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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• The POCT device integrated with PTA- 
AgNPs enables lab-independent, on-site 
detection of H₂S.

• The POCT allows naked-eye detection of 
H₂S through a brown-yellow to brown- 
gray color change.

• The PTA-AgNPs nanoprobe exhibits 
high sensitivity toward H₂S.

• The method enables real-time colori
metric monitoring of meat freshness via 
H₂S detection.

• The sensor allows non-invasive breath 
analysis of H₂S for halitosis and clinical 
diagnostics.

A colorimetric POCT mediated by poly(tannic acid)-capped AgNPs for the detection of hazardous H₂S: 
Applications in meat spoilage monitoring and halitosis diagnosis.
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A B S T R A C T

This study proposes a novel hydrophilic point-of-care testing (POCT) integrated with poly(tannic acid)-capped 
silver nanoparticles (PTA-AgNPs) designed to facilitate the naked-eye detection of hydrogen sulfide (H₂S) in 
food and human breath. We synthesize PTA-AgNPs using a handheld syringe filter by combining tannic acid, 
which serves as both a reducing and capping agent, with silver nitrate as the source of metal ions. Herein, a 
cellulose acetate syringe filter served as the substrate, facilitating the on-site surface dispersion of PTA-AgNPs. 
The PTA-AgNPs exhibit high stability, optical sensitivity, and selectivity, making them an effective probe for 
the spectrophotometric, colorimetric, and naked-eye detection of H₂S in both aqueous and gaseous media. Upon 
exposure to H₂S, the PTA-AgNPs underwent a visible color change from brownish-yellow to brownish-gray, 
attributed to the aggregation of PTA-AgNPs and the formation of silver sulfide nanoparticles. The calculated 
limit of detection is approximately 24.2 nM, while the limit of quantitation is 125 nM. Furthermore, we employ 
the POCT kits to monitor bacterial spoilage in protein-rich foods, such as fish, pork, and chicken, as well as for 
halitosis diagnosis by detecting H₂S in human breath. The POCT integrated with PTA-AgNPs shows potential as a 
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convenient tool for developing practical biosensors to monitor bacterial growth in clinical, food industry, and 
environmental applications.

1. Introduction

In today’s fast-paced world, the rapidly increasing demand has 
driven significant advancements in point-of-care testing (POCT) kits 
owing to their versatile applications in environmental monitoring, 
healthcare diagnostics, and food analysis [1,2]. Recent studies highlight 
the potential of paper-based platforms for rapid and on-site analysis with 
advances in microfluidic design and substrate-enhanced fluorescence, 
enabling sensitive detection of environmental and food contaminants [3, 
4]. Noble metal nanomaterials (NMNs) including those based on Ag, Au, 
Cu, Pt, and Pd have garnered significant attention in developing POCT 
kits due to their unique surface plasmon resonance (SPR) properties, 
enabling the manufacture of simple, cost-effective, and highly sensitive 
colorimetric detection platforms [5,6]. Silver nanoparticles (AgNPs) 
have strong plasmonic bands, yellow coloration, chemical stability, and 
high conductivity. These properties make them widely applicable in 
food storage, sensor development, and the textile industry [7,8]. How
ever, spectroscopy-reliant AgNPs detection methods often depend on 
laboratory-based synthesis, costly instrumentation, and trained 
personnel, which limit their practicality for real-time or on-site appli
cations. Recently, a promising alternative has emerged involving the 
regulation of AgNPs dispersions on solid substrates, facilitating the 
development of accessible and efficient POCT platforms for diverse 
naked-eye detection applications [9]. For example, Teengam et al. 
developed a multiplex paper-based colorimetric DNA sensor using pyr
rolidinyl peptide nucleic acid-induced AgNPs aggregation for the 
detection of MERS-CoV, MTB, and HPV oligonucleotides, while Zhang 
et al. reported a carbon dot-functionalized paper coupled with AgNPs 
composites as a sensor for hydrogen peroxide detection via 
SPR-enhanced energy transfer [5,6].

Hydrogen sulfide (H₂S) is a smelly, sulfur-containing gas that affects 
public health, harms the environment, and even causes food to spoil. It is 
also a major environmental pollutant contributing to acid rain and 
posing health risks such as liver damage, Alzheimer’s disease, and Down 
syndrome [10–12]. The World Health Organization recommends the 
H₂S levels in drinking water must not exceed 0.05 mg/L [10–12]. In 
healthcare, the H₂S level in exhaled breath acts as an indicator of oral 
health issues, including halitosis and periodontal disease. Approxi
mately 20 % of the population suffers from halitosis on a daily basis, 
while nearly 50 % experience it at least once in their lives [13,14]. In 
food chemistry, bacterial metabolism generates H₂S during the spoilage 
of protein-rich foods, such as seafood and meat. Sulfur-containing amino 
acids such as methionine, cysteine, and glutathione are degraded by 
anaerobic bacteria, including Clostridium, Shewanella, and Desulfovibrio, 
leading to the production of H₂S, which is the primary contributor to the 
foul odor of spoiled food [15,16].

Currently, few standard methods available for detecting H₂S include 
high-performance liquid chromatography [17], atomic absorption 
spectrometry [18], spectrofluorometry [19], cyclic voltammetry [20], 
ultraviolet-visible (UV–Vis) spectrophotometry [21], and portable gas 
chromatography (Oral Chroma) [22] are often very expensive, 
time-consuming, and equipment-dependent. Electrochemical tech
niques are also used for a sensitive and selective detection of acetone, 
ammonia, and H₂S in breath samples [23–25]. However, these methods 
are highly sensitive to environmental factors such as temperature and 
humidity, which can affect their accuracy and reliability. To overcome 
these limitations, we introduce a novel and user-friendly POCT kits in
tegrated with poly(tannic acid)-capped AgNPs (PTA-AgNPs), fabricated 
directly on-site using tannic acid (TA) and silver nitrate (AgNO₃) within 
a cellulose acetate (CA) syringe filter. TA, a natural polyphenol, serves as 
both a capping and reducing agent due to its strong metal-ligand 

interactions and antioxidant properties. The key innovation of present 
POCT kits ability to be prepared instantly on-site without laboratory 
support and its ability to detect H₂S through visible color changes make 
it ideal for a real-world, naked-eye, and on-site detection. This study 
offers significant contributions by providing a green, low-cost, and 
practical POCT kits for the detection of H₂S in both food and breath 
samples.

2. Materials and methods

2.1. Reagents and chemicals

Tannic acid (≥98 %), silver nitrate (≥99.999 %), gold (III) chloride 
trihydrate (HAuCl4⋅3 H2O, ≥99.995 %), and copper (II) chloride (CuCl2, 
≥99.999 %) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
We purchased ethanol (EtOH), isopropyl alcohol (IPA), acetone (Ace), 
sodium hydroxide (NaOH), and hydrochloric acid (HCl) from Daejung 
Chemicals & Metals (Gyeonggi-do, ROK). Formamide (CH3NO) was 
obtained from Junsei Chemical Co., Ltd. (Tokyo, Japan), while 2, 2, 2- 
trifluoroethanol (TFE), ammonia (NH3), and methanol (MeOH) were 
purchased from Merck (Darmstadt, Germany). Toluene (PhCH3), tetra
hydrofuran (THF), dimethyl sulfoxide (DMSO), sodium sulfide (Na2S), 
acetic acid (AcOH), N,N-dimethylformamide (DMF), disodium phos
phate (Na2HPO4, ≥98 %), and monosodium phosphate (NaH2PO4, 
≥99 %) were acquired from Sigma-Aldrich. A 0.2 M phosphate buffer 
solution with a pH range of 1–12 was prepared using NaH₂PO₄ and 
Na₂HPO₄, with the pH adjusted using NaOH and HCl.

