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Abstract

A simple, rapid method of the detection of piperine in black pepper is reported using a voltammetric
sensor based on a glassy carbon electrode (GC) with analysis following a short one-step extraction using
ethanol. The method is based on a novel potential sweep designed to maximise signal sizes and shown
with context of the present analytical challenge to be essential for gathering data allowing the

construction of a linear calibration curve for the analysis in the relevant range namely 0.25-5.0 mM.

Keywords
Piperine
Semi-circular potential sweep voltammetry

Detection in black pepper

1. Introduction

Black pepper (Piper nigrum), known as the “king of spice”, is one of the most widely consumed spices
in the world. The two main components controlling the quality of black pepper are first piperine, a
naturally occurring alkaloid which principally contributes to its distinct pungency and second the
volatile oils responsible for its aroma (Parthasarathy, Chempakam & Zachariah, 2008). As the most
abundant pungent component constituting 98% of the total alkaloids in pepper (Hirasa & Takemasa,
1998), the piperine content has been previously used for a measure of total pungency in black pepper
(Parthasarathy et al., 2008). The percentage of piperine content was reported to vary from 2.0% to 9.0%
(w/w) of black pepper among different cultivars, depending on climate, growing conditions harvesting

process and the method of extractions (Peter, 2001; Gorgani, Mohammadi, Najafpour & Nikzad, 2017).

Piperine has been shown to possess diverse biological and therapeutic properties that are beneficial
for human health. It exhibits anti-microbial (Zarai, Boujelbene, Ben Salem, Gargouri & Sayari, 2013),
anti-depressant (Mao, Huang, Zhong, Xian & Ip, 2014), anti-tumour (Doucette, Hilchie, Liwski &
Hoskin, 2013) and high anti-oxidant activities (Vijayakumar, Surya & Nalini, 2004). It also exhibits a

hepatoprotective property (Sabina, Souriyan, Jackline & Rasool, 2010) and immuno-modulatory
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properties (Sunila & Kuttan, 2004), and can act as an anti-inflammatory for the treatment of asthma
(Kim & Lee, 2009). The inhibitory effect of piperine in breast cancer (Doucette et al., 2013) and its
possible cytotoxic and anti-HIV activity (Shimada et al., 2014) have also been reported. In addition,
Piperine can enhance the bioavailability of a variety of drugs, such as antibiotics like norfloxacin
(Janakiraman & Manavalan, 2008) and rifampicin (Balakrishnan, Varma & Chatterji, 2001), as well as

conventional herbal medicines like curcumin (Mueller & Hingst, 2013).

Owing to the importance of piperine in culinary use and biomedical applications, a simple and
accurate determination of piperine is required for both the food industry and for pharmaceutical use.
Several analytical techniques for quantifying the amount of piperine extracted from black pepper have
been reported. The colorimetric method and Kjeldahl method rely on chemical reactions of piperine but
are thought to overestimate the piperine contents due to the presence of other compounds in black
pepper with similar functional groups (Gorgani et al., 2017). Gas chromatography-mass spectrometry
(GC-MS), ultra-visible spectrophotometry (UV-Vis), and high-performance liquid chromatography
(HPLC) offer good specificity and sensitivity (Noyer, Fayet, Pouliquen-Sonaglia, Guerere & Lesgard,
1999). In particular HPLC, provides better accuracy and hence becomes the most commonly used
technique in the detection of piperine (Hirasa & Takemasa, 1998). However, these methods require the
use of expensive instruments and elaborate laboratory conditions to perform the analysis. Also, the
complicated sample preparation steps can only be conducted by well-trained personnel and consume

relatively long time rendering it difficult for frequent commercial use.

Electrochemistry as a qualitative and quantitative analytical technique can overcome the above
mentioned problems due to the simplicity of experimental set-ups, high sensitivity and cost
effectiveness. There are several reports of piperine detection using electrochemistry. Electrochemical
detection (ECD) for HPLC was used with a detection limit obtained of the same order of that in UV
detection (Ternes & Krause, 2002). Electrochemical Impedance Spectroscopy (EIS) using a surface-
polarity controlled sensor with chemometric treatment was also proposed to discriminate piperine from
other pungent substances (Ju, Hayama, Hayashi & Toko, 2003). These methods again involve relatively

complicated treatments or analysis and no detection range was reported for applied use. A voltammetric
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study on a glassy carbon employing cyclic voltammetry and square wave voltammetry was reported
(Jain & Verma, 2017), following an elaborate extraction process. Among the electrochemical
techniques, cyclic voltammetry is the most frequently used as it provides abundant information of the
studied redox system notably analyte concentrations, rate constants and diffusion coefficients. It
conventionally employs triangular potential waveform where the scan rate is constant throughout the

entire voltammetric sweep (Bard & Faulkner, 2001; Compton & Banks, 2018).

