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Abstract: The challenges of a heme protein and enzyme-based H20: sensor was subdued by devel-
oping a highly sensitive and practically functional amperometric gold nanoparticles (Au NPs)/SnO:
nanofibers (SnOz2 NFs) composite sensor. The composite was prepared by mixing multiporous SnO:
NFs (diameter: 120-190 nm) with Au NPs (size: 3-5 nm). The synthesized Au NPs/SnO2 NFs com-
posite was subsequently coated on a glassy carbon electrode (GCE) and displayed a well-defined
reduction peak during a cyclic voltammetry (CV) analysis. The SnO2 NFs prevented the aggregation
of Au NPs through its multiporous structure and enhanced the catalytic response by 1.6-fold. The
SnO:2 NFs-supported GCE/Au NPs/SnOz NFs composite sensor demonstrated a very good catalytic
activity during the reduction of hydrogen peroxide (H20) that displayed rapid amperometric be-
havior within 6.5 s. This sensor allowed for highly sensitive and selective detection. The sensitivity
was 14.157 uA/mM, the linear detection range was from 49.98 uM to 3937.21 uM (R2 = 0.99577), and
the lower limit of detection was 6.67 uM. Furthermore, the developed sensor exhibited acceptable
reproducibility, repeatability, and stability over 41 days. In addition, the Au NPs/SnO2 NFs compo-
site sensor was tested for its ability to detect H2O2 in tap water, apple juice, Lactobacillus plantarum,
Bacillus subtilis, and Escherichia coli. Therefore, this sensor would be useful due to its accuracy and
sensitivity in detecting contaminants (H202) in commercial products.

Keywords: gold nanoparticle; SnO2 nanofiber; electrochemical non-enzymatic H20z sensor; Au-SnO2
composite; amperometric sensor; bacteria-based real sample

1. Introduction

Hydrogen peroxide (H20:) is a member of the reactive oxygen species (ROS) family.
It is a weak acid (pKa = 11.62), and at high concentrations, it can damage biological mem-
branes and lead to the development of various life-threatening diseases [1,2]. H202 is
widely used in multiple fields, such as the food, environment monitoring, and pharma-
ceutical industries, because of its strong oxidizing, bleaching, and sterilizing properties
[3]; however, global concerns have arisen due to using concentrations higher than the ac-
ceptable limit (less than 3%). Although low concentrations of H2O2 are not harmful as they
are quickly broken down by enzymes in the intestinal cells, ingesting concentrations
greater than 3% can lead to adverse effects, such as vomiting, the irritation of mucous
membranes, and burns in the esophagus [4].

H20: is commonly found as an ingredient in everyday products, such as cosmetics,
textiles, and in agri-food industries. For example, it is used as a bleaching agent and in
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mouthwash preparation [5-7]. Certain bacteria commonly found in dietary products can
generate H20z. Escherichia coli, found in meat, raw milk, and vegetables, can produce in-
tracellular H20: at rates of 10 to 15 uM/s in the presence of glucose [8,9]. Lactobacillus
plantarum is a probiotic microorganism widely used in the food processing industry and
is found in the gastrointestinal tract [10]. It contains pyruvate oxidase in its cytoplasm,
which converts pyruvate to acetyl-phosphate using oxygen to produce CO2 and H202 [11].
If these products are not closely inspected, H202 may remain in the products as residues.
Hence, it is important to regulate H2O: levels to preserve healthy lives and to achieve the
sustainable development goals (SDG #3) established by the United Nations. The efficient
and precise method for detecting H20: in food samples is, therefore, crucial.

Among the many detection methods for H20, electrochemical sensors are an unprec-
edented invention of this century that are used to detect various chemical and biological
phenomena inexpensively in many sectors, including clinical diagnosis, environmental
monitoring, food quality monitoring, and more [12,13]. The principle of electrochemical
detection was introduced by Clark and Lyons in 1962 [14] and is presently the most ver-
satile point-of-care device. The electrochemical H20: sensor is a vindicated device that
outperforms conventional colorimetry, chemiluminescence, titration, spectrometry, and
chromatography fluorescence-based devices [15]. It has a wide linear detection range, a
low detection limit, a quick current response, and excellent sensitivity. [16].

Classical amperometry-based electrochemical H20:2 sensors were traditionally fabri-
cated using natural enzymes such as horseradish peroxidase and hemoglobin [17], but,
the high cost, instability, short life, and transducer dependence of natural enzymes utterly
limit their widespread use [18]. The use of these catalysts also has the potential for oxida-
tion of possible interferences such as ascorbic acid (AA), dopamine (DA), and uric acid
(UA) that impede sensing performances [19]. Therefore, it is crucial to develop a high-
performance and selective enzyme-free sensor to quantify H2Oz. In the era of nonenzy-
matic H20: sensing, researchers have used various catalysts such as those that are carbon
hybrid-based, metal-based, metal oxide-based, and polymers [20,21]. Among the nonen-
zymatic H2O2 sensors, metal-derived NPs are particularly well-suited catalysts because of
their diverse morphologies, high surface areas, and superior electrocatalytic activities [22].

