],
and single walled carbon nanotubes modified screen printed
electrodes (SWCNT/SPE)[12] have been reported for the
determination of Thymol. Hence, there is a need for devel-
opment of a simple and efficient sensor for the detection of
GIN and THY.
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The physical and chemical properties of metal oxide
nanostructures are known to depend on several design
parameters such as particle size, morphology, interparticle
distances and the dielectric constant of the surrounding
medium. Moreover, the metal oxide nanostructures exhibit
several unique features such as functional biocompatibility,
biosafety, chemical stability and improved catalytic prop-
erties which are essential characteristics for various appli-
cations such as fuel cell[13], energy storage[14, 15], and
sensors[16—19]. In particular, the advent of nanomaterials
enabled the discovery of a number of electrochemical sen-
sors with high performance.

Electrochemical sensors continue to be an attractive
analytical tool because of its unique features such as high
sensitivity, low cost, ease of use, and less sample quantity
requirement for analysis. Numerous electrochemical sen-
sors are used in food industry to monitor quality at each
stage starting from production to consumer level. The pres-
ence and amounts of heavy metals, pathogens, colouring
agents, preservatives, and pesticides must be monitored
regularly in order to ensure food quality. Nasehi et al. fab-
ricated an electrochemical sensor using TiO,-SWCNTs
and 1-hexyl 3-methyl imidazolium hexafluorophosphate as
electrode material for monitoring Bisphenol-A in water and
soft drinks[19]. Buledi et al. developed an electrochemical
sensor based on WO;-rGO nanocomposite for determining
‘mancozeb’, a biocide, in vegetables and fruits[ 18]. Anithaa
et al. fabricated a non-enzymatic electrochemical sensor
based on WO; nanoparticles for the determination of his-
tamine in vinegar sample[20]. In another report, the same
author has developed a sensor based on UV-rays irradiated
WO, nanoparticles for determining tyrosine and tryptophan
in milk and egg samples[21]. Veerapandi et al. has reported
HAP-TiO, nanocomposite based electrochemical sensor for
ascorbic acid and eugenol detection in fruit juice and herbal
medicine[22]. Lavanya et al. determined vitamins such as
ascorbic acid and folic acid using Mn doped SnO, nanopar-
ticles based electrochemical sensor[23]. Meenakshi et al.
have used shock wave irradiated Fe,0; nanoparticles for the
determination of riboflavin and folic acid[24].

Among several metal oxides, Fe,0; has received much
attention due to its diverse physiochemical properties and
it is used in a wide range of technological applications. It
is naturally available in abundance, inexpensive, environ-
mental friendly, non-toxic, and biocompatible. Iron is found
in a variety of foods, including dark chocolate, red meat,
seafood, beans, spinach, and apricots. Furthermore, the
human body requires iron for growth and development, and
it is used by our body to produce haemoglobin and myo-
globin [25]. In addition, several researchers have reported
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the enzyme like activity of a-Fe,05[26]. These unique prop-
erties of Fe,O; make it an attractive material for sensing
applications.

In this work, we report the fabrication of a-Fe,O;
nanoparticles based electrochemical sensor for the detec-
tion of Gingerol in ginger (Zingiber officinale) and Thymol
in ajwain (Anisochilus carnosus) extracts. The developed
electrode exhibited an excellent electrocatalytic activity
towards the oxidations of gingerol and thymol over wider
linear ranges and significantly high limit of detection (LOD)
values which are sufficient for the intended food control
applications. The fabricated electrode selectively detects
precise amounts of gingerol and thymol in presence of a
number of phytocompounds and minerals which are present
in Kabasura Kudineer (KsK), a decoction derived by boiling
a mixture of 15 different dried herbs in water. In southern
part of India, this decoction containing Zingiber officinale
(Ginger) and Thymus Vulgaris (Ajwain), among others, has
been extensively used as an immunity booster against viral
infections including COVID-19.