However, recently, a method performing the voltammetry using a semi-circular potential wave has been
proposed for electroanalysis (Amin, Uchida, Katelhén & Compton, 2019; Uchida, Kéatelhon &
Compton, 2018), where an infinite scan rate is generated at the midpoint of applied potential window
and relatively low scan rates at other parts. As a result, the current response is significantly amplified
at the midpoint and suppressed at other regions. The semi-circular potential sweep voltammetry offers
significant improvement of the sensitivity of voltammetric measurement especially for electroanalytical
purposes (Amin et al., 2019); this is investigated in the present paper, building on the work of Jain and
Verma (Jain & Verma, 2017), re-examining and correcting the mechanism and proposing a much
simplified extraction procedure. In particular, the use of the more sensitive semi-circular potential
sweep voltammetry and baseline correction facilitated the latter by allowing an optimal extraction

solvent system to be employed.

In this work, we investigate the voltammetric and chronoamperometric behaviours of piperine and
propose a reduction mechanism at both macro-and micro-electrodes. We also report an electrochemical
method for detection of piperine employing the voltammetry in combination with a semi-circular
potential sweep at a glassy carbon (GC) electrode. In addition, we study real samples and suggest a
simple one-step sample preparation, noting that the reductive aqueous voltammetry of piperine is not
interfered by any of the inorganic ions Na*, K*, SO4*, Ca?*, NH4*, COs%, or the molecules glucose,
fructose, vanillin, capsaicin cinnemaldehyde (Jain & Verma, 2017). Finally, we demonstrate the
applicability of the developed methods for detection and quantification of piperine in black peppercorn

samples.
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2. Materials and methods

2.1 Chemicals and reagents

All chemicals were of analytical grade and were used received without any further purification. Piperine
(>97%) was purchased from Aldrich and sodium hydroxide (97%) was purchased from Honeywell. All
solutions were prepared with ethanol (Sigma-Aldrich, >99.8%) or deionised water at a resistivity of
182 MQ cm at 298K (Millipore, MA, USA). Sainsbury’s “Fairtrade Organic Whole Black
Peppercorns” were purchased from Sainsbury’s (Oxford, UK). The phosphate-buffered saline (PBS,
1x, pH = 7.4) was prepared using sodium chloride (137 mM, Sigma-Aldrich, >99.5%), potassium
chloride (2.7 mM, Sigma-Aldrich, >99.0%), Sodium phosphate dibasic (10 mM, Sigma-Aldrich,

>99.0%), and potassium phosphate monobasic (1.8 mM, Sigma, >99.0%).

2.2 Electrochemical instrumentation and methods

All electrochemical experiments were conducted in a Faraday cage at 298 K using a standard three-
electrode system. The cyclic voltammetric measurements and the chronoamperometry were performed
using a pAutolab Il potentiostat (Metrohm-Autolab BV, Netherlands).

For cyclic voltammetry, a glassy carbon (GC) macroelectrode (calibrated as 2.99 mm diameter) or a
carbon fibre microdisc electrode (ALS Co. Ltd., Japan) was used as the working electrode, a saturated
calomel electrode (SCE, ALS distributed by BASI Inc., Japan.) as the reference electrode and a graphite
rod as the counter electrode. The radius of carbon fibre microdisc was calibrated electrochemically as
21.3 um by analysing the steady state voltammetry of 1.0 mM hexaamineruthenium(I11) chloride in 0.1
M KCI aqueous solution (Figure S1), using a diffusion coefficient for [Ru(NHs)s]** of 8.43x10° cm?s!
at 298 K (Wang, Limon-Petersen & Compton, 2011). The glassy carbon (GC) macroelectrode and
carbon fibre microdisc electrode were polished onto the soft lapping pads (Buehler, UK) before each
voltammetric experiment, using alumina with particle size of 1.0, 0.3 and 0.05 um, (Buehler, IL, UK),
in descending order of size, followed by polishing on a blank pad, rinsing with deionised water and
drying with nitrogen. For chronoamperometry, the same carbon fibre microdisc was used as the working

electrode, the same reference electrode and counter electrode were used as above.
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Semi-circular potential wave sweep voltammetry was carried out with a computer-controlled in-lab
built potentiostat, the configuration and merits of which were described previously (Batchelor-Mcauley
etal., 2015; Amin et al., 2019). The in-lab potentiostat ensures the low-noise measurements with signal
sampled at a stream rate of 100 kHz. It was controlled by script written in Python 3.5 to generate
required potential waveform. Modification of commercial potentiostat would likely require the addition
of a suitable waveform generator. The glassy carbon (GC) as above was used as the working electrode,
which was held at the start potential of the chosen potential window for 3 s prior to applying the potential

wave, with the same reference electrode and counter electrode also used as above.

