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Abstract

Hydroquinone is a phenolic compound widely used in industry and cosmetics, yet its toxi-
city has raised global environmental and health concerns. It has been listed by both the US
EPA and the European Union as a priority contaminant for monitoring in aquatic systems.
In this proof-of-concept (PoC) study, silver nanowires (Ag-NWs) were synthesized via a
modified one-pot polyol methodology and characterized by various techniques, including
TEM, EDX, SEM, XRD, and UV-vis spectroscopy. The Ag-NWs exhibited peroxidase-like
activity, catalyzing the oxidation of TMB/H,O; to yield a blue product. This activity
was effectively suppressed by hydroquinone, forming the basis of a simple colorimetric
sensing approach. The PoC method showed linearity over 0.08-0.8 ug/mL with a LOD
of 26 ng/mL. Furthermore, it was preliminarily applied to tap water, river water, and
medicated cream samples, demonstrating acceptable recovery in preliminary applications.
As a PoC, the study establishes the feasibility of the Ag-NWs-TMB-H;O; system for hy-
droquinone detection, while recognizing that comprehensive reproducibility assessment
and temporal stability evaluation are required in future work.

Keywords: 3,3 5,5 -tetramethylbenzidine; colorimetric detection; hydroquinone; silver nanowires

1. Introduction

Hydroquinone (1,4-dihydroxybenzene, HQN) is widely employed in industrial ap-
plications, including the synthesis of dyes and some pharmaceutical formulations [1,2].
Nevertheless, HON contamination poses a serious global concern due to its harmful effects
via respiratory, dermal, and oral exposure routes [3]. Accordingly, both the U.S. EPA and
the European Union classify HQN as a priority pollutant in aquatic systems [4], high-
lighting the urgent need for sensitive and selective detection methods. In addition to its
industrial relevance, HQN serves as a potent depigmenting agent and has been incorpo-
rated into numerous skin-lightening products for managing hyperpigmentation disorders
such as melasma, freckles, and lentigines [5-8]. While concentrations of 1.5-2.0% w/w
are considered effective, higher levels (>5% w/w) can trigger skin irritation, inflamma-
tion, and leukodermic effects [8,9]. Consequently, its cosmetic use has been banned in
several countries [6,10], despite clinical reports confirming its therapeutic value against
hyperpigmentation disorders [11,12]. Given these contrasting benefits and risks, accurate
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quantification of HOQN in pharmaceutical and cosmetic formulations is essential. In re-
sponse to this demand, several colorimetric techniques for hydroquinone detection have
been published recently (Table S1) [13-24]. These recent colorimetric methods, particularly
those utilizing nanozymes or chromogenic systems, aim to provide rapid, simple, and
cost-effective detection of HQN through visible color changes.

Recently, nanomaterials have gained increasing attention in electrochemical, spectro-
scopic, and analytical fields, driving the development of novel nanoscale sensing devices
for biological, pharmaceutical, environmental, and electronic applications [25-31]. The
improvement in sensitivity and lower detection limit can be attributed to the high surface-to-
volume ratio offered by all types of nanomaterials on the transducer surface. Additionally,
nanomaterials exhibit fast electron transfer efficiency and possess unique electrical and op-
tical features. Among metal nanomaterials, nanowires and nanotubes are widely employed
in the field of sensor applications [25,32,33]. Silver stands out among noble metals due to
its excellent electrical, thermal, and optoelectronic properties, especially when incorporated
into polymer composites [34]. Although 0D nanomaterials (e.g., metal and metal-oxide
NPs) have been widely used in peroxidase-like sensing, their tendency to aggregate and
restricted electron pathways often limit stability and reproducibility [35]. In contrast, one-
dimensional (1D) nanostructures like silver nanowires (Ag-NWs) offer intrinsic structural
advantages: their elongated morphology and high aspect ratio facilitate more efficient
electron transport—a behavior demonstrated in electrochemical biosensors where Ag-NWs
outperformed AgNPs in both electron transfer and sensitivity (lower LOD) [36]. Moreover,
the anisotropic growth and porous network architecture of Ag-NWs contribute to improved
structural stability and electron transport properties [37,38].