2.2. Synthesis of PTA-AgNPs

Scheme S1a illustrates the schematic procedure for the in situ syn
thesis of PTA-capped PTA-AgNPs using aqueous TA and AgNO₃. Initially, 
5 mL of 1 mM TA solution was added to a 25 mL glass vial. The pH of the 
solution was adjusted to 8.0 by the addition of 15 µL of 0.1 M NaOH, 
followed by stirring at 28 ◦C for 5 min at 500 RPM. A color change from 
colorless to light yellow indicated the successful self-polymerization of 
TA, resulting in the formation of poly(tannic acid) nanoparticles (PTA 
NPs). Subsequently, 5 mL of 5 mM AgNO₃ solution was added to the 
reaction mixture, which was further stirred under identical conditions 
(28 ◦C, 5 min, 500 RPM). The observed color change from light yellow to 
brownish-yellow confirmed the formation of PTA-AgNPs. The NaNO₃ 
by-product was removed by dialysis purification using deionized water.

The numerous hydroxyl groups in TA readily undergo oxidation, 
converting them into Quinone structures at a basic pH. The Quinone 
form of TA undergoes sequential reactions, including oxidation, decar
boxylation, and aldehyde formation. These reactive intermediates 
facilitate crosslinking between near TA molecules via covalent bonding, 
leading to the formation of PTA NPs. The self-polymerization mecha
nism responsible for forming PTA NPs under basic conditions is depicted 
in Scheme S1b [26–28]. The PTA NPs act both as a non-toxic reducing 
agent and a stabilizing agent in combination with AgNPs [29,30].

2.3. Synthesis of PTA-AuNPs and PTA-CuNPs

PTA-capped gold nanoparticles (PTA-AuNPs) and PTA-capped cop
per nanoparticles (PTA-CuNPs) were synthesized following a similar 
protocol. Initially, 2 mL of 1 mM TA solution was added to a 25 mL glass 
vial. The pH of the solution was adjusted to 8.0 by adding 15 µL of 0.1 M 
NaOH, followed by stirring at 28 ◦C for 5 min at 500 RPM (Scheme S1a). 
Separate vials were used for the synthesis of PTA-AuNPs and PTA- 
CuNPs. To one vial, 2 mL of 5 mM HAuCl₄ solution was added, and to 
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the other, 2 mL of 5 mM CuCl₂ solution was introduced. Both mixtures 
were stirred under identical conditions (28 ◦C for 5 min). The appear
ance of a wine-red color in the HAuCl₄-containing solution and a light 
yellow color in the CuCl₂-containing solution indicated the successful 
formation of PTA-AuNPs and PTA-CuNPs, respectively (Scheme S1b). 
The resulting NaCl by-product was removed through dialysis purifica
tion using deionized water.

2.4. Instruments and characterization

Absorption spectral analysis was performed using a UV–visible/NIR 
spectrophotometer (V-770, JASCO, Hachioji, Tokyo, Japan) across a 
wavelength range of 200–800 nm to characterize the starting materials 
and nanoparticles (NPs). The UV–Vis absorption spectra were recorded 
using an Epoch microplate spectrophotometer (Sulim Science, Seoul, 
ROK) in the wavelength range of 300–700 nm for applications. High- 
resolution X-ray diffraction (HR-XRD) was performed using a Smar
tLab diffractometer (Rigaku Corporation, Neu-Isenburg, Germany) 
operating at 40 kV with Cu-filtered Kβ radiation (λ = 1.5406 Å). The 
scan range was 10◦–80◦ with a scan speed of 2◦/min. High-resolution 
transmission electron microscopy (HR-TEM) was performed using a 
JEM-F200 microscope (JEOL, Akishima, Tokyo, Japan) operating at an 
accelerating voltage of 300 kV. Fourier-transform infrared (FT-IR) 
spectra of the TA, PTA, and PTA-AgNPs were conducted using an FT-IR 
spectrometer (FT/IR-4700, JASCO, Hachioji, Tokyo, Japan).

2.5. Spectrophotometric and colorimetric detection of H₂S in an aqueous 
medium

The H₂S was detected in the aqueous medium was performed by 
spectrophotometric and colorimetric methods as follows: 20 µL of pu
rified PTA-AgNPs solution (15.4 nM) and 180 µL of phosphate buffer (pH 
8) were sequentially added to a 300 µL 96-well microplate. Different 
concentrations of Na₂S were dissolved in H₂O to produce aqueous H₂S, 
which was introduced into the PTA-AgNPs solution. Variations in 
absorbance were monitored using a microplate reader after a 3 min 
incubation at room temperature (28 ◦C). A similar procedure was con
ducted using 2.5 mL centrifuge tubes, allowing for the visual observa
tion of color changes in the solution. A linear relationship plot was 
constructed by plotting the concentration of H₂S against the relative 
absorbance values (ΔA = Aₓ - A₀), where Aₓ is the absorbance of PTA- 
AgNPs in the presence of H₂S, and A₀ is the baseline absorbance of 
PTA-AgNPs in the absence of H₂S. The limit of quantitation (LOQ), or 
quantitation limit, is defined as the lowest concentration of H₂S that can 
be quantitatively determined with acceptable precision and accuracy 
[31]. The limit of detection (LOD) for H₂S was calculated using Eq. 1, 
where S denotes the standard deviation of the blank signal (PTA-AgNPs), 
and m represents the slope of the calibration curve. 

LOD = 3S/m (1) 

2.6. In-situ preparation of POCT devices for naked-eye detection of H₂S in 
the gas phase

Scheme 1a depicts the on-site fabrication of the POCT integrated 
with PTA-AgNPs using a hand-held syringe filter. The CA syringe filters 

Scheme 1. (a) Schematics representation of the fabrication of the point-of-care testing (POCT) integrated with poly(tannic acid)-capped silver nanoparticles (PTA- 
AgNPs). (b) Sensing of hydrogen sulfide (H2S) gas using the POCT integrated with PTA-AgNPs.

M. Maruthupandi and N.Y. Lee                                                                                                                                                                                                              Journal of Hazardous Materials 493 (2025) 138323 

3 



(diameter: 0.25 mm) were obtained from BioFACT (Daejeon, South 
Korea). The process starts by injecting 100 µL of a 1 mM TA solution (pH 
8) into a CA syringe filter using a hand-held syringe. Under these basic 
conditions, TA undergoes oxidation and self-polymerization, leading to 
the formation of PTA NPs on the CA filter. Subsequently, 250 µL of a 
5 mM AgNO₃ solution was added to the PTA NPs-coated syringe filter. 
The PTA NPs serve as both reducing and stabilizing agents, facilitating 
the formation of AgNPs. Finally, the POCT integrated with PTA-AgNPs 
dried at room temperature (28 ◦C) for 60 min.

A 10 mL glass vials used to generate H₂S gas, as outlined in Scheme 
1b. The Na2S solutions of varying concentrations were added to vials, 
each containing 1 mL of 1 M HCl. The reaction between HCl and Na₂S 
results in the production of H₂S gas. We assumed the Na₂S was fully 
converted to H₂S gas and the Na₂S concentration was considered 
equivalent to the H₂S concentration in each sensing analysis. After 
adding the Na₂S solutions, the vials were sealed with the POCT inte
grated with PTA-AgNPs. The H₂S gas interacts with the POCT integrated 
with PTA-AgNPs, inducing a visible color change. Similarly, POCT in
tegrated with PTA-AuNPs and PTA-CuNPs was developed using a 1 mM 
TA solution (pH 8) applied to CA syringe filters with hand-held syringes. 
A 250 µL of HAuCl₄ solution was introduced into the syringe filter to 
fabricate the POCT integrated with PTA-AuNPs, while 250 µL mL of 
CuCl₂ solution was added to fabricate the POCT integrated with PTA- 
CuNPs.

