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ed gold nanoparticles decorated
with a thiodiacetic acid nanoprobe for selective
detection of arsenic(III) in rice and water samples†

Asmah Kuno,ab Nuryanee Hama,ab Panwadee Wattanasina and Thitima Rujiralai *ab

A sensitive and selective method for the detection of arsenic(III) (As3+) based on chitosan-stabilized gold

nanoparticles (CS/AuNPs) decorated with a 2,20-thiodiacetic acid (TDA) nanoprobe was developed and

used to detect and indicate the contamination of rice, drinking water and environmental water samples.

AuNPs were reduced and stabilized with CS and subsequently functionalized with TDA. As3+ interacted

with the carboxylate group of TDA to form an As–TDA complex, inducing the aggregation of CS/

AuNPs@TDA. The aggregation of CS/AuNPs@TDA was accompanied with a change in color from red to

bluish purple and a shift in surface plasmon resonance wavelength from 525 nm to 645 nm. The

response for the detection of As3+ was linear at concentrations from 10 to 1000 mg L−1 with a limit of

detection of 6.1 mg L−1. The method exhibited selectivity toward As3+ among various cations (As5+, Cu2+,

Fe3+, Fe2+, Hg2+, Al3+, Cr3+, Cd2+, Co2+, Ni2+, Pb2+ and Zn2+) and anions (Br−, Cl−, F−, SO4
2−, NO3

− and

PO4
2−). The CS/AuNPs@TDA nanoprobe was applied to detect As3+ in rice, drinking water and

environmental water samples. The results were consistent with those obtained via inductively coupled

plasma-optical emission spectrometry (ICP-OES). Satisfactory recoveries ranging from 88.22% to

105.74% (RSDs of 0.25–2.99%) were obtained from spiked samples.
1 Introduction

Arsenic is a highly toxic metalloid occurring in both organic and
inorganic compounds and is found in the environment due to
natural occurrence and anthropogenic activity.1 The inorganic
forms of arsenic, arsenite (As3+) and arsenate (As5+) are relatively
more toxic to human health than organic arsenic and are
predominantly detected in water.1,2 As5+ is less reactive with
tissues than As3+ and thus is excreted more through urine.3

People can be exposed to arsenic in three ways: from the
ingestion of water, food, and soil; from the inhalation of smoke
and particles; and by absorption through dermal contact with
soil and water containing arsenic.3 Inorganic arsenic exposure
via the ingestion of food and drinking water has received the
most attention, and adverse effects related to long-term arsenic
ingestion include skin lesions, cancer, neurotoxicity, and dia-
betes.1 The high adsorption rate of arsenic in rice is attributed
to anaerobic conditions in soils,4 and it has been suggested that
the health risks related to arsenic exposure through
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contaminated rice are similar to those through contaminated
water.5 Arsenic and inorganic arsenic compounds are classied
as group I human carcinogens by the International Agency for
Research on Cancer.6 The United States Environmental Protec-
tion Agency has set a standard limit of 10 mg L−1 for arsenic in
drinking water7 while the United States Food and Drug
Administration permits a concentration of 100 mg kg−1 for
inorganic arsenic in infant rice cereals.8

Arsenic in several types of samples has been determined
using various techniques, such as atomic absorption spec-
trometry (AAS),9,10 atomic uorescence spectrometry (AFS),11

inductively coupled plasma mass spectrometry (ICP-MS),12

inductively coupled plasma-optical emission spectrometry (ICP-
OES),13 electrochemistry14,15 and uorescence detection.16,17

Although these sophisticated methods are highly sensitive and
accurate, their costly instruments, maintenance, and complex
operation processes lead to high costs. Moreover, they are not
feasible for on-site applications. In terms of simplicity and cost-
effectiveness, colorimetric detection is more practical, can be
applied for real time analysis and provides results that can be
seen by the naked eye.