Au NPs have tremendous chemical, electrical and optical properties that enhance
their surface-to-volume ratio, provide excellent conductivity, have electrochemical char-
acteristics, biocompatibility, facile surface functionalization, and tuneable optoelectronic
properties. These properties make them attractive catalyst candidates not only for H20:
sensing but also for ascorbic acid, metal ions, and more [23,24]. Au NPs have demon-
strated excellent nanozyme activities similar to catalase, reductase, oxidase, peroxidase,
and superoxide dismutase [25]. This enzyme-like property can promote electron transfer
through the interface of nanoparticles and widening the modified electrode’s outer region
[26]; thus, it accelerates the catalytic response during H>O: sensing [27,28].

It has been reported that the high surface-to-volume ratio of Au NPs can cause insta-
bility and aggregation [29]. Bare Au NPs have been shown to be inactive towards certain
chemicals in enzyme-mimicking catalytic reactions [30]. The strategy of dispersing Au
NPs with porous materials is particularly effective because the porous structures feature
internal cavities that effectively retain the NPs without aggregation and that maintain
their activity. Aside from this, porous materials exhibit a size-selective property that en-
sures an accurate interaction of the reactant with an active metal surface [31,32]. SnO2 NFs
are a citable porous metal oxide used as catalyst supports due to their large surface-to-
volume ratio and the formation of nanograins and grain boundaries [33-35]. This high
surface area to volume ratio allows for a large surface area while having a low total vol-
ume [36]. Multiporous SnO2 NFs synthesized via electrospinning by regulating the pre-
cursor concentration have been reported to have a surface area 6-8 times greater than
porous nanofibers and nanowires [37]. Therefore, in this study, Au NPs and SiO: were
combined to develop a high-performance Au NPs/SnO2 NFs composite sensor to detect
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H20:. A diverse sample, including tap water, apple juice, L. plantarum, B. subtilis, and E.
coli were used to evaluate the accuracy and sensitivity of the H20: detection nanosensors.

2. Methods and Materials
2.1. Materials and Reagents

Gold(III) chloride trihydrate (HAuCls-3H20) (>99.9%), sodium borohydride (NaBHs,
98%), sodium citrate (99%), tin chloride pentahydrate (SnCls.5H20), crab shell-extracted
chitosan, dimethylformamide (DMEF), polyvinylpyrrolidone (PVP), NaH2PO+H20 (98%),
Na:HPO4+.7H20 (99%), NaOH pellets, HC], ethanol, and H20: (30% wt%) were analytical
grade and purchased from Sigma-Aldrich (St. Louis, MO, USA). The H202 was preserved
at 4 °C. Ultrapure water (18 MQ cm) purified with the Nanopure® water system was used
throughout the experiments. A phosphate buffer (PBS) (0.1 M) with a pH of 7.0 was uti-
lized as an electrolyte. The phosphate buffer’s desired pH was maintained using 1.0 M
hydrochloric acid (HCI) or 1.0 M sodium hydroxide (NaOH).

2.2. Synthesis of Gold Nanoparticles (Au NPs)

The Au NPs were synthesized by the citrate reduction techniques described by Wang
et al. [38]. The Au NPs were synthesized in a round-bottom flask by mixing 100 mL of
0.01% (w/w) aqueous HAuClswith 1 mL 1% (w/w) sodium citrate solution under stirring.
After 1 min, 1.6 mL of 0.075% (w/w) NaBHa (dissolved in the 1% (w/w) sodium citrate so-
lution) was slowly added to the solution. The reaction mixture was continuously stirred
until it turned red. At 4 °C, the synthesized Au NPs were preserved.

2.3. Synthesis of Multiporous SnO2 Nanofiber (SnO2 NFs)

A SnO:z nanofiber was synthesized based on our previous research [39]. First, a solu-
tion was prepared by dissolving 3 g of PVP in ethanol and DMF in a volume ratio of 1:1.
Then, at room temperature, several concentrations of SnCl+.5H20 were added to this so-
lution until it turned transparent. The concentrations of SnCls-5H20 added was 5.5 mM, 7
mM, 8.5 mM, 10 mM, and 11.5 mM, labeled To, T1, T2, T3, and T4, respectively. Then, the
viscosity of the synthesis precursor solution was measured using a rheometer (LVDV III
Ultra, Brookfield Co., Middleboro, MA, USA). This solution was then placed into a plastic
syringe fitted with a steel needle and prepared for injection during the electrospinning
experiment. The following parameters were employed in this electrospinning: voltage: 25
kV, distance between collector and needle tip: 20 cm, injection rate: 0.6 mLh, humidity:
40-45%, and rotation speed: 1200 rpm. The collected nanofibers were annealed at 600 °C
for 3 h with a heating rate of 0.5 °C per minute.

