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Abstract In this study, a sensitive and selective voltammetric method based on poly
(diphenylamine-4-sulfonic acid) modified glassy carbon electrode (poly(DPASA)/GCE) was devel-
oped for determination of gallic acid. Appearance of an irreversible oxidative peak at both bare
GCE and poly(DPASA)/GCE for gallic acid with about three folds current enhancement and much
reduced potential at poly(DPASA)/GCE showed catalytic property of the modifier towards oxida-
tion of gallic acid. Under optimized conditions, Adsorptive stripping square wave voltammetric
peak current response of the poly(DPASA)/GCE showed linear dependence with gallic acid concen-
tration in the range 5.00 x 107-3.00 x 10~* mol L~ with limit of detection of 4.35 x 10~°. Spike
recovery results between 94.62 and 99.63, 95.00-99.80 and 97.25-103.20% of gallic acid in honey,
raw peanut, and commercial peanut butter samples respectively, interference recovery results with
less than 4.11% error in the presence of uric acid and ascorbic acid, lower LOD and relatively wider
dynamic range than most of the previously reported methods validated the potential applicability of
the method based on poly(DPASA)/GCE for determination of gallic acid real samples including in
honey and peanut samples.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Honey, one of a sweeting food and flavorful natural product,
has been consumed for its high nutritive value by humans for a
long time (Puscas et al., 2013). Honey is a sugary natural pro-
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duct produced by honey bees from nectar of different flowers
(nectar honey) and secretions of living parts of plants or excre-
tions of plant-sucking insects on the living parts of plant
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(honeydew honey) (Honorio et al., 2014). This natural product
is mainly composed of carbohydrates including fructose, glu-
cose, maltose, sucrose, and other oligosaccharides and
polysaccharides, comprising about 95% of honey’s dry weight,
lower amounts of water and a great number of minor compo-
nents (Puscas et al., 2013; Honorio et al., 2014; Escuredo et al.,
2013; Bertoncelj et al., 2007; Anjos et al., 2015; de Oliveira
Neto et al., 2017). In addition, honey also contains a wide
range of minor constituents such as, phenolic compounds,
minerals, proteins, flavonoids, organic acids, free amino acids,
enzymes, and vitamins (Puscas et al., 2013; Honorio et al.,
2014; Escuredo et al.,, 2013; Bertoncelj et al., 2007; de
Oliveira Neto et al., 2017; Pauliuc et al., 2020). The composi-
tion, taste, and color of different honey depend primarily on its
floral and geographical source. Moreover, the composition of
honey is influenced by certain external factors including pro-
cessing, climate, packaging and storage conditions (Puscas
et al., 2013; Estevinho et al., 2008; Cianciosi et al., 2018;
Halagarda et al., 2020).

Honey has functional properties in human health promo-
tion which depend largely on the floral source of honey includ-
ing antimicrobial and antioxidant activities. It is often used as
a sugar substitute, an ingredient or a natural preservative in
hundreds of manufactured foods (Estevinho et al., 2008;
Cianciosi et al., 2018). It has also been used for centuries as
a traditional medicine due its antioxidant and antibacterial
properties (Honorio et al., 2014; Pauliuc et al., 2020). Studies
have shown that honey serves as a source of natural antioxi-
dants, which are effective in reducing the risk of heart disease,
stimulation of wounds, cancer, immune-system, different
inflammatory processes etc. (Puscas et al., 2013; Bertoncelj
et al., 2007; Pauliuc et al., 2020).

Phenolic compounds are among the most important com-
pounds contributed towards the antioxidant activity of honey
(Cheung et al., 2019). Peanut is among a potential source of
natural phenolic compounds and one of the most popular
foods consumed worldwide. Reports showed that peanuts pos-
sess diverse pharmacological activities such as antiviral,
antimicrobial, anti-inflammatory, anticancer, antihypertension
and cardiovascular disease protection (Limmongkon et al.,
2017; Adhikari et al, 2019). Gallic acid (3,4,5-
trihydroxybenzoic acid, Scheme SM 1), is a naturally occurring
phenolic acid found in honey, plants (like tea, grapes, peanut),
fruits (such as strawberries) and wine (Cianciosi et al., 2018);
Ciulu et al., 2016; Chikere et al., 2021, 2019, 2020; Badea
et al., 2019). Gallic acid (GA) has been used widely in the food
industry as a food additive and for different activities in the
pharmaceutical industry (Badea et al., 2019). GA has received
much attention because of its multiple biological and pharma-
ceutical properties such as anti-inflammatory, antihistaminic
and antitumor activities, scavenging of free radicals and pro-
tection against cardiovascular diseases, antioxidant, anticancer
as well as antidiabetic properties (Chikere et al., 2021, 2019,
2020; Badea et al., 2019). GA has been widely used as food
additive in food industry and anti-inflammatory chemical com-
pound in the pharmaceutical industry (Chikere et al., 2021).
Thus, GA is seen as an important compound in human diets
due to these properties. With these important uses of GA in
the food, drink and pharmaceutical industries, it is essential
to develop sensors with improved sensitivity for GA determi-
nation in real samples.