2.7. Naked-eye detection of H2S gas in real samples

Scheme S2a illustrates the naked-eye detection of H2S in oral breath 
samples using the POCT integrated with PTA-AgNPs. Human breath 
samples were collected from three volunteers (two samples each) by 
exhaling mouth air into 200 mL Ziploc plastic bags. Using a 10 mL sy
ringe, the breath air was collected from the Ziploc plastic bag and 
transferred through a POCT integrated with PTA-AgNPs. Additionally, 
H₂S was spiked into the second set of Ziploc plastic bags and used for 
detection. The color changes were observed after 3 min, indicating the 
levels of H₂S gas.

Scheme S2b illustrates the naked-eye detection of H₂S in fish, pork, 
and chicken samples using the POCT integrated with PTA-AgNPs. Fresh 
fish, pork, and chicken were purchased from a local market, transported 
in a clean environment and stored at 4 ◦C. Approximately 2.5 g of each 
meat was placed in a glass vial and incubated at 37 ◦C for five days (d). 
The vials were sealed using POCT integrated with PTA-AgNPs and 
bacterial growth within the meat samples gradually produced H₂S gas. 
The presence of H₂S induces the aggregation of the POCT integrated 
with PTA-AgNPs, leading to a color change. The color changes of the 
POCT kits were photographed at intervals of 24 h to quantify the H₂S 
levels.

2.8. H₂S detection via smartphone RGB

Sections 2.5 and 2.6 describe the use of both PTA-AgNPs solution and 
a POCT integrated with PTA-AgNPs for detecting H₂S in liquid and 

Fig. 1. Ultraviolet-visible (UV–Vis) spectra of (a) PTA-AgNPs, (b) poly(tannic acid)-capped gold nanoparticles (PTA-AuNPs), and (c) poly(tannic acid)-capped copper 
nanoparticles (PTA-CuNPs). Insets in (a) and (b) show the respective photographs. Inset in (c) i and ii show the photograph and magnified spectrum of PTA-CuNPs. 
(d) UV–Vis spectra of silver nitrate (AgNO3), tannic acid (TA), and a mixture of TA with AgNO3, PTA, and PTA-AgNPs. Inset in (d) shows the corresponding 
photographs.
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gaseous media. Different concentrations of H₂S were introduced into 
either the PTA-AgNPs solution or the POCT kits. Images of the resulting 
color changes were captured using an OPPO F15 smartphone equipped 
with a 48-megapixel camera. These images were used to analyze by 
Color Grab App (version 3.9.2, Loomatix) to collect RGB values. The H₂S 
concentration was subsequently estimated based on the changes in the 
RGB/R metrics.

3. Results and discussion

3.1. Absorption spectra of the PTA-AgNPs, PTA-AuNPs, and PTA-CuNPs

The synthesized PTA-AgNPs, PTA-AuNPs, and PTA-CuNPs solutions 
exhibit unique absorption spectra. As shown in Fig. 1a, the UV–Vis 
spectrum of the brownish-yellow PTA-AgNPs solution displays an SPR 
band at 426 nm. Fig. 1b illustrates the UV–Vis spectrum of the wine-red 
PTA-AuNPs solution, which exhibits an SPR peak at 538 nm. Fig. 1c and 
inset respectively show the UV–Vis spectrum of the PTA-CuNPs solution, 
with an SPR band at 523 nm and the appearance of the light-yellow 
solution. Notably, CuNPs are highly prone to rapid oxidation upon 
exposure to O₂, which often leads to PTA-CuNPs aggregation. TA 
effectively acts as both a reducing and stabilizing agent for PTA-AgNPs 
and PTA-AuNPs. However, it is less effective in stabilizing PTA-CuNPs 
[32,33].

Fig. 1d presents the UV–Vis absorption spectra of AgNO₃, TA, a TA 
and AgNO₃ mixture, PTA, and PTA-AgNPs. The spectrum of AgNO₃ 
shows an absorption peak at 234 nm, while the spectrum of TA exhibits 
maxima at 232 nm and 277 nm. The spectrum of the TA and AgNO₃ 
mixture shows peaks at 235 nm and 278 nm, while the spectrum of PTA 
exhibits peaks at 277 nm and 367 nm. Remarkably, when PTA was 

combined with AgNO₃ to form PTA-AgNPs, an SPR band appeared at 
426 nm. Only the PTA-AgNPs solution appears brownish-yellow, while 
the other solutions remain colorless. The formation of PTA-AgNPs was 
preliminarily confirmation by the appearance of the brownish-yellow 
color and the SPR band.

Similarly, Figure S1 presents the UV–Vis absorption spectra of 
HAuCl₄, TA, a mixture of TA and HAuCl₄, PTA, and PTA-AuNPs, with the 
corresponding solution photographs shown in the inset. The spectrum of 
yellow-colored HAuCl₄ displays absorption peaks at 246 nm and 
293 nm. Upon mixing with TA, the yellow-brown HAuCl₄-TA solution 
shows peaks at 231 nm and 286 nm, indicating interaction between the 
components. Figure S2 shows the UV–Vis absorption spectra of CuCl₂, 
TA, a mixture of TA and CuCl₂, PTA, and PTA-CuNPs, with the corre
sponding photographs also shown in the inset. The spectrum of colorless 
CuCl₂ exhibits a peak at 208 nm, while the CuCl₂-TA mixture displays 
additional peaks at 208, 232, and 327 nm, reflecting complex formation. 
Notably, the absorption features and colors of these intermediate mix
tures differ significantly from those of the final PTA-AuNPs and PTA- 
CuNPs, further confirming nanoparticle formation through distinct op
tical and visual changes.

Figures S3 and S4 present the UV–Vis spectra and photographs of 
freshly prepared PTA-AgNPs, captured over 80 d to evaluate nano
particle stability. The PTA-AgNPs sample appears brownish-yellow and 
exhibits an SPR band at 426 nm. Remarkably, the PTA-AgNPs sample 
aged for 80 d maintains a consistent color, absorbance, and wavelength 
compared to the freshly prepared samples, indicating that the PTA- 
AgNPs remain stable for over 80 d.

Fig. 2. High-resolution transmission electron microscopy (HR-TEM) images of the PTA-AgNPs at magnifications of (a) 200, (b) 100, and (c) 50 nm. (d) Particle size 
distribution histogram.
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3.2. Morphology, shape, and size analyses of the PTA-AgNPs

Fig. 2a, b, c show HR-TEM images of the PTA-AgNPs at respective 
magnifications of 200, 100, and 50 nm. The synthesized PTA-AgNPs are 
observed as spherical, chain-linked PTA NPs and spherical, mono
disperse AgNPs, as depicted in the HR-TEM images shown in Fig. 2a, b, c. 
Fig. 2d presents a histogram of the particle size distribution derived from 
the TEM images. The average diameter of the AgNPs is 16.16 nm, 
calculated using ImageJ software (National Institutes of Health, 
Bethesda, MD, USA) [7,34].