2.3 Sample Preparation

To conduct the analysis of real samples, piperine was extracted from black peppercorns. The black
peppercorns were ground finely by the grinder provided as part of the jar containing the sample. 0.5 ¢
of the ground sample was placed into a sampling vial, and 5 mL ethanol was added into the vial,
followed by vigorously shaking for 1 minute. The vial was then sealed and placed in an ultrasonic bath
(FB15050, Fisher Scientific, 50/60 Hz, 80 W, Germany) for 5-15 minutes of sonication or left to settle

for 1-120 minutes. The supernatant was collected for further analysis.

2.4 Analytical Procedures

A piperine stock solution of 15.0 mM was prepared before diluted with the mixture of 60% ethanol +
40% PBS at pH = 7.4 to concentration 10.0, 5.0, 4.0, 3.0, 2.5, 2.0, 1.5, 1.0, 0.75, 0.5, 0.25 mM as
working solutions. This solvent was chosen due to the low solubility of piperine in agueous solution.
For the cyclic voltammetric experiments on the study of piperine reduction, the glassy carbon (GC)
electrode was first placed in a solution containing 1mM piperine dissolved in a mixture of 60% ethanol
+ 40% PBS at pH = 7.4. Prior to the measurements, the solutions were bubbled with N2 for 10 minutes
to remove the dissolved oxygen. The potential window was chosen to be 0 to -2.5V and the
voltammograms were recorded at different scan rates (25, 50, 100, 150, 200, 400 mVs™). Analogous

experiments were then conducted under air-saturated conditions. To investigate the electrochemical
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process under basic conditions, 1mM piperine solution containing 60% ethanol + 40% NaOH (0.1 M,
1.0 M and 2.0 M) was used with N bubbling as above. The potential window was chosen as -1.2 to -
1.8 V. The voltammograms were recorded at a scan rate of 1.0 Vs™.

For the chronoamperometric experiments using a carbon fibre microdisc as the working electrode,
the electrode was placed in a solution containing 5, 10, 15 mM piperine in 60% ethanol + 40% PBS or
60% ethanol + 40% NaOH (0.1 M, 1.0 M and 2.0 M) mixture under degassed conditions as above.
Chronoamperometric transients were recorded with a sample time of 0.002 s. The potential was stepped
from 0 V to the reductive potential after the pre-equilibration for 3 s. The current was measured for 5 s,
and data points before 20 ms related to non-Cottrellian behaviour as a result of considerable double-
layer charging were removed (Xiong, Aldous, Henstridge & Compton, 2012).

For real sample analysis using the glassy carbon (GC) electrode, the extracts obtained as above but
with PBS added were diluted with 60% ethanol + 40% PBS (dilution factor was 2) such that the
voltammetric responses fell within the linear detection range. The cyclic voltammetric and semi-circular
potential wave sweep voltammetric responses were recorded under air-saturated conditions at a scan

rate of 100 (cyclic voltammetry) or 50 mVs™ (semi-circular potential wave sweep voltammetry).

3. Results and Discussion

In the following sections, first, the electrochemical behaviour of piperine (structure shown in Figure
1(A) inset) on glassy carbon (GC) macroelectrodes and carbon fibre microdisc electrodes are studied to
investigate the possible mechanism of piperine reduction. Second, the analytical responses using cyclic
voltammetry and semi-circular sweep voltammetry for the detection of piperine at GC macroelectrode
are studied. Finally, an optimised extraction procedure of black pepper is developed and both methods

are used to quantify piperine contents in real samples.

3.1 Electrochemical Study of Piperine

3.1.1 Effect of Voltage Scan Rate
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159  Figure 1 (A) depicts the voltammetric responses of piperine at GC electrode in degassed 60% ethanol
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electrochemically irreversible reduction peak of piperine can be observed at -1.7 V vs. SCE. The effect
of scan rates on the reduction peak currents of 1.0 mM piperine at GC macroelectrode was then studied.
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Figure 1. Electrochemical study of piperine in 60 EtOH: 40 PBS under degassed conditions: cyclic voltammetric
responses at glassy carbon (GC) macroelectrode of (A) background (black line) and 1 mM piperine (yellow line)
at a scan rate of 100 mVs? (B) 1 mM piperine reduction at varying scan rates of 25 mVs?, 50 mVs?, 100 mVs?,
150 mVs?, 200 mVs?, 400 mVs?; at a carbon fibre microdisc electrode of (C) 0 mM and 5 mM, 10 mM, 15 mM
of piperine at a scan rate of 100 mV/s. (D) Chronoamperometric response of 10 mM piperine with solvent
subtracted (red solid line) at carbon fibre microdisc, and corresponding line of best fit (black circles) derived from
the Shoup and Szabo equation. (E) Possible two-step reaction mechanism of piperine reduction. Inset of (A)
chemical structure of piperine (B) plot of peak current versus square root of scan rate.
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Cyclic voltammograms were recorded in 60% ethanol + 40% PBS at the scan rates in the range of 25
to 400 mVs™ (Figure 1(B)). As shown in Figure 1(B) inset, the peak current (Ip) was found to exhibit a
linear relationship with the square root of scan rates from 25 to 400 mVs, suggesting the reduction of
piperine is a diffusion-controlled electrochemical process. This was further confirmed by the linearity