Enzymes have remarkable efficiency in catalyzing many reactions with high activity
and specificity towards their substrates, and also their reactions are carried out under mild
reaction conditions [39,40]. Consequently, there is considerable interest in employing en-
zymes for applications in the analytical chemistry field (sensing processes), pharmaceutical
processes, agrochemical production, and food industry [39,41]. Nevertheless, their appli-
cations are significantly restricted by a variety of problems, such as their low operational
stability (digestion and denaturation), difficulties in recycling and recovery, sensitivity and
efficacy of their catalytic activity to the surrounding conditions of the reaction environment,
and costly purification and preparation processes [26,42]. To overcome the aforementioned
disadvantages, artificial enzymes (nanozymes) have been developed as easily prepared
products, cost-effective and extremely stable substitutes for natural enzymes [43,44]. Re-
cently, research endeavors have focused on the design of functional nanomaterials that
display features intrinsic to enzymes [41,45].

Recently, Ag-NWs have attracted significant attention due to their unique electrical,
catalytic, and physicochemical properties, combined with low cost, stability, and flexibil-
ity [34,46]. According to the literature survey, Ag-NWs have been applied for sensing
certain analytes based on their catalytic activity, such as the detection of antibiotic chlo-
ramphenicol, bisphenol A, and hydrogen peroxide [46-48]. Peroxidase activity possesses
numerous practical applications in the field of analytical chemistry as a detection tool,
such as the capacity to catalyze the oxidation of organic substrates to induce a distinctive
color change or formation of a characteristic fluorescence signal. Accordingly, this study
explores the peroxidase-like activity of Ag-NWs and demonstrates its potential for devel-
oping a colorimetric method for preliminary hydroquinone detection in environmental and
pharmaceutical samples
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2. Experimental
2.1. Chemicals, Reagents, and Materials

Silver nitrate, glycerol, 3,3',5,5'-Tetramethylbenzidine (TMB), Polyvinylpyrrolidone
(PVP) (Mo. Wt. /= 90,000), and potassium chloride were purchased from Sigma-Aldrich Inc.,
St. Louis, MO, USA. Hydroquinone powder and Hydrogen peroxide solution (30% w/v)
were produced by El-Nasr Co., Cairo, Egypt. Meloquin 4% topical cream®, with a batch
No. of 241703 and labeled as containing 40 mg of hydroquinone/gram, was manufactured
by SAJA Pharmaceuticals Co., 6th of October City, Egypt.

2.2. Instrumentation

Spectrophotometric measurements were carried out on the Optizen POP spectropho-
tometer device (Mecasys Co., Ltd., Daejon, Republic of Korea). A Transmission Electron
Microscopy (TEM) device of JEM-100CX II type (JEOL Co., Akishima, Japan) was utilized
to take TEM photos of the prepared silver nanowires. Images obtained through Scanning
Electron Microscopy (SEM) were captured using a Joel (Tokyo, Japan) JSM 5600 LV Scan-
ning Electron Microscope, which was outfitted with an Oxford Instruments 6587 EDX
Microanalysis detector. For X-ray diffraction (XRD) spectra, a Philips PW 1710 (Tokyo,
Japan) V-530 X-ray diffractometer was utilized, operating with Cu; K« radiation at 40.1 V
and 30 mA, where A = 0.154 nm. Additionally, UV spectroscopy was performed using a
JASCO Model V-530 (Tokyo, Japan) UV-Vis spectrophotometer.

