#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Colorimetric sensor for Pb?* detection in water
using thioglycolic acid-conjugated gold
nanoparticles

i '.) Check for updates ‘

Cite this: RSC Adv., 2025, 15, 6931

Febrina Amelia Saputri, ©© * Talitha Shabirah Aulia,® Catur Jatmika,?
Raditya Iswandana, ©°® Sandra Megantara® and Vinayak A. Dhumale®

Environmental pollution by the heavy metal lead (Pb%*) poses significant health risks, including kidney
damage and neurotoxicity in children. Gold nanoparticles (AuNPs) have shown promise as colorimetric
sensors for visually detecting Pb%* through surface plasmon resonance. This study developed
a colorimetric method using thioglycolic acid (TGA) as a conjugate, leveraging its strong S—Au bond and
carboxyl group to enhance AuNPs stability and Pb?* specificity. The method was optimized and
examined using UV-visible spectrophotometry, High-Resolution Transmission Electron Microscopy
(HRTEM), and Fourier Transform Infrared Spectroscopy (FTIR). Optimal conditions were identified as 700
puL AuNPs, 500 uM thioglycolic acid, and pH 10.0 for 10 minutes. The synthesized TGA-AuNPs could

detect Pb?* at a limit of 9.5 ng mL™. The sensor demonstrated specificity to Pb?* against Ba®*, Mn?*,
Received 30th August 2024

Accepted 22nd February 2025 Cu?*, Mg?*, and Hg?*. The application to water samples from Lake Kenanga, Puspa, and FMIPA in

Universitas Indonesia indicated that Pb?* levels were below the detectable concentration. This research

DOI: 10.1039/d4ra06260d successfully developed a simple, fast, cost-effective TGA-AUNPs colorimetric sensor for real-time Pb2*
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1 Introduction

Environmental pollution from heavy metals, particularly lead
(Pb*"), poses significant health risks due to its bioaccumulation
and non-degradable nature.'? Pb®>" contamination primarily
originates from industrial activities and can result in high blood
pressure, cardiovascular issues, kidney damage in adults, and
neurotoxicity in children.> Recent studies in Indonesia have
shown dangerous levels of Pb>" in water sources, emphasizing
the need for effective detection methods.**

Methods like atomic absorption spectrometry (AAS) and
inductively coupled plasma mass spectrometry (ICP/MS) are
accurate but costly and complex.® Colorimetric analysis using
gold nanoparticles (AuNPs) offers a simpler, faster, and cost-
effective alternative. AuNPs are sensitive to Pb>" due to their
surface plasmon resonance (SPR) properties. These character-
istics make AuNPs highly sensitive to size, shape, surrounding
media, and interparticle distance changes. Metal ions, such as
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Pb*", can bind to the surface of AuNPs, inducing aggregation
and causing a color change from red to blue.®®

Thiol-conjugated gold nanoparticles have been extensively
used due to their long-term stability and high extinction coef-
ficients.” Thiol and carboxylate groups, such as those in 11-
mercaptoundecanoic acid (11-MUA) and glutathione, have
proven effective in detecting Pb** with AuNPs, achieving
detection limits of 400 uM (82.88 ug mL™') and 100 nM
(20.72 pg L), respectively.'®'* However, the detection limits
reported in these studies are still relatively high and do not meet
the stringent requirements set by international health organi-
zations like the Environmental Protection Agency, which is
15 ug L7112

Thioglycolic acid (HSCH,COOH) is structurally similar to 11-
MUA (HS(CH,);0CO,H), differing primarily in the length of their
alkyl chains. This difference affects solubility, which can influ-
ence colorimetric results in aqueous solutions.® Thioglycolic
acid (TGA) is more readily available and cost-effective than 11-
MUA. Environmentally, TGA is considered free of persistent,
bioaccumulative, and toxic components, making it suitable for
use.” In addition to the advantages and ability of TGA to
conjugate to AuNPs, there has been no experiment using
AuNPs-conjugated TGA to detect Pb>*. This study aims to
develop a TGA-conjugated AuNPs colorimetric sensor for real-
time Pb>* detection in water, providing an accessible and effi-
cient solution for environmental monitoring.