Various analytical techniques including chromatographic
(Saraji and Mousavi, 2010; Porgali and Biiytiktuncel, 2012),
spectrophotometric (Zheng et al., 2017, Seruga et al., 2011)
and flow injection chemiluminescence (Wang et al., 2007;
Nalewajko-Sieliwoniuk et al., 2010) are among the commonly
reported techniques for determination of GA. However, most
of these methods need tedious sample pre-treatment, long
analysis time, expensive instrumentation, require advanced
expertise and environmental issues. In contrast to these analyt-
ical methods, electrochemical methods have recently been gen-
erating a lot of interest due to their advantages including low
cost, high selectivity, short response time, environmentally
friendly and require little or no sample pre-treatment
(Chikere et al., 2021, 2019, 2020; Badea et al., 2019; Ghaani
et al., 2016).

Attempts have been made on the application of voltammet-
ric methods for determination of GA in different samples
(Chikere et al., 2021, 2019; Badea et al., 2019; Ghaani et al.,
2016). Modification of the electrode surface has been strategi-
cally employed for enhancing the electrochemical performance
of conventional electrodes in recent years. The enhanced elec-
trochemical performance of modified electrodes is partly due
to improvement in kinetics of electron transfer (Gupta and
Ganesan, 2015), CoO nanoparticles/CPE (Chikere et al.,
2021), ZrO, nanoparticles/CPE (Chikere et al., 2020), SiO,
nanoparticle/CPE (Tashkhourian and Nami-Ana, 2015), poly-
epinephrine/GCE  (Abdel-Hamid and  Newair, 2013),
polyethyleneimine-functionalized graphene oxide/GCE (Luo
et al., 2013) and gold microclusters/sulfonate functionalized
graphene/GCE (Liang et al., 2016) are among the electrode
materials reported for electrochemical determination of GA
in different food matrices.

Conducting polymers (CPs) have gained considerable atten-
tion for electrochemical sensor assembly due to their good
film-forming property, electrical conductivity, and excellent
thermal and environmental stability. CPs are synthesized by
chemically or electrochemically oxidizing monomers to initiate
polymerization. Several electrochemical sensors based on con-
ducting polymers have been developed with major contribu-
tions in electroanalytical and materials science aiming for the
determination of a wide range of analytes (Geto and Brett,
2016; Teran-Alcocer et al., 2021). Poly(diphenylamine-4-
sulfonic acid), one of the water soluble and electrical conduc-
tive polyaniline derivative, has gained considerable importance
for modification of sensors because of a facile processability in
aqueous media and environmental stability (Zor and
Cankurtaran, 2017; Cankurtaran et al., 2013). Electrode sur-
faces are usually modified with thin conducting polymer films
by a combination of adsorptive attraction and low solubility in
the working solution, using pre-formed soluble polymers or
electrochemical polymerization (Teran-Alcocer et al., 2021).
In this work, poly(diphenylamine sulfonic acid), which is a
water soluble conducting polymer, was synthesized by elec-
tropolymerization of diphenylamine-4-sulfonic acid. Thus,
fabrication of poly(diphenylamine-4- sulfonic acid) modified
glassy carbon electrode (poly(DPASA)/GCE) by electropoly-
merization of diphenylamine-4- sulfonic acid on the surface
of glassy carbon electrode, characterization and electrochemi-
cal sensor application of poly(DPASA)/GCE for electrochem-
ical determination of GA in real samples including honey and
peanut samples is reported.
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2. Materials and methods

2.1. Chemicals and apparatus

K;[Fe(CN)g] and Ky[Fe(CN)¢] (98.0%, BDH laboratories sup-
plies, England), potassium chloride (99.5% Blulux laboratories
(Pvt) Ltd), sodium dihydrogen phosphate and sodium hydro-
gen phosphate (>98%, Blulux laboratories (Pvt) Ltd),
hydrochloric acid (37%, Fisher Scientific), sodium hydroxide
(Extra pure, Lab Tech Chemicals), gallic acid (>98%, Carlo
Erba reagents, Italy), diphenylamine-4-sulfonic acid barium
salt (>98%, Blulux laboratories (Pvt) Ltd), ascorbic acid
(>99%, Blulux laboratories (Pvt) Ltd), uric acid (>98%,
Labort Fine Chem (Pvt) Ltd, Surat), were among the chemi-
cals used. All chemicals and reagents were of analytical grade
and hence used without further purification.

CHI760E potentiostat (Austin, Texas, USA), pH meter
(AD8000, Romania), refrigerator (Lec refrigeration PLC, Eng-
land), deionizer (Evoqua water technologies), and electronic
balance (Nimbus, ADAM equipment, USA) were among the
equipment/instruments used.

2.2. Procedures

2.2.1. Preparation of supporting electrolyte

Phosphate buffer solutions (PBS) of various pHs (pH 1.5-5.0)
were prepared by mixing 0.1 M sodiumdihydrogenphosphate
and disodiumhydrogenphosphate solutions. The pHs of the
PBS were adjusted to the required values by the addition of
0.1 M HCl and 0.1 M NaOH.

2.2.2. Preparation of standard GA solutions

A 10.0 mM stock solution of GA was prepared by dissolving
accurately weighed 188.12 mg of GA in deionized water in
100 mL volumetric flask. Working solutions of GA were pre-
pared from the stock solution by serial dilution with PBS of
appropriate pH.

2.2.3. Real sample collection and preparation

Honey samples were collected directly from beekeepers/farm-
ers/ during active season from October to January 2021 in
three selected sampling kebeles (kebele 01, 04 and 14) in Gazo
wereda, North Wollo zone, Amhara region, Ethiopia. About
500 g honey sample from each kebele was collected. The sam-
ples were kept in plastic bags separately and then transported
to electroanalytical research laboratory, Bahir Dar University,
Ethiopia for further treatment.