2.4. Sensing Electrode Fabrication

First, the stock solution of SnO2 NFs was prepared by adding SnO2 NFs with ul-
trapure water (5 mg/mL) through stirring. Then, the Au NPs/SnO: NFs composite was
prepared by mixing 8.5 uL of the Au NPs solution with 5.5 puL of the SnO2 NFs solution.
A GCE electrode (3 mm) was employed to coat this Au NPs/SnO: NFs composite for fab-
ricating the sensor. Prior to an electrode modification, the GCE electrode surface was
cleaned using 0.05 pm alumina slurries. Then, CV was cycled in a 0.5 M H250s solution at
a potential range of 1.5 V to 0.5 V at 1a 00 mV/s scan rate for further treatment. Following
the electrode drying, the prepared 14 uL. Au NPs/SnO: NFs composite was coated onto
the GCE electrode with 1.5 pL of chitosan (2 mg/mL) and left to dry overnight. The mod-
ified electrodes were rinsed with water before an analysis to obtain the maximum re-
sponse. Different Au NP concentrations were added with a certain amount of SnOz nano-
fiber to achieve the ultimate response. For the comparison, the GC/Au NPs and GC/SnO:
NFs electrodes were prepared similarly.
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2.5. Preparation of Real Sample for Multiple-Step Chronoamperometry Analysis

The consistency of the Au-SnO2 NFs composite for detecting H202 was evaluated by
applying a potential of —0.82 V through multi-step chronoamperometry using tap water,
apple juice, L. plantarum, E. coli, and B. subtilis. The H20O»-containing real sample was pre-
pared by adding 20 mL of tap water and 8 mL of apple juice to 0.1 M PBS (pH 7.0), and
the total volume was 50 mL. During the analysis, 100 uM of H202 was added every 50 s.

The test sample was prepared using a 2-day-old stock of L. plantarum and E. coli sup-
plied by Glycobio International Sdn. Bhd., Kuantan, Malaysia. A 50 mL amount of broth
culture was centrifuged at 4000x g for 20 min using an ultracentrifuge, and the collected
pellet was again centrifuged at 4000x g for 10 min. The collected pellet was then re-sus-
pended in 10 mL of PBS solution (pH 7.0) to prepare the test sample. Prior to injecting H202,
1 mL of each bacterium was suspended in 49 mL of 0.1 M PBS (pH 7.0) and incubated for 15
min under continuous stirring. After incubation, the multi-step chronoamperometry was
carried out by adding 200 uM of H20:2 at 50 s intervals. The B. subtilis for the test sample
preparation was provided by Glycobio International Sdn. Bhd., Malaysia, in a lyophilized
form. The test sample was prepared by adding 22 mg of the lyophilized bacteria to 50 mL
of the 0.1IM PBS (pH 7.0) solution, which was then incubated and stirred for 15 min under
continuous stirring. During the analysis, 200 uM of H20: was added every 50s.

The changes in the amperometric current response were monitored, and the recovery
of H20: from the solution was estimated by comparing it to the standard (0.1 M PBS solu-
tion) amperometric curve.

2.6. Apparatus

The Au NPs and Au NPs/SnO: NFs composite were characterized using transmission
electron microscopy (TEM) (Technai 20, FEI, Hillsboro, Oregon, USA) with a selected area
electron diffraction (SAED). The morphology and porous structure of the SnO2 NFs were
studied using field emission scanning electron microscopy (FESEM) with EDX at a 5 kV
acceleration voltage (JEOL, Tokyo, Japan (JSM-7800F)). The Au NPs/SnO: NFs composite
was verified using X-ray powder diffraction (XRD) (Miniflex II; Rigaku, Tokyo, Japan).
An electrochemical analysis was performed in a three-electrode cell using a Gamry poten-
tiostat instrument (INTERFACE1000E; 09218, Warminster, UK), where a platinum wire
electrode and Ag/AgCl electrode served as the counter and reference electrodes, respec-
tively. By applying a voltage between -1.064 V and 0.3 V vs. the Ag/AgCl, cyclic voltam-
metry (CV) was conducted in 0.1 M PBS (pH 7). A multiple-step chronoamperometry was
conducted by applying a potential of —0.82 V while stirring. At room temperature, all the
analyses were performed.

