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ABSTRACT

The presence of Hg?* ions in soil and water
poses a potential risk to living organisms,
including humans, necessitating simple and
accessible detection methods. This study
evaluated Ocimum sanctum (Tulsi) leaf
extract as a reducing and stabilizing agent for
the green synthesis of silver nanoparticles
(AgNPs) and subsequently developed a
chitosan-starch nanocomposite film for the
colorimetric detection of Hg?*. AgNPs
produced using various extract preparation methods were comparatively evaluated based on their
physicochemical characteristics and colloidal stability. AQNPs with the most suitable properties were
selected for incorporation into the nanocomposite film. The selected AgNPs exhibited a particle size of
66.8 nm, a polydispersity index of 0.295, and a zeta potential of —26.9 mV, indicating a relatively uniform
particle distribution and moderate colloidal stability. The AgNPs-loaded chitosan-starch nanocomposite
film demonstrated a selective colorimetric response to Hg?* under the tested conditions, with a linear
response across the Hg?* concentration range of 0—10 ppm. The sensor exhibited a limit of detection of
0.68 ppm and a limit of quantification of 2.07 ppm, while maintaining its detection performance for up to
four weeks. These findings highlight the potential of plant-synthesized AgNPs incorporated into a
chitosan-starch matrix as a simple colorimetric platform for Hg?* detection.
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INTRODUCTION

Intensive industrial, agricultural, and including humans. Moreover, mercury is difficult
urbanisation activities contribute to to degrade once it enters aquatic environments.
environmental  pollution, particularly  the It is not only present in the water column but can

contamination of aquatic environments by
highly toxic heavy metals. Some heavy metals,
such as lead (Pb) and arsenic (As), are toxic
even at very low concentrations [1]. Mercury
(Hg) is a highly toxic heavy metal because of its
neurotoxic  effects

on living organisms,

267

also accumulate in sediments [2]. Government
Regulation Number 22 of 2021 concerning the
Implementation of Environmental Protection
and Management stipulates a maximum
mercury concentration in water of 0.002 ppm

(31
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Indonesia, has been reported to contain
mercury at a concentration of approximately
0.0031 ppm [4]. This concentration exceeds the
regulatory limit established by the government.

Mercury can be detected using various
analytical instruments, such as Inductively
Coupled Plasma Mass Spectrometry (ICP-MS)
and Atomic Absorption Spectrophotometry
(AAS). However, determining heavy metal
concentrations in environmental samples using
these techniques requires specialized expertise
and can be time-consuming. These limitations
may restrict their widespread application when
rapid and convenient detection is required.
Therefore, alternative methods for mercury
analysis that are more efficient and effective for
both qualitative and quantitative detection are
needed, including approaches based on silver
AgNP-based

colorimetric sensors offer several advantages,

nanoparticles  (AgNPs) [5].

including rapid visual detection and relatively
low cost [6]. AgNPs have been widely
investigated for heavy metal detection.
Previous research has successfully
synthesized AgNP-based colorimetric sensors
for detecting mercury ions (Hg2+) using
lemongrass leaf extract as a reducing agent,
while another study used Kokum fruit extract to
synthesize anionic AgNPs for mercury ion
(Hg2+) detection [7], [8]. AgNP-based
colorimetric  sensors  exhibit  excellent
performance in detecting metal ions because of
their localized surface plasmon resonance
(LSPR) properties, which enable visually
observable color changes in response to
environmental changes, such as the

introduction of an analyte [9].

The synthesis of AgNPs can be carried
out using various physicochemical methods.
Plant extract-mediated synthesis has emerged
as an alternative approach for synthesizing
(AgNPs)

phytochemicals, such as flavonoids, phenolics,

silver  nanoparticles because
and other secondary metabolites, can act as
reducing and stabilizing agents, thereby
reducing reliance on additional synthetic
reducing chemicals [10], [11]. However, this
approach should not automatically be
considered sustainable or environmentally
friendly, as the overall process may still involve
the use of organic solvents during extract
preparation, silver precursors derived from
AgNO3, energy-intensive heating or solvent
evaporation, and the generation of silver-
containing waste that requires proper treatment
[11]. Therefore, although plant extracts offer a
promising  alternative  for  nanoparticle
synthesis, the sustainability of the overall
process should be comprehensively evaluated
by considering raw materials, solvent selection,
energy consumption, waste management, and
the environmental risks associated with silver
nanoparticles.

