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The present work reports efficient electrochemical nanosensors for the sensitive monitoring of 4-

nitrophenol (4-NP) in tomato samples using various biosynthesized silver nanoparticles (bio-AgNPs).
Three different bio-AgNP types were synthesized using natural plant extracts, including green tea (GT)
leaf, grapefruit peel (GP), and mangosteen peel (MP), aiming to investigate their effects on the formation
of bio-AgNPs, as well as the analytical performance of 4-NP. Based on the obtained results, it was found

that the phytochemical content in various plant extracts directly influenced the physicochemical

parameters of the created bio-AgNPs, such as particle size, crystallinity, and distribution. More

importantly, these parameters have decisive effects on the electrocatalytic activity, conductivity, and
electrochemical sensing performance of electrodes modified with them for 4-NP detection. Among the

three bio-AgNPs evaluated, the GT-AgNPs (using green tea leaf extract) with uniform shape, small size

without aggregation,
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and high crystallinity showed the best analytical

performance for 4-NP

determination. The electrode-modified GT-AgNPs exhibited a good 4-NP analytical performance with an

electrochemical sensitivity of 1.25 pA uM~t cm™2 and a detection limit of 0.43 pM in the detection range

DOI: 10.1039/d1ra09202b

rsc.li/rsc-advances

1. Introduction

Nowadays, the pesticide residues on crops are a major threat to
human health and the surrounding environment, leading to
a variety of deteriorative consequences. Among them, 4-nitro-
phenol (4-NP) detection is particularly attempted due to its
toxicity and hazard.' 4-NP can remain in irrigation water for
a long time, causing undesirable effects to humans, animals,
and crops. Since the 1980s, 4-NP has been classified as a priority
hazardous pollutant by the US Environmental Protection
Agency (US EPA). Accordingly, the maximum permissible
concentration limit of 4-NP should be less than 20 pg L™ ".2* In
fact, the 4-NP treatment and removal are quite difficult because
of its high stability and solubility.* Therefore, it is necessary to
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from 0.5 to 50 pM. The practical applicability of the sensor was also studied in tomato samples,
promising satisfactory results toward 4-NP detection in other real samples.

develop an analytical tool for the effective and quick detection
of 4-NP in contaminated samples.

There are various analytical techniques to determine 4-NP
residues, including capillary electrophoresis,* fluorescence,’
flow-injection analysis,® high-performance liquid chromatog-
raphy (HPLC),” and enzyme-linked immunosorbent assay
(ELISA).® Although these techniques have high specificity and
selectivity, they require expensive instruments and reagents,
multi-step analytical techniques, and consume organic
solvents. Thus, the development of a simple analytical tech-
nique, with characteristics of low cost, quick detection, and
a simple system for 4-NP detection is considered a necessary
and important strategy. The electrochemical sensor technique
has been proven to be a potential solution for 4-NP detection
because of its advantages such as good sensitivity, fast
response, simple sample pre-treatment, low cost, easy opera-
tion, and onsite detection.”™ In recent years, the modification
of the working electrode surface has been reported as effectively
capable of enhancing the sensitivity, selectivity, and stability of
sensors for 4-NP detection.”'*'> For example, Ikhsan et al.® used
reduced graphene oxide-silver (rGO-Ag) nanocomposites to
modify glassy carbon electrodes (GCE) for the detection of 4-NP.
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The results showed that the rGO-Ag-modified electrode
provided a low detection limit of 1.2 nM. Many other nano-
materials, including silver nanowire-polyaniline,”* GO film,"
Mg(Ni)FeO," and bio-AgNPs" have also been used to modify
electrode surfaces, aiming to enhance the 4-NP sensing
performance with wider linear ranges and lower limits of
detection (LOD). In our previous work, a screen-printed elec-
trode (SPE) modified with bio-AgNPs synthesized from green tea
leaf (Camellia sinensis) extract was used for the first time as
a promising electrode toward 4-NP sensing.'* For more detailed
assessments on the promising potential of bio-AgNPs in
modifying the electrode surface, this study has systematically
evaluated the bio-Ag formation from different natural extracts
and their effects on some parameters such as electrical resis-
tance, amperage, and electrochemical stabilization in the elec-
trochemical sensor performance. The electrochemical
properties of the bio-AgNPs-modified SPE were significantly
enhanced in comparison with bare SPE and pure AgNPs-SPE.
The presence of biomolecules on the bio-AgNPs surface facili-
tated the effective attachment of AgNPs on the carbon surface of
the screen-printed carbon electrode (SPE) through the forma-
tion of strong C-O coordinate bonds between the O atoms of
oxygen functional groups and the C atom of SPE. The utilization
of bio-AgNPs in electrochemical nanosensors in detecting
various pollutants is the preferred trend because of its low
toxicity and good biocompatibility.* Nonetheless, some critical
problems need to be further understood regarding the effects of
the morphology, size distribution, and crystallinity of bio-
AgNPs synthesized from the various bio-reducing agents on
the selectivity and sensitivity of the sensor.'®"”