3. Results and Discussion
3.1. Morphological Characterization

The structure and morphology of the Au NPs were investigated using TEM. Figure
la shows the synthesis of Au NPs with a size of 3-5 nm. The shape of the Au NPs was
confirmed by UV-Vis, with the maximum absorption wavelength being around 519 nm,
as shown in Figure 1b. It has been reported that an SPR peak near 520 nm is an indicator
of spherical-shaped particles [40-42]. There was no change in the SPR peak after 30 days,
which indicated the stability of the Au NPs. Small Au NPs were more active in exhibiting
catalytic activity as compared to larger Au NPs. A similar finding was also reported by
other researchers [43,44].
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Figure 1. (a) TEM image of Au NPs at 150,000x magnifications; (b) UV-Vis analysis of Au NPs;
FESEM images of SnO2 nanofibers. (c) x20,000 and (d) x50,000 magnifications.

Figure 1c¢,d show the FESEM images of electrospun multiporous SnO: NFs. They had
a crystalline morphology and fibrous structure with fiber—fiber interconnections. The av-
erage diameter was 120-190 nm, and the number of channels varied from two to four. The
SnO:z NFs had many small grains below 15 nm, smaller than the porous nanofibers (15-25
nm) [45]. This small grain size made for a multiporous and crystal structure. Due to the
multiporous structure, multiple channels, and a three-dimensional network, the SnO2 NFs
offered a large surface area that was very convenient for loading Au NPs. The synthesized
NFs were annealed at 600 °C, which increased the crystallinity and surface roughness.

The synthesis of the Au NPs/SnO2 NFs composites was verified using TEM and XRD
analyses. The images of the Au NPs/SnO:NFs are shown in Figure 2 at various magnifi-
cations. It is apparent from the figure that the Au NPs were uniformly dispersed across
the region being scanned of the composite. Figure 2a reveals the typical structure of the
Au NPs/SnO:z NFs composite where dark spots in some areas appeared from the stacking
of numerous nano-size fibers. The enlarged view in Figure 2b indicates the presence of
Au NPs (marked by red circles) on a SnOz nanofiber along with nanograins of SnO: fibers.
After deposition, no decomposition or size change of the Au NPs by the SnO: NFs oc-
curred. The deposition of Au NPs on the multiporous SnO: surface helped maintain the
catalytic activity, providing a large surface area and preventing agglomeration.
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Figure 2. Au NPs-5nO: NFs composite under TEM analysis (a) x5000, and (b) x50,000.

The presence of Au NPs on the SnO2 NFs without any structural changes was further
verified using XRD, as displayed in Figure 3. The XRD was carried out using a K a Cu
value of 1.5406 angular units over the angular range of 20° to 60°. A diffraction pattern at
20 values of 26.52°, 33.76°, and 51.75° were found, which corresponded to the (110), (101),
and (211) crystal planes of SnO, respectively (the SnO2 phase COD database (DB) card
no. 1000062). This diffraction pattern agrees with babu et al. [46]. The diffraction peaks of
the SnO:2 were broad and reduced in intensity, demonstrating that nanocrystals made up
the mesoporous walls of the SnO: [47]. Another diffraction peak found in the XRD pattern
was attributed to face-centered cubic nano gold (the Au phase COD database (DB) card
no. 9013041) [48]. The diffraction peak of the Au was relatively weak due to the low con-
centration and nanometer size of the Au NPs [49]. There was no peak corresponding to
the Au-Sn compound observed. As a result, it is reasonable to anticipate that both com-
ponents kept their physical structure, and the formation of a nanocomposite can be ex-
pected [50]. All of these indicate that Au NPs and SnO: nanoparticles were successfully
loaded and anchored onto the surface of the electrode. The average crystallinity index of
the synthesized Au NPs-SnO: NFs was 70.

3.2. Electrochemical Properties of the Au NPs/SnO2 NFs Composite Electrode

The electrochemical properties of the Au NPs/SnO2 NFs composite and the role of SnO:
NFs on the catalytic activity of Au NPs was investigated through CV without H:02ina 0.1 M
PBS (pH =7.0) solution in the potential range of ~1.064 V to 0.3 V at a 17 mV/s scan rate. Figure
4a illustrates the CV behavior of bare GCE, GCE/SnO:2 NFs, GCE/Au NPs, and GCE/Au
NPs/SnO2 NFs composite electrodes. As can be seen, the redox current of the GCE/Au
NPs/SnO:z NFs composite electrode was much higher than the bare GCE, GCE/SnO: NFs, and
GCE/Au NPs electrode. The bare GCE had no noticeable response, and the GCE/SnO2 NFs
electrode exhibited some current response with a narrower peak than that of the GCE. This
could be because SnO: is a semiconductor with less conductivity than carbon-based materials
[48]. The CV of the GCE/Au NPs displayed higher peak currents than the GCE/SnO:z NFs, and
the peak currents for the GCE/Au NPs/SnO: NFs composite electrodes were further improved
compared with that for the GCE/Au. The CV of the GCE/Au NPs/SnO2 NFs composite elec-
trodes exhibited a certain degree of cathodic peak current which was attributed to the for-
mation of a gold oxide monolayer through reduction during a positive-going potential scan
[51,52]. This redox peak indicated the successful coating of Au NPs on the electrode, and the
Au NPs were active on the electrode. This CV study indicated that the Au NPs were the sole
material that showed redox properties, and that the SnO2 NFs only contributed to enhancing
the current response of the Au NPs.