10.0 g of honey from each sample was dissolved in 10.0 mL
deionized water and boiled at 80 °C for 12 min under continu-
ous stirring using water bath. The honey sample was allowed
to cool before filtrating through a Whatman filter paper and
the filtrate was reconstituted in to 50 mL flask and filled up
to the mark with deionized water. Honey sample for GA deter-
mination was then prepared by transferring 2.5 mL of the
honey sample solution into 25 mL volumetric flask and filled
up to the mark with pH 2.0 PBS.

Raw peanut and commercial peanut butter (AAF, Berejat)
samples were purchased from a supermarket in Bahir Dar city,
Ethiopia. 5.0 g of crushed peanut sample was dissolved in
50 mL deionized water and boiled at 60 °C for 10 min under

continuous stirring using water bath. The peanut sample was
allowed to cool and filtered through a Whatman filter paper.
1.0 mL of the filtrate was diluted with pH 2.0 PBS in 25 mL
volumetric flask for voltammetric measurements.

2.2.4. Preparation of poly(DPASA)/(GCE)

Glassy carbon electrode (GCE) was first polished with alumina
slurry of different sizes (1, 0.3, and 0.05 um) until a mirror like
surface was obtained and then rinsed with distilled water. The
polished GCE was immersed in 1.0 mM DPASA containing
0.1 M KClI and scanned between an optimized potential win-
dow —1.0 to +2.0 V for 15 cycles at scan rate of 100 mV s~ '.
The modified GCE, after rinsed with deionized water, was sta-
bilized in pH 7.0 PBS by scanning between —0.8 and +0.8 V
range at 100 mV s~ .

2.3. Electrochemical measurements

A three electrode system with Ag/AgCl (3.0 M KCl) as a refer-
ence electrode, Pt coil as counter electrode, and bare GCE (di-
ameter of 3 mm) or poly(DPASA)/GCE as working electrode
was used for electrochemical measurements. Whereas electro-
chemical impedance spectroscopy and cyclic voltammetry
techniques were used to characterize the surface of the modi-
fied electrode, cyclic voltammetry was used to investigate the
electrochemical behavior of GA at the surface of the poly
(DPASA)/GCE at various scan rates and pHs. Furthermore,
Adsorptive stripping square wave voltammetric method was
employed for the quantitative determination of GA in honey
and peanut samples.

3. Results and discussion

3.1. Fabrication and electrochemical characterization of the
modified electrode

3.1.1. Fabrication of poly(DPASA)|GCE

Poly(DPASA)/GCE was fabricated by scanning the potential
of a polished GCE in 1.0 mM DPASA monomer containing
0.1 M KCI between —1.0 and 2.0 V for 15 cycles at 100 mV s~
(Fig. 1). Fig. 1 presents cyclic voltammogram of 1.0 mM
DPASA in 0.1 M KCI solution at GCE scanned between
—1.0 and +2.0 V for 15 cycles. As can be seen from the figure,
appearance of anodic peaks (a-c) and cathodic peaks (a’ & b’)
with increasing current showed deposition of an electroactive
polymer film on the electrode surface. Inset of Fig. 1 depicts
the CVs of bare GCE (curve a) and stabilized poly(DPASA)/
GCE (curve b) in in pH 7.0 PBS scanned between —0.8 to
+0.8 V. In contrast to the broad reductive peak at bare
GCE in pH 7.0 PBS (curve a of inset) assigned for reduction
of oxygen, appearance of multiple oxidative and reductive
peaks at poly(DPASA)/GCE (curve b of inset) further con-
firmed the deposition of an electroactive polymer film on the
electrode surface.

3.1.2. 1 Cyclic voltammetric characterization

Cyclic voltammetry using Fe(CN); /*~ as a probe was used to

characterize the polymer film modified GCE. The cyclic
voltammograms of both the bare GCE (curve a of Fig. 2)
and poly(DPASA)/GCE (curve b of Fig. 2) in mixture of
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Fig. 2 CVs of (a) bare GCE, and (b) poly(DPASA)/GCE in pH
7.0 PBS containing 10.0 mM (Fe(CN)g)*~#~ and 0.1 M KCl at
80 mV s~! scan rate.

10.0 mM of Fe(CN);~/*~ containing 0.1 M KCI solution are
presented. In contrast to the two peaks with peak-to-peak sep-
aration (AE) of 444 mV at bare GCE, poly(DPASA)/GCE
showed pair of peaks with over three folds of current and
AE 146 mV demonstrating surface modification of the elec-
trode by a material.

To investigate the effect of surface modification on the elec-
trode surface area, cyclic voltammograms of poly(DPASA)/
GCE in pH 7.0 PBS containing 10.0 mM (Fe(CN)¢)*~/*~ and
0.1 M KCl at different scan rates were recorded at various scan
rates (Fig. 3). The active surface area of the working electrodes
were estimated from the slope of the plot of I,, versus vl/2 of
the cyclic voltammetry response of each electrode for Fe(CN)Z
~/*~ using the Randles-Sevcik equation (eq. (1)) (Chikere et al.,
2021).