observed in the plot of log (Ip) versus log (v) (Figure S2).

3.1.2 Measurement of Number of Electrons Transferred and the Diffusion Coefficient

In order to further investigate this diffusion-controlled reduction process and, in particular, to determine
the diffusion coefficient of piperine in the studied system, the chronoamperometric responses of varying
concentrations of piperine were recorded at a carbon fibre microdisc electrode. In the potential step
chronoamperometric experiment, the potential applied to the microdisc electrode was stepped from 0
V, where no current flows, to an overpotential which ensures the reduction occurs at a rate controlled
by mass transport. The overpotential we used for the chronoamperometry was determined from the

cyclic voltammetry as -1.8 V vs. SCE to ensure diffusion control. (Figure 1(C) Section 3.1.1)

The approximation given by the Shoup and Szabo to within a maximum error of not more than 0.6%

(Shoup & Szabo, 1982) describes the current responses over the time scale of the chronoamperometric

measurement:
I = —4nFDcrf () (1)
where
f(x) = 0.7854 + 0.886377'/% + 0.2146 exp(—0.7823771/) )
and
4Dt
T = —2
' ®)



192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

where | is the current, F is the Faraday constant, n is the number of electrons transferred, D and c are
respectively the diffusion coefficient and the concentration of the electroactive species, r is the radius

of the microdisc, and t is the time. The current dependency on diffusion coefficient changes from I «

/D at short time to I « D at long time, whilst the current is proportional (nc) to at all times. Thus for a
given known concentration, n and D can both be deduced by fitting experimental transient with the
Shoup-Szabo equation as used effectively in several previous studies (Banks et al., 2005; Silvester,
Wain, Aldous, Hardacre & Compton, 2006; Paddon, Silvester, Bhatti, Donohoe & Compton, 2007).
The time interval of 0.02-0.6 s of the chronoamperometric transient was analysed to obtain an accurate
fit characterising the diffusional process, without including the data points describing the non-
Cottrellian behaviour controlled by double layer charging before 20 ms and an excessive contribution
from the steady state current at long time (Xiong et al., 2012). The fitting was achieved via ORIGIN
2017, where by inputting the known values of r and c, the software iterated through the values of n and
D until an optimised fit was obtained. It is noted that since the chronoamperometric experiments were
performed at the high negative potential at -1.8 V vs. SCE, the solvent transient originating from the
redox reaction of solvent and the double layer charging can ‘obscure’ the chronoamperometric
responses of interest (Compton & Banks, 2018). Consequently, the transient of solvent without the
addition of piperine was subtracted from measured chronoamperometric transient before fitting with
the theoretical curve for a more accurate evaluation of n and D.

Figure 1(D) (section 3.1.1) shows the experimental potential step chronoamperometric curve of 10
mM piperine at carbon fibre microdisc electrode and the corresponding fit. The chronoamperometric
signal again indicates the process is typically diffusion-controlled. Chronoamperometric measurements
of varying concentrations of 5, 15 mM piperine were also conducted and the same method of analysis
was used (Figure S3). The average of results given by the fitting curves gave diffusion coefficient of
(4.9 £ 0.5) x10® cm?s (at 298 K), with the number of electrons transferred found to correspond to 1

(Table S1).

10
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3.1.3 Possible Reaction Mechanism

Having identified the electrochemical process occurring at the microelectrode, we next compared it
with the results obtained from the glassy carbon (GC) macroelectrode (Figure 1(B) Section 3.1.1). The
peak current, lirev, was calculated for an irreversible, one-electron electrochemical reduction using the

parameters (n and D) deduced from the chronoamperometry via the Randles-Sevcik equation:

- FDv 4
Ip = 0.496/n’ + a4 1 NFA[Alpuik W (@)

where n' is the number of electrons transferred before the rate determining electron transfer, n is the
total number of electrons transferred, « is the electron transfer coefficient, taken as 0.5, F is the Faraday
constant, A is the electrode area, [A]wui is the bulk concentration, D is the diffusion coefficient equal to
4.9x10%cm?st measured in section 3.2.2, v is the scan rate, R is the gas constant and T is the temperature
of 298K. Assuming n'= 0, n for the electron transfer at macroelectrode can also be determined using
the peak currents (lexpr) measured at varying scan rates using cyclic voltammetry as described in section
3.1.1 (see Table S2).