Numerous plant extracts have been
utilized for the synthesis of AgNPs, including
Ocimum sanctum (Tulsi) extract, which has
been used to produce AgNPs with particle sizes
ranging from 15 to 35 nm [12]. Tulsi leaves
contain phytochemical compounds such as
polyphenols and flavonoids that possess
numerous hydroxyl groups and can function as
effective reducing agents [13], [14]. Although
plant extracts have been widely used in AQNP
synthesis, comparative studies of AgNPs

synthesized using unfractionated and
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fractionated extracts remain limited. Most
previous studies have used crude extracts
without applying a fractionation process to
remove substances that may not be required
for AgQNP synthesis [15]. The resulting AgNPs
can subsequently be incorporated into
nanocomposite films to improve their stability
for sensor applications. One approach involves
incorporating AgNPs into a chitosan-starch
matrix, which has not been widely investigated
[16].

This study aimed to synthesize AgNPs
using unfractionated and fractionated Tulsi
leaf extracts as reducing agents, with glucose
as a stabilizing agent. Tulsi leaf extracts were
analyzed using thin-layer chromatography
(TLC) and Liquid Chromatography-Mass
Spectrometry (LC-MS) to identify the
phytochemical compounds present in the
extracts. The resulting AgNPs were

characterized using several analytical

UV-Vis
spectrophotometry, Particle Size Analysis
(PSA), and Fourier Transform Infrared (FTIR)

spectroscopy. AgNPs with the most suitable

techniques, including

properties were subsequently incorporated
into a chitosan-starch nanocomposite film.
The resulting film was characterized using X-
Ray Diffraction (XRD) and Scanning Electron
Microscopy-Energy Dispersive X-Ray (SEM-
EDX) analysis, and its performance as a
selective colorimetric sensor for Hg2+ was
evaluated in terms of selectivity, interference,
response time, linearity, sensitivity, Limit of
Detection (LOD), and Limit of Quantification
(LOQ).

METHODS
1. Materials and Instruments

The materials used in this study included
Tulsi leaves (Ocimum sanctum) obtained from
the Bekasi area, ethyl acetate (299.5% purity
Merck, Germany),, methanol (=299.9% purity
Merck, Germany), n-hexane (299.0% purity
Merck, Germany), AgNO3 (299.8% purity
Merck, Germany), dextrose (a-D-glucose)
(297.5% purity Merck, Germany), starch
(298.0% purity Merck, Germany), chitosan
(=75% purity Sigma Aldrich, USA), acetic acid
glacial (=299% purity Merck, Germany),
ethanolic AICI3 (1% w/v solution), and
analytical-grade metal salts including HgCI2,
AICI3, CuS04.5H20, MnS0O4.2H20,
Pb(NO3)2, 3CdS04.8H20, NaNO3,
FeS04.7H20, MgS04.7H20, NiSO4.6H20,
Co(NO3)2.6H20, BaCl2.2H20 (299% purity
Merck, Germany).

The instruments used in this study were
UV-Vis spectrophotometer (Shimadzu UV-
1900i), Liquid
Spectrometry (LC-MS) (Acquity UPLC H-Class
System), Particle Size Analyzer (PSA) (Horiba
Scientific SZ 100z), Fourier Transform Infrared
(FTIR) spectrophotometer (Shimadzu IR Spirit),

Scanning

Chromatography-Mass

Electron Microscope-Energy
Dispersive X-ray Spectroscopy (SEM-EDX)
(Quattro S. Thermo Scientific), and X-ray

Diffraction (XRD) (Thermo Fisher Scientific).

2. Preparation of Tulsi Leaf Extract

Tulsi leaves were washed several
times with an aquadest to remove impurities,
then dried in an oven at 60°C and ground until
it becomes a powder. Then 8 g of powdered
leaves were added to 160 mL of water and
heated at 60°C for 10 minutes. The mixed
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solution that has been completed was then
filtered using Whatman filter paper No. 42 to
obtain a solution of Tulsi leaf extract.
Subsequently, this filtrate (the unfractionated
stock extract solution) was diluted to 8% v/v
and stored at 25°C. The remaining aqueous
extract was subjected to fractionation via

liquid-liquid extraction.

3. Extract Fractionation by Liquid-Liquid
Extraction

The aqueous extract underwent
liquid-liquid fractionation using ethyl acetate
to enrich the phytochemical content based
on polarity. Briefly, 100 mL of the aqueous
extract was placed in a separatory funnel
and extracted with 200 mL of ethyl acetate
(1:2, v/v). The ethyl acetate layer was
collected, while the remaining aqueous
phase was re-extracted three times using
fresh ethyl acetate under the same
conditions. The pooled ethyl acetate
fractions were concentrated using a rotary
evaporator until the solvent had completely
evaporated, yielding 71 mg of the dry ethyl
acetate fraction. This dry fraction was then
redissolved in 71 mL of methanol to prepare
1000 ppm stock of the fractionated extract
for AgNPs synthesis. The resulting
fractionated extract was stored in an amber
bottle at 4°C for 3 days prior to use. The
concentration of the fractionated extract

used for AgNPs synthesis was 80 ppm.