Lo = 2.69 x 10’22 AD"*y'/*C, (1)

Where I,,, is the anodic peak current (uA), n is the number
of electrons transferred, A is the active surface area of the elec-
trode (cm?), D is the diffusion coefficient of Fe(CN)z /* (cm?
s7"), C, is the bulk concentration of the probe (M) and v is
the scan rate (V s~!). Takingn = 1, D = 7.6 x 107% em’s ™,
and Cy = 10.0 mM for the probe, the active surface area of
bare GCE and poly(DPASA)/GCE were calculated to be
0.054 and 0.224 cm?, respectively demonstrating the poly
(DPASA) served as an effective modifier that increased the
surface area of the electrode. Thus, the observed current
enhancement for Fe(CN); /" at poly(DPASA)/GCE might
be ascribed to the four folds of improved active surface area
of the polymer modified electrode.

3.1.3. Electrochemical impedance spectroscopic characterization

Electrochemical impedance spectroscopy (EIS), an efficient
tool to characterize the electrical properties of the surface of
an electrode, was used to verify the electrode modification.
Fig. 4 presents Nyquist plots of the bare GCE (curve a) and
poly(DPASA)/GCE (curve b) in Fe(CN); ™/~ containing
0.1 M KCI. As can be seen from the figure, both the studied
bare GCE and poly(DPASA)/GCE electrodes exhibited semi-
circles of different diameter at high frequency region and at
low frequency region a line at about 45° (also known Warburg
element) attributed to diffusion of the probe from the bulk
solution towards electrode-solution interface. In contrast to
the bare electrode (curve a), the poly(DPASA)/GCE (curve
b) revealed a semi-circle with smaller diameter indicating that
the surface of the electrode is modified with polymer film that
improved the charge transfer conductivity of the electrode
surface.

Circuit elements including solution resistance (R;), charge
transfer resistance (R.) and double layer capacitance (Cg))
for each studied electrode calculated from the respective
Nyquist plot using eq. (2) are summarized (Table 1).

1

Ca= IR (2)

Where Cq; — double layer capacitance, f — frequency corre-
sponding to the maximum imaginary impedance (reactance)
value on Nyquist plot, and, R, — charge transfer resistance
given by the diameter of the semi-circle at high frequency
region.

Lower R value for poly(DPASA)/GCE (1149 Q) (curve b)
than the bare (5465 Q) (curve a) demonstrated lower charge
transfer resistance of the surface and hence faster electron
transfer rate between the substrate and the analyte, which
could be attributed to the conductive nature of the polymer
film (Table 1). Table 1 presents values for selected circuit ele-
ments (Rct, Rs, and Cdl) for poly(DPASA)/GCE and bare
GCE calculated using eq.(2).

3.2. Cyclic voltammetric investigation of GA

3.2.1. Electrochemical behavior of GA at poly(DPASA)/GCE

The electrochemical behavior of GA was evaluated using cyclic
voltammetry at the surface of unmodified GCE and poly
(DPASA)/GCE (Fig. 5). Fig. 5 presents cyclic voltammograms
of GA at unmodified GCE, Poly(DPASA)/GCE A weak and



Determination of gallic acid in honey and peanut samples

1204 4
20 (A)
-30
80 <40
750
~ 60| Ipa=-23-40v)"
<40 70| R=0007a4
1 80
~
- 4 6 8 10 12 14 16 18
g " (v 5y
£ o
S
(&)
-40
-80 |

12 09 06 03 ' 0.3
E (V) vs Ag/AgClI

300 - 50 . (B)

200

Ipa=-11.6-16.6(») "2

100 =

R?=0.99706

&
8
3

2 4 6 2 14 16 18

E 0 i M%z /(1:“, ;-1)1/2 4
o a
5 —
©-100
-200
-300 |

10 08 06 04 02 00 -02 -0.4
E (V) vs Ag/AgClI

1.2

Fig. 3 CVs of (A) bare GCE and (B) poly(DPASA)/GCE in pH 7.0 PBS containing 10.0 mM Fe(CN); /" and 0.1 M KCl at various
scan rates (a-1: 10, 20, 40, 60, 80, 100,125, 150, 175, 200, 250, and 300 mV st respectively). Insets: plots of Ip vs vi2,

-2500 -
| ]
| Cai |
—Anop—] [— L
“" 1 |
-2000 e = .
| | ! [ |
| ]
] . .
15001 . . .
[ | » [ |

g - u l.

N.1000{ " '. .
L | ..
» f

L |
-500 - 'Ur
o i
0 2000 4000 6000 8000
Z'o

Fig. 4 Nyquist plot of (a) bare GCE, and (b) poly(DPASA)/
GCE in pH 7.0 PBS containing 10.0 mM Fe(CN);/#~ and 0.1 M
KCI. Frequency range: 0.01-100000 Hz, amplitude: 0.01 V, and
potential: 0.23 V. Inset: proposed equivalent circuit where Zg4
stands for the Warburg diffusion constant.

broad oxidation peak (11.9 pA) without any peak in the
reverse scan was observed at about + 0.640 V at the surface
of bare GCE (curve a of inset). In contrast to the bare GCE,
a well-defined oxidative peak (25.6 pA) centered at a peak
potential (+0.520 V) at poly(DPASA)/GCE (curve b of inset)
indicated that GA undergoes irreversible oxidation at both

electrodes although with different sensitivity. While the
observed catalytic effect of poly(DPASA)/GCE towards oxi-
dation of GA as evidenced by enhanced current could be
attributed to the improved surface area, the over-potential
reduction may be accounted for the improved conductivity
of the surface.