Fig. 3a displays the HR-XRD pattern of the PTA-AgNPs within the 2θ 
range of 10◦–80◦. The crystalline nature and particle diameters of the 
AgNPs were determined using HR-XRD. Four prominent signals were 
observed at 2θ = 38.12◦, 44.3◦, 64.45◦, and 77.35◦, corresponding to 
AgNPs and aligning well with the Joint Committee on Powder Diffrac
tion Standards (JCPDS) card number 00–004-0783 (Fig. 3b). These four 
signals closely align with the JCPDS reference values and planes: 38.11◦

(111), 44.3◦ (200), 64.44◦ (220), and 77.4◦ (311), confirming the face- 
centered cubic (fcc) atomic arrangements and the well-ordered crys
talline nature of the AgNPs [7,35].

XRD analysis reveals that the (111) plane of the PTA-AgNPs exhibits 
the highest intensity at 38.12◦, with the calculated intensity ratio of the 
(111) to (200) planes being 3.7 > 1. Hence, the crystal lattice arrange
ment is predominantly oriented along the (111) plane. The average 
diameter of the PTA-AgNPs was calculated using the full width at half 
maximum (FWHM) of the (111) plane and the Scherrer equation (Eq. 2) 

[36]. 

D = (kλ)/(β cos θ) (2) 

The variables k, θ, β, λ, and D correspond to the Scherrer constant, 
the diffraction angle, the FWHM of the (111) plane, the X-ray wave
length, and the crystallite size of the AgNPs, respectively. The average 
diameter of the PTA-AgNPs was calculated to be 19.12 nm using Eq. 2. 
The size was consistent with the particle size observed using HR-TEM, 
which measured the particles to be approximately 16.16 nm in diam
eter. HR-TEM and HR-XRD confirm the nanoscale sizes, spherical mor
phologies, and fcc atomic arrangements, verifying the crystalline nature 
of the PTA-AgNPs.

3.3. Determination of the average number and molar concentrations of 
PTA-AgNPs

The average number of Ag atoms per nanoparticle was determined 
using HR-TEM and HR-XRD. The calculation was performed using Eq. 3
[37,38]. 

N =
πρD3

6M
NA (3) 

Fig. 2 presents the HR-TEM images of the PTA-AgNPs. As measured 
using the ImageJ software, the average diameter of the AgNPs (D) is 
16.16 nm (16.16 × 10⁻⁷ cm). Assuming a spherical shape and uniform 
fcc structure based on the XRD pattern (Fig. 3), the average number of 
Ag atoms per NPs (N) is 130,284. This calculation utilizes the density of 
fcc Ag (ρ = 10.5 g/cm³), atomic mass of Ag (M = 107.868 g/mol), 
Avogadro’s number (NA = 6.023 × 10²³), and π = 3.14. The molar 
concentration of the PTA-AgNPs was calculated using Eq. 4. [37,38]

C =
NT

NVNA
(4) 

The concentration of AgNPs (C) was calculated assuming the 100 % 
conversion of Ag⁺ to AgNPs. N, NA, V, and NT respectively represent the 
number of atoms per NPs (130,284), Avogadro’s number (6.023 × 10²³), 
the volume of the reaction solution (in L), and total number of Ag atoms 
(0.002). Based on these parameters, the molar concentration of the PTA- 
AgNPs was calculated to be 15.4 nM

3.4. Vibrational spectral analysis of TA, PTA, and PTA-AgNPs

The FT-IR spectra of TA, PTA, and the PTA-AgNPs are shown in 
Figure S5. In the FT-IR spectrum of TA, several notable peaks were 
observed: the stretching vibrations of OH and CH were observed at 3317 
and 2924 cm⁻¹ , respectively. The peaks at 1706 and 
1610 cm⁻¹ correspond to the C––O stretching vibration, while the 
stretching frequencies at 1528 and 1449 cm⁻¹ indicate the presence of 
aromatic carbon-carbon bonds, corresponding to C––C and C–C 
stretching vibrations, respectively. Additionally, phenolic C–O sym
metric stretching was observed at 1328 and 1199 cm⁻¹ [39–43].

The FT-IR spectrum of PTA displays the characteristic functional 
groups of TA. It displays peaks at 3382, 2957, 1731, 1586, 1508, 1411, 
1369, and 1203 cm⁻¹ , representing OH, CH, C––O stretching, aromatic 
C––C, aromatic C–C bonds, and phenolic C–O, respectively. The in
tensities of the peaks at 3382, 1731, 1586, 1369, and 1203 cm⁻¹ differ 
from those in the spectrum of TA, indicating the formation of the 
polymeric PTA NPs. TA exhibits strong intramolecular hydrogen 
bonding due to its abundance of phenolic hydroxyl groups. During 
oxidative self-polymerization, the OH and C––O groups of TA participate 
in the formation of new covalent linkages, such as C–C and C–O–C 
bonds, resulting in a decrease in the number of free OH groups and a 
reduction in hydrogen bonding interactions. As a result, a distinct blue 
shift was observed in the O–H stretching vibration (Figure S5) [44–46]. 
The FT-IR spectrum of PTA-AgNPs reveals functional groups similar to 
those of PTA. The peaks at 3593, 2949, 1748, 1615, 1507, 1427, 1382, 

Fig. 3. (a) High-resolution X-ray diffraction (HR-XRD) pattern of the PTA- 
AgNPs. (b) Joint Committee on Powder Diffraction Standards (JCPDS) card 
for AgNPs (00–004-0783).
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and 1228 cm⁻¹ represent OH, CH, C––O stretching, aromatic C––C, ar
omatic C–C bonds, and phenolic C–O, respectively. Notably, the OH 
stretching frequency shifts from 3382 cm⁻¹ in the spectrum of PTA to 
3593 cm⁻¹ , suggesting interactions between the OH groups and the 
surfaces of the AgNPs [39–43]. These interactions indicate that the 
phenolic OH groups serve as reducing, steric, and electrostatic stabiliz
ing agents for PTA-AgNPs.

3.5. Optimization of reaction conditions: effect of pH, precursor 
concentration, synthesis time, and incubation time

Figures S6 and S7 present the UV–Vis absorbance spectra and cor
responding images of the synthesized PTA-AgNPs across a broad pH 
ranges from 1 to 12. The SPR properties of the PTA-AgNPs are highly 
sensitive to the pH of the reaction medium, exhibiting distinct optical 
and morphological changes throughout the tested range. This pH- 
dependent behavior is primarily influenced by the protonation state 
and chemical reactivity of TA, which functions both as a reducing agent 
and a stabilizing agent during nanoparticle synthesis.

The synthesis conditions were optimized within the pH ranges of 1 to 
7. In this acidic range, the SPR band intensity and the yellow coloration 
of the colloids were notably low, and increased only gradually. At very 
low pH levels of approximately 1 to 7, TA remains fully protonated, 
resulting in poor reducing and capping efficiency. Consequently, the 
formation of stable AgNPs is minimal, and those that do form tend to 
aggregate due to insufficient surface charge stabilization. This leads to 
the formation of weak or broadened SPR peaks in the UV–Vis spectra 
and a lack of yellow color. A significant change was observed at pH 8. 
Under mildly alkaline conditions, TA undergoes partial deprotonation, 
enhancing its ability to reduce silver ions and stabilize the resulting 
nanoparticles. At pH 8, the synthesized PTA-AgNPs exhibit the most 
intense SPR absorbance, characterized by a sharp, well-defined peak 
around 426 nm indicative of small, spherical, and monodisperse AgNPs. 
Correspondingly, the colloidal solution displays a yellow color and 
excellent dispersion stability. Beyond pH 8, however, a decline in SPR 
intensity was observed. In highly basic conditions (pH > 8), side re
actions begin to dominate. These include the oxidation of silver ions to 
form insoluble silver oxide (Ag₂O), and the self-polymerization of TA 
under the influence of atmospheric oxygen. Such reactions reduce the 
availability of free TA for nanoparticle formation and compromise 
colloidal stability, leading to nanoparticle aggregation. While the for
mation of PTA NPs is favored in mildly basic environments (pH > 8), this 
condition not only ensures optimal stability for PTA-AgNPs but also 
provides a well-controlled environment for the polymerization of TA 
[47–49].