RSC Adv, 2025, 15, 6931-6937 | 6931


http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra06260d&domain=pdf&date_stamp=2025-03-03
http://orcid.org/0000-0002-9201-8018
http://orcid.org/0000-0003-2637-3844
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06260d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015009

Open Access Article. Published on 03 March 2025. Downloaded on 3/1/2026 9:22:00 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

2 Materials and methods

2.1. Materials and reagents

The main chemicals used were gold nanoparticles with
a diameter of 10 nm (Sigma Aldrich, USA) and thioglycolic acid
(Sigma Aldrich, USA). Other chemicals included glycine, NaOH
(Sigma Aldrich, USA), metal salts Pb(NOj3),, BaCl,, Mg(OH),,
CuSO,, and MnCl, (Merck, Germany), HgCl, (Smartlab, Indo-
nesia), HNO; (Merck, Germany), and demineralized water.
Water samples in this study were taken from lakes at Uni-
versitas Indonesia, including Kenanga Lake, Puspa Lake, and
FMIPA Lake.

2.2. Instruments

The UV-visible absorption spectrum was recorded in a quartz
cuvette using a UV-visible spectrometer (Thermo Scientific,
USA). Functional groups on the surface of AuNPs were identified
by Fourier Transformed Infrared spectroscopy (Shimadzu,
Japan). The morphology and particle size distribution of TGA-
AuNPs were measured with a high-resolution transmission
electron microscope (HRTEM) (Tecnai G2 F20 S-TWIN, USA).

2.3. Characterization of AuNPs pre- and post-treatment

As much as 700 pL of untreated AuNPs was mixed with 1 mL of
distilled water and incubated for 1 hour, and its absorbance was
measured over 400-800 nm." Post-treatment, 700 pL of 10 nm
AuNPs was mixed with 1 mL of pH 10.0 glycine-NaOH buffer, 50
pL of 500 pM TGA, and of 1 uM Pb**, incubated for 1 hour, and
absorbance was measured over 400-800 nm.*?

2.4. Method optimization

Different volumes of 10 nm AuNPs (300, 400, 500, 600, 700 uL)
were mixed with 1 mL of pH 10 glycine-NaOH buffer, 50 puL of
500 pM TGA, and 50 pL of 1 uM Pb**, incubated for 10 minutes,
and absorbance was measured over 400-800 nm. The optimum
volume of 10 nm AuNPs was mixed with 1 mL of pH 10 glycine-
NaOH buffer, 50 pL of 500 uM TGA, and 50 uL of 1 pM Pb*",
incubated for various times (10, 20, 30, 40, 50, 60, 70, 80, 90, 100
minutes), and absorbance was measured over 400-800 nm. In
the next step, 10 nm AuNPs (700 pL) was mixed with 1 mL of pH-
optimal glycine-NaOH buffer, different TGA concentrations (10,
50, 100, 500, 1000 uM), and 50 pL of 1 uM Pb**, incubated for 10
minutes, and absorbance was measured over 400-800 nm. For
the final optimization, 10 nm AuNPs (700 pL) were mixed with
1 mL of glycine-NaOH buffer at varying pH levels (8.6, 9.0, 9.6,
10.0, 10.6), 50 pL of 500 uM TGA, and 50 puL of 1 pM Pb*",
incubated for 10 minutes, and absorbance was measured over
400-800 nm."*

2.5. Characterization of TGA-conjugated AuNPs

700 pL of 10 nm AuNPs was mixed with 1 mL of pH 10 glycine-
NaOH buffer and 50 pL of 500 uM TGA, incubated for 10
minutes, and absorbance was measured over 400-800 nm.
AuNPs and TGA-AuNPs were analyzed using IR spectroscopy in
the range of 4000-500 cm . The particle size distribution of
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AuNPs was analyzed using HRTEM. Samples of AuNPs and TGA-
AuNPs/Pb”>* were placed on a copper grid, dried for 1 hour, and
examined using HRTEM.

