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Abstract

Mercury, a toxic heavy metal, continues to be illicitly added to skin-lightening cosmetics despite global bans, posing severe
health risks. This study aimed to develop an accurate and rapid method for mercury detection in cosmetic creams using
chitosan-stabilized silver nanoparticles (CS-AgNPs). The method leverages Hg?*-induced discoloration of CS-AgNPs,
validated for linearity, accuracy, precision, the limit of detection (LOD), and the limit of quantification (LOQ). Synthesized
CS-AgNPs exhibited a characteristic surface plasmon resonance (SPR) peak at 420 nm, with an average particle size of 207
nm. The assay demonstrated excellent linearity (R*>> 0.97) across 20-100 pg mL-! Hg?*, with recoveries of 95-101%, and
precision (RSD <5%). Detection and quantification limits were 3.6 pg mL! (LOD) and 12.01 ug mL-! (LOQ), respectively.
Based on the experimental findings, CS-AgNPs demonstrate high selectivity and promise for routine mercury analysis in
cream samples, exhibiting suitable analytical performance for their intended purpose.
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Introduction

Skin-lightening cosmetics remain widely used by
individuals seeking a brighter complexion or reduced
facial hyperpigmentation [1]. These products often
target melanin, a pigment synthesized in
melanosomes, transported to keratinocyte borders via
the dendritic process, and subsequently stored in
perinuclear regions of keratinocytes and melanocytes
[1]. Although mercury-containing cosmetic creams
can inhibit melanin synthesis, mercury is a highly
toxic element with severe health implications. Even
minimal exposure may adversely affect the brain,
kidneys, heart, stomach, and intestines [1].
Consequently, mercury is strictly prohibited in
cosmetic formulations. Despite regulatory bans,
mercury continues to be illicitly added to cosmetic
products, posing significant public health risks [2].

Several analytical techniques have been utilized to
determine  mercury levels, including atomic
absorption spectrophotometry (AAS) [3], inductively

coupled plasma-mass spectrometry (ICP-MS) [4],
high-performance liquid chromatography inductively
coupled plasma mass spectrometry (HPLC-ICP-MS)
[5], and electrochemical sensor [6]. However, these
methods face limitations, including time-intensive
procedures, high operational costs, and the
requirement for sophisticated instrumentation. In
contrast, colorimetry has emerged as a
straightforward alternative for mercury detection in
cosmetics. This method offers several advantages,
such as simplicity, rapid analysis, cost-effectiveness,
and user-friendly instrumentation [7]. Recent
advances in nanotechnology further enhance this
approach, as nanoparticles (NPs) with sub-1 pm
dimensions exhibit unique optical properties
exploitable for colorimetric sensing [8].

Over recent decades, colorimetric sensors based on
silver nanoparticles (AgNPs) and gold nanoparticles
(AuNPs) have emerged as promising analytical tools
for diverse applications [9]. Although AuNPs are

1



Malays. J. Anal. Sci. Volume 29 Number 2 (2025): 807

recognized as the most stable metal nanoparticle,
AgNPs of comparable size demonstrate enhanced
visibility and sensitivity due to their superior
plasmon excitation efficiency [8]. Furthermore,
AgNPs are more cost-effective than AuNPs, making
them a preferred choice for colorimetric
methodologies [8]. AgNPs have been extensively
utilized for detecting ions—including iron, copper,
lead, cobalt, manganese, mercury—and diverse
metabolites [8,10].

Various methods have been developed for
synthesizing silver nanoparticles, including chemical
reduction [11], electrochemical synthesis [12],
photochemical  synthesis  [13], microemulsion
techniques [14], gamma irradiation [15], UV-assisted
synthesis [16], microwave-assisted synthesis [17],
and green synthesis [18]. However, AgNPs are prone
to aggregation, necessitating stabilization strategies
to retain their functional properties. Immobilizing
nanoparticles within a biopolymer matrix has gained
attention enhancing stability. This approach not only
increases the active surface area of nanoparticles but
also mitigates aggregation, thereby improving their
functional performance [19]. Chitosan, a biopolymer
composed of B-(1—4)-linked glucosamine and N-
acetyl-D-glucosamine, stands out as a promising
matrix due to its biodegradability, biocompatibility,
and non-toxic nature. The presence of amine (-NH,)
and hydroxyl (-OH) functional groups in its structure
enables chitosan to act as an effective chelating
agent. Under acidic conditions, the protonation of
free amine groups facilitates chelation with metal
ions through electrostatic interactions, further
enhancing its utility in nanoparticle stabilization [20].