We have synthesized bio-AgNPs from various natural plant
extracts, including green tea leaves (Camellia sinensis), mango-
steen peel (Garcinia mangostana), and grapefruit peel (Citrus
paradisi) by a simple electrochemical method. Herein, we aim to
gain insight into the influences of the phytochemical compo-
nents and content in each plant extract on the physicochemical
parameters of the created bio-AgNPs such as particle size,
crystallinity, and distribution. The impacts of these parameters
on the electrochemical sensor performance toward 4-NP
detection have been investigated in detail, promising the
development of an effective tool for monitoring 4-NP residues in
crops.

2. Experimental procedures

2.1. Chemicals

Two bulk silver bars (99.999% purity) with dimensions of
150 mm X 10 mm x 0.5 mm (L x W x T) were used as elec-
trodes and were purchased from a domestic jewelry company in
Hanoi, Vietnam. 4-Nitrophenol (4-NP, 98%), nitric acid (HNOs,
63%), iron(m) nitrate (Fe(NOs)s;, 99%), copper(u) sulfate
(CuS0,4,99%), zinc nitrate (Zn(NOjz),, 99%), nickel(n) nitrate
(Ni(NO3),, 99%), potassium chloride (KCl, 99%), ascorbic acid
(C¢HgOg, 99%), urea (CH4N,0, 99%), thiram (C¢H;,N,54,99%),
amoxicillin (C;4H;0N305S, 99%), and p-glucose (C¢H;,06, 99%)
were purchased from Shanghai Chemical Reagent. The PBS
buffer solution (0.1 M, pH 7.2) was prepared by using NaCl, KCl,
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Na,HPO,-12H,0, and KH,PO, (>99%, Merck KGaA, Germany).
The pH of the PBS buffer was adjusted using H;PO, (0.1 M) and
NaOH (2 M). All chemicals were used as received without any
further purification. Carbon screen-printed electrodes (SPEs-
DS110) were purchased from DS Dropsens, Spain.

2.2. Preparation of the bio-AgNPs-modified SPEs

Bio-AgNPs were synthesized from natural plant extracts by
a modified electrochemical method.™ In brief, the process for
the synthesis of bio-AgNPs was based on a two-electrode setup
system in combination with the controlled addition of various
natural plant extracts. The two silver bars as electrodes were
mechanically polished and washed with distilled water to
eliminate oxides on the surface. They were connected to the DC
voltage source in parallel in the 250 mL glass beaker placed on
the magnetic stirrer. The distance between the two electrodes
was about 3 cm, and bi-distilled water was poured for 6 cm of
silver electrodes. Then, 15 mL of each plant extract, namely,
green tea leaves (bio-GT), mangosteen peel (bio-MP), and
grapefruit peel (bio-GP), were added and stirred for 10 minutes,
respectively. The silver bars were supplied with a DC voltage of
12 V for 45 minutes under magnetic stirring at room
temperature.

To prepare bio-AgNPs-modified SPE electrodes, the bio-
AgNPs solutions with various volumes from 4 to 14 uL were
directly dropped onto the working electrode surface and dried
at room temperature.

2.3. Spiked tomato sample preparation

Tomatoes were purchased from a local supermarket and
washed with deionized water, and then naturally dried before
extraction. Next, 5 g of tomato were mixed with 10 mL PBS (0.1
M) by a vortex mixer. The mixture was ultrasonicated for 30 min,
then the resulting mixture was centrifuged for 10 min at
10 000 rpm, and the clear liquid phase was collected and 4-NP
with different concentrations was added (5, 10, and 20 uM).

2.4. Characterization techniques

The crystalline structure of the bio-AgNPs samples was analyzed
by a Bruker D5005 X-ray diffractometer (using Cu Ka radiation,
A = 0.154056 nm) under a voltage of 40 kV and a current of 30
mA. The bio-AgNPs formation was confirmed by ultraviolet-
visible (UV-vis) spectrophotometry (HP 8453 spectrophotom-
eter). All electrochemical measurements were conducted on an
electrochemical workstation (Palmsens4, PS Trace, PalmSens,
The Netherlands) at room temperature.