2.6. Sensitivity and selectivity tests of TGA-conjugated
AuNPs

For the sensitivity test, 700 uL of 10 nm AuNPs was mixed with
1 mL of pH 10 glycine-NaOH bulffer, followed by 50 pL of 500
UM TGA, and 50 pL varying concentrations of Pb>" (0, 0.001,
0.01, 0.1, 10 ug mL™"), then incubated for 10 minutes. Absor-
bance was measured over 400-800 nm. For the selectivity test,
700 pL of 10 nm AuNPs was mixed with 1 mL of pH 10 glycine-
NaOH buffer and 50 pL of 500 uM TGA, followed by 50 pL of
different metal ions (Ba®>", Cu®, Hg>*, Mg**, Mn*") at 9.5 pg
mL !, incubated for 10 minutes, and absorbance was measured
over 400-800 nm.

2.7. Application of TGA-conjugated AuNPs for Pb>* detection
in water samples

For the detection of Pb>" in water samples, 100 pL of filtered
lake water (filtered using 0.45 pm filter paper) was added to
a synthesized TGA-AuNPs solution, which contained 700 puL of
AuNPs, glycine-NaOH buffer, 50 pL of 500 uM TGA, and was
maintained at pH 10.0 for 10 minutes. Subsequently, 50 uL of
0.01 pg per mL Pb** was added to the spiked lake water sample.
The absorbance was measured and compared between the
positive control and the lake water sample to determine the
presence of Pb>".

3 Results and discussion

3.1. Characterization of AuNPs pre-and post-treatment

Gold nanoparticles (AuNPs) were characterized before and after
treatment using UV-vis spectrophotometry to assess their
optical properties and stability. The pre-treatment gold nano-
particles (AuNPs) were red. They exhibited a maximum absor-
bance at 520 nm as measured by UV-vis spectrophotometry
(Fig. 1A). It indicates well-dispersed particles with an average
diameter of 10-20 nm. This dispersion is attributed to the
electrostatic repulsion from the negatively charged citrate layer
weakly adsorbed on the AuNPs surface, enhancing their
stability in aqueous solutions.”*® In the post-treatment solu-
tion, a red shift in absorption from 520 nm to 633 nm indicated
aggregation of AuNPs into larger clusters (Fig. 1B). The SPR
peak shifted depending on the interaction with thioglycolic acid
(TGA) and the subsequent chelation with lead ions (Pb*"),
reflecting changes in particle size and aggregation state. Upon
treatment with glycine-NaOH buffer, thioglycolic acid (TGA),
and lead ions (Pb**), the gold nanoparticles (AuNPs) changed
from a wine red to a bluish-purple color. This color shift results
from plasmonic coupling due to chelation between TGA and
Pb*", leading to the aggregation of TGA-AuNPs. The addition of
Pb>" ions facilitate chelation with the carboxylate groups on
TGA-AuNPs, reducing the interparticle distance and inducing
aggregation.” The specific interaction between TGA's

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 UV-vis spectra of pre-treatment (A) of gold nanoparticles in
water and post-treatment (B) of gold nanoparticles in the addition of
1 mL of pH 10.0 glycine—NaOH buffer, 50 pL of 500 uM TGA, and the
presence of 50 pL of 1 uM Pb3*.

carboxylate groups and Pb®>" forms TGA-Pb**-TGA linkages,
contributing to this observable shift.>®

3.2. Method optimization

Optimization of the synthesis parameters showed that a volume
of 700 pL of AuNPs provided the best absorbance at 0.299
(Fig. 2A). The optimal reaction time was determined to be 10
minutes for the AuNPs-TGA/Pb>* mixture, yielding the highest
absorbance (Fig. 2B). A TGA concentration of 500 uM and a pH
of 10.0 were identified as optimal (Fig. 2C and D), with the
highest absorbance ratio A660/A520 observed at this pH, indi-
cating better dispersion at a basic pH.

Optimization of the AuNPs involved varying parameters, such
as the volume of nanoparticles and the incubation time, to achieve
the highest absorbance and stability. The UV-vis spectra revealed
that increasing the volume of AuNPs led to higher absorbance
values, with an optimal volume identified at 700 pL. The
concentration of gold nanoparticles, represented by the volume of
AuNPs added, shows a direct linear relationship with absorbance,
as expected from Beer-Lambert law (A = C). Linear regression
equation of y = 0.0409 + 0.0004x was derived with five concen-
trations tested, yielding an intercept of 0.0409 and a slope of
0.0004. The correlation coefficient was r = 0.994, with r* = 0.9894,
fulfilling the ICH criteria for linearity (+* = 0.98).2' This confirms
the method's linearity and accuracy across the tested range.