2. Materials and methods
2.1 Reagents and apparatus used

Iron nitrate (Fe(NO;),.9H,0) (98%, CAS No. 7782-61-8)
and Disodium hydrogen phosphate (Na,HPO,)(99%, CAS
No. 10028-24-7) were purchased from Merck specialities.
Sodium dihydrogen phosphate (NaH,PO,) (99%, CAS
No. 13472-35-0) and Sodium hydroxide (NaOH) (97%,
CAS No. 1310-73-2) pellets were purchased from Spectro-
chem and Thermo Fisher Scientific respectively. Gingerol
(98%, CAS No. 23513-14-6) and Thymol (99%, CAS No.
89-83-8) were purchased from TCI chemicals. All analyti-
cal reagent grade chemicals were used as received without
further purification. Deionized water produced by ultra-
purification system was used in all the experiments. Pow-
der X-ray diffraction (XRD) measurements were recorded
using X’ Pert Pro PANalytic. High resolution transmission
electron microscope (HRTEM; JEOL JEM 2100) was for
microstructural investigation of Fe,O; nanoparticles. Elec-
trochemical measurements were carried out on CHI 608D
electrochemical workstation. In the three-electrode cell,
working electrodes were prepared by modifying glassy
carbon electrode (GCE), commercial electrodes Ag/AgCl
and platinum wire were used as reference and counter elec-
trodes. Electrochemical impedance spectroscopy (EIS)
measurements were made (ac potential 5 mV; dc potential
250mV) in the frequency range 100 kHz to 1 Hz in 1 M
KCI containing 1.0 mM [Fe(CN)6]3‘/4‘ redox couple. The
impedance data were presented in the form of Nyquist plots

and the charge transfer resistance (Rop) was determined
using ZSimpWin software simulations.

2.2 Preparation of a-Fe,0; /GCE

a-Fe,O5 nanoparticles was synthesized by sol-gel method.
Precursor solution was prepared by dissolving 0.1 M
Fe(NO;).9H,0 in 200 mL deionised water and it was added
drop wise under vigorous stirring with aqueous solution of
0.2 M monohydrated citric acid. The mixed solution was
heated at 70 °C until gel was formed and water was evapo-
rated. Then, the prepared sample was washed 10 times using
distilled water and dried in hot air oven at 100 °C for 2 h.
The dried powder was annealed at 700 °C for 3 h in ambient
atmosphere.

Glassy carbon electrodes (3 mm diameter) were polished
with the 0.3 um alumina slurry and cleaned surfaces were
sonicated in ethanol-water mixture to remove unwanted
microscopic dust particles. 10 pL of supernatant dispersed
(1 mg a-Fe,O; per ImL) in demineralised water was drop-
casted on glassy carbon electrode (GCE; 3 mm) surface, and
dried at room temperature in closed atmosphere.

2.3 Preparation of Ginger, Ajwain and KsK extract

The procedure for extract preparation is as follows; 1 g of
each ginger, ajwain and Kabasura Chooranam (KSC) were
weighed separately and 50 mL demineralised water was
added to each container. The mixture was heated at 60 °C
till its volume gets reduced to one fifth of the original vol-
ume. After that, the solution was filtered using Whatman
filter paper and the resulting extract was used immediately
after preparation.

3. Results and discussion
3.1 Physical characterisations

Powdered XRD pattern of the synthesized a-Fe,O; is shown
in Fig. 1 A. Diffraction peaks observed at (20) 24.24°,
33.16°, 35.93°, 40.68°, 49.39°, 54.14°, 57.70°, 62.65° and
63.84° could be assigned to (012), (104), (110), (113),
(024), (116), (122), (214) and (300) Bragg reflections of the
rhombohedral structure (Space group R-3c). The calculated
lattice parameters a=b=5.0248 A and c¢=13.7163 A and
unit cell volume 299.92 A3 were in good agreement with
the International Centre for Diffraction Data (ICDD; Card
n0.:01-084-0307). Further, XRD pattern exhibited strong
peak at 20~33° corresponding to (104) plane confirm-
ing hematite phase formation. Average crystallite size of
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Fig. 1 (A) Powder XRD pattern

of synthesized a-Fe,O; nanopar-
ticles; (B) XPS survey scan spec-
trum of a-Fe,O; nanoparticles.
(C) XPS spectra of Fe 2P; and
(D) XPS spectra of Ols
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synthesized a-Fe,O; nanoparticles was calculated as 33 nm
using Debye Scherrer formula,

(D=0.9 A/p cosB)

Where B is the full width at half maximum (FWHM) in
radian of the peak with given (hkl) value, A =1.5406A of the
CuKa radiation and 8 is the diffracting angle.