Chemosensors 2023, 11, 130 7 of 18

Gold (DB Card No. 1000062)
SnOz (DB Card No. 9013041)
-~
=
s
Z
172
=
D
2
=
o
L |
I I ! 1 !
20 30 40 50 60

2-theta(deg)

Figure 3. XRD Patterns of Au NPs/SnO: NFs composite.

1x10°°
(a) 1.650x10 (b)
04
0.000 -
< —_
- s <
; -1x10° A £ -1.650x10° -
:
Q =
QO
2x10° —— GCE -3.300x10° 1
SnO) NF/GCE
Au NPs/GCE
Au NPs/SnO, NF/GCE 5
-3x10°8 . : . -4.950x10° : : -
-15 -1.0 0.5 0.0 0.5 -1.5 -1.0 -0.5 0.0 0.5
Potential [V vs Ag/AgCl] Potential [V vs Ag/AgCl]
5.0x10°°
6.50x10° - (C) . (d)
0.0 -
5.20x10° o
=< ™
T < .
g 3.90x10°¢ - § -5.0x107
o = — /
Q 5 |y ____~ —— Without
< 2 ¢ ——1mM
2.60x10 _1.0x10* 2 mM
——3 mM
= ——4mM
1.30x10°¢ . —5mM
. ; : : : -1.5x10° r T . :
10 20 30 40 50 15 -1.0 0.5 0.0 0.5
Scan Rate [mV/s] Potential [V vs Ag/AgCl]

Figure 4. (a) CV study of GCE, SnO2 NFs, Au NPs, and Au NPs/SnO: NFs composite electrode in 0.1 M
PBS (pH=7.0) in the absence of H:Oz2 ata 17 mV/s scan rate; (b) CV study of Au NPs-SnO2 NFs composite
electrode without H202 in 0.1 M PBS (pH =7.0) at various scan rates; (c) corresponding linear plots of the
cathodic peak current versus the scan rate; (d) CV study of AuNPs-SnO2 NFs composite electrode in the
presence of varied H2O:z concentrations in a 0.1 M PBS (pH = 7.0) solution at 17 mV/s.
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The outstanding electrocatalytic property can be attributed partly to the synergistic
impact of the Au NPs and SnO: NFs. Figure 4b illustrates the CV of the GCE/Au NPs/SnO:
NFs composite electrode without H2O2in a 0.1 M PBS (pH =7.0) solution at different scan
rates. Both the electrochemical oxidation and reduction peak current climbed with an in-
crease in the scan rate, where the cathodic peak current increment was linear with the scan
rate, as displayed in Figure 4c. This outcome demonstrated that the electrochemical pro-
cess occurring at the electrode was surface-controlled [51].

3.3. Electrochemical Reduction of H202 Using the Au NPs/SnO: NFs Composite

The reduction of H2O: by the GCE/Au NPs/SnO: NFs composite electrode was examined
by adding H202in 0.1 M PBS (pH =7.0) at 17 mV/s, as demonstrated in Figure 4d. Apparently,
the developed sensor responded electrochemically to the addition of H202. When the concen-
tration was increased from 1 to 5 mM, the reduction peak signal dramatically increased while
there was a noticeable decrease in the oxidation current. These findings indicated the potential
of the composite electrode for an electrocatalytic reduction of H20».