Comparing the lirey Values calculated assuming a one-electron process with lexy:, Which characterises
the electrochemical process on macroelectrode, the lex Values are ca. twice as large as the values of
lmev. It can be inferred that in contrast to the one electron transfer process suggested by the
microelectrode chronoamperometric responses, the reduction at a GC macroelectrode involves a two-

electron transfer.

The chemical reduction of piperine under various conditions has been reported (da Silva, Mota,
Bieber & Navarro, 2006; Gallagher, Shimmon & McDonagh, 2012; Pedersen et al., 2009). Either of the
two carbon-carbon double bonds has been generally suggested to undergo hydrogenation in methanol
(or ethanol) with a catalyst or mediator (Gallagher et al., 2012), although reduction leading to a a., -
unsaturated amide was also claimed (da Silva et al., 2006; Pedersen et al., 2009). For the electrochemical
reduction as discussed above, a possible mechanism explaining the difference between the micro- and

macro-electrode voltammetry is shown in Figure 1(E), Section 3.1.1. The one-electron transfer

11
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electrochemical reduction generates the carbanion species in the first step, followed by protonation and
further one-electron transfer, resulting in the formation of an unsaturated ketone. From this mechanism,
the discrepancy between the electrochemical processes at macroelectrode and microelectrode can be
rationalised since at carbon fibre microdisc electrode, “divergent/convergent diffusion” occurs,
reflecting the significantly more efficient mass transport (Compton & Banks, 2018). The intermediate,
carbanion, thus may diffuse away from the electrode surface before the chemical step needed for the
second electron transfer can occur. In contrast at a glassy carbon (GC) macroelectrode, the diffusion is
linear, so that the loss of the carbanion intermediate is much reduced, allowing both steps to occur and

an overall transfer of two electrons to take place.

In order to attempt possibly to slow the proton transfer step, further experiments were made at high
pH. However, cyclic voltammetric measurements at GC macroelectrode and chronoamperometric
measurements at carbon fibre microdisc conducted under high pH conditions in 60% ethanol + 40%
aqueous solution of [NaOH] = 0.1, 1.0, 2.0 mM of varying concentrations again suggested one electron
transfer at microelectrode and a two-electron transfer process at macroelectrode (see Sl section 4),

consistent with the proposed mechanism.

3.2 Electrochemical Detection of Piperine

In this section, first, we report the analytical responses of piperine at a glassy carbon (GC)
macroelectrode using conventional linear sweep cyclic voltammetry and suggest a data analysis
method. Second, we carried out an analogous study using semi-circular potential sweep voltammetry
with an optimised potential window to obtain amplified peaks and a simplified, improved procedure of
background correction. Finally, we report a one-step extraction method of black pepper and the
electrochemical detection method of the piperine content in real samples using both cyclic voltammetry

and semi-circular potential sweep voltammetry.

12
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3.2.1 Using cyclic voltammetry for detection of piperine
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Figure 2. Detection of piperine at glassy carbon (GC) electrode in 60 EtOH: 40 PBS under air-saturated conditions
using cyclic voltammetry: (A) Cyclic voltammetric responses of background and increasing concentrations from
0.25-5.0 mM. Scan rate: 100 mV/s. (B) Calibration curve plot using the peak heights analysed by extrapolating
the baseline. (C) Calibration curve plot using the current values read from the fixed potential of -1.8 V after
subtraction of background.

Having investigated the electrochemical behaviour of piperine in agueous solution, we next turn to
the detection of piperine in standard solutions and study the analytical responses of piperine at the glassy
carbon (GC) macroelectrode. First, the cyclic voltammetric studies as described in section 3.1.1 were
carried out under air-saturated conditions and likewise, the number of electrons transferred was
calculated using the measured peak currents leq: and the calculated peak currents Iiev (see SI Section

5). Compared with the cyclic voltammetry measurements performed under degassed conditions, as

13
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expected, an additional, independent peak corresponding to oxygen reduction can be observed. Analysis
at the piperine reduction showed that the number of electrons transferred was 2 and the diffusion
coefficient determined from the slope of peak current vs. square root of scan rate plot via multiple
electron-transfer, irreversible Randles-Sevcik equation was 5.0x10° cm??, close to the values
estimated under degassed condition (4.8x10° cm?s™) and measured in chronoamperometry (4.9x10
écm?st). The obtained results indicate the oxygen shows no interference with the peak current of the
piperine reduction and the same electrochemical behaviour of piperine can be seen on GC
macroelectrode regardless of the 60% ethanol + 40% PBS solution having degassed or not. Hence we

conducted further measurements without degassing to allow a simpler and rapid detection of piperine.