Figure S8 presents the UV–Vis spectral analysis of TA and AgNO₃ 
mixtures at varying volume ratios of 1:5, 5:5, and 5:1 mL. Among these, 
the 5:5 mL ratio exhibited the most prominent SPR band, indicating 
optimal nanoparticle formation at this concentration balance. Figure S9
illustrates the time-dependent UV–Vis spectral analysis of the TA and 
AgNO₃ mixture, monitored over intervals ranging from 2 to 20 min. The 
intensity of the SPR band increased steadily up to 10 min, after which it 
reached saturation, suggesting completion of nanoparticle formation. 
All synthesis were conducted under mildly alkaline conditions (pH 8), 
with the optimized parameters being a 5:5 mL volume ratio and a 
10 min reaction time.

Figures S10 and S11 show the UV–Vis spectra and a bar diagram of 
PTA-AgNPs after the addition of a 0.744 µM H₂S solution, measured 
across incubation times ranging from 1 to 60 min. The absorbance was 
quenched during the initial 3 min of incubation, after which the 
absorbance of the SPR band remained stable from 3 to 60 min. Based on 
these results, we set the incubation time to 3 min and adjusted the pH to 
8 for the detection of H₂S.

3.6. Spectroscopic and colorimetric detection of H2S in solution using 
PTA-AgNPs

Fig. 4a shows the absorbance spectrum of the PTA-AgNPs suspen
sion, which exhibits a peak in the SPR band at 426 nm. Initially, the 
addition of 0.125 µM H₂S to the PTA-AgNPs suspension resulted in a 
gradual reduction in the absorbance of the SPR band. With a further 
increase in H₂S concentration from 0.249 to 3.15 µM, the absorbance of 
the SPR band decreased significantly. These changes in the SPR band 
were attributed to the aggregation of the PTA-AgNPs, probably caused 
by the formation of silver sulfide nanoparticles (Ag2S NPs) in the pres
ence of H2S. This process destabilizes the monodisperse AgNPs, leading 
to their aggregation [50–52]. The relative absorbance (ΔA = Aₓ - A₀) of 
the sample of the PTA-AgNPs sample correlates with the H₂S concen
tration. Fig. 4b shows a linear relationship between the relative absor
bance and the H₂S concentration, exhibiting excellent linearity with an 
R² value of 0.9831 over the concentration range of 0.125 to 3.15 µM. 
The linear relationship was used to determine the LOD and LOQ, which 
were calculated from the spectral data as 24.2 and 125 nM, respectively.

Fig. 4c presents a photograph of the PTA-AgNPs suspensions after the 
addition of H₂S at concentrations ranging from 0.125 to 3.15 µM. 
Initially, the PTA-AgNPs suspension appears brownish-yellow, gradually 
transitioning to brownish-gray as the H₂S concentration increases. The 
color change of the solution allows for naked-eye colorimetric detection 
of H2S within the concentration range of 0.125–3.15 µM. In the naked- 
eye colorimetric detection of aqueous H₂S using the PTA-AgNPs, the 
LOQ was determined to be 1.72 µM.

In section 2.8 describes the protocol employed for H₂S detection via 
smartphone-assisted RGB analysis. Digital images used for RGB value 
observation (Fig. 4c) were acquired using an OPPO F15 smartphone 
with the Color Grab application. A representative screenshot of the Color 
Grab interface is presented in Figure S12, demonstrating the method for 
obtaining RGB values from images of PTA-AgNPs solutions. The quan
titative relationship between H₂S concentration and the RGB/R ratio is 
plotted in Figure S13, exhibiting a strong linear correlation within the 
concentration range of 0.125–2.44 µM, with a correlation coefficient 
(R²) of 0.9871. This result highlights the potential of smartphone-based 
on-site quantification of H₂S, using measurable changes in RGB/R.

3.7. Spectroscopic and colorimetric detection of H2S using the PTA- 
AuNPs

Figure S14 shows the absorbance spectra of the PTA-AuNPs in the 
presence of varying H₂S concentrations in solutions (196 µM–1.07 mM), 
while Figure S15 shows the corresponding photographs. Initially, the 
SPR band of the wine-red PTA-AuNPs sample at 538 nm exhibits irreg
ular changes in the absorbance upon the addition of H₂S solution, 
accompanied by a shift to a more intense red color. These inconsistent 
spectral changes and the unaltered red color shows the PTA-AuNPs 
unsuitable for spectroscopic and colorimetric detection of H2S. Over
all, the findings confirm that only the PTA-AgNPs function as reliable 
probes for H₂S detection using spectrophotometric and colorimetric 
methods.

The stability of PTA-AuNPs in the presence of H₂S solution is deter
mined by the interactions between H₂S and the metallic surfaces of the 
AuNPs. This phenomenon can be explained by the findings reported by 
Park and Shumaker-Parry [53]. Dithiols act as molecular linkers, facil
itating the connection of two AuNPs to form an aggregate. However, the 
sugar-like polymer structure of PTA with steric repulsion remarkably 
prevents aggregation during interparticle adsorption. Dithiol is too small 
for its sulfur atoms to simultaneously bind to different AuNPs. However, 
AuNPs remain stable as individual particles in solution, resulting in 
intraparticle adsorption of PTA-AgNPs.
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3.8. Morphology, shape, and size analyses of the PTA-AgNPs in the 
presence of H2S

Figure S16a shows an HR-TEM image of the PTA-AgNPs exposed to 
H₂S solution at a magnification of 200 nm, whereas figures S16b, c, and 
d show images at a magnification of 50 nm. Notably, aggregation of 
AgNPs was observed, likely induced by the formation of Ag₂S NPs in the 
presence of the H₂S solution. This process destabilizes the monodisperse 
AgNPs, leading to their aggregation. A comparison of bare PTA-AgNPs 
and aggregated Ag₂S NPs reveals that the aggregated particles exhibit 
an approximately 1.53-fold increase in size, reaching 24.87 nm. These 
findings demonstrate that the aggregation of PTA-AgNPs is a result of 
their interaction with H₂S.

Figure S17 presents the XRD pattern of the PTA-AgNPs after expo
sure to H₂S, indicating the formation of Ag₂S. Distinct diffraction peaks 
were observed at 2θ = 38.12◦, 44.3◦, 64.45◦, and 77.35◦, corresponding 
to the characteristic planes of metallic Ag, consistent with those in Fig. 3. 
Additionally, new peaks were identified at 2θ = 29.4◦ (-121), 31.8◦

(-112), 44.3◦ (-231), 55.6◦ (-202), and 56.7◦ (-132), which align well 
with the standard JCPDS card No. 00–014-0072, confirming the pres
ence of α-Ag₂S (acanthite phase). These results collectively confirm the 
coexistence of both PTA-AgNPs and Ag₂S phases in the sample [54,55].