4. Flavonoid Test of Tulsi Leaf Extract by
TLC

Silica gel plates (2.5%x8 cm) were
prepared with upper and lower margins of 1

cm. The mobile phase consisted of n-hexane

and ethyl acetate (1:1, v/v) was used. The
sample was spotted onto the silica plate and
placed in the TLC chamber. After the solvent
reached the upper mark, the plate was
removed from the chamber and air-dried at
room temperature. A 1% AICIs solution in
ethanol was used as a detecting reagent for
flavonoids. The appearance of yellow spots
indicated the presence of flavonoids[17]. The
yellow spots were marked, and their
migration distances were measured to
determine the retention factor (Rf) values. UV
light at a wavelength of 254 nm was also used

to observe the separation results.

5. Characterization of Tulsi Leaf Extract
Using LC-MS

Chromatographic
performed using an ACQUITY UPLC® H-Class
system (Waters, Milford, MA, USA) equipped
with an ACQUITY UPLC® BEH C18 column
(2.1 x 100 mm, 1.7 ym) maintained at 50°C.
The mobile phase consisted of water containing

separation  was

5 mM ammonium formate (A) and acetonitrile
containing 0.05% formic acid (B), delivered at a
flow rate of 0.2 mL min"' using a 23-minute
gradient elution program. Samples were filtered
using a 0.2 ym syringe filter, and a 5 L aliquot
was injected into the system. Mass
spectrometric detection was performed using a
Waters Xevo G2-S QTof mass spectrometer
equipped with an electrospray ionization (ESI)
source operating in positive ion mode over an
m/z range of 50—1300. The source temperature
was maintained at 100°C, desolvation
temperature at 350°C, cone gas flow rate at O L
h-1, and desolvation gas flow rate at 793 L h-'.
Data acquisition was performed using

MassLynx software, applying low and high
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collision energy functions of 4 V and 25-70 V,

respectively.

6. Synthesis of AgNPs

AgNPs synthesis was carried out by
adjusting the precursor concentration, pH,
temperature, and stirring time. For AgNPs
synthesized using unfractionated extract, 3
mM  AgNOs was

unfractionated extract at a concentration of 8%

reacted with the

(v/v). Meanwhile, for AgNPs synthesized using
fractionated extract, 10 mM AgNOs was
reacted with the fractionated extract at a
concentration of 80 ppm. All experiments were
conducted in a 10 mL solution with the addition
of 0.18% glucose at pH 8 and a temperature

of 55°C for 75-120 minutes reaction time.

7. Characterization of AgNPs

SPR spectra in the wavelength range
of 300-600 nm was used to determine the
SPR band using a Shimadzu UV-1900I
spectrophotometer. Functional groups were
identified using a Shimadzu IR Spirit
spectrometer within the range of 5000-400
cm'. A Horiba SZ-100 instrument was used
to determine the particle size and zeta
potential of the nanoparticles at a scattering
angle of 90° with a holder temperature of
25°C and three test repetitions. Data analysis
and graphical interpretation were performed

using OriginPro 2018 software.

8. Preparation of Nanocomposite Film

A chitosan stock solution was prepared
by dissolving 3 g of chitosan powder
(molecular weight: ~198 gram/mol, degree of
acetylation: ~87.5%) was dissolved in 150

mL of 1% acetic acid and stirred until

homogeneous. Similarly, to prepare a starch
stock solution, 1.5 g of starch soluble (pro
analysis) was dissolved in 80 mL of distilled
water, maintaining the temperature at 60-
80°C and stirring continuously until the cloudy
white solution became transparent
(approximately 1 hour), and then cooled to
room temperature. To prepare a chitosan-
starch-Ag nanocomposite film (AgNCF), 20
mL of chitosan and 20 mL of starch were
mixed and stirred to obtain a homogeneous
sample (1:1 dry polimer ratio). 7 mL of AgNPs
solution (prepared using 10 mM AgNOs and
8% v/v unfractionated extract) was added
and stirred for 10 minutes. The film was
poured into a petri dish (@100 mm x 18 mm,
corresponding to a casting area of 78.5 cm?)
and heated at 60°C in an oven for 24 hours.
The film was then removed from the petri dish
at room temperature and stored in a

desiccator for later use.