3.2.2. Effect of pH

To investigate whether a proton has participated during oxida-
tion of GA, the influence of pH of PBS on the oxidation peak
current and peak potential response of poly(DPASA)/GCE
was investigated over pH range 1.5 to 5.0. Cyclic voltammo-
grams of poly(DPASA)/GCE in various pH values of PBS
containing 1.0 mM GA are shown in Fig. 6A. The oxidative
peak current of GA at the surface of poly(DPASA)/GCE is
observed to increase with pH value from pH 1.5 to 2.0, which
then decreased rapidly at pH values beyond 2.0 (Fig. 6B) mak-
ing pH 2.0 the optimum. Accordingly, pH 2.0 was selected as
an optimum pH of buffer solution for the subsequent
experiments.

Furthermore, the dependence of the peak potential on the
pH for the oxidation of GA at poly(DPASA)/GCE was stud-
ied. While observed peak potential shift in the negative direc-
tion with pH variation from 1.5 to 5.0 (Fig. 6A) indicated
proton participation during the oxidation of GA at the poly
(DPASA)/GCE, slope of 0.045V which is near to the Nerns-
tian value of 0.059 V/pH (at 25 °C) for plot of oxidative peak
potential versus pH of the PBS (Fig. 6B) showed involvement
of equal number of protons and electrons in GA oxidation as
described in the proposed mechanism (scheme 1) (Chikere
et al., 2021; Luo et al., 2013; Liang et al., 2016).

Table 1 Summary of calculated circuit elements for the studied electrodes.

Electrode Ry/Q cm? Re/Q cm? Caq/ F f /Hz
GCE 16.8 5465 93 x 10°° 316.2
poly(DPASA) 16.8 1149 1.1 x 10°° 125.9
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3.2.3. Effect of scan rate

To investigate the reversibility and the type of reaction kinetics
oxidation of GA followed at poly(DPASA)/GCE, the influ-
ence of scan rate (v) on the oxidation peak current (I,,) of
GA was evaluated. Fig. 7A presents cyclic voltammograms
of poly(DPASA)/GCE in pH 2.0 PBS containing 1.0 mM
GA at different scan rates. The I,, of GA in pH 2.0 PBS
increased with increase in scan rate over the range of 20—
300 mV s~'. As can be seen from Fig. 7A, at low scan rates
GA shows an irreversible cyclic voltammograms, while at
higher ones, the wave becomes quasi-reversible. At higher scan
rates, the observed peak potential of GA at poly(DPASA)/
GCE slightly shifted in the positive direction with increasing
scan rate demonstrating that the oxidation of GA is quasi-
reversible. Moreover, a better correlation coefficient for the
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dependence of peak current on the scan rate (R* = 0.99192)
(Fig. 7B) than on the square root of scan rate
(R® = 0.97471) (Fig. 7C) indicated that the oxidation of GA
at poly(DPASA)/GCE is predominantly governed by adsorp-
tion controlled process(Abdel-Hamid and Newair, 2013;
Lisnund et al., 2020).

The number of electrons involved during oxidation of GA
at the poly(DPASA)/GCE was determined from cyclic voltam-
metry data. (Fig. 7A). For an irreversible process, the value of
on was determined by the difference between the peak poten-
tial (Ep) and the half-wave potential (Ep,;.), employing eq.
(3) (Bard and Faulkner, 2001).

E,—E,,=48/an (3)

Where o is the charge transfer coefficient and n is the num-
ber of electrons transferred.

Taking Ep and Ep,, for the cyclic voltammogram at scan
rate of 100 mV s~! (Fig. 7A) to be 524 and 478 mV respec-
tively, the value of an was calculated as 1.043. Considering o
for irreversible electrode process to be 0.50 (Laviron, 1979),
the number of electrons (n) transferred in the electro-
oxidation of GA at the surface of poly(DPASA)/GCE was
estimated 2.086 (~2.0) which is in agreement with reported lit-
eratures (Tashkhourian and Nami-Ana, 2015; Luo et al., 2013;
Liang et al., 2016).

The relationship between Ep and Inv for an irreversible pro-
cess is governed by eq. (4) (Bard and Faulkner, 2001).

75 T
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65 -
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m
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<
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R2 = 0.99934
L 0.40
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(A) CVs of poly(DPASA)/GCE in PBS of various pHs (a-h: 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, and 5.0 respectively) containing 1.0 mM

GA. (B) plot of anodic peak current vs pH (a) and anodic peak potential vs pH (b).
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Where E,, is the peak potential, E, is the formal potential, o
is the electron transfer coefficient, K° (s7!) is the electrochem-
ical rate constant, and the other parameters with their usual
meanings.

Plot of Ep against Inv for CVs of GA at various scan rates
(Fig. 7A) gives a regression equation of E, (V) = 0.48
+ 0.011lnv (Fig. 7D) with a slope of 0.011. From the slope
value of 0.011 (slope = RT/[2(1- a)nF] = 0.011) for the fitted
line, the value of n(1-a) at the experimental temperature of 25
OC calculated using eq. (4) was 1.10. Considering the two elec-
trons for oxidation of GA calculated using eq. (3), the electron
transfer coefficient (o) was estimated to be 0.45, which is close
to the ideal 0.50 for an irreversible system.