3.4. Optimization of Detection Circumstances

The choice of appropriate detection settings assists a sensor in achieving high sensi-
tivity and low detection limits [53]. As the sensitivity of the electrochemical sensor signif-
icantly depends on the amount of a catalyst, the effect of the amount of the Au NPs was
studied using CV in the presence of 3 mM of H202in 0.1 M PBS (pH =7.0) at a 17 mV/s
scan rate. Figure 5a shows the CV behavior of the GCE/Au NPs/SnO: NFs composite elec-
trode prepared using different amounts of Au NPs. The reduction current gradually in-
creased as the amount of the Au NPs increased from 5 to 8.5 pL, but the response de-
creased when it was further increased to 10 pL and 12 pL. This is because excess Au NPs
thicken an electrode layer and limit the current response, which might further reduce the
sensitivity and stability [54]. The volume of 8.5 uL was selected because it had the most
significant probability for electron transfer. The influence of different supporting electro-
lytes on the sensing response was investigated using 0.1 M of PBS, 0.15 M of NaOH, 0.5
M of KC], and 0.1 M of an acetate buffer in 5 mM of H2O. It can be seen from Figure 5b
that the composite electrode exhibited a reduction peak current in all the electrolytes dur-
ing the CV but showed the highest current response in 0.1 M PBS; therefore, it was selected
for this study. The effect of different pH values of PBS on the electrochemical reduction of
H20: was examined via CV in the presence of 5 mM of H:0:, as displayed in Figure 5c. A
discernable and higher reduction peak current was observed at pH 7 containing a 0.1 M
PBS buffer, which was not observed at another pH. Since a pH of 7.0 exhibited the maxi-
mum reduction current and this study was intended to determine H20: in food and bev-
erage samples, a pH of 7.0 was used throughout the study.

A further data analysis revealed a linear relationship between the pH and peak poten-
tial (as shown in Figure 5d), where the slope value was found to be 73 mV, which nearly
matches the Nernst theoretical value. This indicates that H* entered into the reaction, and
that protons and electrons participated in the reaction in an equal proportion [55,56]. Figure
5e displays the CV results of the composite electrode at diverse PBS concentrations of 5 mM
H:0O:. Since the PBS concentration can affect the sensing performance, the optimum reduc-
tion peak current and peak shape calculated at 0.1 M were considered for this study.
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Figure 5. CV-based identification of (a) a suitable Au NPs amount with 3 mM of H202; (b) a suitable
electrolyte media; (c) a suitable pH; (d) the corresponding reduction peak vs. pH curve; (e) a suitable
PBS (pH 7) concentration in the presence of 5 mM of H20z at a 17 mV/s at scan rate; (f) a suitable
amperometric reduction potential by adding 50 uM of H202 in 0.1 M PBS (pH 7.0).

Determining the appropriate reduction potential is paramount to obtaining a supe-
rior sensing performance with less noise. Figure 5f demonstrates the multiple-step chron-
oamperometry study of the GCE/Au NPs/SnO2 NFs composite electrode performed in 0.1
M PBS by adding 50 uM of Hz0:in potentials ranging from —-0.75 V to —88 V. As the
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potential increased from —0.75 V to -0.82 V, the reduction current rose, while noise was
also observed to varying degrees. Then, when the applied potentials were increased to
—0.85 and —0.88 V, the amount of noise increased to such an extent that it diminished the
current response. Thus, -0.82 V was selected as the ideal amperometric potential close to
and even lower than many previously reported H20: sensors [57-60]. Low potentials can
lessen an interference response as well as background noise, both of which enhance sens-
ing performances [61].

3.5. Amperometric Sensing of H20: using the GCE/Au NPs/SnO2 NFs Composite

The sensitivity, detection range, and limit of the GCE/Au NPs/SnO: NFs composite
electrode were investigated using multiple-step chronoamperometry by continuously
adding H202to 0.1 M PBS (pH =7.0) under stirring at —0.82 V. The current-time (i-t) curve
is displayed in Figure 6a. The electrode displayed faster amperometric behavior and
achieved a stable current (99%) within 6.5 s of adding 49.98 uM. This instantaneous re-
sponse was attributed to the Au NPs because of their small conduction centers [62].
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[a— |
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Figure 6. (a) Amperometry analysis curve of GCE/Au NPs/SnO2 NFs composite electrode with con-
tinuous addition of H20:z in PBS (pH 7.0) at the potential of —0.82 V; (b) corresponding current vs.
concentration calibration plots.

A calibration curve in Figure 6b depicts the relationship between the signal of the
reduction current and the concentration of H2O2, where the current response was linear
with a H20: addition from 49.98 uM to 3.93721 mM,; thus, the linearity was from 49.98 uM
to 3.93721 mM with a linear regression of 0.99577. The sensitivity calculated from the lin-
ear curve was found to be 14.157 pA/mM. The detection limit was estimated from the
linearity curve by employing the following equation [63]:

LOD =32
)
where S is the standard deviation of the blank peak current and b is the slope of the calibration
curve. The calculated LOD value was 6.67 uM. The reported sensing performances were all
substantially higher than those of most sophisticated catalysts and even enzymes (Table 1).
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Table 1. Sensor performance comparison.