3.2 X-ray Photoelectron Spectroscopy (XPS) analyses

The surface chemical composition and the valence states
of Fe and O ions of representative a-Fe,O; sample were
investigated by XPS analyses and the results are shown in
Fig. 1B. A survey scanning spectrum of a-Fe,O; indicates
that the iron and oxygen are the main constituent elements.
The high-resolution Fe 2p spectrum shows two distinct
peaks with binding energies of about 709.8 eV for Fe 2p;,
and 723.6 eV for 2p,, and the difference in bandgap energy
(13.8 eV) indicated that the iron ion exists in Fe** state in
the compound. It can be noticed that the Fe 2p,,, peak is
narrower, stronger and has larger area than Fe 2p, , because
Fe 2ps;, has a degeneracy of four states while Fe 2p,,, has
only two in spin-orbit (j-j) coupling(Fig. 1 C).In addition
to this, a small peak obtained at the binding energy of
718.6 eV is due to Fe’* shake-up satellite peak of a-Fe,O,
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nanoparticles. Oxygen will always be present on samples
exposed to the atmosphere, either due to adventitious con-
tamination, oxidation or water. To determine the presence
of oxide and possible hydroxyl species in the Fe,O;, the O
Is spectrum was recorded as shown in Fig. 1D. The result
shows three peaks with binding energy at about 528.8 eV,
530.1 eV and 531.6 eV. The peak appeared at 528.8 eV
has been ascribed to lattice oxygen, confirming the oxy-
gen valence state as 2+. The other two peaks at 530.1 eV
and 531.6 eV correspond to oxygen vacancies and surface
absorbed water molecules.

3.3 Transmission electron microscopic (TEM)
analysis

TEM pictures have been recorded to study the morphol-
ogy and structure of the a-Fe,0; nanoparticles. Figure 2 A
shows formation of nanosized particulates with clean sur-
face features. It is clear that the hematite crystallites have
formed as spherical and rhombohedral shaped particles with
variant sizes and are well crystallized in nature. The size
of nanoparticles depends largely on the growth period and
concentration of precursor used in the synthesis of hematite.
Average crystallite size of a-Fe,O; particulates was found
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Fig.2 (A) TEM and (B) HRTEM
images of a- Fe,0; nanoparticles

to be in the range of 25-33 nm, in good agreement with the
powder XRD data. The size distribution was measured by
5 nm TEM image using Image J software and it obeys the
logical normal distribution[27]. This result also indicates
larger surface area of the synthesized Fe,O; NPs, which
is a desirable feature of the electrode material for sensing
applications.

3.4 Electrocatalytic activity of a-Fe,0; modified GCE

The electrocatalytic activity of the o-Fe,O; modified GCE
was studied by performing cyclic voltammetry in a redox
mediator [F e(CN)6]3‘/ 4. Figure 3 A shows the cyclic
voltammograms (CVs) recorded at bare GCE and a-Fe,0,
modified GCE in 1 mM [Fe(CN)(]*”*" containing 0.1 M
KCl at a scan rate of 50 mV/s. The bare electrode exhibited
well resolved redox peaks at 0.32 V and 0.23 V whereas the
a-Fe,O; modified GCE showed improved catalytic activity
which resulted in higher peak current (/p, = 18.9 pA and Ip,
=-17.69 pA) at a potential of 0.29 V and 0.19 V. The cata-
lytic ability and increased surface area of o-Fe,O; nanopar-
ticles resulted in the improved peak current when compared
to that of bare GCE.

The rate of electron transfer at the electrode-electrolyte
interface was studied by electrochemical impedance spec-
troscopy (Fig. 3B). The results are shown in the form of
Nyquist curves in which the semi-circle portion related to
electron transfer limited process and a linear part resulting
from the diffusion process. The charge transfer resistance
(Rcr)values for bare and a-Fe,0; modified GCEs were cal-
culated as 1450 Q/cm? and 1299 Q/cm? respectively. The
relatively lower R value of a-Fe,O; modified GCE proves
that it has higher catalytic activity and the results are in good
agreement with cyclic voltammetry results.