3.9. Absorbance spectra of TA and PTA in the presence of H2S

Figure S18 shows the absorbance spectrum of the H2S solution, with 
absorbance peaks at 253 and 309 nm. The inset in figure S18 shows an 
image of the colorless H2S solution. Figure S19 shows the absorbance 
spectra of TA in the presence of H₂S solutions at varying concentrations 
(1.66–16.4 µM). The inset in figure S19 shows images of TA alone and 
TA with the addition of a 16.4 µM H₂S solution. The peaks of TA were 
observed at 229 and 281 nm and the solution appeared colorless. Upon 
adding H₂S solutions at different concentrations, the absorbance 
decreased, but no change was observed in the color of the solution. 
Figure S20 shows the relationship between H₂S concentration and the 

absorbance of TA. The absorbance was not decreased consistently, 
indicating that TA was unsuitable for use as a H₂S sensor. Similarly, 
figure S21 shows the absorbance spectra of PTA in the presence of H₂S 
solution (1.66–16.4 µM), with peaks at 278 and 366 nm. The inset in 
figure S21 shows PTA (pale yellow) before and after the addition of the 
16.4 µM H₂S solution. The absorbance of PTA decreases upon the 
addition of H₂S solution, but the color remains unchanged. Figure S22
shows the relationship between H₂S concentration and the absorbance of 
PTA, revealing inconsistencies and indicating that PTA is unsuitable as 
an H₂S sensor. Overall, TA, PTA, PTA-CuNPs, and PTA-AuNPs are un
suitable for use in H₂S sensing, whereas only the PTA-AgNPs is effective 
as H₂S sensors.

3.10. Sensing mechanism

Scheme 2 shows the proposed mechanism for sensing H₂S using the 
PTA-AgNPs probe. The HR-XRD patterns and HR-TEM images confirm 
that the PTA-AgNPs comprise spherical and monodisperse AgNPs 
(section 3.2). Additionally, the absorbance spectrum shows an SPR band 

Fig. 4. (a) UV–Vis spectra of PTA-AgNPs in the presence of various concentrations of H₂S in solution (0.125–3.15 µM). (b) Linear relationship plot of H2S con
centration vs relative absorbance of the PTA-AgNPs. (c) Photographs of the PTA-AgNPs in the presence of various concentrations of H₂S in solution (0.125–3.15 µM).

Scheme 2. Schematic representation of the sensing mechanism of the pro
posed assay.
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at 426 nm and the solution exhibits a brownish-yellow (section 3.6). The 
interactions between the AgNPs and H₂S lead to the formation of the 
Ag₂S NPs, which precipitate out of the dispersion, with H2O formed as a 
by-product. This phenomenon arises from a thermodynamically spon
taneous reaction, driven by a significantly low Gibbs free energy 
(− 40 kJ/mol). Silver demonstrates a strong chemical affinity for sulfur, 
and its high reactivity with both aqueous and gaseous sulfide ions is 
further underscored by the extremely low solubility product constant of 
Ag₂S (6.30 × 10⁻⁵⁰), indicating the formation of a highly stable com
pound [50–52]. The absorbance spectrum shows AgNPs aggregation, as 
evidenced by the quenching of the SPR band (section 3.6). HR-TEM and 
XRD further validate the formation of the Ag₂S NPs (section 3.8). 
Moreover, a visible color change from brownish-yellow to 
brownish-gray was observed (section 3.6). The sensitivity of the probe’s 
color is influenced by the particle sizes of the PTA-AgNPs and directly 
correlates with the H2S concentration detected.

3.11. Selectivity study

Figure S23a shows the absorbance spectrum of a PTA-AgNPs sample 
and its responses in the presence of various organic solvents, including 
EtOH, MeOH, Ace, NH₃, IPA, PhCH₃, AcOH, THF, CH₃NO, DMF, DMSO, 
TFE, and H₂S solution. The SPR band of the PTA-AgNPs sample was 
observed at 426 nm. When exposed to 0.698 mM (222-fold concentra
tion) of organic solvents such as EtOH, MeOH, Ace, NH₃, IPA, PhCH₃, 
AcOH, THF, CH₃NO, DMF, DMSO, and TFE into PTA-AgNPs, the change 
in the absorbance spectrum was negligible. However, PTA-AgNPs in the 
presence of a 3.15 µM H₂S solution, the SPR band of the PTA-AgNPs 
sample was completely quenched indicating AgNPs aggregation.

Figure S23b shows a bar chart illustrating the changes in the relative 
absorbance of a PTA-AgNPs sample in the presence of various liquids, 
including EtOH, MeOH, Ace, NH₃, IPA, PhCH₃, AcOH, THF, CH₃NO, 
DMF, DMSO, TFE, and H₂S solution. The inset shown in figure S23b
shows a photographic comparison of the PTA-AgNPs solutions in the 
presence of various organic solvents and H₂S solution. The addition of 
each solvent results in negligible changes in the relative absorbance and 
the brownish-yellow color of the PTA-AgNPs solution remains unal
tered. However, upon adding the H₂S solution into PTA-AgNPs, the color 
of the PTA-AgNPs solution shifts from brownish-yellow to brownish- 
gray accompanied by a significant increase in relative absorbance. 
These results highlight the selective interactions between the PTA- 
AgNPs and H₂S solution, demonstrating the high specificity and poten
tial of this sensing methodology for H₂S detection.

Figure S24 presents a bar chart illustrating the changes in relative 
absorbance of PTA-AgNPs upon exposure to a variety of potentially 
interfering gases including NH₃, sulfur dioxide (SO₂), and Ace, which 
represent common real-world gaseous interference. The inset image 
provides a photographic comparison between the color responses of 
bare PTA-AgNPs and POCT kits after exposure to each gas. Notably, the 
addition of NH₃, SO₂, and Ace induced negligible changes in the relative 
absorbance values, and the brownish-yellow color of both the PTA- 
AgNPs solution and POCT kits remained visually unchanged, indi
cating minimal non-specific interactions. These findings confirm the 
high selectivity of PTA-AgNPs toward H₂S even in the presence of 
interfering gases, thereby validating its potential for practical applica
tions, especially in complex environments such as food spoilage moni
toring where volatile organic compounds and atmospheric gases coexist.

3.12. Sensing of H2S gas using the POCT kits

The preparation of the POCT kits is detailed in section 2.6. In this 
study, we modified syringe filter tubes with the PTA-AgNPs, PTA- 
AuNPs, and PTA-CuNPs using hand-held syringe filters. Figure S25
shows images of a CA syringe filter and POCT integrated with PTA- 
AgNPs, PTA-AuNPs, and PTA-CuNPs. The modified POCT kits exhibit 
distinct colors: brownish-yellow for PTA-AgNPs, wine-red for PTA- 

AuNPs, and light yellow for PTA-CuNPs. To further analyze the POCT 
kits, three tubes were broken to collect the CA filter papers. The CA filter 
papers absorbance were measured using a 12-well plate and a micro
plate reader. Figure S26 shows the UV–Vis spectra of CA filters paper 
integrated with PTA-AgNPs, PTA-AuNPs, and PTA-CuNPs. The SPR 
bands were observed at 421 and 543 nm in the spectra of the CA syringe 
filters paper integrated with the PTA-AgNPs and PTA-AuNPs. 
Conversely, no significant absorbance was observed in the spectrum of 
the CA syringe filter papers integrated with the PTA-CuNPs. Among 
those of the three, the POCT integrated with PTA-AgNPs exhibited the 
most pronounced SPR and color making its suitable for use as an H₂S 
sensor in further studies.