2.3. Synthesis of Silver Nanowires

The high-quality and highly uniform Ag-NWs were synthesized using a modified
polyol (one-pot polyol) method based on our previous report [49]. A solution mixture of
30 mL of glycerol containing 0.005 g of KCl and 0.3 g of PVP (Mo. Wt. ~ 90,000). The
previous solution was heated to 145 °C for 20 min on the hotplate with a slow stirring speed
of 100 rpm. Then 0.15 g of AgNO3 was added to the heated mixture. The temperature
gradually increased to 170 °C at a heating rate of 3 °C/min. The color of the mixture
changed from brown to black until the desired gray color was reached. Finally, the Ag-NWs
product was collected and washed thrice using a centrifuge at 3000 rpm for five minutes.
The final product was re-dispersed in de-ionized water using ultra-sonic for 10 min to
obtain a solution of Ag-NWs of 1%.

2.4. Analytical Procedures for the Determination of Hydroquinone

In volumetric flasks (5.0 mL), 400.0 uL of 0.10 M acetate buffer (pH = 3.5), 300.0 uL of
TMB solution (1.0 mM/in absolute ethyl alcohol), 200.0 pL of H,O; solution (6.0% w/v),
different concentrations of HQN standard solution, and 150.0 uL of Ag-NWs were mixed.
After incubating for 10.0 min, the volume of the flasks was completed with water, and
changes in the absorbance values were recorded at 650 nm.

2.5. Application to Water Samples

Water samples were collected from Assiut City, Assiut, Egypt. Each sample was
collected in wide-mouth glass vessels, and 50 mL was filtered through filter paper for the
experiment. The samples included river water and local tap water. The general analytical
experiments were carried out on 10 mL flasks by separately spiking a known concentration
of hydroquinone into each sample, and the recovery values were calculated.
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2.6. Determination of HQN in Pharmaceutical Cream

An accurate amount (1.0 g) of medicated cream sample, Meloquin 4% topical cream®,

was transferred to a polypropylene centrifuge tube (10 mL). The tube was vortexed, soni-
cated, and stirred with 5.0 mL of methanol until thoroughly mixed. The tube underwent
centrifuging at a velocity of 5000 rpm for 10 min. The resultant supernatant was filtered
using a 0.2-micron filter and subsequently diluted to an appropriate concentration of
HQN. The general analytical procedure was applied, and the concentration of HQN was
calculated using the pre-plotted calibration curve.

3. Results and Discussion

The synthesis of Ag-NWs utilizes glycerol, which acts as a solvent and a reducing
agent for silver ions. PVP is used as a capping agent, while halide plays a significant role
in controlling the concentration of silver ions. At a high temperature of about 160 °C, the
reaction proceeds in accordance with the following equations [49,50].

2A¢T +2X7 — 2AgX (1)
2HOCH,CH(OH)CH,OH + 0, "% 2HOCH,CH(OH)CHO + 2H,0 )

2HOCH,CH(OH)CHO +2AgX "¢ 2HOCH,CH(OH)CHO +2H,0  (3)
Equation (1) illustrates that AgNO3 combines with halide anions to form AgX. This product
supports the reduction of Ag* and controls the silver concentration as mentioned previ-
ously [51,52]. The terminal hydroxide group of glycerol is converted to an aldehyde at
elevated temperatures, which then reduces the silver atoms (Equation (2)). When Glyc-
eraldehyde reduces Ag* ions, silver atoms (Ag-NWs nuclei) are formed in the second
step, as shown in Equation (3). When the nucleus concentration exceeds the supersat-
uration point, silver atoms form and begin to evolve into silver nanostructures in the
solution phase [50,53].

In the synthesis of Ag-NWs, PVP serves as an exceptional capping agent, significantly
influencing the morphology of the silver nanostructures [54,55]. Due to the presence of polar
carbonyl groups (C=0) on the PVP structure, which is located in the (pyrrolidone ring), it
has a high ability to form coordination bonds with Ag* ions to form the PVP-Ag complex.
These Ag™ ions are absorbed onto the active sites of the PVP polymer surfactant, where
they are subsequently reduced to form silver nuclei [51]. The silver nuclei grow in a single
direction because PVP selectively covers the other sides, limiting growth in those areas. As
a result, silver atoms are forced to form nanowires, creating well-defined Ag-NWs.