3.5 Electrochemical behaviour of Gingerol and
Thymol

The observed electrocatalytic activity of the a-Fe,O; NPs
suggests it as a good platform for sensing applications. The
microscopic defect sites and higher surface area of the NPs
lead to increased reaction sites that allow a greater num-
ber of analyte molecules to get tethered onto the electrode
through which it could be detected easily. Here, the a-Fe,O;
NPs modified GCE has been applied for the determination
of GIN and THY individually and simultaneously. Fig-
ure 3 C shows the CVs recorded at a-Fe,O3/GCE in 0.1 M
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Fig. 3 (A) Cyclic voltam-
mograms recorded at (a) bare
GCE and (b) 0-Fe,0;/GCE in
ImM [Fe(CN)]>™*" contain-
ing 0.1 M KCl at a scan rate of
50 mV/s; (B) EIS of (a) bare
GCE and (b) 0-Fe,0,/GCE; (C)
CVs recorded at (a) bare GCE
and (b) 0-Fe,0;/GCE in 0.1 M
PBS (pH 7.0) containing 10 pM
each GIN and THY; inset shows
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Fig. 4 Probable reaction mechanism for electro-oxidation of (a) Gingerol and (b) Thymol at the a-Fe,O;/GCE.

phosphate buffer saline (PBS; pH 7.0) in the potential win-
dow of 0 to 1.0 V at the scan rate of 0.05 V/s. In Fig. 3 C,
curve a and curve b represent the CVs of bare and a-Fe,0,
modified GCEs in the absence of GIN and THY, whereas
curve ¢ and curve d represent the CVs recorded for bare
and a-Fe,O; modified GCEs in the presence of 10 pM each
GIN and THY. It is observed that both the bare and a-Fe,O4
modified electrodes exhibit two strong peaks corresponding
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to oxidation of GIN and THY. At a-Fe,O; modified elec-
trode, the GIN oxidation peak was observed at 0.47 V and
for THY at 0.65 V, whereas bare GCE showed at 0.45 and
0.57V for GIN and THY respectively. Interestingly, the peak
separation at a-Fe,05/GCE was found to be slightly higher
(0.18 V) when compared to that of bare electrode (0.12 V).
In addition to this, the oxidation of GIN and THY gave
higher currents (0.269 pA and 0.359 pA for GIN and THY)
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Table 1 Comparison of the obtained results with the previous reports in the literature

Analyte Electrode Method Linear range LOD Potential Ref.
WM WM ™
Thymol Ce0O,/GN/GCE DPV 0.1-18 0.05 0.467 [8]
CeO,/Brij35/GCE DPV 0.7-10.1 20 0.59 [11]
SWCNTs/SPEs DPV 5-90 4 0.045 [12]
Ag@c@Ag/GCE DPV 0.1-10 0.0216 0.86 [28]
GCE LSV 85-1300 79 1.29 [31]
BDD electrode SWV 4-100 3.9 1.13 [32]
PAM@G-MIP DPV 0.5-300 0.043 0.72 [33]
HPLC-UV 0.40-5000 0.042 [34]
ng mL™! ng mL™!
0-Fe,0; Swv 0.0278-56 0.024 0.65 This work
Gingerol MWCNT-BPPG electrode AdsSV 1-50 0.71 0.43 [3]
RP-HPTLC 50-600 ng/band 16.84 [34]
ng/band
o-Fe,0, SWvV 0.0556-118 0.0352 0.47 This work

than that of bare electrode with 0.126 pA and 0.185 pA for
GIN and THY respectively. The plausible mechanism for
electrochemical reaction of Gingerol[3] and Thymol[28] at
the a-Fe,0; modified GCE is shown in Fig. 4. The outstand-
ing catalytic ability of the a-Fe,O; NPs towards oxidation
of GIN and THY could be due to its physical origin such as
high surface area and increased number of reactive sites.
Figure 3D shows the effect of scan rate on the oxidations
of GIN and THY at the a-Fe,O5/GCE. The oxidation peak
currents were found to increase linearly with the increase
of scan rate from 0.06 V/s to 0.1 V/s which confirms that
the electrode process is diffusion-controlled nature. Square
wave voltammetry responses of GIN and THY at the
a-Fe,03/GCE were recorded in 0.1 M PBS (pH 7.0) (Insert
of Fig. 3 C). The results are in good agreement with the
results obtained from cyclic voltammetric studies and this
confirms that the modified electrode could be used effec-
tively towards the determination of gingerol and thymol.