Cyclic voltammetry was then conducted of piperine with the concentration in the range of 0.25-5.0

mM in air-saturated 60% ethanol + 40% PBS. Three scans at each concentration were conducted and

the electrode was polished before each measurement. Figure 2(A) depicts the cyclic voltammetric
response as a function of increasing concentration of piperine. The plot of peak height versus piperine
concentration (Figure 2(B)) shows a linear relationship in the concentration range of 0.25-5.0 mM. The
calibration curve is I/uA = (15.76+0.15) [piperine] (mMM) + (6.69+0.35) (uA), N=10, R?=0.999. The
peak height was analysed by the extrapolation of baseline chosen in the vicinity of the reductive peak.
Note that the calibration curve plot in Figure 2(B) shows a not insignificant intercept in the y-axis

making analysis unreliable.

A significant component to the background current is that resulting from the Faradaic reduction of
the oxygen dissolved in the solution since as discussed above, it was chosen not to outgas this so as to
give an overall simpler analytical procedure suitable to use by non-experts. Accordingly, we attempted
to make a different and simpler background correction by simply measuring currents at a fixed potential
on the voltammogram for all concentrations regardless of the potential of the peak current. This Figure
2(C) shows that if the current measured from a voltammogram recorded at 100 mVs™ and at a potential
of -1.80 V vs. SCE in absence of piperine is subtracted from the currents recorded under corresponding

conditions in the presence of different concentrations of the analyte. Then a non-linear calibration curve
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results, this time with a positive x-axis intercept. The limitations of the background corrections thus far
attempted lie in the relatively low signal to noise ratio of the measurement. Accordingly, we turned to

the use of semi-circular voltammetry.

3.2.2 Using semi-circular potential sweep voltammetry for detection of piperine

The recently proposed method to conduct potential sweep voltammetry using a semi-circular potential
waveform for electroanalysis was found to show to a good agreement between theoretical predictions
and experiments in the study of [Ru(NHs)s]**/>* redox couple at macroelectrode (Amin et al., 2019;
Uchida et al., 2018). In particular, a notably higher current response can be achieved using this
technique compared to that obtained from the conventional linear-sweep potential wave (Amin et al.,
2019). In order to improve our analytical method of the detection of piperine and illustrate this new
reported method for the first time in an analytical application, we explored the semi-circular potential
sweep voltammetry of the piperine standard samples with the same concentrations at a glassy carbon
(GC) electrode under air-saturated conditions.

In semi-circular potential sweep voltammetry, the potential of working electrode E (t) follows a semi-

(®)

2

circular potential wave (Figure 3(A)):
t
1- [2 (t - C)] + Ecentre
max

E() = iAo\/
Er — E; (6)

E -
centre
2

where Ais the amplitude of the potential wave, t is the time and t,,,,, is the duration of a single scan
between the two potential limits. ¢ = 0 for t <t,,4,/2, C = 1 for t;ax 12 <t < tyax ANA Ecentre 1S the
midpoint of the applied potential window, which is experimentally defined relative to the reference
electrode with the start potential E; and the vertex potential Ef. In contrast to the constant scan rate

over the entire scan in linear sweep voltammetry, the scan rate resulting from the semi-circular wave
shows significant variations with the sweep. As can be seen in Figure 3(A), the scan rate is close to zero

att =0 and t = t,,4, and increases transiently to infinite at Ecentre.

15



333
334
335
336
337
338
339
340

341

342

343

344

345

346

347

348

(A) E
1.2 centre
——-1.45V
—— 155V
-1.4 1 -1.64V
> — 170V
W -1.6-
-1.8-
2.0+
0 5 10 15 20
Time/s
(B) 0.0 (C)
AT
-2.0x10°5 2.0x10°
Ecentre/ V X
—— 145 <
—-155 =
-5
<-4.0x10 164 S 4.0x10%-
) P
= — 166 =
= -1.68 O
3-6.0x10° - -1.70 -6.0x1075 -
172
----- 1.74
goxw04 M 1.76 -8.0x10 -
2.0 18 -16 1.4 12 -2.0 -1.8 -1.6 -14

Potential / V vs SCE Potential/ VV vs SCE

Figure 3. Origin and optimisation of semi-circular potential sweep voltammetry: (A) Semi-circular waveforms
recorded for varying Ecenre. Scan amplitude: 0.3 V. (B) Semi-circular potential sweep voltammetric responses of
1.5 mM of piperine at varying potential windows at scan amplitude of 0.3 V (solid lines) and 0.25 V (dash lines).
(C) Semi-circular potential sweep voltammogram (solid line) at an average of scan rate of 30 mV s vs. cyclic
voltammogram (dot line) of 1.5 mM piperine at 50 mV s over a potential window: -1.4 to -2.0 V. Scan amplitude:
0.3 V.