9. Characterization of AQNCF

SPR spectra in the wavelength range
of 300-600 nm was used to determine the
SPR band using a Shimadzu UV-1900I
spectrophotometer. Functional groups were
identified using a Shimadzu IR Spirit
spectrometer within the range of 5000-400
cm™'. The characteristics of the crystal
structure of the film were analyzed using a
Thermo Fisher Scientific XRD. Quattro S.
Thermo Scientific SEM-EDX was used to
analyze the surface characteristics and
elemental composition analysis on the film
surface. Data analysis and graphical
interpretation  were  performed  using

OriginPro 2018 software.
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10. Sensor Performance Tests

The method validation test includes
selectivity, interference, sensitivity, and
linearity test, as well as LOD and LOQ.
Stability tests were carried out by measuring
the SPR band of nanocomposite film up to
week 4, while sensor response time tests
were carried out by measuring the time
required for the film to produce a stable color
after being dipped in 3 mL selected metal
ions. As for selectivity test, metal ions were
mixed with nanoparticles at a ratio of 2:1
(v/v), while the nanocomposite film was
dipped into 3 mL of metal ion solutions. All
metal ion solutions were prepared in
deionized water with concentration of 1000
ppm. A blank sample containing deionized
water without metal ions was used for blank.

The response variable was defined as
the change in the SPR absorbance after
exposure to metal ions. A metal interference
was tested by measuring the absorbance
portion of two metal ions between the metal
selected. The interferent ions (all metal ions
used except Hg2+) were evaluated at the
same concentration as Hg2+ (1000 ppm),
and the interference effect was assessed by
comparing the analytical response obtained
for Hg2+ in the absence and presence of the
interferent. Linearity and sensitivity were
carried out by dipping the chitosan-starch-Ag
nanocomposite film with Hg2+ ions at
concentration of 0, 2, 4, 6, 8, and 10 ppm to
make curve calibration. Linear regression
was performed using the calibration curve,
and the coefficient of determination (R?) was
used to evaluate linearity, while slope (o) was

used to evaluate sensitivity. The SPR band

within the 300-600 nm wavelength range
was examined using a Shimadzu 1900i
spectrophotometer. As for the LOD and LOQ
they were calculated according to Eq. (1),
where SD represents the standard deviation
obtained with Standard Error of Estimate
(residual standard deviation) method and
slope obtained from calibration curve [18].
The resulting UV—-Vis spectra were analyzed

and visualized with OriginPro 2018 software.

3xSD

RESULTS AND DISCUSSION

1. Flavonoid Test of Tulsi Leaf Extract
by Thin-layer Chromatography
Flavonoids are phytochemical
compounds that can act as reducing agents.
Ocimum sanctum is a natural source rich in
polyphenolic and flavonoid compounds,
Luteolin-7-O-

glucuronide, Isorientin, Orientin, Galuteolin,

including Vicenin 2,

Apigenin-7-O-glucuronide, Vitexin,
Isovitexin, Rosmarinic acid, Chlorogenic
Quercetin,
Apigenin, and Caffeic acid [15], [18], [19].

These antioxidant compounds contain

acid, Aesculin, Luteolin,

hydroxyl (—OH) groups that contribute to the
reduction of Ag* to Ag°[20]. TLC screening
was performed to confirm flavonoid
presence in the extract. As shown in Figure
1, the ethyl acetate fraction exhibited a
yellow spot at an Rf value of 0.33 after
spraying with 1% ethanolic aluminum
chloride reagent, indicating flavonoid
presence [17]. UV illumination at 254 nm
also showed clear separation with distinct

fractions.
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e

Figure 1. TLC screening results (a) after spraying with 1% AICI3 reagent and (b) under UV light

at 254 nm

2. Characterization of Tulsi Leaf Extract
Using LC-MS

LC-MS analysis tentatively identified
several metabolites belonging to the flavonoid,
phenylpropanoid, and terpenoid classes, as
presented in Table 1. Among these tentatively
identified compounds, Iuteolin and apigenin
exhibited the LC-MS  signal
intensities, with retention times of 7.73 min
(m/z 287.0562) and 8.31 min (m/z 271.0623),

respectively, as shown in the LC-MS

highest

chromatogram in Figure 2. These findings are
consistent with those reported in [15], which
identified luteolin and apigenin in Tulsi leaf
extracts. Similarly, the presence of luteolin and
apigenin has been reported in ethanolic and
methanolic extracts of Tulsi leaves [18], [19].
The detection of these flavonoid compounds is
relevant to AgNP synthesis because
flavonoids contain hydroxyl groups that may
participate in electron-donating reactions and
interact with the nanoparticle surface during

the reduction and stabilization processes [14].