3.1. Characterization of Ag-NWs
3.1.1. SEM Analysis

SEM is the most significant characterization tool for nanomaterials because it reveals
the true form and size of the particles. Figure 1 displays SEM images of Ag-NWs that
are synthesized by the one-pot polyol method. The figure exhibits SEM Ag-NWs images
at different magnifications, demonstrating that the synthesized Ag-NWs are of high pu-
rity without any indication of AgNPs or silver nanorods (AgNR). Figure 1a shows the
SEM image at 10 microns, while the corresponding wire length histogram is displayed in
Figure 1c. Based on the image and its histogram, the wires” average length was found to be
85.86 microns. The average diameter of the synthesized Ag-NWs was calculated from the
SEM images and their corresponding histogram, and it was found to be 58.35 (Figure 1b,d).
SEM images confirmed that the obtained Ag-NWs possess high purity, high uniformity,
and a high aspect ratio higher than 1400.
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Figure 1. Characterization of Ag-NWs: SEM images at 10 pm (a) and 100 nm (b), length distribution
(c), diameter distribution (d), XRD analysis (e), UV-vis spectroscopy (f), TEM image (g), and EDx
spectroscopy (h).

3.1.2. XRD Analysis

Figure le presents the X-ray diffraction data for the prepared silver nanowires sam-
ple with a main diameter of 58.38 nm. The obtained X-ray diffraction data examined
the synthesized Ag-NWs having a high crystalline structure and were fitted with JCPDS
No. 98-018-0878, which refers to a face-centered cubic structure (FCC) [56,57]. The XRD
reveals five different peaks appeared at 2-thita values of 38.37°, 44.6°, 64.91°, 77.991°, and
82.18°, corresponding to Miller Indices of (111), (200), (220), (311) and (222), respectively.
Moreover, the data referring to the crystal lattice structure constant was determined to be
a=b=c=4.0861 A, which is consistent with the standard published value of 4.0862 A [58].
In addition, the obtained d value referred to synthesized Ag-NWs were successfully pre-
pared with a high purity and excellent crystallinity structure.
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3.1.3. UV-Spectroscopy Analysis

Silver nanostructures exhibit unique optical phenomena based on their structure and
size caused by the surface Plasmon resonances (SPR) [53,59]. UV absorption can be utilized
to illustrate the size and shape of silver nanoparticles due to distinct SPR bands occurring
at various frequencies [59]. Figure 1f exhibits the UV spectroscopy of the synthesized silver
nanowires to characterize them and prove that they were prepared in a pure form and highly
uniform. Two absorbance peaks appeared at 378 and 378 nm, which are characteristics
of the presence of Ag-NWs [60]. No UV-absorbance peaks had been observed in the
range from 400 to 500 nm, confirming the absence of silver nanoparticles (Ag-NPs) [61].
Accordingly, UV-spectroscopy data confirmed that Ag-NWs were successfully synthesized
in a pure form.

3.1.4. TEM Analysis

Transmission Electron Microscopy (TEM) is one of the best analyses that describe
nano morphological structure. The TEM micrograph (Figure 1g) unequivocally illustrates
the effective synthesis of Ag-NWs exhibiting a consistent one-dimensional shape. The
nanowires manifest as elongated and smooth entities with diameters varying from 55 to
68 nm and lengths reaching several micrometers, yielding elevated aspect ratios. Moreover,
the TEM image refers to the synthesized Ag-NWs in ultra-pure form without AgNPs or
silver nanorods. This data fitted with data obtained from SEM images about Ag-NWs
size (length and diameter) and UV analysis. On the other hand, structural properties are
anticipated to enhance effective electron transmission and offer numerous active surface
locations, especially at the wire edges and junctions. These characteristics are essential for
augmenting the peroxidase-mimicking activity of Ag-NWs in contrast to zero-dimensional
Ag nanoparticles, which exhibit a greater tendency for aggregation.