To the best our knowledge, no prior studies have
reported using chitosan-stabilized silver
nanoparticles (CS-AgNPs) in colorimetric methods
for detecting mercury in cosmetic products. This
study aims to develop a simple, robust, and cost-
effective colorimetric approach for mercury detection
in cosmetic creams, leveraging the unique
advantages of CS-AgNPs. We rigorously validate the
analytical performance of this method through
systematic spectrophotometric analysis, emphasizing
its selectivity, linearity, accuracy, precision, and
limits of detection (LOD) and quantification (LOQ)
for routine quality control.

Materials and Methods

Chemicals

Analytical-grade silver nitrate (AgNOs), ascorbic
acid (C¢HgOgs), and glacial acetic acid (CH;COOH)
were purchased from Merck (Darmstadt, Germany).
The chitosan standard was obtained from Sigma
Aldrich (St. Louis, USA). Standard solutions of
mercury (Hg(NOs)2), lead (Pb(NOs):), cadmium

(Cd(NOs)2), arsenic (H3AsOs4), and chromium
(Cr(NO3);) in 2% HNO; (1000 pg mL') were
purchased from Merck (Darmstadt, Germany). High-
purity demineralized water was supplied by
Bratachem (Purwokerto, Indonesia). Commercially
available cosmetic creams were purchased from a
local market (Purwokerto, Indonesia).

Instrumentation

Magnetic heated stirrer HMS-79 (Shanghai, China),
analytical balance Ohaus (Nianikon, Switzerland),
and micropipettes Socorex (Lausanne, Switzerland)
were used for CS-AgNPs preparation. The
colorimetric measurements were performed with a
Cecil CE 3021 UV-Visible spectrophotometer
(Cambridge, England), while particle
characterization was performed using an SZ-100
Horiba Scientific (Kyoto, Japan) particle size
analyzer.

Synthesis and characterization of chitosan-
stabilized silver nanoparticles (CS-AgNPs)

The synthesis of CS-AgNPs was adapted from Zain
et al. [21] with optimization of key parameters such
as chitosan concentrations, silver nitrate (AgNOs)
concentration, ascorbic acid concentration, and
incubation time. In the optimized procedure, 50 mL
of a 1.0 mg mL"' AgNOs solution was mixed with
chitosan dissolved in 1% (v/v) glacial acetic acid. To
this mixture, 2.0 mL of 0.5 mg mL™! ascorbic acid
was added. The mixed solutions were stirred and
incubated at 600 rpm and 90°C for 15 minutes. The
resulting CS-AgNPs were stored in the refrigerator at
4°C and in the dark. Characterizations included a
UV-Vis spectrophotometer and a particle size
analyzer (PSA).

Determination and method validation of mercury
using CS-AgNPs

For mercury detection in the samples, 300 pL of
sample solutions was mixed with 2.4 mL of CS-
AgNPs solutions, followed by adding 3.0 mL of
deionized water. The resulting mixture were then
incubated at 90°C for 30 minutes. Finally,
absorbance measurements were performed at 420 nm
(Amax) using a UV-Vis spectrophotometer, with
deionized water as the blank. A calibration curve was
constructed by plotting mercury concentration
against the relative discoloration intensity (AA = Ay
— Ay), where Ay and A, represent the absorbance of
the blank and sample, respectively.

Analytical method validation followed ICH Q2 (R1)
guidelines [22], assessing selectivity, linearity,
accuracy, precision, and the limits of detection
(LOD) and quantification (LOQ). Selectivity was
evaluated against 100 pg mL- solutions of Pb?*,
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Cd?*, As*, and Cr®. Linearity was verified using
triplicate measurements of five mercury standards
(20-100 pug mL!). Accuracy was determined via the
standard addition method, in which three spiked
mercury concentrations were added to the sample
solution. For the sample solution, 100 mg of
cosmetic cream was dissolved in 50 mL of deionized
water and filtered through a 0.22 pum nylon
membrane before analysis. All measurements were
conducted in triplicate.