3.3. Adsorptive stripping square wave voltammetric investigation
of GA

Adsorptive stripping square wave voltammetric (AdSSWYV)
method, which is effective and rapid electroanalytical tech-

3.0 3.5 5.5

4.0 45 50
In(Scan rate)/ Vs

(A) CVs of poly(DPASA)/GCE in pH 2.0 PBS containing 1.0 mM GA at various scan rates (a—k: 20, 40, 60, 80, 100, 125, 150,
respectively), (B) plot of Ip vs v, (C) plot of Ip vs v

12 and (D) plot of log Ep vs Inv.

nique due to its ability to discriminate against back ground
currents, good sensitivity and low detection limits(Abdel-
Hamid and Newair, 2013), was selected for the quantitative
determination of GA in honey and peanut samples. Fig. § pre-
sents AASSWYV of 1.0 mM GA in pH 2.0 PBS at bare GCE and
poly(DPASA)/GCE. In contrast to the oxidative peak at the
bare GCE (curve a of inset), appearance of a well-shaped
oxidative peak with much improved current at a reduced
potential at the poly(DPASA)/GCE (curve b of inset) demon-
strated the catalytic role of the poly (DPASA)/GCE film
towards the oxidation of GA.

3.3.1. Influence of accumulation potential and time

Since the electrochemical oxidation of GA at poly(DPASA)/
GCE is governed predominantly by adsorption controlled pro-
cess, the effects of accumulation time and accumulation poten-
tial on the magnitude of the peak current were investigated.
The effect of accumulation time (t,..) on anodic peak cur-
rent of GA at poly(DPASA)/GCE was studied in the ranges
from 0 to 40s and the results are illustrated in Fig. SMI1A.
The peak current increased rapidly with increasing t,.. in the
range between 0 and 10 s due to the rapid adsorption of more
GA at the surface of the modified electrode. Beyond 10 s, the
peak current remained almost unchanged when the t,.. was
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Fig. 8 AdSSWVs of unmodified GCE (a & c¢) and poly
(DPASA)/GCE (b & d) in pH 2.0 PBS containing no GA (a &
b) and 1.0 mM GA (c & d) at accumulation time: 10 s, accumu-
lation potential: 0.3 V, step potential: 4 mV, amplitude: 25 mV,
and frequency: 15 Hz, Inset: background corrected ASSWVs of a)
bare GCE b) poly(DPASA) /GCE.

further increased due to surface saturation of the electrode.
Thus, 10 s was thus selected as optimal accumulation time
for subsequent experiments.

On the other hand, the effect of accumulation potential
(Eace) on the oxidation peak current of 1.0 mM GA in pH
2.0 PBS at poly(DPASA)/GCE was also investigated over
the range 0.2 to 0.7 V (Fig. SM1B). A maximum peak current
was observed at 0.3V and then it decreased with increasing
potential. Therefore, 0.3 V was taken as the optimal accumula-
tion potential for further studies.

3.3.2. Optimization of AASSWV parameters

For electrochemical determination of GA, AdASSWYV parame-
ters such as square wave frequency, amplitude, and step poten-
tial were optimized to investigate the effect of each parameter
on the oxidative peak current of GA at poly(DPASA)/GCE
keeping the remaining constant.

The effect of square wave voltammetric parameters such as
step potential, pulse amplitude and frequency on the peak cur-
rent response of poly(DPASA)/GCE for 1.0 mM GA in pH 2.0
PBS was investigated (Fig.SM2A-C). Fig SM2 (A-C) illus-
trates AASSWVs of poly(DPASA)/GCE in pH 2.0 PBS con-
taining 1.0 mM GA at various step potentials, amplitudes
and frequencies, respectively. Although the oxidative peak cur-
rent was increased with increasing all AASSWV parameters, it
is necessary to optimize these parameters by compromising the
peak current enhancement with the accompanied peak broad-
ening. Hence, taking both the peak current enhancement and
peak shape broadening into consideration, 4 mV, 30 mV and
20 Hz were selected as the optimum square wave amplitude,
step potential and frequency respectively.

3.3.3. Calibration curve and method detection limit

Under the optimal experimental conditions and method
parameters, the dependence of oxidative peak current on the
concentration of GA and inherited sensitivity of the method
was investigated. Fig. 9 shows back ground corrected
AdSSWVs of various concentrations of GA in pH 2.0 PBS

154
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Fig. 9 Back ground corrected AASSWVs of poly(DPASA)/GCE
in pH 2.0 PBS for different concentrations of GA (a—k: 0.5, 1.0,
5.0, 10.0, 20.0, 40.0, 80.0, 120.0, 160.0, 200.0, and 300.0 uM,
respectively) at accumulation time: 10 s, accumulation potential:
0.3V, step potential: 4 mV, amplitude: 30 mV, and frequency:
20 Hz. Inset: plot of oxidative peak current (mean=+ %RSD as
error bar) vs concentration of GA.

at poly(DPASA)/GCE. The oxidation peak currents were lin-
early related with the concentration of GA ranged from 0.500
to 300 uM with RSD% below 3.5 (for n = 3) (inset of Fig. 9).
The limit of detection (LOD = 3 s/m) and limit of quantifica-
tion (LOQ = 10s/m) for n =7 were calculated to be
435 % 107°, and 1.45 x 1078 M, respectively.

3.3.4. AdSSWYV determination of GA in honey and peanut
samples

The applicability of poly(DPASA)/GCE for the determination
of GA was tested by applying it to determine the GA content
in real samples.

3.3.4.1. Honey samples. In this study, three honey samples
taken from three different local honey producing areas were
prepared to determine GA content following the procedure
under the experimental part. Fig. 10 presents the AASSWVs
of poly(DPASA)/GCE in pH 2.0 PBS containing three honey
samples collected from three different kebeles local areas of
Gazo Wereda namely kebele 01, kebele 09, and kebele 14,
North Wollo Zone, Ethiopia. The detected GA contents in
the honey samples as calculated from the calibration regression
equation are summarized in Table 2. The results showed that
poly(DPASA)/GCE exhibited anodic peaks in the three honey
samples. This suggested that poly(DPASA)/GCE detected GA
in honey samples.