3.6 Effect of pH on the oxidations of Gingerol and
Thymol

The results of the influence of pH on the oxidation of GIN
and THY at the a-Fe,O;/GCE are shown in Fig. 5. It is clear
from the result that the oxidations depend on pH of the
PBS. At a lower pH of 3, both GIN and THY get oxidised
at higher potentials of 0.64 and 0.83 V respectively. While
increasing pH from 3 to 10, the oxidation peak potentials
of GIN and THY got shifted to lower potentials which con-
firmed the participation of H" on the oxidation reaction at
the surface of a-Fe,O;/GCE. Moreover, a good linear rela-
tionship between pH and £, , was obtained (Fig. 5 A) with
the slope values of 0.058 for GIN and 0.059 for THY indi-
cating one electron oxidation processes in both the cases.
The oxidation peak currents increased with the increase of
pH and attained a maximum at pH 7.0 and got decreased
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for higher pH value from 8 to 10 (Fig. 5B). Based on these
results, pH 7.0 was chosen for further studies.

3.7 Selective determinations of Gingerol and
Thymol

The capability of the modified electrode to determine the
GIN selectively in the presence of 10 uM THY was stud-
ied by performing SWVs in 0.1 M PBS (pH 7.0). The con-
centration of GIN was varied from 55.6 nM to 118 uM
at o-Fe,O;/GCE and the corresponding oxidation peak
currents increased linearly with each increment of GIN
(Fig. 6 A). The concentration of GIN was plotted against
the oxidation peak currents which showed two linear seg-
ments of 55.6 nM to 45.6 uM and 50.4 uM to 118 uM
(Fig. 6B). The regression equations for both the segments
were deduced as:

I (BA)=0.013Cgp+0.25 (R?=0.992) (0.0556 uM —
45.6 uM).

Ion(1A)=0.006C +0.529 (R?=0.990) (45.6 uM —
118 uM).

Similarly, selective determination of THY was performed
at a-Fe,O,/GCE in 0.1 M PBS (pH 7.0) in the presence of
10 uM of GIN. The oxidation peak currents were noted after
each addition of THY in the concentration range of 27.8 nM
to 56 uM. A linear response was observed in the plot of con-
centration of THY versus current which is shown in Fig. 6 C
and 6D. The regression equation was reckoned as follows;

Ity (WA)=0.031Cpyy +0.252 (R?=0.997) (0.0278 uM
— 56 uM).

The lowest detection limits (LOD) of the sensor towards
selective determination of GIN and THY were calcu-
lated from the corresponding calibration curves using the
formula[29].
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Fig. 7 (A) & (B) Amperometric responses of a-Fe,O,/GCEs for the
addition of 10 uM of GIN and THY with successive additions of (a)
Glucose, (b) L-Tyrosine, (c) NaCl, (d) Ascorbic acid, (e) Riboflavin,
(f) Folic acid, (g) Ferric nitrate, (h) Uric acid, (i) Acetyl choline, (j)
L-Tryptophan, (k) Thiamine, (1) Thymol in 0.1 M PBS (pH 7.0 (C)

LOD — 3 x Standard deviation
Slope

Thus, the LODs were deduced as 35.2 nM and 24 nM for
GIN and THY respectively using slope of their calibration
curves. The o-Fe,O,/GCE displayed an impressive cata-
lytic activity towards the oxidation of GIN and THY with-
out requiring any additive or mediator. Table 1 shows the
obtained results in comparison with the previously reported
values. It can be noticed that there are only four reports pub-
lished so far and the authors have employed carbon nano-
structures (MWCNTs, GN, SWCNTs) and Brij35 along with
metal oxides (CeO,) to improve the sensing characteristics
of the electrode. On the other hand, we have used a simple,
abundantly available, and low-cost a-Fe,O; as an electrode
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CVs of 50 cycles recorded at 0-Fe,O3/GCE in 0.1 M PBS containing
10 uM each of GIN and THY at a scan rate of 50 mV/s.; (D) CVs
recorded at ten different a-Fe,O3/GCEs in 0.1 M PBS containing 10
uM of each GIN and THY.

material for sensing applications which also yielded excel-
lent results in comparison to the previous reports. The fab-
ricated electrochemical sensor based on o-Fe,0;/GCE can
thus be used for determination of gingerol and thymol over
a wider dynamic range with the lowest detection limits.