Electrode Materials Linear Range Detection Limit Stability Ref.
(M) (Days)
GCE/Au NPs-SnO: NFs composites 49.98-3937.21 uM 6.67 uM 41 Current study
GCE/CtRGO/PAMAM/GA/HRP 50-800 uM 29.86 UM 33 [64]
Nafion/Hb/Cos0s+—CNF/CILE 1-12 mM 330 uM 15 [65]
HRP/GO-Co030s-Nafion/GCE 1-30 mM 2mM 30 [66]
Fe:P/NP C/GCE 0.1-1 mM 60 uM 7 [15]
Porous Au-PtNP 0.3-10 mM 50 uM [67]
P2AB/AuNPs/PGE 0.06-100 pM 36.7 uM 3 [59]
GC-Agpasto-LDH 125-3200 uM 85 uM 5 [68]
4 nm PtNPs/GCE 0.025-0.75 mM 10 uM 10 [69]
Pth-CuO/GCE 0-3300 uM 3.86 UM 15 [70]
MoS:-Au-Ag 0.05-20 mM 7.19 uM [71]
CuNPs/AgNW/GR/SU-8/ITO 1-25 mM 9 uM 15 [72]
PEDOT-CuO 0.04-10 mM 8.5 uM 90 [73]
. 2.0-13.81 mM (LSV) 14.84 pM (LSV)
AuNPs-PSt 0.5-6.91 mM (SWV) 15.16 :jM (SWV) 12 [74]
G3.0 Vio-PAMAM-AuNPs/GCE 0.1 mM-6.2 mM 27 uM 30 [75]
ITO-rGO-AuNPs 25 uM-3 mM 6.55 UM [58]
AQ-PFeIL/SPE 10-1228 uM 2.87 uM 30 [76]
Zr-MOEF-PVP 10-800 uM 2.76 uM [77]
C0304/ATNTs 1.27-26.80 mM 6.71 uM 35 [78]
AlL0s/CC 0.002-0.035 mM 110 uM [79]
2-AB-GCE 21 pM-34.648 mM 7 uM 31 [80]

3.6. Study of Selectivity, Repeatability, Reproducibility, and Stability

The effects of interferences during sensing by the GCE/Au NPs/SnO: NFs composite
electrode were examined using multiple-step chronoamperometry at -0.82 V in 0.1 M PBS.
The amperometric i-t curve plotted in Figure 7a showed no significant changes in the cur-
rent signal with the addition of 400 and 800 pM of ascorbic acid and ethanol and 300 and
600 pM of glucose and uric acid. The addition of 100 uM of H202 was the only factor that
changed the current response, and concentrations of interference that were four to eight
times higher did not cause any apparent change. This demonstrates that the developed sen-
sor had a strong selectivity for measuring H0z. Four simultaneously-modified electrodes
were used to assess the sensor repeatability in 5 mM of H20: through CV, as displayed in
Figure 7b. All the modified electrodes had a negligible variation in the current change with
an RSD value of 6.56%, which indicated a satisfactory reproducibility of the reported sensor.

The repeatability of the GCE/Au NPs/SnO2 NFs composite modified electrode was also
investigated using CV as displayed in Figure 7c. The repeatability was examined using one
electrode six times to reduce 5 mM of H20z. The difference in the measured current was min-
imal, where the RSD was 6.00%. The developed GCE/Au NPs/SnO: NFs sensor exhibited a
much better reproducibility and repeatability value compared to other reported H20: sensors
(Table 1) [81-85]. The stability of the GCE/Au NPs/SnO: NFs composite electrode was exam-
ined by detecting 5 mM of H2Oz via CV and being kept at room temperature prior to the meas-
urement. Figure 7d demonstrates that even after storage in air for up to 41 days, the sensor
maintained roughly 90.2% of its initial current response. This is lower compared to the find-
ings from a previous study, where the Au NPs-TiO2 NTs composite electrode was found to
retain 96.4% of its initial current response for H2O: up to 61 days [86]. This might have been
because TiO:2 has a more robust and crystalline structure than SnOz. Additionally, TiO: has a
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higher resistance to degradation from environmental factors such as UV radiation and high
temperatures, which can contribute to its stability.
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Figure 7. (a) Selectivity study of Au NPs/SnO2 NFs composite electrode exposed to H20z, ascorbic
acid, ethanol, glucose, and uric acid in 0.1 M PBS (pH 7.0) at E =-0.82 V; (b) CV-based reproducibil-
ity study; (c) repeatability study of the Au NPs/SnO2 NFs composite electrodes in 0.1 M PBS at a 17
mV/s scan rate containing 5 mM of H202; (d) CV based response stability study of Au NPs/SnO2 NFs
composite electrode with 5 mM of H202in 0.1 M PBS at 17 mV/s.