3.3.4.2. Peanut samples. The Applicability of the prepared
modified electrode was also tested by determination of the con-
tent of GA in commercially available raw peanut samples and
locally available processed peanut butter samples. Commer-
cially available raw peanut samples (both the inside body
and cover) and locally available processed commercial peanut
butter sample solutions were also prepared as described under
the experimental section. Fig SM 3 (A-D) presents AdASSWVs
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Fig. 10 Background subtracted AdSSWVs of poly(DPASA)/
GCE in pH 2.0 PBS containing honey samples collected from
three local areas of Gazo Wereda (a-c: kebele 14, kebele 09, and
kebele 01 respectively), North Wollo Zone, Ethiopia.

Table 2 Summary of the GA content of the analyzed honey
samples.

Honey Current response  Detected GA in
sample (HA)
Honey sample Honey
(uM)* sample
(mg/10 g
sample)
Kebele 01  28.60 46.73 + 0.033 175.82
Kebele 09  24.10 35.48 £+ 0.029 133.49
Kebele 14  20.34 26.10 + 0.018 98.20
# Detected mean GA + RSD.
04
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Fig. 11

Table 3 Summary of the GA content of the analyzed peanut
samples.

Peanut sample Current Detected GA in
response
) Peanut Peanut
sample sample
(uM)* (mg/
5g)
Inside body of raw peanut 14.60 11.73 110.35
+ 0.033
Cover of raw peanut 19.20 23.20 218.20
+ 0.029
Commercial butter (AAF) 12.50 6.50 61.15
+ 0.018
Commercial butter (Berejat) — 12.08 5.43 51.075
Detected mean GA + RSD + 0.020

at)

¢ Detected mean GA £+ RSD.

of poly(DPASA)/GCE in pH 2.0 PBS containing inside body
of raw peanut, cover of raw peanut samples, AAF and Berejat
brand locally available processed peanut butter samples,
respectively. The detected GA content for each samples were
calculated using the linear regression equation and the GA
content of the peanut samples is summarized in Table 3. The
results showed that the electrochemical sensor based on poly
(DPASA)/GCE can be used successfully applied to give a good
estimate of the GA content in foods.

3.4. Validation of the developed method

Recovery of spiked standards, interference studies, and stabil-
ity were used to validate the applicability of the developed
method for determination of GA in real samples including
honey and peanut samples.

(B)
8-

16
.24
.32
-40
-48

-56

-64

08 07 06 05 04 03 02 01
E (V) vs Ag/AgCI

Background subtracted AASSWVs of poly(DPASA)/GCE in pH 2.0 PBS containing (A) kebele 01, and (B) kebele 14 honey

samples from Gazo Wereda, North wollo zone, Ethiopia spiked with various concentrations of standard GA (a-c: 0.0, 60.0, and 100.0 pM,

respectively).
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Table 4 Summary of recovery results of GA in honey samples.

Honey sample

Initial GA content/ (uM)

Spiked GA (M)

Detected GA (uM)*

Recovery (%)°

Kebele 01 46.73 = 46.73 + 0.033 =
46.73 60.00 103.50 &+ 0.023 94.62 + 2.3
46.73 100.00 144.23 + 0.022 97.50 + 2.2
Kebele 14 26.10 = 26.10 + 0.018 =
26.10 60.00 83.98 + 0.028 96.47 + 1.6
26.10 100.00 125.73 + 0.023 99.63 + 2.2

Detected mean GA + RSD, ®% Recovery GA + %RSD

3.4.1. Recovery study

3.4.1.1. Honey sample. The recovery study was carried out by
spiking the analyzed honey sample solution with standard GA
solutions of 60.0and 100.0 uM. The addition of standard GA
to the honey samples caused an increase in peak current, which
indicates that the peak observed was due to the oxidation of
GA (Fig. 11). Fig. 11 shows the AdASSWVs of honey samples
spiked with various concentrations of standard GA. The

obtained very good recovery results in the range of 94.62 to
99.63% (Table 4) confirmed the applicability of the developed
method for determination of GA in honey samples.

3.4.1.2. Peanut sample. Recovery of GA in spiked peanut sam-
ple was carried out by spiking the peanut sample analyzed
under section 3.3.4.2 with 60.0 and 100.0 pM GA standard
solutions (Fig. 12). Fig. 12 (A-D) presents AASSWVs of poly
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Fig. 12
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Background subtracted AASSWVs of poly(DPASA)/GCE in pH 2.0 PBS containing (A) inside body of raw peanut sample

spiked with different concentrations of standard GA (a-d: 0.0, 60.0, 80.0, and 100.0, respectively) (B) cover of raw peanut spiked with
various standard GA concentrations (a-c: 0.0, 80.0, 100.0, respectively), (C) AAF brand and (D) Berejat brand commercial processed
peanut butter samples spiked with various concentrations of standard GA (a-c: 0.0, 80.0, 100.0, respectively).
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Table 5 Summary of interference study results of GA in the presence of 0.0-20.0 uM of AA and UA for peanut sample.
Interferent Interferent added (uM) Current response (LA) Expected current (nA) % error