However, the relatively high LC-MS signal
intensities of luteolin and apigenin should not
be interpreted as direct evidence of higher
concentrations or as indicating a dominant
contribution to Ag+ reduction, because LC—
MS signal intensity is strongly influenced by
ionization efficiency, which varies depending
on the physicochemical properties of each
compound and other instrumental factors.
Therefore, the relative contribution of
individual metabolites to the reduction process
cannot be determined solely from LC-MS
peak intensities. Nevertheless, the tentative
identification of several flavonoid,
phenylpropanoid, and terpenoid compounds
indicates that Tulsi leaf extract contains a
diverse range of phytochemicals that may
collectively contribute to the formation and
stabilization of AgNPs. In particular, luteolin
and apigenin, as flavonoids containing
multiple hydroxyl groups, may contribute to the
reduction activity involved in AgNP synthesis
[14].
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Figure 2. LC—MS chromatogram of Tulsi leaf extract

Table 1. LC-MS result of Tulsi leaf extract

RT Positive lon Mode Calculated Formula Tentatively Annotated Group
m/z ([M+H]+) m/z Compound
5.100 209.1548 208.1546 C13H200, Theaspirone Terpenoid
6.245 299.1262 298.294 C1,H1,0s  Apigenin 7,4'-dimethyl Flavonoid
ether
6.310 197.1192 196.1145 C1:H1605 Loliolide Terpenoid
6.510 179.1077 178 231 C11H140, Methyl Eugenol Phenylpropanoid
6.990 375.1462 374.345 C19H150¢ Hymenoxin Flavonoid
7.730 287.0565 286.0550 C15H1006 Luteolin Flavonoid
8.312 271.0623 270.0600 C15H1005 Apigenin Flavonoid
8.730 191.1448 190.1430 C.3H150 Damascenone Terpenoid

3. Synthesis of Nanoparticles

AgNPs synthesized using unfractionated and

fractionated Tulsi AgNPs

leaf extracts.

Figure 3 shows a comparison of

synthesized using the unfractionated extract

exhibited a more intense color compared to
those synthesized using the fractionated

extract, indicating a difference in their optical
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response. The corresponding SPR spectra
AgNPs

synthesized using the unfractionated extract

are presented in Figure 4.

showed higher SPR intensity compared to
those synthesized using the fractionated
extract. However, SPR absorbance is
influenced by several factors, including
particle size, morphology, dispersion state,
and the local dielectric environment.
Therefore, the difference in SPR intensity
reflects  differences in  the  optical
characteristics of the AgNPs dispersions and
should not be directly interpreted as a
quantitative measure of nanoparticle yield
[21]. Furthermore, AgNPs synthesized using
the fractionated extract exhibited a red-shift in
the maximum SPR wavelength compared to
those synthesized using the unfractionated
extract. This shift may be attributed to
differences in particle size and/or aggregation
state, as an increase in particle size or
aggregation can generally cause the SPR
band to shift toward longer wavelengths [22].
Based on the preliminary evaluation of
AgNPs synthesis using the unfractionated
extract, a formulation consisting of 8%
unfractionated Tulsi leaf extract and 3 mM
AgNO:s at pH 8 and 55°C, with a reaction time
of 75 minutes, was selected for subsequent
experiments. As for fractionated extract, a
formulation  consisting of 80 ppm
unfractionated Tulsi leaf extract and 10 mM
AgNO3, with a reaction time of 120 minutes,
was selected for subsequent experiments.
These conditions were kept constant during
the subsequent characterization and sensor

development experiments.

Figure 3. AgNPs synthesized using (a)
unfractionated and (b)
fractionated Tulsi leaf extracts

—— AgNPs with Unfractionated Tulsi Leaf Extract
—— AgNPs with Fractionated Tulsi Leaf Extract

Absorbance (A}

250 300 350 400 450 500 650 800
Wavelength {nm)

Figure 4.SPR spectra of AQNPs synthesized
using unfractionated and
fractionated extracts

4. Characterization of Silver
Nanoparticles

Both types of AgNPs were
subsequently characterized using PSA to
determine particle size, polydispersity index
(PDI), and zeta

summarizes the PSA results for AgNPs

potential. Table 2

synthesized using unfractionated (crude) and
fractionated Tulsi leaf extracts. The results
were obtained from three replicates and are
presented as mean values % standard
deviation. AgNPs synthesized using the
unfractionated extract exhibited a smaller
average particle size (66.8 + 1.0 nm) than
those synthesized using the fractionated

extract (185.7 £ 5.2 nm). The larger apparent
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particle size of AgNPs derived from the
fractionated extract may indicate a greater
toward

tendency aggregation or

agglomeration, resulting in a larger
hydrodynamic size [23]. Furthermore, AgNPs
synthesized using the unfractionated extract
showed a lower average PDI value (0.295 +
0.024) than those synthesized using the
fractionated extract (0.339 + 0.031). The PDI
reflects the breadth of the particle size
distribution, with values approaching zero
indicating a narrower distribution [24].
However, the PDI values obtained in this
study indicate that both AgNP dispersions
exhibited relatively broad particle size
distributions rather than completely uniform
particle populations.