The procedure for the fabrication of POCT kits and their application 
in H₂S gas sensing is detailed in section 2.6. Fig. 5 shows the POCT kits 
used for detecting H₂S gas in a 10 mL glass vial setup. Fig. 5a shows that 
H₂S gas was generated by reacting 1 M HCl with Na2S solutions of 
various concentrations (0, 0.249, 0.99, 1.72, 2.44, and 3.15 µM). The 
color of the POCT kits initially appear brownish-yellow and gradually 
changes to brownish-gray as the concentration of H₂S gas increases. 
Fig. 5b shows clear top view of the POCT kits and color transition from 
brownish-yellow to brownish-gray due to the interactions between H₂S 
gas with the PTA-AgNPs. The LOQ of the naked-eye detection of H₂S gas 
using the POCT kits is 1.72 µM. Subsequently, the POCT kits were 
dismantled to collect the CA filter papers, as shown in Fig. 5c. These 
filter papers display the same color changes and were used for absor
bance spectral measurements using a 12-well plate and a microplate 
reader. Figure S27 shows the UV–Vis absorption spectra of the CA filter 
papers exposed to H₂S gas. Initially, the SPR band was observed at 
421 nm in the CA filter paper integrated with PTA-AgNPs without H₂S 
gas, but SPR band quenched as the H₂S gas concentration increased. 
These color changes and SPR quenching were attributed to the aggre
gation of PTA-AgNPs in the presence of H₂S gas. Thus, POCT integrated 
with PTA-AgNPs kit was effective for naked-eye H₂S gas detection and 
monitoring applications. Section 2.8 describes the smartphone-based 
protocol for H₂S detection via RGB analysis. Images (Fig. 5c) were 
taken to analysis RGB using an OPPO F15 smartphone with the Color 
Grab app. Figure S28 shows a screenshot of the app interface used to 
extract RGB values from POCT kits containing PTA-AgNPs. A strong 
linear correlation (R² = 0.9255) between H₂S concentration 
(0.249–315 µM) and the RGB/R is shown in Figure S29 demonstrating 
the smarphone with POCT potential for on-site H₂S quantification.

3.13. Repeatability and long-term stability assessment of PTA-AgNPs and 
POCT kits

The stability of PTA-AgNPs was previously assessed in section 3.1
and it has remained stable for over 80 d. Here, three independent 
batches of PTA-AgNPs were synthesized to assess repeatability and long- 
term stability. Figure S30 presents the UV–Vis spectra of freshly pre
pared PTA-AgNPs, as well as samples aged for 10 and 20 d. Each spec
trum was recorded before and after the addition of 3.15 µM H₂S. The 
inset of Figure S30 shows the corresponding photographs of the solu
tions from each batch at different aging times. UV–Vis spectra across all 
three batches showed consistent peak wavelengths and SPR band 
absorbance, and the colorimetric response was visually similar, indi
cating high batch-to-batch repeatability. Furthermore, even after 20 d of 
storage, the PTA-AgNPs retained their ability to detect H₂S, demon
strating excellent long-term stability. Figure S31 shows photographs of 
the POCT integrated with freshly prepared, 10-d aged, and 20-d aged 
PTA-AgNPs, both before and after the exposure to 3.15 µM H₂S. The 
POCT devices exhibited consistent visual responses across all aging pe
riods, further confirming the reproducibility and long-term stability of 
the PTA-AgNPs in a practical sensing platform.
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3.14. Application in analyzing breath samples

The procedure and methodology of human oral breath sample 
collection and naked-eye analysis using the POCT integrated with PTA- 
AgNPs are given in section 2.7. The six POCT kits are shown in Fig. 6a, 
with their initial color observed as brownish-yellow. Fig. 6b shows the 
breath samples obtained from three volunteers via exhalation into 
200 mL Ziploc plastic bags. Each volunteer provided two samples, one 
unaltered and the other spiked with H₂S gas at concentrations of 1.23, 
1.72, and 2.2 µM. These breath samples were transferred to the POCT 
kits using 10 mL syringes. Fig. 6c shows the color changes of the POCT 
kits, with the first three kits displaying slight color changes due to the 
lower H₂S gas concentrations in the unaltered breath samples. 
Conversely, the last three kits exhibit more noticeable color changes to 
brownish-gray, correlating with the interactions between the spiked H₂S 
gas and PTA-AgNPs. The observed color changes indicate the capacities 
of the POCT kits for use in the on-site and naked-eye detection of various 
levels of H₂S gas in human breath samples. This method provides an 
effective approach for sensing H₂S gas, which can serve as indirect in
dicators of halitosis.

3.15. Application in analyzing fish, pork, and chicken

In section 2.7 describes the procedure for using the POCT integrated 
with PTA-AgNPs to analyze H₂S gas production in foods, including fish, 
pork, and chicken. A 2.5 g of fish was placed in a glass vial and main
tained at 37 ◦C (Fig. 7a). The vial was sealed with a POCT integrated 
with PTA-AgNPs kits. Each day, bacterial activity in the fish produces 
H₂S gas, causing the aggregation of PTA-AgNPs within the POCT kit and 
resulting in a color change from brownish-yellow to brownish-gray. 
Fig. 7b shows the top view of the POCT integrated with the PTA-AgNPs 
kit with the fish, clearly displaying the progression of the color change 
that facilitates the detection of H₂S gas. Similarly, Fig. 7c shows 2.5 g of 
pork analyzed under the same conditions as the fish, with the vial sealed 
using a POCT kits. Over every day, bacterial growth within the pork 
produces H₂S gas causing a visible color transition in the POCT kits. 
Fig. 7d shows the clear top view of the POCT kits, revealing the pro
gression of the color change from brownish-yellow to brownish-gray.

Finally, chicken (2.5 g) was evaluated under the same conditions 
(Fig. 7e). The top view of the POCT kits also reveals a gradual color 
change from brownish-yellow to brownish-gray as bacterial activity 
increases to produce H₂S gas (Fig. 7 f). The POCT integrated with PTA- 
AgNPs kits were effective for on-site naked-eye detection of H₂S gas 

Fig. 5. (a) Photographs of the POCT kits integrated with PTA-AgNPs after the addition of 0.249, 0.99, 1.72, 2.44, and 3.15 µM H2S gas into the glass vials. (b) 
Photographs of the H2S gas-induced POCT integrated with PTA-AgNPs. (c) Photographs of the H2S gas-induced cellulose acetate (CA) filter papers from the 
POCT kits.

Fig. 6. (a) Photographs of the POCT integrated with PTA-AgNPs. (b) Photographs of breath samples from a volunteer. (c) Photographs of POCT integrated with PTA- 
AgNPs after the injection of H2S gas breath samples.
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Fig. 7. (a) Full and (b) top view photographs of the POCT integrated with PTA-AgNPs used for the detection of H₂S gas in a fish sample at 37 ◦C across 1 to 5 d. (c) 
Full and (d) top view photographs of the POCT integrated with PTA-AgNPs used for the detection of H₂S gas in a pork sample at 37 ◦C across 1 to 5 d. (e) Full and (f) 
top view photographs of the POCT integrated with PTA-AgNPs used for the detection of H₂S gas in a chicken sample at 37 ◦C across 1 to 5 d. (g) Photographs of the 
meat samples after 5 d of ageing.
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produced by bacterial activity in fish, pork, and chicken. The observable 
color change serves as a reliable indicator of bacterial contamination, 
enabling the rapid and efficient identification of unsafe meat products in 
food packaging and preservation systems. Fig. 7 g shows images of fish, 
pork, and chicken after ageing for 5 d, confirming bacterial growth in 
the gel-like samples derived from these meats.