2.5. Electrochemical measurements

Cyclic voltammetry (CV) measurements were carried out in
0.1 M KCI containing 5 mM [Fe(CN)]>/*~ at a scan rate of
50 mV s~ ' with a potential range from —0.3 V to 0.6 V. Elec-
trochemical impedance spectroscopy (EIS) was recorded in the
frequency range of 0.01-50 kHz by applying an AC voltage with
10 mV amplitude in 0.1 M KCl containing 5 mM [Fe(CN)e]>~/*~.
The electrochemical performance of 4-NP on the modified SPE

© 2022 The Author(s). Published by the Royal Society of Chemistry
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was investigated using CV and differential pulse voltammetry
(DPV) measurements in aqueous phosphate buffer electrolyte
solution (PBS, 0.1 M). The CV was obtained at a scan rate of
60 mV s~ in the potential range from —1 to 0 V, Tequilibrium =
120 s. The DPV measurements were completed as follows: scan
rate of 6 mV s’l, Tequitibrium = 120 8, Epyse = 0.075 V, Thyise =
0.2 s in the potential range of —0.2 to —0.7 V.

3. Results and discussion

3.1. Characterization of bio-AgNPs

Three different solutions of bio-AgNPs were synthesized by
a simple electrochemical method using three natural plant
extracts including green tea leaves (GT-AgNPs), mangosteen
peel (MP-AgNPs), and grapefruit peel (GP-AgNPs) to investigate
their electrochemical sensing performances toward 4-NP
detection. UV-vis spectrometry and SEM were utilized to
confirm the formation of bio-AgNPs and investigate their
structural features. Fig. 1(a—c) shows the UV-vis spectra of the
as-synthesized bio-AgNPs samples and their colors. After the
electrochemical process, the color of the extracted mixture
changed to yellowish-brown, demonstrating the formation of
AgNPs.'®*® The formation of the AgNPs was also further
confirmed via recording the characteristic surface plasmon
resonance (SPR) absorption band at around 430-440 nm in the
UV-vis region. Note that the absorption peak was found at
440 nm for both GT-AgNPs and GP-AgNPs, while that of MP-
AgNPs was about 430 nm. Fig. 1(d-f) shows SEM images of
the as-synthesized bio-AgNPs samples. All the bio-AgNPs
samples had a uniform spherical shape with the size of about
10-25 nm. More importantly, when considering the dis-
persibility of bio-AgNPs, GT-AgNPs exhibited homogeneous
distribution without the aggregation phenomenon; in contrast,
for MP-AgNPs and GP-AgNPs samples, the created AgNPs ten-
ded to aggregate, leading to the formation of larger clusters
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(Fig. 1(e and f)). This phenomenon was proposed to be due to
the differences in the ingredients and contents of the valuable
beneficial phytochemicals in each extract type. Polyphenolic
compounds have been considered among the major and most
important reducing agents in plant extracts, which helps in
promoting the bio-reduction of Ag" to Ag°. However, the
components and content of these polyphenolic compounds in
each plant extract are different, as described in some previous
reports. In the GT extract, polyphenols (catechins, tannins) and
alkaloids have been considered as the major phytochemical
components that act as reducing and stabilizing agents for the
bio-AgNPs.*® These useful polyphenolic substances were also
found in the GP and MP extracts.***> However, it should be
noted that in addition to such compounds, a large amount of
other bioactive substances, such as xanthones and flavonoids
were recorded in the MP extract, while, for the GP extract,
limonene was the main component that occupied up to 60-95%
w/w.?® It is likely that these directly impacted the efficiency of
the reduction process and the stability of the formed bio-AgNPs.
Indeed, with a high content of polyphenolic compounds in the
GT extract, the reduction process of Ag" ions occurred more
easily than that in the MP and GP extracts, and the stability of
the bio-AgNPs was also improved due to these polar poly-
phenolic layers. In contrast, for the GP and MP extracts, the
presence of low-polar and/or nonpolar organic compounds
around the formed bio-AgNPs, such as xanthones and limo-
nenes could cause the unwanted aggregation phenomenon in
water.

The bio-AgNPs formation and particle size were further
determined by TEM images. Fig. S11 shows TEM images of bio-
AgNPs samples synthesized from three different extracts. The
results showed that the nanoparticles had a spherical shape
with an average size of 15-50 nm. The GT-AgNPs were uniformly
dispersed by polyphenols, and the MP-AgNPs and GP-AgNPs
showed the phenomenon of agglomeration.
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Fig.1 UV-vis spectra of bio-AgNPs synthesized using different extracts: (a) GT-AgNPs; (b) MP-AgNPs; and (c) GP-AgNPs. Inset pictures show the

glass vitals of extracts and bio-AgNPs solutions, respectively. (d, e and f)
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SEM images of GT-AgNPs, MP-AgNPs, and GP-AgNPs, respectively.
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The presence of polyphenols from natural extracts on the
nanoparticle surface was confirmed by Fourier-transform
infrared (FTIR) spectroscopy (Fig. S21). All three bio-AgNPs
samples showed wide banding and high intensity at
3420 cm ', related to the O-H stretching oscillations assigned
to the ~OH groups from polyphenols in green tea extracts such
as catechins.?* The peak at 1630 cm™ ' was associated with
prolonged C=O0 oscillations of the conjugate bound to ketones,
quinones, carboxylic acids and esters.'® At 1392 cm ™', there was
the C-N stretching oscillation of aromatic amines, which was
found only in GT-AgNPs samples, indicating the presence of
EGCG in the water-soluble green tea extract. The band at
1044 cm ' was found to be associated with the C-O-C
stretching oscillation.”® These results agreed with previous
reports'®**?” and demonstrated the presence of polyphenols in
the natural extract as surface protectants for bio-Ag seeds.