As discussed in previous work, by adjusting the position of Ecentre to the close vicinity of the reduction
potential of the studied target, the peak current reached a maximum value(Amin et al., 2019; Uchida et
al., 2018). To determine the Ecentre leading to the maximum peak current in our system, voltammetric
measurements of 1.5 mM piperine in 60% ethanol + 40% PBS using scan amplitudes of 0.3 and 0.25 V
were carried out. It can be seen in Figure 3(B) when Ecente = -1.70 V with scan amplitude as 0.3 V, the
peak current reached the maximum. Thus in further semi-circular potential sweep voltammetric

experiments, the potential window of -1.40 to -1.70 V was employed. Comparing with the cyclic

voltammetry, we can see two main differences in semi-circular voltammetry. First, with the potential
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Figure 4. Semi-circular potential sweep voltammetric responses of the background and varying concentrations of
piperine at glassy carbon (GC) electrode in 60 EtOH: 40 PBS at air-saturated conditions. Scan rate: 50 mV / s.
Potential window: -1.40 to -2.0 V. Inset: Calibration curve plot using the current value at -1.80 V after the
subtraction of background.

window thus optimised, the obtained piperine reduction peak using semi-circular potential sweep
voltammetry was significantly larger compared to the peak shown in the cyclic voltammetry at the same
scan rate (Figure 3(C)). Second, in the semi-circular potential sweep voltammetry, (Figure 3(B) and
(C)) kinks at the midpoint can be seen, arising from reaching the infinite scan rate.

Figure 4 depicts semi-circular potential sweep voltammetric responses for 0.25-5 mM piperine in
60% ethanol + 40% PBS as a function of increasing concentrations of piperine. The sizes of the peaks
in Figure 4 compare favourably with the signals shown in Figure 2(A). As discussed above, the obtained
peak currents were substantially affected by the potential windows and values of Ecente. Consequently,
current values at a fixed potential rather than the peak currents read at shifted potentials for varying
concentrations were taken for calibration curve analysis. Several potentials near the peak potential were

examined and -1.8 V was chosen to be the suitable potential for further analysis (Full discussion see Sl
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Section 6). For the current values at -1.8 V, a linear behaviour was found in the plot of these current
values versus piperine concentration, in the concentration range of 0.25-5.0 mM. After subtracting the
current from a single background scan at -1.8 V vs. SCE, the resulting calibration curve is I,/uA =
(15.69+0.23) [piperine] (MM)-(1.00+0.54) (uA), N = 10, R?=0.999 (Figure 4 inset).

The results provided the experimental validation for using semi-circular potential sweep voltammetry
to study the analyte giving greatly amplified peaks. In the semi-circular potential sweep voltammogram,
currents are read at a fixed potential and a simple background correction can be achieved via subtracting
the background at the chosen potential, making the semi-circular potential sweep voltammetry a more

advantageous method in data analysis than the conventional cyclic voltammetry.

3.3 Analysis of a real sample

In order to assess the feasibility and accuracy of electrochemistry for piperine analysis, we next looked
at the detection of piperine in real samples. We first developed a procedure for the extraction of piperine
from a black pepper sample purchased in a local supermarket. Among various methods of piperine
isolation reported in the literature, the ultrasound-assisted extraction was found to be a rapid, simple,
cheap method leading to high yield of piperine (Gorgani et al., 2017). Ethanol as a cheap, easy-handling
solvent was suggested to give high extraction yields along with insonation(Rathod & Rathod, 2014).
Therefore, we chose ethanol as the extraction solvent and carried out the extractions with different
sonication time periods. The preparation of samples was fully described in section 2.3. Ethanol was
added to the vials with ground samples in a fixed ratio (5 mL ethanol to 0.5 g black pepper), which was
then placed in an ultrasonic bath for the sonication times of 5, 10, 15 minutes. Experiments maximising
the piperine content by using a long time sonication of 1 hour sonication followed by 1 day extraction
were also carried out to obtain the maximised piperine contents. After sonication/extraction, the
supernatant was mixed with PBS in the ratio of 60:40 and diluted with 60% ethanol + 40% PBS. Cyclic
voltammetric measurements at a glassy carbon (GC) electrode were then conducted. The results of