The zeta potential of AgNPs
synthesized using the unfractionated extract
was -26.9 + 1.0 mV, whereas AgNPs
synthesized using the fractionated extract
exhibited a value close to neutral (+0.5 + 0.2
mV). Zeta potential provides an indication of
the electrostatic contribution to colloidal
stability. However, the commonly used +30
mV criterion should be regarded as a general
guideline rather than as absolute evidence of
colloidal stability [25]. Thus, the higher
absolute zeta potential value of AgNPs
synthesized using the unfractionated extract
indicates a greater electrostatic contribution
to particle stabilization than that observed for
AgNPs synthesized using the fractionated
extract, although the value remains close to
the frequently cited £30 mV threshold. The
observed differences between the two
preparations may be associated with the

removal of ethyl acetate-soluble

phytochemicals during the fractionation
process, which likely reduced the availability
of compounds capable of acting as reducing,
capping, or stabilizing agents. In addition, the
use of methanol for redissolution may have
altered the solvent environment and the
interactions between phytochemicals and the
AgNP surface [26]. Overall, under the
investigated conditions, AgNPs synthesized
using the unfractionated extract exhibited
smaller particle sizes, lower PDI values, and
higher absolute zeta potential values than
those synthesized using the fractionated
Further

performed on AgNPs synthesized using

extract. characterization  was
unfractionated Tulsi leaf extract. Figure 5
displays the FTIR spectra of the AgNPs and
the Tulsi leaf extract. Both spectra exhibit
broad bands at 3303 cm-' for the AgNPs and
3307 cm! for the leaf extract, which can be
attributed to O — H stretching vibrations from
compounds containing hydroxyl groups.
Weak bands were also observed near 2380
cm' (2382 cm-' for AgNPs and 2381 cm-' for
the leaf extract). These bands are not
associated with specific functional groups of
the samples, as absorption in this region is
generally related to atmospheric CO2 and
may arise from differences in atmospheric
background during FTIR measurements. A
band at 1636 cm™' was observed in both
spectra and may be associated with C=0 or
other oxygen-containing organic functional
groups. The presence of these organic
functional groups in both the leaf extract and
the AgNPs indicates that plant-derived
compounds remain associated with the

AgNPs surface and likely contribute to the
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capping and stabilization processes [27].
Similar FTIR-based interpretations have
been reported for plant-synthesized AgNPs,
where hydroxyl, carbonyl, and other organic
functional groups are linked to

phytochemicals involved in surface capping

Table 2. Summary of results from PSA

and stabilization

However,

277

FTIR

analysis alone cannot confirm the reduction

of Ag* to Ag® nor determine the specific

contribution of each functional group to the

reduction process

Replications AgNPs with Unfractionated AgNPs with
Extract Fractionated
Extract
Particle Size (nm) 1 68.0 185.3
2 66.2 180.7
3 66.3 191.1
Average (nm) 66.8 185.7
Polydispersity 1 0.273 0.336
Index 2 0.321 0.371
3 0.292 0.310
Average 0.295 0.339
Zeta Potential 1 -26.5 +0.3
(mV) 2 -26.3 +0.7
3 -28.1 +0.5
Average (mV) -26.9 +0.5
AgNPs
—
2382 - 1984
1636
3303

Transmittance (%)

3307

Leaf Extract

2381 - 1979

T T T T T
4000 3500 3000 2500

T T T T v T
2000 1500 1000 500

Wavenumber (cm™)

Figure 5. FTIR spectra of AgNPs and tulsi leaf extract

5. Characterization of Chitosan-starch-
Ag Nanocomposite Film

AgNPs synthesized with extract

without fractionation were then modified into

nanocomposites using chitosan-starch to
obtain a chitosan-starch-Ag nanocomposite
film which is then called AgNCF. The

combination of starch and chitosan in this
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system occurs through physical interactions
in the form of hydrogen bonds between the
the
biopolymers. When starch and chitosan are

functional groups present in two
mixed in solution, the —OH groups of starch
can interact with the —OH and —-NH2 groups
of chitosan through hydrogen bonding. This
interaction results in the formation of a stable
mixed polymer network without the formation

of new covalent bonds[29]. Figure 6(a) is the
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SPR spectra for chitosan-starch, AQNCF, and
AgNPs. In the AgNCF spectrum, the SPR
peak of silver nanoparticles is still observed
around 433 nm, but with a lower absorbance
intensity compared to AgNPs in solution form.
This decrease in intensity was caused by the
encapsulation and immobilization of AgNPs
in the starch chitosan matrix, which limits the
mobility of surface electrons and increases

light scattering by the polymer matrix [30].
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Figure 1.(a) SPR spectra of chitosan—starch, AQNCF, and AgNPs, (b) FTIR spectra of chitosan—