To analyze in detail the crystalline structural features of the
three bio-AgNPs samples, XRD measurements were also per-
formed. The obtained results are presented in Fig. 2. For all
three bio-AgNPs solutions, the XRD patterns exhibited four
diffraction peaks at 38.1°, 44.3°, 64.4°, and 77.5° corresponding
to the (111), (200), (220), and (311) fce crystal planes of bulk Ag
(JCPDS PDF 04-0783), respectively. The average crystalline sizes
were approximately calculated as 11, 13, and 19 nm by the
Debye-Scherrer equation for GT-AgNPs, MP-AgNPs, and GP-

AgNPs, respectively. Clearly, via the study on the
) GP-AgNPs
’5‘ MP-AgNPs
« o
.ﬂ> 2 a2 o 2 o N .
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Fig. 2 XRD patterns of GT-AgNPs, MP-AgNPs, and GP-AgNPs,
respectively.
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characterization of bio-AgNPs in both three extract solutions,
GT-AgNPs showed more outstanding features in not only size
and crystallinity but also their distribution. Thus, GT-AgNPs
was expected to be a key candidate having high potential to
enhance electrocatalytic activity, as well as electron conductivity
in the sensing electrode. This structural property-performance
relationship was investigated and is discussed in more detail in
the subsequent sections.

3.2. Electrochemical investigations

3.2.1. Electrode characterization. In the initial step of the
electrochemical performance analysis, the electrochemical
characterizations of the bio-AgNPs-modified electrodes were
investigated using cyclic voltammetry measurements (CV) in
0.1 M KCl containing 5 mM [Fe(CN)s]> /*~ at a scan rate of
a50 mV s~ '. As shown in Fig. 3a, a pair of reversible redox peaks
arising from the reversible electronic transfer of Fe*" into Fe**
and vice versa was observed at all three modified electrodes.
However, there were obvious differences in the recorded peak
current intensities for each modified electrode.”®** These
differences could be ascribed to the changes in conductibility,
electron transfer capability, as well as crystalline structural
features of each bio-AgNPs type. The GT-AgNPs (102 pA)
exhibited the largest current intensity (Ip,c), compared with MP-
AgNPs (56 pA) and GP-AgNPs (32 pA), as presented in Table 1.

Electrochemical impedance spectroscopy (EIS) has been
considered an effective method for investigating the charge
transfer capability of modified electrodes. Fig. 3(b) shows the
Nyquist plots of GT-AgNPs/SPE, MP-AgNPs/SPE, and GP-AgNPs/
SPE in 0.1 M KCl containing 5 mM [Fe(CN)]> "* in the
frequency range of 50 kHz-0.01 Hz with 10 mV amplitude of the
AC voltage. Herein, the radius of the semicircle represents the
electron transfer resistance (R.), which was detected to be
661.6, 318, 638, and 1596 Q for SPE, GT-AgNPs/SPE, MP-AgNPs/
SPE, and GP-AgNPs/SPE, respectively. As a result, GT-AgNPs/SPE
showed the lowest R value as compared to the other modified
electrodes, even bare SPE. Furthermore, the electroactive
surface area (EASA) of the modified electrodes was determined
via the CV technique under the scan rate in the range from 10 to
60 mV s~ ', as shown in Fig. 4(a-c). The corresponding linear
plots of reduction peak current intensity against the square root
of the scan rate are presented in Fig. 4(d—f). The EASA of these
electrodes were calculated according to the Randles-Sevcik
equation as follows (25 °C):

I, = 2.69 x 1054n"*D"*Cv'? (1)

where I, presents the cathodic and anodic peak current, n is the
number of electrons transferred, D is the diffusion coefficient of
[Fe(CN)e]>/*~, A is EASA, v is the potential scan rate, and C is
the concentration of [Fe(CN)e]>*~. Herein, EASA was esti-
mated from the graphs of the cathodic peak current along with
n=1,D=6.5x10°cms !, C=5mM, »=0.05Vs ', as listed
in Table 1. Accordingly, the estimated EASA value increased in
the order GP-AgNPs (0.125 cm?) < MP-AgNPs (0.262 cm?) < GT-
AgNPs (0.373 cm?®). From the obtained results for current
response intensity, electron transfer resistance (R.), and EASA

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 (a) CV profiles of various modified electrodes at the scan rate of 50 mV s~ in 0.1 M KCl containing 5 mM [Fe(CN)gl*~4~; (b) EIS profiles of

various modified electrodes.