Precision was evaluated as intra-day and inter-day
variability. Intra-day precision involved three
replicate measurements of the same sample within a
single day, while inter-day precision extended
measurements across three consecutive days, with
relative standard deviation (RSD) thresholds set at
<3% and <5%, respectively. LOD and LOQ were
derived from the calibration curve using the
equations LOD = 3.3 o/S and LOQ = 100/S, where
represents the residual standard deviation of the
regression line, and S denotes its slope.

Results and Discussion

Synthesis and characteristics of chitosan-
stabilized silver nanoparticles (CS-AgNPs)

The chitosan-stabilized silver nanoparticles (CS-
AgNPs) were synthesized through a chemical
reduction method involving silver nitrate, ascorbic
acid, and chitosan. During synthesis, adding chitosan
dissolved in acetic acid to the AgNO; solution
facilitated electrostatic interactions between Ag™ ions
and the biopolymer’s functional groups. Specifically,
the amine (-NH») and hydroxyl (-OH) groups of
chitosan—abundant in oxygen and nitrogen atoms—
acted as electron donors, interacting with the
positively charged silver ions to form Ag*-chitosan
complexes. Ascorbic acid served as a reducing agent
to reduce silver ions and facilitate the formation of

1.50
1.20 A
o —a: CS-AgNPs
o - b: H2O+chitosan+ascorbic acid
€ 0.90 --¢: H,0 +AgNQs+ascorbic acid
g ~d: Hz0+chitosan+AgNO3
h
o}
? 0.60 Al
Qo
<L a
030 | P
C
d . wies
_ e
250 350 450 550 650 750

Wavelength (nm)

silver nanoparticles [23]. Additionally, protonated
chitosan stabilized the silver nanoparticles,
preventing nanoparticle aggregation and controlling
their size distribution [21].

Adding ascorbic acid to the silver nitrate and
chitosan solutions induced a distinct color transition
from bright yellow to a deep yellowish-brown, with
the UV-Vis absorption peak at 420 nm (Figure 1A).
This chromatic shift due to the reduction of Ag+ ions
to zerovalent silver nanoparticles (AgP), as confirmed
by the characteristic surface plasmon resonance
(SPR) band in the 400-500 nm range—a
characteristic of AgNP formation [10, 19, 23]. The
observed SPR peak intensity and position are directly
influenced by nanoparticle size and dispersion; larger
particles or aggregates exhibit redshifted peaks due
to altered plasmonic coupling [8]. Moreover, the
absence of chitosan in an acidic ascorbic acid
solution leads to unstable AgNPs, as the lack of
protonated amine groups (-NHs*) from chitosan
diminished electrostatic  stabilization. This
underscores the critical role of pH-dependent
electrostatic repulsion between anions (e.g., NO3)
and the positively charged chitosan matrix in
stabilizing AgNPs [24]. Particle size analysis
revealed CS-AgNP clusters with an average size of
207 nm (Figure 1B), aligned with prior reports of
chitosan-mediated AgNP aggregates ranging from
10-500 nm [25].

Optimization of chitosan-stabilized silver
nanoparticles (CS-AgNPs) synthesis conditions

This study systematically optimized four critical
synthesizing CS-AgNPs: ascorbic acid concentration,
silver nitrate (AgNOs) concentration, chitosan
concentration, and incubation time. The goal was to
establish  conditions vyielding stable, optically
uniform CS-AgNPs. Clear colloidal solutions were
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Figure 1. Characterization of chitosan-stabilized silver nanoparticles (CS-AgNPs). (A) UV-Vis absorption
spectra of CS-AgNPs and precursor reagents (ascorbic acid, AgQNOs, and chitosan). (B) Hydrodynamic size
distribution of CS-AgNPs determined by particle size analyzers
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prioritized to minimize light scattering artifacts
during spectrophotometric measurements, as turbid
suspensions can artificially inflate absorbance values.