3.7. Electrochemical Detection of H20: in Practical Samples

The GCE/Au NPs/SnO: NFs composite electrode was employed to detect H2O2 in tap
water, apple juice, and bacteria samples containing 0.1M PBS through multiple-step
chronoamperometry at a potential of -0.82 V. The results presented in Figure 8a demon-
strate the excellent detection performances of the sensor in tap water by adding 100 uM
of H20:. The recovery calculation tabulated in Table 2 displays a very good recovery of
H:0, ranging from 108.66% to 92.16%.

Figure 8b displays the electrode behavior towards H20: in an apple juice sample. The
recovery percentage was 115.43% to 99.51% (Table 3). Three types of bacteria were used
to assess the detection performance of the composite electrode in bacteria-containing sam-
ples. During the analysis, 200 uM of H20: was added to the electrolyte media. Figure 8c
demonstrates the detection performances of the sensor on the L. plantarum collected from
brown rice. The recovery calculation tabulated in Table 4 displays a recovery of H202 from
96.13% to 106.50%.
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Table 2. Determination of H2O2 in Tap Water.

Addition No. H:0:2 Added (uM)  Hz0: Found (uM) Recovery (%)
1 100.05 108.71 108.66
2 199.90 184.22 92.16
3 299.55 289.25 96.56
4 399.00 42292 105.99
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Figure 8. Amperometric responses of Au NPs/SnO: NFs composite electrode upon the addition of
100 uM of H202in electrolyte media containing (a) tap water; (b) apple juice; and upon stepwise
addition of 200 uM of H20:1n electrolyte media containing (c) L. plantarum; (d) B. subtilis; and (e) E.

coli, respectively.



Chemosensors 2023, 11, 130

14 of 18

The GCE/Au NPs/5SnO: NFs composite electrode was also revealed to be very capable
of detecting H202 in Bacillus subtilis, as shown in Figure 8d. The recovery calculation pre-
sented in Table 5 shows a very good recovery of H2O: in the range of 99.57% to 96.66%.
Similar to the other two bacteria, the composite electrode displayed a similar degree of re-
covery of H20:z in the E. coli. The detail calculations are presented in Figure 8e and Table 6.

Table 3. Determination of H202 in Apple Juice.

Addition No. H:0: Added (uM)  H:0: Found (uM) Recovery (%)
1 100.05 110.14 110.08
2 199.90 198.93 99.51
3 299.55 318.42 106.30
4 399.00 460.59 115.43

Table 4. Determination of H2O2 in L. plantarum from Brown Rice.

Addition No. H:0: Added (uUM) H:0: Found (uM) Recovery (%)
1 200.29 202.01 100.86
2 400.19 426.18 106.50
3 599.69 576.49 96.13
4 798.79 772.80 96.75

Table 5. Determination of H2O:2 in B. subtilis.

Addition No. H:0: Added (uM)  H:0: Found (uM) Recovery (%)
1 199.70 196.97 98.64
2 398.61 396.91 99.57
3 596.73 578.07 96.87
4 794.07 767.58 96.66

Table 6. Determination of H202 in E. coli.

Addition No. H:0: Added (uM) H:0: Found (uM) Recovery (%)
1 200.29 195.74 97.73
2 400.19 406.29 101.525
3 599.69 611.11 101.90
4 798.79 839.78 105.13

A real sample analysis of the GCE/Au NPs/SnO2 NFs composite electrodes using five
different real samples showed similar trends during the H20: detection. This indicates
that this real sample did not significantly affect the conductivity and resistance of the elec-
trode. The bacteria were prepared in two different ways to be used in the real sample
analysis, and the sensor showed similar recoveries in both cases, suggesting the versatility
of the sensor. In a nutshell, SnO:2 NFs spontaneously enhanced the sensing response of the
Au NPs, maintained their electroactivity for a significant length of time, and opened the
window to detect H20: in various matrices. The above-discussed H20: detection perfor-
mances of Au NPs/SnO: NFs using the real samples and an experimental results compar-
ison (Table 1) reveals their possible application for assessing food quality.

4. Conclusions

This study reported that the SnO: NFs-supported nonenzymatic Au NPs sensor
demonstrated an improved sensing performance and showed potential as a promising
alternative to natural enzyme-based sensors in detecting H20:. The catalytically-active
smaller Au NPs were coated on GCE and SnO: NFs to detect H20: electrochemically. The
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catalytic activity was found to be more distinct in smaller Au NPs compared to larger
ones. The fiber-like SnO: helps to increase the catalytic activity of Au NPs and retains it
for a more extended period, resulting in higher sensing performances in different matri-
ces. Furthermore, these nanomaterial composites-based nonenzymatic sensors can open
up a new market opportunity as an alternative to natural enzymes.
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