Over the past ten years, colorimetric detection based on gold
nanoparticles (AuNPs) has attracted increasing interest and has
been applied for the quantitative analysis of organic
compounds and metals in the environmental, medical, and
food sectors.18–21 AuNPs have unique optical and electrical
features that can be tuned by varying the shape, size, and aspect
© 2024 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
ratio between reducing or capping agents and AuNPs. The color
of a dispersion of AuNPs is determined by the collective oscil-
lations of the light-excited electron cloud at their surface,
a phenomenon known as surface plasmon resonance (SPR).18 A
visual red-to-blue color change of AuNPs and a spectrum shi to
longer wavelength are directly proportional to the concentration
of analytes present. AuNPs are nontoxic, biocompatible, and
more easily synthesized and photostable than silver nano-
particles, copper nanoparticles, and quantum dots.19,22–24 The
application of AuNPs-based electrochemical sensors for As3+ in
rice samples has been previously reported and includes the use
of a AuNPs-modied boron-doped diamond electrode coupled
with a multistep paper-based analytical device (AuNP/BDD-
mPAD),25 and glutamic acid-AuNPs with a screen-printed gra-
phene electrode (AuNPs-PGA/SPGE).26 Furthermore, the use of
AuNPs as a colorimetric nanoprobe for As3+ detection in water
samples depends on surface functionalization of the AuNPs
with various compounds, such as lauryl sulphate,20 citrate,21

glutathione,27 glucose,28 glutathione/DL-dithiothreitol/L-
cysteine/2,6-pyridinedicarboxylic acid,29 Ars-3 aptamer,30 and
polyethylene glycol.31 These approaches have enabled the
detection of As3+ in water samples at limits ranging from 0.12 to
16.9 mg L−1. However, these methods have some notable
drawbacks, including the need for NaBH4 (a moisture-sensitive
reagent), the use of costly dialysis and tedious protocols
entailing long functionalization times (15 min–2 h), and
multistep procedures. 2,20-Thiodiacetic acid (TDA) is a cysteine
metabolite that occurs in the human body and has been used as
a chelating ligand to detect various metals, such as Cu2+, Zn2+,
Ni2+, Cr3+, U6+, and Al3+.32–36 In the present study, we function-
alized AuNPs with TDA for the specic colorimetric detection of
As3+. Also, to reach our goal of an environmentally friendly and
cost-effective synthesis of AuNPs, chitosan (CS) was used to
reduce and stabilize the AuNPs. CS is a natural polysaccharide
polymer, generally derived from chitin, that is comprised of
units of b-(1-4)-linked D-glucosamine (GlcN) and N-acetyl-D-
glucosamine (GlcNAc). It is considered a biocompatible,
biodegradable, and environmentally friendly, nontoxic mate-
rial, and has gained interest in both reduction and stabilization
processes for AuNPs due to its abundance of reactive amino and
hydroxyl groups.37–39 However, to the best of our knowledge, CS-
stabilized AuNPs functionalized with TDA (CS/AuNPs@TDA)
have not been used before for As3+ detection.

In this work, we developed a colorimetric CS/AuNPs@TDA
nanoprobe for the detection of As3+. The Au3+ precursor was
reduced and stabilized using chitosan to form CS/AuNPs. The
surface of CS/AuNPs was then functionalized with TDA to
improve the selectivity toward As3+. The thioether of TDA can
covalently attach to CS/AuNPs to form an Au–S bond. The
carboxylate of TDA has a strong affinity to coordinate with As3+,
while CS/AuNPs@TDA aggregates in the presence of As3+. This
response to As3+ can be observed by the naked eye as a color
change and can also be measured by UV-visible (UV-vis) spec-
trometry. Here, the condition parameters of the assay were
optimized by varying the TDA concentration, pH, reaction
temperature, and reaction time. The proposed sensing of As3+
© 2024 The Author(s). Published by the Royal Society of Chemistry
by the CS/AuNPs@TDA was successfully applied to quantify As3+

contamination in rice and water samples.

2 Experimental
2.1 Chemicals and reagents

CS with a molecular weight of 1526.5 g mol−1 was purchased
from TCI (Japan). Hydrogen tetrachloroaurate(III) trihydrate
(HAuCl4$3H2O, $49.0% Au basis) and TDA were obtained from
Sigma-Aldrich (USA). Arsenic trioxide (As2O3) was obtained from
Fluka (Switzerland). Boric acid (H3BO3) was purchased from
Loba-Chemie (India). Acetic acid (CH3COOH), phosphoric acid
(H3PO4) and sodium hydroxide (NaOH) were purchased from
RCI Labscan (Thailand). Britton–Robinson buffer was prepared
by mixing appropriate ratios of H3BO3, CH3COOH, and H3PO4

followed by pH adjustment with NaOH. Sulfuric acid was
purchased from Merck (Germany). Hydrogen peroxide (H2O2,
35%) was obtained from Vidhyasom Co. Ltd (Thailand).
Deionized (DI) water was used to prepare solutions of the
reagents. The glassware was cleaned with freshly prepared aqua
regia solution (HCl/HNO3, 3 : 1 v/v) before the syntheses and
experiments, and subsequently washed thoroughly with water.
Chitosan (1% w/v) was prepared in 0.1 M acetic acid at 65 °C. A
stock solution of As3+ was prepared by dissolving As2O3 in 0.1 M
(nal concentration) of hydrochloric acid under sonication and
diluted using DI water to obtain concentrations of As3+ in the
range of 0.01 to 5.00 mg L−1.