Table 1 The current response of modified electrodes and their
calculated EASA according to the Randles—Sevcik equation in 0.1 M
KCl containing 5 mM [Fe(CN)gl> /4~

Sample Ie (UM) EASA (cm?)
GT-AgNPs 102.18 0.373
MP-AgNPs 57.31 0.262
GP-AgNPs 31.65 0.125

value, it can be seen that as expected, the small and uniform
size with high crystallinity, as well as the homogenous distri-
bution of GT-AgNPs, helped them achieve fast electron transfer
ability and large active surface area, which are promising for the
effective reduction of 4-NP.

3.2.2.
fied electrodes. To evaluate the electrochemical response of
various bio-AgNPs toward 4-NP, the CV responses of the
unmodified SPE and SPE modified with GT-AgNPs, MP-AgNPs,
and GP-AgNPs toward 50 uM 4-NP were recorded. Fig. 5(a)
shows the CV curves of all four electrodes in 0.1 M PBS (pH 5)
containing 50 uM 4-NP. It can be seen that the sharp reduction
peaks appeared at —0.81, —0.84, and —0.86 V for GP-AgNPs, MP-
AgNPs, and GT-AgNPs, respectively. These reduction peaks
could be assigned to the reduction of 4-NP involving the
formation of 4-hydroxyaminophenol,** consistent with some
previous reports for the reduction of 4-NP.'>'*** However, the
current responses of these reduction peaks were remarkably
different. Fig. 5(b) shows the bar chart diagram of the reduction

Electrochemical performance of 4-NP on the modi-
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Fig. 4 (a—c): CV profiles of modified electrodes at various scan rates (10-60 mV s%); (d—f): the corresponding linear plots of reduction peak

current response and sqrt of the scan rate. All experiments were performed in 0.1 M KCl containing 5 mM [Fe(CN)
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(a) CV curves recorded for the unmodified SPE, GT-AgNPs, MP-AgNPs, and GP-AgNPs using 0.1 M PBS (pH 5) containing 50 uM 4-NP; (b)

bar chart diagram of the irreversible reduction peak current responses for 4-NP over modified SPEs. Scan rate 50 mV s,

peak current responses for 4-NP for all electrodes. Compared
with the unmodified-SPE, all the modified SPE showed
increases in the reduction peak current, suggesting that bio-
AgNPs significantly improved electrochemical activity for the
reduction of 4-NP. It is no surprise that GT-AgNPs afforded the
highest cathodic peak current of about 15.99 pA, which was
about 1.2 times that of MP-AgNPs (13.42 pA), 2.5 times that of
GP-AgNPs (6.25 pA), and 6.8 times that of the bare SPE. The
differences in the reduction peak potential of 4-NP were recor-
ded for GP-AgNPs and MP-AgNPs. The reduction peak poten-
tials of 4-NP on GP-AgNPs and MP-AgNPs were slightly shifted
toward the more positive direction as compared with GT-AgNPs.
This phenomenon could be due to the difference in pH value on
the electrode surface after modification, arising from the pH
differences of various bio-AgNPs solutions. The pH values of the
three bio-AgNPs solutions were determined to be about 6.2, 5.4,
and 5.1 for GT-AgNPs, MP-AgNPs, and GP-AgNPs, respectively. It
is clear that the size, crystallinity, and distribution of bio-AgNPs
strongly depend on the components and contents of the
phytochemicals in each extract type, and are important factors
affecting the electrochemical response toward 4-NP detection.
Therefore, the understanding and selection of suitable plant
extracts for synthesizing AgNPs for the various application aims
are very important and necessary. To gain insight, the modified
electrodes were further investigated in detail to determine the
electrochemical properties for the sensing of 4-NP.

3.2.2.1 Optimization of the 4-NP determination conditions. To
optimize the loading volume of AgNPs solution on the SPEs, the
electrochemical responses of MP-AgNPs/SPEs with the various
MP-AgNPs solution volumes from 4 to 14 uL were investigated
by the DPV technique for 50 uM 4-NP in the 0.1 M PBS at a scan
rate of 6 mV s~ " (see Fig. $31). The reduction peak current of 4-
NP increased significantly with the increase of the modifier
volume up to 12 pL. The peak current gradually decreased with
further increasing the modifier amount. The high increase of
the MP-AgNPs volume caused the increase in the thickness of
the modifier layer on the electrode surface, which not only
hindered the electron transfer within the electrode and the

6012 | RSC Adv, 2022, 12, 6007-6017

access of the electrolyte to the electrode surface but also led to
the easy peeling and breaking of the working electrode during
operation.** Thus, the optimized value of MP-AgNPs volume was
proposed to be 12 pL for the next electrochemical
measurements.