3.8 Simultaneous determinations of Gingerol and
Thymol

To explicate the ability of the modified electrode to deter-
mine the GIN and THY simultaneously, the SWVs were per-
formed in the potential range of 0.0 to 1.0 V in 0.1 M PBS
(pH 7.0). Different concentrations of GIN and THY were
added simultaneously in the range of 55 nM to 35.7 uM
and the resulting voltammograms were recorded (Fig. 6E).
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Fig.8 (A) SWVs obtained at a-Fe,0;/GCE for Ginger and (B) Ajwain
extracts in 0.1 M PBS (pH 7.0); (C) SWVs obtained at a-Fe,0;/GCE
in the binary mixture containing Ginger and Ajwain extracts in 0.1 M

It could be observed that the oxidation peak currents of GIN
and THY increase systematically for every addition of the
analytes till they reach saturation. The oxidation peak for
GIN was found at 0.46 V for the minimum concentration
of 55 nM and at the maximum concentration, the peak was
observed at 0.48 V with a negative potential shift of 0.02 V.
In case of THY, the oxidation peak was observed at 0.6 V
for minimum concentration and at 0.67 V for higher con-
centration of 35.7 pM. These slightly positive shifts in the
oxidation potentials at higher concentrations might be due
to the adsorption of oxidation products at the electrode sur-
face during the reaction. The results further indicate that the
separation between oxidation potentials of the two analytes
is 190 mV at higher concentrations which is sufficient for
the simultaneous sensing of GIN and THY in the binary

@ Springer
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mixtures. Moreover, it was noted that the oxidation peaks
of THY were stronger compared to that of GIN for the same
concentration. The peak currents were plotted against the
concentrations which showed a good linearity (Fig. 6 F) and
the corresponding regression equations of GIN and THY
were deduced as follows;

I (BA)=0.013Cgp+0.359 (R*=0.990) (0.055 uM —
35.7 uM).

Ity (BA)=0.031Cqyy +0.377 (R?2=0.995) (0.055 uM
—35.7 uM).

The LODs were calculated as 34.6nM and 22nM for
GIN and THY respectively. It was noticed that the LODs
obtained for simultaneous detection are nearly equivalent
to that of the results obtained for individual measurements.
The results clearly indicate that the fabricated sensor shall
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Fig.9 SWVs obtained at a-Fe,0;/GCE from Kabasura Kudineer sam-
ple by standard addition method in 0.1 M PBS (pH 7.0)

NaCl, Ascorbic acid, Riboflavin, Folic acid, Ferric nitrate,
Uric acid, Acetyl choline, L-Tryptophan, Thiamine and
Thymol. Interestingly, the presence of excessive amounts
of interferents has no effect on the oxidation of GIN at
a-Fe,05/GCE. Similarly, the interference ability of the
electrode for THY was tested under identical conditions
(Fig. 7B). As expected, the electrode displayed a better anti-
interference ability without any changes in the oxidation
peak currents of THY.

The stability of the a-Fe,O; modified electrode was
tested by cycling the electrode for about 50 cycles between
potential range 0.0 to 1.0 V in 0.1 M PBS (pH 7.0) contain-
ing 10 uM of each GIN and THY (Fig. 7 C). The current
responses for the oxidations of THY and GIN decreased to a
small extent with an RSD value of 9.9% and 9.18% for GIN
and THY respectively confirming the stability of the fab-
ricated electrode towards the simultaneous determinations.

The reproducibility of the modified electrode was studied
by performing CVs of ten repetitive measurements in 0.1 M

Table 2 Determination of GIN and THY in KsK sample using fabricated electrode (n=3)

Sample Analyte Spiked Initial Expected Detected Recovery RSD
(M) (M) M) (M) (%) (%)
KsK extract GIN 0 0 0 0.37 - 1.32
0.5 0.37 0.87 0.89 102.2 1.61
1 0.87 1.87 1.82 97.3 1.92
1.5 1.87 3.37 3.41 101.1 0.83
2 3.37 5.37 5.35 99.6 0.26
3 5.37 8.37 8.32 99.4 0.42
4 8.37 12.37 12.42 100.4 0.29
5 12.37 17.37 17.40 100.1 0.12
THY 0 0 0 0.44 - 0.81
0.5 0.44 0.94 0.97 103.1 2.22
1 0.94 1.94 1.99 102.5 1.8
1.5 1.94 3.44 3.48 101.1 1.42
2 3.44 5.44 5.47 100.5 0.39
3 5.44 8.44 8.39 99.4 0.42
4 8.44 12.44 12.41 99.7 0.17
5 12.44 17.44 17.48 100.2 0.16

be useful for the simultaneous detection and quantification
of Gingerol and Thymol, the phytochemicals of food and
medicinal importance.