starch and AgNCF

The FTIR spectrum Figure 6(b) shows a
broad absorption band at a wave number of
around 3302 cm-1,

presence of O—H and N—H groups derived from

which indicates the
starch and chitosan. The absorption band at
2924 cm-1 is related to the C-H stretching
vibration in the starch structure. The interaction
between the hydroxyl groups of starch and the
amino groups in chitosan is indicated by the
presence of an absorption band at 1591 cm-1.
Furthermore, the band at 1151 cm-1 represents
the stretching vibration of the C-O bond.
Symmetric vibration —CH was observed at
wave number 1412 cm-1, while the peak at
1,074 cm-1 indicated the presence of C-O/C—

O-C stretching vibrations typical of starch and

chitosan polysaccharide structures, while the
peak at 1074 cm-1 indicated the presence of
C-0/C-O-C bond vibrations Comparison of
the FTIR spectra between the chitosan-starch
matrix and the AgNCF reveals no significant
shifts

changes in intensity within the limits of the

in functional groups or noticeable
observational resolution. This spectral similarity
that the addition

nanoparticles does not substantially alter the

indicates of silver
primary covalent bonds within the polymer
matrix, or that the interaction between the
nanoparticles and the matrix is predominantly
physical in nature and falls below the sensitivity
threshold of the FTIR analysis under the tested

conditions [30].


https://doi.org/10.1016/j.msec.2017.02.154
https://doi.org/10.1016/j.microc.2024.112188
https://doi.org/10.1016/j.microc.2024.112188

JKPK (Jurnal Kimia dan Pendidikan Kimia), Vol. 11, No. 2, 2026, pp. 267-286 279

Intensity (Net Counts)

S | N, T

Energy

Chitosan-Starch
AgNCF

Intensity

o 1 20 30 40 s 6 70 8
20 (degree)

Figure 2.(a) SEM image of AgNCF (1,200x%

magnification, accelerating voltage of

20 kV, working distance of 9.09 mm,

and scale bar of 20 yM & 500 nm),

(b) EDX spectrum of AQNCF, and (c)

XRD patterns of AgNCF and
chitosan—starch

SEM and EDX analyses were
conducted to characterize the surface
morphology and elemental composition of
AgNCF. The SEM image (Figure 7 (a))
reveals an irregular and heterogeneous
surface morphology, with bright particle-like
features and relatively large clustered

regions, as indicated by the arrows. These

features may represent Ag-containing
particles or agglomerates [31]. However,
SEM morphology alone cannot definitively
AgNPs from

agglomerates or from features originating

distinguish individual
from the underlying polymer matrix. The EDX
spectrum (Figure 7(b)) shows prominent C
and O signals consistent with the starch—
chitosan matrix, together with a characteristic
Ag signal at approximately 3 keV, confirming
the presence of Ag in the analyzed region
[32]. Quantitative EDX analysis across seven
areas showed Ag contents ranging from 0.0
to 28.9 wt%, while the C and O contents
ranged from 25.2-40.0 wt% and 44.5-61.0
wit%, respectively. The substantial variation in
Ag content among the analyzed areas
indicates a heterogeneous surface
distribution of Ag. Therefore, although the
EDX results confirm the presence of Ag in the
film, they should not be interpreted as direct
evidence of a uniform nanoscale dispersion
of AgNPs throughout the polymer matrix.
The XRD pattern of the chitosan—starch
film (Figure 7(c)) exhibits broad diffraction
features at 206 = 16.69°, 19.48°, and 22.31°,
indicating a predominantly semicrystalline
structure with a substantial amorphous
contribution. These diffraction features are
consistent with the crystalline contributions of
the starch—chitosan matrix, as starch typically
exhibits reflections within the 15-23° range,
whereas chitosan-based fiims show broad
diffraction features around 19-22° [33].
Following the incorporation of AgNPs, the
main diffraction features of the chitosan—
starch matrix remained at approximately
16.80°, 19.43°, and 22.18°, suggesting that
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the overall structural characteristics of the
polymer matrix were preserved. Additional
reflections were observed at approximately
31.79° and 45.76°. However, these peaks
cannot be conclusively assigned to metallic Ag
based solely on their positions. Face-centered
cubic metallic Ag is typically characterized by
reflections near 38°, 44°, 64°, and 77°,
corresponding to the (111), (200), (220), and
(311) planes, respectively [34]. Therefore, the
additional peaks at 31.79° and 45.76° are
more appropriately reported as unidentified
reflections pending comparison with suitable

reference diffraction patterns.