extracts from three separate black pepper samples were recorded for each sonication time, as shown in
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392  Figure 5(A), where the results have been expressed in piperine content (%w/w) of the original sample.
393  The resulted maximum piperine contents obtained at 1 hour sonication followed by 1 day extraction
394  were found to be (3.66 + 0.02) % wi/w, in accordance with the values reported by literatures where the
395  piperine content in fruit of P. nigrum quantified by HPLC technique was found to lie in the range of
396  3%-6% (w/w) (Mukherjee, P.K., 2002, Vasavirama, K. & Upender, M., 2014). For the short time
397  extractions, the results lie in the range of (2.03 + 0.19) % w/w to (2.27 + 0.17) % w/w, which is
398  approaching the maximum value at long time extractions. The short time extraction results show no
399  evident growth in extraction efficiency with the increasing sonication time. It can be inferred the
400 maximum extraction for a short time period had been achieved at some point before 5 minutes of
401  sonication or without the assistance of sonication. In order to simplify the procedure and cut down the
402  waiting time, we carried out the extraction by simply shaking the extract for 1 minute prior to leaving
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404 Figure 5. Piperine content detected in black pepper extracts at different extraction times by cyclic voltammetry
405 using Figure 2(B) calibration curve (A) With sonication from 5 to 15 minutes (B) Without sonication from 0 to

19



406
407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

120 minutes and by semi-circular voltammetry using Figure 4 calibration curve(C) Without sonication from 0 to
120 minutes.

the extract to settle for 1-120 minutes. The rest of the procedure was used just as the procedure above
with sonication. The results (Figure 5(B)) from the simplified procedure showed the piperine contents
were found to be (2.01 £ 0.11) % w/w to (2.27 + 0.06) % w/w, which were approximately in the same
range as the sonication method, suggesting the extraction for a short time period was essentially
completed in one minute without sonication. The extracted sample was also measured after the addition
of ethanol without shaking or settling, the piperine content was found to be ca. (1.79 £ 0.06) % w/w,
just slightly below the range. From the results, it can be seen the extraction of piperine in black pepper
is a rather fast process given that the black pepper had been ground into small particles, and our
simplified procedure with any settling time from 1 to 120 minutes can be used for further quantification.
For practical analysis our approach offers a good compromise with rapid analysis plus a reasonable

accuracy.
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Figure 6. Voltammograms of real samples and the recovery experiment: (A) cyclic voltammograms of real
sample extract (black line) extracts added with 0.5mM (red line), 1mM (blue line), 2mM (yellow line) standard
piperine solutions. Scan rate: 100mV s*(B) semi-circular potential sweep voltammograms of real sample extract
(black line) extracts added with 0.5mM (red line), 1mM (blue line), 2mM (yellow line) standard piperine solutions.
The average of scan rate: 30mV s*(C) Concentrations analysed by calibration curves in insets of Figure 2(B) and

Figure 4 of detected piperine in extract and extracts with standard solutions and the corresponding recoveries.

Having developed the extraction procedure, we next employed the semi-circular potential sweep
voltammetry for the quantification of piperine in real samples. The same simplified extraction procedure
as above was carried out with a settling time of 1-120 minutes using the semi-circular potential sweep
voltammetric method. The piperine contents depicted in Figure 5(C) lie in the range of (2.10 + 0.03) %

wiw — (2.27 £ 0.08) % wi/w, which was in accordance with the result obtained from using cyclic

voltammetry.
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The accuracy of the extraction procedure was validated by a “recovery” test (Carr & Wahlich, 1990),
where known concentration standard solutions were used to “spike” diluted extracts prior to
voltammetric measurements (Figure 6(A)(B)). The percentage recoveries were evaluated by both cyclic
voltammetric and the semi-circular potential sweep voltammetric methods. The peak heights measured
in cyclic voltammograms and semi-circular potential sweep voltammograms are converted to the
concentrations of piperine using the calibration curves in Figure 2(B) and Figure 4. Values close to

100% were attained in both methods (Figure 6(C)).

4. Conclusions

Cyclic voltammetry and semi-circular potential sweep voltammetry have both been successfully applied
to the detection and quantification of piperine in standard solutions and real samples using a glassy
carbon (GC) macroelectrode. In particular, the employment of semi-circular potential sweep
voltammetry provides the advantage of amplifying peaks to facilitate the electrochemical determination
of species otherwise showing low sensitivity. To the best of our knowledge, this the first time semi-
circular potential sweep voltammetry has been applied for electroanalytical detection. The
electrochemical reduction mechanism of piperine was investigated utilizing a combination of cyclic
voltammetry and potential step chronoamperometry and a possible mechanism was inferred. This
proposed method of detection may become useful for application in pharmaceutical production and the

food industry, serving as a facile and inexpensive substitute for HPLC and GC-MS, etc..
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