The influence of pH on the current and potential of the
reduction peak was investigated by using the DPV technique.
DPV curves of MP-AgNPs/SPE for 10 uM CAP in the 0.1 M PBS in
the pH range from 3 to 11 are shown in Fig. S4.f The peak
current response gradually increased on varying the pH from 3
to 5. This proposes that the reduction of 4-NP is a pH-dependent
process and the hydrogen ions interrupt the 4-NP redox reac-
tions.** However, beyond the pH value of 5, a further increase in
the pH led to a decrease in the peak current response. There-
fore, PBS (pH 5) was the best condition for obtaining the highest
current response for the detection of 4-NP.

For the effect of accumulation time, the MP-AgNPs-modified
SPE was investigated in the accumulation time range from 30 to
150 s to determine the optimum time as shown in Fig. S5. The
peak current intensity (I,) increased with increasing accumu-
lation time and reached a maximum at 120 s. Thus, the suitable
accumulation time was chosen as about 120 s for the next
electrochemical experiments. For insight into the relationship
between the scan rate and the current response and/or peak
potential, a kinetics study through CV measurements was con-
ducted. Fig. S6(a)T illustrates the influence of various scan rates
(10-50 mV s~ ') on the electrochemical behaviours of 4-NP in
0.1 M PBS (pH 5) containing 40 uM 4-NP. An increase in the
cathodic peak currents was recorded with an increase in the
scan rate for the electrode studied. Fig. S6(b)} shows the cali-
bration plot between the irreversible reduction peak current of
4-NP and scan rate. The current response showed a linear
relationship with the scan rate, corresponding to linear
regression equations: I, (MA) = 0.077v (mV s ') + 1.58 (R* =
0.99). Accordingly, the redox process of 4-NP at bio-AgNPs/SPE
was the typical surface adsorption-controlled process.

3.2.2.2 Calibration curve. DPV is an efficient measurement
that can be detected and quantified in very small amounts of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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targeted analytes. Thus, it was utilized herein to evaluate the 4-
NP analytical performance on the various bio-AgNPs-based
electrochemical sensors. Fig. 6 shows the DPV curves of 4-NP
with various concentrations on the electrodes modified with
GT-AgNPs (a), MP-AgNPs (b) and GP-AgNPs (c) in 0.1 M PBS (pH
5) under the above optimal conditions, and the respective
calibration plots of peak current intensities against various
concentrations of 4-NP. The reduction peak current increased
with an increase in the concentration of 4-NP for all the modi-
fied electrodes. The calibration plots were constructed for each
modified electrode with the coefficient of correlation R* being
more than 0.99, as shown in Fig. 6(d-f). The regression equa-
tions were as follows: I, (pA) = 0.173C (uM) + 0.487 (R> = 0.99)
for GT-AgNPs; I, (nA) = 0.142C (uM) + 0.03 (R* = 0.99) for MP-
AgNPs; and I, (pA) = 0.091C (uM) — 0.32 (R* = 0.99) for GP-
AgNPs. Furthermore, it was observed that the reduction
potential slightly shifted to the more negative direction along
with the increased 4-NP concentration, which is attributed to
the involvement of protons and the change in the pH value
around the electrode interface."”

In comparison with two other modified electrodes, the GT-
AgNPs exhibited the highest electrochemical sensitivity up to
1.25 pA uM ' em 2 along with the lowest detection limit of 4-NP
of about 0.42 pM in the wider linear range from 0.5 to 50 uM.
The electrochemical sensitivity of MP-AgNPs was calculated to
be 1.04 pA uM ! em ™2 with a detection limit of about 0.63 uM in
the concentration linear range from 1 to 50 uM. Besides, the
lowest electrochemical sensitivity about 0.35 pA uM ™! cm™ > was
observed on the GP-AgNPs with a detection limit of 0.82 pM in
the linear range of 1-50 uM. In short, GT-AgNPs achieved
a higher sensitivity with lower LOD in a wider linear range for
the determination of 4-NP as compared to MP-AgNPs and GP-
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AgNPs. Based on the obtained results from the material char-
acterizations and electrochemical properties of three bio-AgNPs
as well as the electrochemical performance of 4-NP, the 4-NP
sensing performance of the electrodes modified with bio-AgNPs
considerably depends upon the size, crystallinity, and distri-
bution of bio-AgNPs, which are directly affected by the plant
extract components.

The oxidation-reduction pathway of 4-NP in the presence of
bio-AgNPs was displayed by two processes (Fig. 7): (1) first, the 4-
NP tends to lose four electrons and four protons (4H', 4¢7) to
form 4-hydroxylaminophenol and this is an irreversible process.
(2) 4-NP was reverted from the reversible oxidation-reduction
reaction of 4-hydroxylaminophenol involving the two electrons
and two protons (2H', 2e7).* Thus, the redox pair (Ep, = 0.23 V
and Ep. = 0.07 V) can be assigned as 4-hydroxyaminophenol and
4-nitrosophenol, respectively.