The effect of incubation time on TGA-AuNPs/Pb** was eval-
uated by optimizing the incubation duration in the range of 10-
100 min. TGA-AuNPs/Pb>" at 10-minute incubation showed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a result in the maximum absorbance, indicating complete
aggregation of the nanoparticles. Between 20 and 70 minutes,
the blue color faded to a lighter hue, and by 80 to 100 minutes,
the mixture became clear with black particles forming,
signaling uncontrolled aggregation. This indicates that the
nanoparticles size exceeded the wavelength of light, disrupting
surface plasmon resonance (SPR).”” It was observed that longer
reaction times led to decreased absorbance and increased
aggregation, with data showing a visual decrease in absorbance
over time. The observed aggregation was attributed to strong
interparticle forces. Extended incubation resulted in a red shift
and reduced absorbance, consistent with SPR theory, which
explains that larger nanoparticles shift the maximum wave-
length to longer values due to decreased excitation energy.

In the surface modification of AuNPs, the concentration of
TGA directly influences the charge state of the nanoparticles and
their surface plasmon resonance, impacting both stability and
detection sensitivity. Thus, we investigated the effect of TGA
concentration on the performance of the TGA-AuNPs sensor. At
10 pM and 50 pM, TGA did not induce significant color changes
in the AuNPs mixture, which remained red with wavelength
peaks around 515-520 nm, indicating insufficient aggregation.
This suggests that lower concentrations of TGA are less effective
in binding or aggregating AuNPs, potentially due to inadequate
TGA per nanoparticle.” At TGA concentrations of 100 to 1000 puM,
a clear progression in color from red to dark purple and then to
blue was observed, indicating effective aggregation of AuNPs
(Fig. 2C). However, at 1000 uM, absorbance decreased. Likely due
to TGA replacing citrate on the AuNP surface and forming Au-S
bonds, which reduced the surface charge and electrostatic
repulsion between AuNPs. This decreased the stability of the
nanoparticles with higher TGA concentrations. Therefore, 500
uM thioglycolic acid was chosen for the following experiments.

The pH conditions play a crucial role in colorimetric detec-
tion. The carboxylate groups (-COO™) in thioglycolic acid are
sensitive to pH variations, affecting the stability of nano-
particles.*® Changes in pH can disrupt the stability of thio-
glycolic acid on gold nanoparticles, interfering with the
electrostatic interactions between lead and TGA-AuNPs, thereby
altering colorimetric and UV-vis responses.”* We investigated
the colorimetric response of TGA-AuNPs with Pb>" at different
pH (8.6, 9.0, 9.6, 10.0 and 10.6). The absorbance of the TGA-
AuNPs solution for Pb>" detection was poor at pH 8.6. Absor-
bance increased and reached a maximum at pH 10.0 before
decreasing at pH 10.6 (Fig. 2D). This indicates that aggregation
of AuNPs is minimal at acidic pH. At the same time, dispersion
remains stable at basic pH. Conversely, citrate is fully depro-
tonated at neutral or basic pH, maintaining a negative surface
charge that prevents aggregation.”

3.3. Characterization of TGA-conjugated AuNPs

TGA was conjugated to AuNPs to enhance their stability and
functionality for lead ion detection. The conjugation was
confirmed by the UV-vis absorbance shift from 520 nm to
a longer wavelength upon adding TGA and Pb**, indicating
successful functionalization and particle aggregation. The TGA

RSC Adv, 2025, 15, 6931-6937 | 6933
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Fig.2 UV-vis absorption spectra of different AuNPs volume (300, 400, 500, 600, 700 pL) (A); different incubation time (10, 20, 30, 40, 50, 60, 70,
80, 90, 100 minutes) (B) different TGA concentration 10, 50, 100, 500, 1000 uM (C), and different pH (8.6, 9.0, 9.6, 10.0, 10.6) (D).
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Fig. 3 TEM images of AuNPs (A), AuNPs-TGA/Pb®* (B) and HRTEM
images of AuNPs (C), AUNPs-TGA/Pb?* (D) in the presence of 1 pM
Pb2*,

provided strong covalent bonds through its thiol groups,
enhancing the stability and ensuring the nanoparticles
remained well-dispersed.