3.1.5. EDX Spectroscopy

The elemental composition of the produced Ag-NWs was analyzed using energy-
dispersive X-ray spectroscopy (EDX), with the matching spectrum illustrated in Figure 1h.
The EDX data confirmed that the synthesized Ag-NWs consist predominantly of metallic
silver, as evidenced by the strong Ag peaks at 3.0 and 3.2 keV. The minor signals for
carbon, nitrogen, and oxygen arise from trace organic residues of the PVP stabilizing
agent. Besides silver, diminished peaks associated with C, N, and O were observed in
the low-energy range (<1 keV) [62]. The weak peaks are attributed to residual organic
species from the capping agents (PVP) used in the synthesis process. The prominence of
the Ag peaks, with no interference from other elements, underscores the exceptional purity
of the synthesized nanowires. This compositional confirmation confirms the structural
and morphological investigations, revealing that the synthesized Ag-NWs are primarily
composed of elemental silver, with only trace amounts of adventitious components on
the surface, preserving the silver’s morphological structure. By another expression, these
results confirm the high chemical purity of the Ag-NWs and are consistent with their
expected elemental composition.

3.2. Peroxidase-Emulating Activity of the Prepared Ag-NWs

The peroxidase-emulating activity of the prepared Ag-NWs was assessed through
the catalysis of the common peroxidase substrate TMB in the presence of H,O, solution.
As can be observed, the prepared Ag-NWs catalyzed the oxidation of TMB by H,O; in
an acidic medium (0.1 M acetate buffer), producing a typical blue color accompanied by
a characteristic absorbance peak at 650 nm (Figure 2a) [48]. In contrast, neither Ag-NWs
nor H,O, alone yielded any significant color change or absorbance response under the
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same conditions. These results indicate that Ag-NWs exhibit peroxidase-mimicking activity
toward TMB, and the corresponding catalytic reaction is illustrated in Figure 2b. The
enhanced peroxidase-like activity of Ag-NWs may be ascribed to their one-dimensional
and high-aspect-ratio morphology, which provides a larger accessible surface area and
facilitates rapid electron transfer, thereby accelerating the catalytic turnover. Similar effects
have been observed in silver- and transition-metal-based nanozymes, where both surface
structure and electron-transfer efficiency significantly affect catalytic effectiveness [46].

a
7 Absorbance spectrum of Ag-NWs—TMB—-H,0, system
1.1 -
1.0 <
0.9
0.5 -
0.7 -
0.6
0.5 -
0.4
0.3 ¥
0.2
0.1
0.0 L L T Ll L T Ll
500 550 600 650 700 750 500
Wavelength (nm)

H;C CH; H;C CH;
HoN O O NH, + H,0, + 2H'_AENWs _ g N QQ NH,
H‘\C CH“ H:C CH;
b

T™MB Oxidized-TMB

Figure 2. (a) for the absorbance spectrum of ox-TMB upon the catalytic interaction between TMB,
Ag-NWs, and H,O,, and (b) for reaction pathways for the catalytic oxidation of TMB by the prepared
Ag-NWs in the presence of hydrogen peroxide.

3.3. Optimization of the Catalytic Conditions

The catalytic activity of Ag-NWs was systematically optimized by evaluating the
effects of reaction time, pH, temperature, and reagent concentrations. To ensure reliable
spectrophotometric measurements within Beer’s law range, the absorbance of the Ag-NWs—
TMB-H,0O, system was adjusted to ~0.8-1.0. Optimization of TMB concentration revealed
that 300 uL yielded an absorbance close to 1.0 (Figure 3a). Similarly, the optimum volumes
of Ag-NWs and H,O;, were determined to be 150 uL and 200 pL, respectively (Figure 3b,c).
The catalytic activity was further influenced by pH and buffer volume, with maximum
activity observed at pH 3.5 using 400 pL of 0.1 M acetate buffer at 25 °C (Figure 3d,e).
Reaction time studies (Figure 3f) showed that absorbance increased steadily from 3 to 9 min
before reaching a plateau, and no significant change was observed between 9 and 15 min.
Thus, 10 min was selected as the optimal reaction time.
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Figure 3. Effect of the catalytic conditions; volume of TMB (a), volume of Ag-NWs (b), volume of
H,0, (c), pH (d), volume of buffer (e), and time of reaction (f) on the absorbance of the Ag-NWs—
TMB-H;0, system.