The first step in this process involved selecting the
concentration of ascorbic acid by adding varying
concentrations of ascorbic acid to a fixed
concentration of 1.0 mg mL™ of silver nitrate and
chitosan. Absorbance at 420 nm increased with
ascorbic acid concentration, suggesting enhanced
nanoparticle formation (Figure 2A). However, at 0.8
mg mL, the solutions appeared a dark yellow with
suspended  particles, indicating  nanoparticle
instability due to oversaturation of the reducing
agent. This aligns with a prior study that excess
ascorbic acid disrupts colloidal stability by
promoting rapid, uncontrolled nanoparticle growth
and aggregation [23]. Consequently, 0.5 mg mL™
ascorbic acid was selected as the optimal
concentration for further investigation.

Reactions were performed with varying AgNOs;
concentrations (0.5-2.0 mg mL-1) alongside fixed
concentrations of chitosan (1.0 mg mL™) and
ascorbic acid (0.5 mg mL™). The results showed that
absorbance at 420 nm increased proportionally with
AgNO;3 concentration, correlating with intensified
yellowish coloration due to enhanced nanoparticle
formation (Figure 2B). However, at 2.0 mg mL™
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aggregation of silver nanoparticles into larger
clusters—a phenomenon consistent with prior reports
of oversaturated precursor conditions  [26].
Therefore, 1.0 mg mL™ AgNOs; was selected for
subsequent experiments.

Optimal chitosan concentration was evaluated by
varying its concentration (0.1-5.0 mg mL™) in
reactions containing 0.5 mg mL™ ascorbic acid and
1.0 mg mL™* AgNOs. Adding 1.0 mg mL™ chitosan
and 0.5 mg mL™! ascorbic acid was sufficient to
reduce silver nitrate at a concentration of 1.0 mg
mL™ (Figure 2C). Chitosan serves not only as a
stabilizing agent but also as a reducing agent in the
synthesis of silver nanoparticles [27].

The synthesis mixture (1.0 mg mL™* AgNOs, 0.5 mg
mL™t ascorbic acid, 1.0 mg mL™ chitosan) was
stirred and heated at 90°C for 15-60 minutes.
Absorbance at 420 nm increased with incubation
time (Figure 2D), peaking at 30 and 60 minutes with
a distinct yellow hue indicative of well-dispersed
nanoparticles. This finding corroborates other
observations suggesting that synthesizing silver
nanoparticles with a stirring time exceeding 30
minutes can lead to a darker yellowish hue due to
increased particle collisions, ultimately resulting in
aggregation [28]. Thus, 15 minutes was an optimal
duration to ensure monodisperse CS-AgNPs.
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Figure 2. Optimization of chitosan-stabilized silver nanoparticles (CS-AgNPs) synthesis. Effect of varying
concentrations of (A) ascorbic acid, (B) silver nitrate (AgNOs), and (C) chitosan, as well as (D) incubation time,

on nanoparticle synthesis.
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Determination and method validation of mercury
using CS-AgNPs

The selectivity of the CS-AgNPs-based colorimetric
method was evaluated by incubating synthesized
nanoparticles with solutions containing Hg?* and
common interferent ions (Pb?*, Cd?*, As>*, Cr®) at
90 °C for 15 minutes. A pronounced decrease in
absorbance at 420 nm-—corresponding to SPR
attenuation—was observed exclusively with Hg?",
while other ions induced negligible spectral changes
(Figure 3A), indicating that the method
demonstrated high selectivity for mercury (Hg?")
over other metal ions. This finding aligns with
previous studies demonstrating Hg?*-specific redox
interactions with AgNPs. The mechanism involves
the oxidation of zerovalent silver atoms (Ag®) in
AgNPs to Ag* ions, coupled with the reduction of
Hg?* to elemental mercury (Hg®), as confirmed by
UV-Vis spectroscopy and transmission electron
microscopy (TEM) analysis. Conversely, SPR
showed only a small shift following the addition of
various metal ion solutions, including AI®*, As®,
As®, Cd?*, Co?*, Cr*¢, Cu®, Fe?, Fe®, and Pb?*
[29].

0.90

The sensitivity of the method was demonstrated by
incubating CS-AgNPs with Hg?* concentrations
ranging from 20-100 ug mL™. A concentration-
dependent decrease in absorbance at 420 nm was
observed (Figure 3B), accompanied by visible
decolorization from yellow to colorless, consistent
with  Hg?*-mediated nanoparticles. The linear
correlation between Hg®* concentration and relative
discoloration intensity (AA = A, — A,) yielded a
calibration curve with a correlation coefficient (R?)
>0.97 (Figure 3C).