TEM analysis was used to assess morphological changes in
AuNPs before and after conjugation with TGA and Pb*".
Initially, the TEM and HRTEM images (Fig. 3A and C) showed
that the unconjugated AuNPs were predominantly uniform,
spherical, and mostly monodispersed, with an average diameter
of 10.39 nm. After the addition of TGA and Pb**, the TEM and
HRTEM images (Fig. 3B and D) showed that the AuNPs had
increased aggregation and formed clusters, with an average
diameter of 11.02 nm, indicating a size increase of 0.63 nm.
This increase suggests that Pb>" ions interact with the carbox-
ylate groups of TGA adsorbed on the nanoparticle surface,
promoting aggregation and altering particle size and
distribution.>

FTIR characterization was performed to investigate the
binding interactions between AuNPs and TGA. The spectrum of
pure TGA solution (Fig. 4A) shows distinctive functional groups,

%Transmittance
£8 . 8.8.8.8 .3 .8.8

Wavenumbers (cm-1)

Fig. 4 FTIR images of thioglycolic acid (A) and TGA-AuNPs (B).
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including a thiol group (S-H) absorption peak at 2567.02 cm ™ *
and carboxyl group features identified by a C=O0O stretch at
1698.29 cm ™!, an O-H stretch at 3005.92 cm ™%, and an over-
lapping C-H stretch at 2924.03 cm™ '.»*?° In the AuNPs-TGA
spectrum (Fig. 4B), the disappearance of the S-H peak
confirms the formation of Au-S bonds. Additionally, red and
blue shifts in the C=0 and O-H peaks, respectively, suggest
molecular interactions altering vibrational modes due to TGA
binding, replacing citrate ions on the AuNPs surface and leaving
the carboxyl group free.* These spectral changes indicate
successful conjugation of TGA to AuNPs, confirming the inter-
action mechanism proposed.*®

3.4. Sensitivity and selectivity tests of TGA-conjugated
AuNPs

Sensitivity tests were conducted using gold nanoparticles
(AuNPs) with optimal conditions of 700 pL AuNPs, 500 uM TGA,
and a pH of 10.0 with a 10-minute incubation. The maximum
permissible lead concentration in drinking water by EPA is 15.
To evaluate sensitivity, various lead concentrations (10, 1, 0.1,
0.01, 0.001 pg mL™', and 0 pg mL™" control) were tested.
Absorbance measurements were taken using the Agzz/s,0 M
ratio, enhancing accuracy by minimizing interference from
other substances and specifically reflecting changes due to lead.

The limit of detection (LOD) of this method, calculated from
the calibration curve, was 9.5 ug mL ™" (Fig. 5A). This method is
less sensitive than that by Chai et al. (2010) using glutathione,
which had an LOD of 20.72 pg L™".'* Glutathione's two free

Sensitivity Test Calibration Curve
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Fig. 5 Sensitivity in various Pb?* concentration (10, 1, 0.1, 0.01, 0.001
ng mL™%, and 0 ug mL™* control) (A) and selectivity (B) of the method
for Pb?* detection when compared to different metal ions (Ba®*, Cu®",
Hg?*, Mg®*, Mn®*) at 9.5 ng mL ™.
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Table 1 One way Anova statistical test results between reference metals and Pb?*

Sum of squares df Mean square F Sig.
Between groups 0.012 5 0.002 4.116 x 10" 0.000
Within groups 0.000 12 0.000
Total 0.012 17

carboxylic groups likely contribute to its higher sensitivity than
thioglycolic acid, which has only one. However, the method is
more sensitive than Kim et al. (2001), which used 11-MUA with
an LOD of 400 pM (82.88 pg mL ).’ This proves that the
shorter the chain length of the conjugate, the higher the
sensitivity of the method.

The selectivity test showed that the absorbance ratio for Pb>*
was significantly higher than for other metals (Ba**, Cu**, Hg*",
Mn**, Mg™") (Fig. 5B), with statistically significant differences (p
< 0.05). All ions caused a color change to blue, similar to Pb*",
indicating that visual selectivity is limited. Spectrophotometric
analysis revealed absorbance values above 0.2 for all six metals,
with Pb>" showing superior absorbance compared to the others.