3.2.2.3 Repeatability, stability, reproducibility and selectivity
studies of the portable electrochemical sensing system. Under the
same conditions, the repeatability of the modified electrodes
was evaluated by recording the current response in the presence
of 50 uM 4-NP for 10 successive times on the same electrodes.
Fig. S7(a-c)} shows the reduction current of 4-NP for the GT-
AgNPs, MP-AgNPs, and GP-AgNPs. The obtained results
demonstrated that these sensors possessed good repeatability
with low relative standard deviation (RSD) values of 1.25%,
1.4%, and 1.48% for GT-AgNPs, MP-AgNPs, and GP-AgNPs,
respectively. The selectivities of the bio-AgNPs-modified elec-
trodes were analyzed by the DPV technique in the presence of
various interfering compounds and ions. The tested results
showed that the presence of 200 uM of K*, Zn>*, Ni**, Fe**, Cu™,
Cl~, NO;~, and SO,>” ions and 200 uM of various compounds,
such as p-glucose, ascorbic acid, urea, thiram, and amoxicillin

s{(a) GT-AgNPs 154 (b) MP-AgNPs 41 (¢) GP-AgNPs
e S U
A2 am el —~124
7 pEr=D <
< 16 E
g 0.5 uM .16
-204
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Fig.6 DPV curves at various concentrations of 4-NP in 0.1 M PBS (pH 5) with a scan rate of 50 mV s* for GT-AgNPs (a), MP-AgNPs (b), and GP-

Concentration 4-NP (uM)

Concentration 4-NP (uM)

Concentration 4-NP (uM)

AgNPs (c); the corresponding calibration plots of peak current intensity vs. various concentrations of 4-NP (d—f) with error bars.
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Fig. 7 Schematic illustration of the enhanced mechanism of the electrochemical sensing performance of 4-NP using SPE electrode-modified

bio-AgNPs.

did not display remarkable interference in the determination of
4-NP as shown in Fig. S8.t

In order to evaluate the actual application ability of bio-
AgNPs-based electrochemical sensors in a real sample, spiked
tomato samples with the addition of 4-NP were utilized as
model real samples. The different 4-NP concentrations of 5 uM,
10 puM, and 20 pM were spiked into tomato samples and then
analyzed by DPV techniques (see Fig. S9f). The ultimate
concentration of 4-NP was calculated following the regression
equation of the calibration curves, as summarized in Table 2.
The average recovery for GT-AgNPs/SPE was detected in the
range from 48 to 97% with the relative standard deviation (RSD)
within 1.9% (n = 3). MP-AgNPs/SPE and GP-AgNPs/SPE showed
the average recoveries in the range from 73 to 123%, and the
RSD values were about 2.4%. This finding suggests that the
surface modification by bio-AgNPs is a crucial step in detecting
4-NP residues in real tomato samples as well as in developing
the practical applicability of electrochemical sensors.

Table 2 Determination results of 4-NP residues in tomato samples
using electrodes modified with GT-AgNPs/SPE, MP-AgNPs/SPE, and
GP-AgNPs/SPE (n = 3)

Amount added  Amount found  Recovery
Electrode (nM) (nM) (%) RSD (%)
GT-AgNPs 20 19.3 96.6 1.4
10 7.3 73.4 1.9
5 2.4 48.2 1.5
MP-AgNPs 20 24.8 123.8 2.4
10 9.0 90.0 1.5
5 3.7 73.0 1.9
GP-AgNPs 20 18.7 93.7 1.0
10 10.4 104.0 2.4
5 6.1 122.8 1.3