2.2 Apparatus

UV-vis absorption spectra were recorded with a Shimadzu UV-
2600i UV-visible spectrophotometer (Shimadzu Corporation,
Japan) in the 400–800 nm range. The functional groups of
particles were investigated by Fourier-transform infrared (FTIR)
spectrometry (Nicolet iS5, Thermo Scientic, USA). The size and
morphology of the materials were investigated by eld emission
transmission electron microscopy (FE-TEM) (Talos F200i,
Thermo Scientic, Czech Republic). Dynamic light scattering
analysis (DLS) and zeta potential analysis were performed using
a ZetaPALS instrument (Brookhaven, USA).

2.3 Synthesis of the chitosan-stabilized AuNPs

AuNPs were synthesized via the in situ reduction of HAuCl4-
$3H2O with CS, following the method reported by Tian et al.37

with modications. Here, 5 mL of 10 mM HAuCl4$3H2O solu-
tion was added to a solution of 10 mL of 1% (w/v) CS in a 50 mL
beaker under magnetic stirring at 65 °C. The solution color
gradually turned from pale yellow to wine-red aer 20 min,
indicating the formation of CS/AuNPs. Then, aer cooling to
room temperature, the synthesized CS/AuNPs were centrifuged
at 10 000 rpm for 30min to remove any unreacted reactants. The
supernatant was discarded, and the CS/AuNPs pellets were
dispersed in 15 mL of DI water. Finally, the CS/AuNPs were
transferred to an amber bottle and kept at 4 °C for at least 4 days
before functionalization with TDA. The concentration of the
colloidal CS/AuNPs was calculated according to Beer's law as
19.28 ± 0.95 nM, with a molar absorptivity (3) of 2.01 ×
RSC Adv., 2024, 14, 26648–26658 | 26649
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View Article Online
108 M−1 cm−1 at 520 nm.40 The prepared CS/AuNPs were stable
for at least 7 weeks at 4 °C without any shi in the SPR band, nor
any sign of aggregation.

2.4 Functionalization of the CS/AuNPs with TDA

To functionalize the CS/AuNPs with TDA (CS/AuNPs@TDA), the
CS/AuNPs were 5-fold diluted with DI water. When not in use,
these diluted CS/AuNPs were stored in a refrigerator. The
diluted CS/AuNPs were capped in an amber bottle at room
temperature mixed with 0.025 mM TDA at a ratio of 2 : 1. The
CS/AuNPs@TDA was, and should be, freshly prepared before
detecting As3+.

2.5 Colorimetric sensing of As3+

To detect As3+, 250 mL of the sample solution was added to
a 1.5 mL Eppendorf tube containing 675 mL of freshly diluted CS/
AuNPs@TDA and 75 mL of 5 mM Britton–Robinson buffer (pH
4.0). The mixture was heated in a heating block for 90min at 90 °
C. The change in color depends on the amount of As3+ present in
the sample solution. The solution color was observed, photo-
graphed, and measured using a UV-vis spectrophotometer.

2.6 Sample collection and preparation

Rice and drinking water samples were collected randomly from
houses and local shops. Environmental water samples were
collected from an abandoned shallow public well (W1), a creek at
Huai Nong Ped (W2), and an abandoned tin mine (W3), all in
Nakhon Si Thammarat Province, Thailand. The collected water
samples were ltered twice with Whatman No. 42 lter paper to
remove particulates. Rice samples were digested based on the
work of Ghorbanian and Alizadeh16 with modications. Briey,
rice samples were ground using a mortar to obtain rice powder,
which was then sieved (<300 microns) into a container. Concen-
trated sulfuric acid was added to 0.1250 g of sieved powder, which
was digested on a hotplate at about 70 °C for about 5 min. Then,
16.5 mL of H2O2 was added. The solution became clear within
2min. The clear solution was adjusted with DI water to 100mL in
a volumetric ask and then ltered through Whatman No. 42
lter paper. All the samples were kept in the refrigerator at 4 °C
until analysis. The prepared samples were adjusted to pH 7 with
0.1 M HCl or 0.1 M NaOH before detection with CS/AuNPs@TDA.