Numerous colorimetric methods have been explored for detecting 
H₂S, including traditional lead acetate papers that darken upon exposure 
to H₂S due to the formation of brown/black lead sulfide. Jaiswal et al., 
developed a bismuth oxide (Bi₂O₃) nanorod-based colorimetric sensor 
that can reversibly detect trace amounts of H₂S in air and packaged food. 
The method utilizes the reaction of Bi₂O₃ with H₂S to form bismuth 
sulfide, resulting in a measurable color change [56]. Chen et al., 
employed gold nanorods (AuNRs) with horseradish peroxidase, where 
H₂S deactivates the enzyme and induces a multicolor response in rat 
brain microdialysis samples [21]. Zhao et al., (2017) introduced a 
dopamine-assisted AgNPs formation method in aqueous media, but the 
system lacked a solid support and was unsuitable for field deployment 
[52]. Shojaeifard et al., developed a dual-mode colorimetric and fluo
rometric sensor using copper nanoclusters and Cu²⁺ ions. However, 
copper-based sensors pose toxicity concerns and are limited to 
water-based analysis [57]. Similarly, Yu et al., (2022) used Ag–Fe 
nanotubes that reacted with H₂S to produce a visible change, but the 
system was not integrated into a practical POCT kits [58]. Core–shell 
Au@Ag nanoparticles reported by Liu et al., (2019) used SPR modula
tion for sulfide detection, but their synthesis is complex and lacks testing 
in real samples [59]. Advanced nanostructures such as triangular gold 
nanoplates (Wang et al.,) and Au/AgI dimeric particles (Zeng et al.,) 
showed good sensitivity, but these platforms require precise shape or 
dimeric control and have not been demonstrated in actual food or breath 
samples [60,61]. Key limitations of existing colorimetric H₂S sensors 
include (1) toxic or hazardous reagents (lead, copper, iron, organic 
chemical), (2) poor stability, (3) complex or costly nanostructures 
(Au@Ag core–shell prisms and alloyed Ag–Fe nanostructures), (4) only 
compatible with aqueous media, (5) lack of portability and on-site us
ability, and (6) narrow scope of real-world validation (Table 1).

Compared to previous reports, the present study demonstrates sig
nificant novelty for the following reasons: (1) first-time use of PTA as a 
green, dual-function reducing and capping agents for synthesizing stable 
AgNPs for H₂S sensing, (2) eco-friendly and biocompatible system, 

avoiding toxic reagents like lead acetate and copper salts, and elimi
nating the need for enzymes or complex nanostructures, (3) on-site 
fabrication on a syringe filter allows easy use and portability as a 
POCT kit, (4) dual-phase compatibility allowing effective H₂S detection 
in both gaseous and aqueous media, (5) visible naked-eye color change 
from brownish-yellow to brownish-gray, (6) synthesis within 10 min 
under temperature conditions (28 ◦C), (7) optimal sensing conditions at 
pH 8 and 28 ◦C with quick response time as 3 min, (7) excellent 
analytical performance as linear detection range as 0.125 to 3.15 µM, 
LOD as 24.2 nM, LOQ as 125 nM, and (8) real-sample validation in food 
spoilage monitoring (fish, pork, and chicken) and halitosis detection 
(human breath) (Table 1). We emphasize that the PTA-AgNPs colori
metric POCT sensor provides an excellent trade-off between perfor
mance and practicality. While it may not replace all advanced electronic 
sensors, POCT benefits from its high sensitivity and unique chemical 
design, making it a practical choice for quick, on-site testing.

4. Conclusions

This study demonstrates an on-site fabrication and naked-eye 
detection system for H₂S gas based on a POCT kits integrated with 
PTA-AgNPs, developed as an optical probe. The introduced system in
tegrated spectroscopy and colorimetric sensing in liquid-phase detec
tion, as well as the naked eye sensing of gaseous H₂S using the POCT kits. 
The probe exhibited a color shift from brownish-yellow to brownish- 
gray upon exposure to H₂S in liquid or gas within the detection range 
of 0.125–3.15 µM, with the LOD and LOQ being 24.2 and 125 nM, 
respectively. The sensitivity of the probe was influenced by the particle 
size of the PTA-AgNPs. The mechanisms underlying the observed color 
changes and NPs aggregation were validated via UV–Vis spectroscopy, 
HR-XRD, and HR-TEM.

The key innovation of present POCT kits ability to be prepared 
instantly on-site without laboratory support, and its ability to detect H₂S 
through visible color changes-making it ideal for real-world, naked-eye, 
and on-site detection. The POCT kits exhibited versatility by reliably 
responding to the freshness levels of fish, pork, and chicken, and effec
tively detected H₂S gas in human breath samples, indicating its potential 
indirect halitosis diagnosis. This work advances the design of green 
nanomaterial-based sensors and broadens the application of naked-eye 
H₂S detection. It offers a low-cost and equipment-free solution for 

Table 1 
Comparison between the analytical performances of the nanomaterials used in this study with previously reported work based on the colorimetric sensing of H2S in 
liquid and gas phases.

Sl. 
No.

Probes Synthesis duration 
(min)/ temperature 
(ºC)

Sensing 
medium

Color changes Incubation time 
(min)/ pH/ 
temperature (ºC)

Linear range 
(µM)

LOD/ 
LOQ 
(nM)

Real samples Ref.

1 CTAB-AuNRs 750/30 Liquid Pink to purple to 
green to reddish- 
brown

3/6.5/28 0.05–100 19/50 Rat brain [21]

2 Dopamine- 
AgNPs

15/30 Liquid Yellow to brown 20/N.A/28 3–40 300/ 
3000

Fetal bovine serum [52]

3 Bi₂O₃ 60/120 Gas White to brown 3/N.A/26 30–1500 410/ 
30000

Fish and chicken [56]

4 Tannic acid- 
CuNCs

365/50 Liquid Blue to brown 1/7.5/28 6–130 2000/ 
6000

Rain, tap, spring, and 
wastewater

[57]

5 Ag-Fe NTs 490/80 Liquid, 
gas

Yellow to brown N.A/N.A/28 2–100 N.A/ 
2000

Broiler chicken [58]

6 CTAB- 
Au@AgNPs

45/30 Liquid Red-orange to 
blue-green

N.A/7.4/28 5–50 500/ 
5000

N.A. [59]

7 CTAC- 
AuNPLs

10/30 Liquid Pink-red to 
purple-blue

20/3.4/60 0.02–1.5 10/20 River water [60]

8 Au/AgI 15/95 Liquid, 
gas

Red to blue-green 30/7–10/28 5–100 500/ 
5000

Tap and sewage water [61]

9 PTA-AgNPs 10/28 Liquid, 
gas

Brownish-yellow 
to brownish-gray

3/8/28 0.125–3.15 24.2/ 
125

Human breath, fish, pork, 
and chicken samples using 
the POCT kits

This 
study

N.A. Not available.
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halitosis diagnosis and bacterial activity indication, particularly valu
able in resource-limited settings. Future research may focus on 
improving selectivity in complex samples enhancing portability, and 
integrating wireless with smartphone-based sensing technologies.
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Environmental implication

Bacterial hazards pose significant risks to food and aqueous systems, 
leading to spoilage and health concerns. Hydrogen sulfide (H₂S), a key 
indicator of bacterial activity and a harmful gas, was detected using a 
novel POCT integrated with poly(tannic acid)-capped silver nano
particle (PTA-AgNPs). PTA-AgNPs were synthesized through a green 
and biodegradable chemistry route using tannic acid, a polyphenol, as 
both the reducing and capping agent, and silver nitrate as the metal ion 
source. The use of cellulose acetate, a biodegradable polymer, as the 
substrate further enhances the eco-friendliness and stability of the de
vice. This sustainable method reduces reliance on hazardous chemicals 
and facilitates on-site manufacturing processes that are environmentally 
friendly and safer for both humans and ecosystems. In addition to its 
minimal environmental impact, the POCT kit developed in this study 
enables rapid and sensitive detection of H₂S present in meat and human 
breath, facilitating the real-time monitoring of bacterial spoilage and the 
detection of halitosis. These features highlight the broad potential for 
eco-friendly sensor technologies in food safety, healthcare diagnostics, 
and environmental monitoring.
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