0.0 14.60 14.60 =
AA 5.0 14.20 14.60 2.74
10.0 14.40 14.60 1.37
15.0 14.70 14.60 0.68
20.0 15.20 14.60 4.11
UA 0.0 14.60 14.60 -
5.0 14.10 14.60 3.55
10.0 14.30 14.60 2.98
15.0 14.60 14.60 0.00
20.0 15.00 14.60 2.74

(DPASA)/GCE in pH 2.0 PBS containing inside body of raw
peanut sample, cover of raw peanut, AAF brand and Berejat
brand commercial processed peanut butter samples spiked
with different concentrations of standard GA, reactively. Per-
cent spike recovery of GA in peanut in different parts: inside
body of raw peanut, cover of raw peanut and commercial pea-
nut butter of 95.00-99.77%, 97.87-99.80% and 97.25-103.20
respectively (Table SM1) with %RSD value below 3.4% con-
firming applicability of the method for determination of GA in
peanut sample.

3.4.2. Interference study

3.4.2.1. Peanut samples. The selectivity of the method for GA
determination in peanut samples was studied using AdASSWV
measurements in the presence of selected potential interferents,
ascorbic acid (AA) and uric acid (UA). The effect of the pres-
ence of various concentrations of each selected potential inter-
ferent (0-20 uM) on the signal for peanut samples was
investigated (Fig. SM 4). The results in Table 5 showed relative
standard deviation values of less than 5%, suggesting these
selected interferents did not interfere with the determination
of GA. Hence, detection of GA with as associated error less
than 4.11% in the presence of AA and UA validated the selec-
tivity and accuracy of the developed method (Table 5).

3.4.2.2. Honey sample. To further evaluate the selectivity of the
method for GA determination in honey samples, the influence
of selected potential interferents, AA and UA which may coex-
ist with GA in real samples was also examined under the opti-
mum conditions. The selectivity of the method was studied by

comparing the response for honey samples in the absence of
each selected potential interferent with the response recorded
in the presence of selected interferents 0—40 pM (Fig. SM 5).
As shown in Table SM 2about two folds of excess concentra-
tions of AA and UA were shown no interference on the
response current of GA (signal change below 2.18%), indicat-
ing that poly(DPASA)/GCE possessed excellent selectivity
towards GA.

3.4.3. Stability studies

The repeatability of using poly(DPASA)/GCE for the electro-
chemical determination of GA was studied using AdSSWV
measurements. This was carried out by taking of 1.0 mM
GA in pH 2.0 PBS using poly(DPASA)/GCE with an error
of only 1.96% and 2.2% (RSD) for five successive AASSWV
measurements recorded at an interval of two hrs in a day
(Fig. SM 6A) and in fifteen days recorded at an interval of
three days (Fig. SM 6B) showed repeatability of the method
and hence the reproducibility of the results.

3.5. Comparison of the present method with previously reported
methods

The performance of the developed method in this work was
compared with previously reported methods for determination
of GA. Here, the linear range and detection limit for GA at the
poly (DPASA)/GCE were compared with previously reported
electrodes (Table 6). The present method, which has simple
modification process and not time consuming, showed the least
detection limits with wider linear dynamic range than the other

Table 6 Comparison of performance of the present method with selected reported works in terms of the linear dynamic range, LOD,

electrode substrate, and modifier.

Substrate Modifier Method Dynamic range (LM) LOD (uM) Ref.

CPE CoO-NPs DPV 100-1000 1.52 (Chikere et al., 2021)

CPE ZnO-NPs DPV 1.0-50 0.186 (Chikere et al., 2019)

CPE ZrO,-NPs DPV 1.0-1000 0.124 (Chikere et al., 2020)

CPE Si0,-NPs DPV 0.8-100 0.25 (Tashkhourian and Nami-Ana, 2015)
GCE Poly(epinephrine) SWV 1.0-20.0 0.663 (Abdel-Hamid and Newair, 2013)
GCE PEI-rGO LSV 0.587-58.7 0.411 (Luo et al., 2013)

GCE AuCMs/SF-GR DPV 0.05-8.0 0.0107 (Liang et al., 2016)

GCE Poly(DPASA) AdSSWV 0.5-300 0.00435 This work
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reported values. Therefore, the present method using this mod-
ifier showed better performance compared with the other
reported methods.

4. Conclusions

Poly(diphenyl amine sulfonic acid) modified glassy carbon electrode
was successfully prepared and used as a sensor based on poly
(DPASA)/GCE in PBS for characterization and quantification of
GA using cyclic voltammetry and adsorptive anodic stripping square
wave voltammetry techniques, respectively. In contrast to the bare
GCE, the poly(DPASA)/GCE possessed pronounced catalytic prop-
erty towards an oxidation of GA in PBS which might be due to the
increased electrode effective surface area and electrical conductivity
of the electrode surface. AASSWV method based on poly(DPASA)/
GCE was used for determination of GA in honey and peanut samples.
The poly(DPASA)/GCE also showed remarkable electrochemical
advantages such as low detection limit, high repeatability and wide lin-
ear range. Hence, high recovery results ranged from 94.62 to 99.63,
95.00 to 99.80, and 97.25 to 103.20% of gallic acid in honey, raw pea-
nut, and commercial peanut butter samples respectively as well as high
recovery results even in the presence of a potential interferents and
hence its selectivity, low percent relative standard deviation values
demonstrating its validated applicability of the developed method for
determination of GA in honey and peanut samples. This result indi-
cates that poly (DPASA)/GCE has good reliability for detecting GA
in honey and peanut samples.
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