The one-way ANOVA results demonstrate significant differ-
ences in absorbance ratios among various metals (Table 1), and
the LSD test confirms that Pb>" has a notably higher absorbance
ratio compared to the other metals (Table 2). One-way ANOVA
was performed to evaluate the significance of absorbance
differences among the metals. The analysis yielded a p-value of
0.0001 (<0.05), confirming significant differences. Post Hoc
testing using Least Significant Difference (LSD) with an LSD
value of 0.017 identified Pb** as significantly different from the
other metals. The ratios of Pb>* to Ba>*, Cu**, Hg”", Mn*", and
Mg2+ were 0.074, 0.047, 0.035, 0.073, and 0.065, respectively, all
exceeding the BNT value.

These results demonstrate that the developed method is
relatively selective for Pb®>" compared to other tested metals,
although visual inspection alone does not provide clear selectivity

Table 2 Calculation results of LSD values between reference metals
and Pb?*

Calculation

MSE 0.0001

t (o, df.) 2.17881283

o 0.05

df. 12

r 3

LSD 0.01778993226

Table 3 Pb2* detection in water lake samples

Sources Pb** Ae33/520
Kenanga lake Unspiked 1.298
Spiked 0.01 pg mL ™" 1.380
Puspa lake Unspiked 1.333
Spiked 0.01 pg mL ™" 1.386
FMIPA lake Unspiked 1.345
Spiked 0.01 pg mL™* 1.475

6936 | RSC Adv, 2025, 15, 6931-6937

due to similar color changes. Apart from that, another limitation
is the selectivity testing carried out on individual metal ions.
However, despite its limitations, the method is more selective
than previous approaches using glutathione, which required
a higher metal concentration (50 pM). It also shows improved
selectivity over methods using 11-MUA, which only tested three
metals and had limitations in distinguishing Pb** from Hg”" and
Cd>".**1t Furthermore, the method's selectivity is confirmed
quantitatively through absorbance ratio comparisons.

3.5. Application of TGA-conjugated AuNPs for Pb>* detection
in water samples

The colorimetric AuUNPs-TGA method effectively detected Pb>*
in lake water samples, showing higher absorbance ratios after
Pb*" addition compared to samples without Pb>" (Table 3). This
indicates the method's efficacy for lead detection in water
samples.

The practical application of TGA-conjugated AuNPs was
demonstrated by testing their ability to detect Pb*>" in water
samples from the University of Indonesia. The lake water
samples, containing various organic and inorganic contami-
nants, were ideal for evaluating the colorimetric method's
effectiveness in detecting Pb**. Water from Kenanga Lake,
Puspa Lake, and FMIPA Lake was filtered through a 0.45 um
membrane. To test the method's capability in complex
matrices, known quantities of Pb** were spiked into the
samples and analyzed using UV-vis spectrophotometry.

The results showed that the absorbance ratios (Ag33/520) for
the lake samples without added Pb>" were lower than those
spiked with 0.01 pg per mL Pb>*. Regression analysis indicated
negative values for Pb** concentration in unspiked samples,
suggesting that the Pb** levels were below the detection limit of
the AuNPs-TGA method. Furthermore, the color of the lake
water samples shifted from purple to gray without added Pb**,
supporting the method's potential for qualitative and quanti-
tative Pb>" detection in water. The nanoparticles effectively
detected Pb*>" at low concentrations, with a spectral response,
proving to be a tool for environmental monitoring.

4 Conclusions

This study successfully identified the optimal conditions for
synthesizing TGA-AuNPs as a Pb®" sensor. The optimal
synthesis parameters included using 700 pL of gold nano-
particles with 500 pM thioglycolic acid at pH 10.0 for 10
minutes. However, the lowest detectable Pb>" concentration
achieved was 9.5 pug mL ™ '. Despite demonstrating superior

selectivity for Pb*>* over other tested metals, further

© 2025 The Author(s). Published by the Royal Society of Chemistry
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improvements in sensitivity are necessary for the practical
application of TGA-AuNPs as a colorimetric sensor in water.
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