3.4. Principle of the Detection and Method Validation

The synthesized Ag-NWs displayed distinct peroxidase-like activity by catalyzing the
oxidation of TMB with H,O, in acidic medium (0.1 M acetate buffer), producing a blue-
colored product with a characteristic absorbance peak at 650 nm (Figure 4). The presence
of HQN, a potent reducing agent, effectively quenched this colorimetric response through
two complementary pathways: (i) scavenging reactive oxygen species, thereby competing
with TMB for oxidation, and (ii) reducing oxTMB back to its colorless form. This dual inhi-
bition formed the basis of HQN detection. A calibration plot of HQN concentration versus
absorbance quenching was constructed, yielding a linear range of 0.08-0.8 pug/mL with
the regression equation y = 0.836x + 0.0769 and an LOD of 26 ng/mL (Table 1, Figure S1).
The preliminary evaluation of accuracy and precision at three concentrations (0.25, 0.5, and
0.75 pg/mL) suggests promising analytical performance for HON determination (Table 2).
Robustness was further demonstrated by minor variations in Ag-NWs, TMB, H,O,, buffer
volumes, and pH, without significant deviation in results (Table 3). These findings verify
the robustness of the developed method for HQN determination.

1.2 4 "
—— Ag-NWs-TMB-H,0, system without HON

111 In the presence of HQN (0.5 pg/mL)

1.0 4
0.9

0.8+
0.7+
0.6 4

0.5+
0.4+
0.3+
0.2+

0.1
0.0

Absorbance

5;50 6(‘)0 SéO 760 7&0 860

Wavelength (nm)
Figure 4. The absorbance spectrum for Ag-NWs-TMB-H,O, system alone (blue line) and in the
presence of hydroquinone (0.5 pg/mL, red line).
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Table 1. Analytical parameters of the developed method.

Parameter Result
Amax 650 nm
Linear range (ng/mL) 0.08-0.8
Slope 0.8359
SD of slope 0.01366
Intercept 0.0769
SD of intercept 0.00663
r 0.9994
12 0.9989
LOQ (ng/mL) 79.4
LOD (ng/mL) 26.1

Table 2. Accuracy and precision of the suggested method.

Assay ug/mL Recovery + SD RSD
0.25 99.81 + 1.57 1.57

Inter-day 0.5 98.11 £ 1.10 1.10
0.75 101.93 £ 1.46 1.46

0.25 101.48 +2.09 2.09

Intra-day 0.5 99.94 £ 2.03 2.03
0.75 99.70 + 1.69 1.69

Table 3. Evaluation of robustness of the suggested method.

Variable % Recovery + SD *
Volume of TMB solution (1.0 mM)
270.0 uL 100.43 + 0.94
330.0 uL 101.56 + 1.51
Volume of H, O, solution (6.0% w/v)
170.0 uL 99.44 + 1.88
230.0 uL 98.77 + 1.55
Volume of Ag-NWs
130.0 uL 999 + 1.7
170.0 uL 98.24 £+ 0.81
Volume of acetate buffer (0.10 M)
350.0 uL 101.43 + 2.02
450.0 uL 98.31 + 1.58
pH of the reaction environment
3.0 101.56 + 1.22
4.0 9791 £1

* HQN concentration is 0.6 ug/mL.

3.5. Selectivity Study

The selectivity of the Ag-NWs/TMB/H;O; colorimetric system was evaluated in the
presence of common inorganic ions that may exist in water samples, including Na*, K,
Mg2+, BaZ*, Zn%*, Ca?*, and AIP*. The effect of these potential interferents was examined
at a relatively high concentration (6 ng/mL) while monitoring the response of HQN at
0.6 pg/mL (Figure 5). The tested ions exhibited negligible influence on the absorbance
intensity, indicating that the assay demonstrates preliminary selectivity for HON in the
presence of the studied ions. This selectivity is likely associated with the preferential
interaction of HQN with the catalytic products of the Ag-NWs/TMB/H,0O, system, which
is not significantly affected by the studied metal ions.
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Figure 5. Selectivity study for the proposed method against the predicted interfering substances.