3.9 Interference, Stability and Repeatability of the
modified electrode

The ability of the modified electrode to determine the GIN
and THY selectively in the presence of several potential
interferents was tested using sensitive chronoamperometric
technique. Figure 7 A shows the anti-interference property
of the electrode for GIN determination in the presence of
50-fold excess of interferents such as Glucose, L-Tyrosine,

PBS (pH 7.0) containing 10 pM of each GIN and THY
(Fig. 7D). The modified electrode displayed almost same
response at all the ten measurements with an RSD value of
1.08% and 0.97% GIN and THY respectively. The obtained
results proved that the electrode possesses excellent repro-
ducibility and that the electrode is highly suitable for the
simultaneous determination of GIN and THY.

3.10 Detection of GIN and THY in Ginger and Ajwain
Ginger and Ajwain extracts, the major sources for Gin-

gerol and Thymol were prepared independently and used
as real samples to test efficacy of the fabricated sensor.
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SWVs recorded for ginger extract in PBS (pH 7.0) exhib-
ited a strong oxidation peak at about 0.43 V confirming the
presence of gingerol (Fig. 8 A). Similarly, ajwain extract
showed a peak at 0.67 V corresponding to the oxidation of
Thymol(Fig. 8B). Different volumes of ginger and ajwain
extracts were added to PBS (pH 7.0) and the resulting
voltammograms were recorded. The obtained results have
been compared with the standard samples(Fig. 6) and the
amount of GIN and THY present in the ginger and ajwain
extract were deduced as 2.3 mg/mL and 0.7 mg/mL respec-
tively. In another set of experiments, the binary mixture of
ginger and ajwain extracts was prepared by mixing equal
amounts (0.5 g each in 50 mL of water) and voltammet-
ric measurements were performed in PBS for various con-
centrations of the mixed solution (Fig. 8 C). The obtained
results (Fig. 8) were in good agreement with the results of
individual measurements for GIN and THY and the amounts
were deduced as 1.5 mg/mL and 0.48 mg/mL for GIN and
THY respectively.

3.11 Determination of GIN and THY in Traditional
Medicine

In order to identify and quantify the GIN and THY content
in the traditional Sidha medicine called Kabasura Kudineer
(KsK), square wave voltammograms were recorded for dif-
ferent concentrations of KsK in the range of 10 pL to 175 pLL
(Fig. 8D). The peaks corresponding to GIN and THY were
observed at 0.49 and 0.69 V respectively. In order to ensure
this result, the standard addition method was performed by
adding known amount of GIN and THY to the KsK extract
at 0-Fe,0;/GCE in PBS (7.0) and the results were shown
in Fig. 9. The peaks corresponding to GIN and THY oxi-
dation were found to increase linearly with the addition of
commercial GIN and THY. The amount of GIN and THY
present in the KsK extract was calculated by the following
formula[30]:

Concentration in KsK Oxidation peak current of KsK

Concentration in spiked sample — Oxidation peak current of spiked sample

The results indicate that the modified electrode displayed an
excellent result with good recovery percentage. Moreover,
it is also proved that there is no matrix effect at the electrode
with good accuracy. The calculated values of GIN and THY
present in the KsK extract were shown in (Table 2). The
average RSDs of GIN and THY were estimated as 0.84%
and 0.92% respectively; and the recovery percentages of
GIN and THY were calculated as 100.01% and100.92%
respectively, which indicate the suitability of the fabricated
sensor for determination of the chosen analytes.

@ Springer

4 Conclusion

In this work, a new electrochemical sensor was fabricated
using o-Fe,0; nanoparticles for the simultaneous determi-
nation of Gingerol and Thymol for the first time. The syn-
thesised a-Fe,O;was characterised by XRD, XPS and TEM
and its electrocatalytic properties of was studied by CV and
EIS. The sensors exhibited an excellent catalytic activity
towards gingerol and thymol with a wider working range of
55.6nM to 118 uM for GIN and 27.8 nM to 56 uM for THY
respectively. Moreover, the LODs of the sensor was found
to be high (35.2 nM for GIN and 24 nM for THY) when
compared to the previously reported values. The practical
utility of the fabricated sensor to determine gingerol and
thymol in real samples such as Kabasura Kudineer, ginger
extract and ajwain extract was demonstrated. High stability,
good reproducibility and selectivity of the fabricated sensor
makes it suitable for applications in the food and pharma-
ceutical industries.
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