Accuracy and precision were evaluated using the
standard addition method by spiking cosmetic cream
samples with mercury at three concentration levels:
75%, 100%, and 125% of the target value. Triplicate
measurements were performed for each spiked level
(Table 1). Accuracy, expressed as percentage
recovery, yielded values ranging from 95.66% to
101.06%, demonstrating excellent agreement
between measured and  added mercury
concentrations. These recoveries surpass those
reported in other studies, such as 64-88% for
mercury determination in cosmetic creams using
AAS [3] and >94% using the cold vapor-AAS
method [30].
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The precision of the measurement, expressed as
relative standard deviation (RSD), yielded intraday
and interday values of <2% and <5%, respectively
(Table 1). These results surpass the intraday
precision (RSD <7%) reported for mercury
determination in cosmetics using AAS [3]. The LOD
and LOQ, calculated from the calibration curve’s

these values are higher than those achieved by
advanced techniques such as ICP-MS [4, 31], the
proposed method remains effective for detecting
mercury in cosmetics illegally adulterated with
concentrations exceeding 1000 pg mL™* [2]. Table 2
compares the analytical performance of this method
with existing techniques, including cold vapor-AAS,

residual standard deviation, were determined as 3.60 isotope dilution-ICP-MS, and differential pulse
pg mL! and 12.01 pg mL™, respectively. Although stripping voltammetry.
Table 1. Accuracy and precision data for mercury determination (n = 3)
Intraday Interday
Mercury M M
. Added ercury ercury
Spike Level ~ Sample Found Recovery Found Recovery
(ng mL™) (ng mL™) (%) (ng mL™) (%)
1 60.00 60.35 100.59 58.01 96.68
2 60.00 61.31 102.19 60.35 100.59
0,
5% 3 60.00 60.24 100.40 63.27 105.45
Average 101.06 100.91
% RSD 0.97 4.35
1 80.00 81.52 101.91 82.90 103.65
2 80.00 78.42 98.02 77.83 97.29
100% 3 80.00 79.49 99.35 78.42 98.02
Average 99.76 99.65
%RSD 1.98 3.49
1 100.00 97.31 97.31 96.74 96.74
2 100.00 96.65 96.65 96.05 96.05
125% 3 100.00 93.03 93.03 97.31 97.31
Average 95.66 96.70
% RSD 2.31 0.63
Table 2. Comparison of analytical method for mercury determination in cosmetic
Sample Method Linier range LOD Recovery Intraday Interday Ref.
and (R?) (%) RSD (%)  RSD (%)
Cosmetic CV-AAS? 0.01-0.04 0.005 98-102 2.8 - [31]
ppm ppm (n=10)
(0.9984)
Cosmetic ID-ICP-MSP Up to 8.0 0.6 90-105 23 5.1 [4]
ng mL™! pgmL™! (n=7) (n=7)
(0.997)
Cosmetic AAS® 0.05-2.0 0.4749 78.65 12.69 7.17 [3]
gL ng g’ (n=10) (n=10)
(>0.99)
Cosmetic DPSV¢ 10-500 5 78.5-107.9 8.8 - [6]
ugL! ug L (n=20)
(0.993)
Cosmetics CS-AgNPs 20-100 3.60 95.66-101. 0.97-231( 0.63-4.35 This work
colorimetry pg mL! pg mL! 06 n=3) (n=3)
(0.9777)

*Cold vapor technique coupled with atomic absorption spectrometry (AAS); ‘Isotope dilution inductively coupled plasma mass
spectrometry; ‘Atomic absorption spectrometry; Differential pulse stripping voltammetry;A dash (-) indicates no data available
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Conclusion

Our results demonstrate that chitosan-stabilized
silver nanoparticles (CS-AgNPs) were effectively
developed for detecting mercury in creams using a
spectrophotometric method based on discoloration.
The proposed method exhibited strong analytical
performance, including good linearity, accuracy, and
precision, making it highly suitable for analyzing
mercury in cosmetic creams.
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