3.6. Application to Water and Pharmaceutical Samples

The developed colorimetric method was applied to real samples to assess its practical
applicability for HQN determination. Tap water was collected from the laboratory faucet,
and river water was obtained from the Nile River in Assiut City, Egypt. Known amounts of
HQN were spiked into these samples for recovery studies. In addition, the method was used
to quantify HQN in a commercial product (Meloquin® 4% topical cream). The recoveries
(£SD) of HON were 102.66 £ 3.16%, 104.97 4 5.07%, and 98.59 + 2.19% for tap water, river
water, and Meloquin cream, respectively. These results demonstrate promising preliminary
performance for HQN determination in environmental and pharmaceutical matrices.

3.7. Advantages of Ag-NWs as a Hydroquinone Detector

In comparison to previously documented nanozymes, Ag-NWs have numerous unique
benefits for peroxidase-mimicking catalysis and hydroquinone detection. Fe;O, and
nanozymes are recognized for their catalytic efficacy; yet, they frequently have restricted
electron transport efficiency and significant particle aggregation, which diminish their
repeatability and long-term stability [63,64]. Noble metal nanoparticles, including Au and
Ag-NPs, have significant catalytic activity; nevertheless, their zero-dimensional structure
renders them susceptible to aggregation, resulting in diminished activity and inadequate
recyclability [65,66]. In fact, Ag-NWs have a distinctive one-dimensional high-aspect-ratio
architecture that facilitates efficient electron transmission and offers numerous surface-
active sites, especially at wire junctions and edges [67]. Furthermore, the linked network
of Ag-NWs promotes dispersion stability while preventing agglomeration, resulting in
constant catalytic activity. These structural and physicochemical features enable Ag-NWs
to achieve comparable or even superior activity while maintaining better stability than
common nanozymes. Therefore, Ag-NWs demonstrate potential as a low-cost and sensitive
detection platform for future development.

3.8. Limitations

This study serves as a proof-of-concept for the Ag-NWs-TMB-H;0O; system in hy-
droquinone detection, acknowledging some inherent limitations. First, full reproducibility
testing, batch-to-batch variability evaluation, and temporal stability study of the nanozyme
activity were not conducted and remain essential for future validation. Second, while the
system showed good selectivity in the presence of common inorganic ions, the possible
interference from phenolic compounds with similar structures was not extensively tested.
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Third, the application to real samples was restricted to a narrow range of matrices, ne-
cessitating the exploration of more extensive environmental and industrial matrices in
future research.

4. Conclusions

Silver nanowires were successfully synthesized and characterized by TEM, EDX, XRD,
SEM, and UV-vis analyses. They exhibited strong peroxidase-mimicking activity, catalyz-
ing the oxidation of TMB to the blue-colored ox-TMB. The presence of HQN efficiently
suppressed this reaction, enabling the development of a simple and effective colorimetric
sensor for HQN detection at Apax of 650 nm under optimized sensing conditions. The
method showed promising preliminary applicability in real-world samples, including tap
water, river water, and a pharmaceutical cream formulation, demonstrating promising
performance in preliminary tests. Moreover, the approach is adaptable and cost-effective,
requiring minimal sample preparation and employing readily available components, indi-
cating potential applicability in environmental monitoring and preliminary quality control
studies. Although the proposed sensor showed excellent selectivity toward hydroquinone
in the presence of common inorganic ions, the possible influence of structurally related
phenolic compounds (such as phenol, catechol, and resorcinol) remains to be investigated
in future studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /chemosensors13120415/s1, Figure S1: The calibration curve of
the proposed method; Table S1: The recent reported nanozymes based colorimetric methods for the
detection of hydroquinone in various samples.
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