6014 | RSC Adv, 2022, 12, 6007-6017

3.3. Discussion

Many studies have indicated that the improvement of the
electrochemical sensing performance toward 4-NP could be
achieved by using electrodes modified with nanomaterials,
aiming to increase the electroactive surface area, decrease
electron transfer resistance, improve electrocatalytic activity
and the connection between the nanomaterials and electrode
surface (Table 3). In this study, three different bio-AgNPs were
synthesized from natural plant extracts, including green tea
leaf, grapefruit peel, and mangosteen peel to investigate the
effects of the phytochemical components and contents in each
plant extract on the physicochemical parameters of the bio-
AgNPs. More importantly, the differences in the size, crystal-
linity, and distribution ability were crucial parameters deci-
sively affecting the conductivity, electrocatalytic activity, and
adsorption efficiency of the electrodes modified with bio-
AgNPs. The order of the particle size and crystallinity were
GP-AgNPs > GT-AgNPs > MP-AgNPs, and GP-AgNPs < MP-AgNPs
< GT-AgNPs, respectively. Accordingly, the EASA value and R
value were recorded following the order of MP-AgNPs > GP-
AgNPs > GT-AgNPs, and MP-AgNPs < GP-AgNPs < GT-AgNPs.
Generally, the smaller particle size is the origin of the larger
electroactive surface area and is vital for enhancing electro-
chemical performance. Vidhu et al.** demonstrated that the
AgNPs exhibited remarkable size-dependent catalytic properties
in a reduction reaction of organic dyes. Another study also
revealed that the catalytic activity for the reduction of 4-NP
increased with the decrease in the particle size of the AgNPs.**
The GT extract with a high content of polyphenolic compounds
facilitated the formation of GT-AgNPs with smaller particle
sizes, better crystallinity, and more uniform distribution. Such
potential characteristics contributed to the enhanced EASA
value, electron conductivity, and electrochemical response for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparison of analytical parameters for the determination of 4-NP using Ag-based electrochemical sensors

Size of Linear

Synthetic AgNPs range LOD
Electrodes  methods (nm)  Technique (uM) (uM) Enhanced mechanism Ref.
Bio-AgNPs/  Green 34 DPV 0.1-25 — Enhance the electron transfer kinetic and electrode stability via the 14
SPE electrochemistry bonding formation between bio-AgNPs with SPE
Ag-rGO/GCE Chemical 60 DPV 2-150 2 Increase electroactive surface area, electron transfer via the effective 35

reduction combination between AgNPs and rGO
Bio-AgNPs/  Chemical 10-50 DPV 0.1-350  0.015 Increase electrocatalytic ability, electron conductivity, and 13
GCE compatibility of AgNPs
AgNWs/GCE Chemical 70 DPV 0.6-32 0.052 Enhance electrical conductivity, catalytic activity, and interaction 12

between the electrode surface and 4-NP
rGO-HNT-  Chemical 10 DPV 0.1-363.9 0.0486 Increase electroactive surface area, and electrocatalytic activity 36
AgNP/SPE Decrease electro-transfer resistance
rGO-Ag/GCE Chemical 20 AP 1-1110 0.32  Enhance electron transfer via strong interaction between rGO and 37
AgNPs

Bio-AgNPs/  Chemical 15-24 DPV 0.09-82.5 0.06 Increase surface area, catalytic capability, and high adsorptivity 38
GCE
rGO-Ag/GCE Chemical 16 SWW 10-101 0.0012 Improve surface area, electron-transfer kinetic 9
TA@Fe;0,~ Chemical 10 DPV 0.1-680.1 0.033 Improve electron transport performance and enhance 4-NP 39
AgNPs/GCE adsorption on the electrode surface
GT-AgNPs/  Green 11 DPV 0.5-50 0.42 Increase electroactive surface area, electron-transfer kinetics, and  This
SPE electrochemistry electrode stability work
MP-AgNPs/ 13 1-50 0.63
SPE
GP-AgNPs/ 19 5-50 0.82
SPE

4-NP electrochemical detection, as compared with the other two
bio-Ag samples. These results emphasize the important roles of
the phytochemical components and contents in each plant
extract on the formation of bio-AgNPs. Moreover, it stressed the
synergistic effects of the size, crystallinity, and distribution of
bio-AgNPs on the 4-NP electrochemical sensing performance. A
comparison of the analytical parameters for the determination
of 4-NP using Ag-based electrochemical sensors is given in
Table 3, indicating that the bio-AgNPs-based electrochemical
sensors had sufficient sensitivity and reliability for the analysis
of 4-NP in food samples.

4. Conclusions

In this study, we systematically investigated and compared the
electrochemical sensing performance of three electrodes
modified with three types of bio-AgNPs toward 4-NP detection.
According to the perspective of the structure-property—perfor-
mance relationship, the obtained results indicated that the
physicochemical parameters of bio-AgNPs, such as size, crys-
tallinity, and distribution ability, were key factors in deciding
the electrochemical sensing performance of 4-NP. More
importantly, these characteristics could be remarkably influ-
enced by the phytochemical components and contents in the
plant extract used in the green electrochemistry synthesis
process. Under optimized conditions, the GT-AgNPs-modified
electrochemical sensor could determine 4-NP residue in the
wide concentration range from 0.5 to 50 uM with a high
sensitivity of 1.25 pA uM ' em ™2 and a rather low LOD of 0.43
uM. The proposed sensor had good stability, satisfactory anti-

© 2022 The Author(s). Published by the Royal Society of Chemistry

interference ability, and promising detectability in real tomato
samples. This finding provides insight into the influence of the
plant extract components on the physicochemical parameters
of bio-AgNPs synthesized, and also the roles of these physico-
chemical parameters in the electrochemical sensing perfor-
mance in 4-NP detection.
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