6. Sensor Performance Tests

Figure 8 shows the color changes
observed for AgNPs synthesized using the
unfractionated extract, both in colloidal and film
forms. A distinct color change in response to
Hg?** was observed only for AQNCF. Changes
in the SPR intensity of AgNCF during the
selectivity and interference tests are shown in
Figure 9(a) and Figure 9(b). The largest change
in SPR intensity was observed in the presence
of Hg?*, while the presence of other metal ions
did not significantly interfere with the AgNCF
signal response. The high selectivity of AQNCF
toward Hg*" may be associated with a redox
reaction and the formation of an Ag-Hg
amalgam, in which Hg?* is reduced to Hg° and
subsequently interacts with Ag on the
nanoparticle surface. This process decreases
the intensity of the SPR peak, resulting in a
large change in absorbance (A absorbance). In
contrast, the other metal ions do not exhibit
sufficient affinity toward AgNCF to induce

significant optical changes [35].

Figure 9(c) illustrates the SPR spectra of
AgNCF recorded weekly over four weeks of
storage at room temperature (~25°C) under
indoor relative humidity conditions. The SPR
band of the AgNPs remained detectable within
the 400420 nm range throughout the four-
week storage period, while the characteristic
visual color was retained without noticeable
macroscopic fading. A slight red shift in the
peak wavelength was observed over time,
accompanied by an increase in absorbance
intensity. Although the persistence of the SPR
peak indicates the relative optical stability of the
AgNPs within the starch—chitosan matrix, the
slight spectral shift and baseline drift may reflect
minor structural rearrangements, solvent
evaporation, or subtle changes in nanoparticle
dispersion during storage rather than an
improvement in stability [36], [37]. The sensor
response-time test showed that the response
time increased as the Hg* concentration
decreased. At 100 ppm, the color change
became visible after 23 s and reached a stable
response after 3 min 2 s, whereas at 5 ppm, the
color change became visible after 62 s and
stabilized after 7 min 14 s. These results
indicate that higher Hg?* concentrations
accelerate the Ag—Hg interaction, resulting in a
faster sensor response and a shorter time
required to reach a stable signal.

Figure 9(d) shows the calibration curve
of the AgNCF sensor for Hg** detection
based on absorbance values measured at
433 nm. The absorbance decreased linearly
with increasing Hg®* concentration within the
investigated range of 0—10 ppm, following the
regression equation y = -0.04813x + 0.66931
with R? = 0.99757. This R? value indicates a
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strong linear relationship between Hg**
concentration and the sensor response [38].
The decrease in absorbance is likely
attributable to the interaction between Hg?*
and AgNPs, which alters the surface plasmon
resonance (SPR) response of the
nanocomposite film [30]. The absolute value
of the calibration-curve slope (0.04813
absorbance units ppm™) represents the
analytical sensitivity of the sensor within the
investigated concentration range. The
residual standard deviation obtained from the

calibration regression was 0.00995, and this

value was used to estimate the LOD and
LOQ. Based on the equations described in
the analytical method, the LOD and LOQ
were calculated to be 0.68 ppm and 2.07
ppm, respectively. Therefore, although the
calibration curve was constructed using Hg?*
concentrations of 0, 2, 4, 6, 8, and 10 ppm,
the quantitative range should be interpreted
in relation to the calculated LOQ rather than
being reported as a fully validated

quantitative range beginning at 0 ppm.

Figure 3. Visual selectivity test of (a) AgNPs, (b) AGQNCF toward the tested metal ions
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Figure 4.(a) Selectivity response of AQNCF at 433 nm, (b) Interference response of AgNCF in
the presence of competing metal ions, (c) SPR spectra of AQNCF during four weeks of
storage, (d) Calibration curve for Hg?* determination using AGQNCF

CONCLUSION

AgNPs were successfully synthesized
using unfractionated and fractionated Tulsi
leaf extract. AgNPs synthesized using
unfractionated Tulsi leaf extract had better
characteristics (higher SPR intensity, smaller
size, and better stability), where AgNPs were
synthesized at a reaction time of 75 minutes,
3 mM AgNOs, 8% v/v extract, and pH 8. The
resulting AgNPs had an SPR peak of around
430 nm, an average size of 66.8 nm, a PDI of
0.295, and a zeta potential of -26.9 mV
indicating good stability. AQNCF based on
starch-chitosan-AgNPs was also
successfully synthesized with the formation
of a silver crystaline phase and a

characteristic color change. AgNCF showed

good performance as a selective Hg?* sensor
with linear working range of 0 — 10 ppm Hg?*
(R? = 0.99757), and LOD of 0.68 ppm and
LOQ of 2.07 ppm. This sensor has the
potential to be used as a colorimetric sensor
for detecting Hg?*, however, performance
improvements are required to achieve a low

LOD that meets regulatory standards.
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