The recoveries of the proposed method were studied at three
concentrations of As3+ (0.05, 0.2, and 0.5 mg L−1). Drinking
water and ltered water samples (W1, W2, and W3) were spiked
with As3+ and le at room temperature for about 5 min. Rice
samples were spiked and le at room temperature for at least
24 h. Each sample was pretreated and detected using the CS/
AuNPs@TDA as mentioned in Section 2.5. The results ob-
tained by colorimetric detection were compared with the results
obtained by inductively coupled plasma-optical emission spec-
trometry (ICP-OES) (AVIO 500 PerkinElmer, USA).

2.7 Selectivity tests

To evaluate the selectivity of the colorimetric detection for As3+

by CS/AuNPs@TDA, different metal cations (As5+, Cu2+, Fe3+,
26650 | RSC Adv., 2024, 14, 26648–26658
Fe2+, Hg2+, Al3+, Cr3+, Cd2+, Co2+, Ni2+, Pb2+, Zn2+) and anions
(Br−, Cl−, F−, SO4

2−, NO3
−, PO4

2−) were chosen as interference
ions. The ions were prepared by dissolving a certain amount of
metal salts (H3AsO4, CuCl2$2H2O, FeCl3$6H2O, FeSO4$7H2O,
HgCl2, Al(NO3)3$9H2O, Cr(NO3)3, CdCl2$2.5H2O, CoCl2$6H2O,
NiCl2$6H2O, Pb(NO3)2, ZnSO4$7H2O, KBr, KCl, KF, K2SO4,
KNO3, K2HPO4) in DI water to obtain concentrations of Cu2+

and Hg2+ at 0.25 mg L−1, and other cations at 1.0 mg L−1 and
anions at 2.5 mg L−1. Furthermore, a competitive assay in
a mixture containing As3+, and other cations and anions was
also assessed. Here, like for As3+ detection, 250 mL of each
cation solution or anion solution or mixture solution was added
to 675 mL of diluted CS/AuNPs@TDA and 75 mL of 5 mM Brit-
ton–Robinson buffer (pH 4.0) in a 1.5 mL Eppendorf tube. Then,
each solution was heated at 90 °C for 90 min. Aer being cooled
to room temperature, the changes in the spectra due to the
addition of various ions were recorded by UV-vis spectropho-
tometry. All the measurements were performed in triplicate.

3 Results and discussion
3.1 Characterization

CS/AuNPs, CS/AuNPs@TDA, CS/AuNPs@TDA with As3+, and
associated materials were characterized by UV-vis spectrometry,
FTIR spectroscopy, zeta potential analysis, FE-TEM, and DLS
analysis. The UV-vis absorption spectrum of the red-colored
dispersion of CS/AuNPs (Fig. 1A, red line) presented a charac-
teristic SPR absorption band at 525 nm. The spectrum of CS/
AuNPs@TDA (green line) exhibited the same prole as the
spectrum of CS/AuNPs, showing no peak shi. The CS/
AuNPs@TDA also remained red. These results indicate that
the optimal TDA concentration did not cause CS/AuNPs to
aggregate. In the presence of As3+ (blue line), the intensity of the
SPR band of CS/AuNPs@TDA at 525 nm decreased and a new
band appeared at 645 nm. The color of the nanoparticles
changed noticeably from red to bluish purple. The aggregation
of CS/AuNPs@TDA was caused by a complexation between As3+

and oxygen in the carboxylate group of TDA based on the
concept of hard–so-acid–base (HSAB) theory.41 We further
applied the ratio of the absorbance at 645 and 525 nm (A645/
A525) to determine the detection sensitivity.

The zeta potentials of CS/AuNPs, CS/AuNPs@TDA, and CS/
AuNPs@TDA in the presence of 0.5 mg per L As3+ and 1.0 mg
per L As3+ were measured to determine the stability of the
AuNPs in various conditions (Fig. 1B). The different particles
had positive zeta potential values from +10.92 to +26.84 mV. The
positive zeta potential value of CS/AuNPs (10.92 ± 1.34 mV) was
due to the amine protonation (–NH3

+) of CS and increased aer
CS/AuNPs were capped with TDA (21.65 ± 1.19 mV). The
increased zeta potential of CS/AuNPs@TDA without As3+ was
due to electrostatic interaction between the carboxylate (–
COO−) group of TDA and –NH3

+ of CS and indicated increased
stability. The zeta potential of CS/AuNPs@TDA was higher in
the presence of 0.5 mg per L As3+ (26.84± 1.64 mV) compared to
CS/AuNPs@TDA alone because of the complexation between
the –COO− groups of TDA and As3+. The complexation reduced
the particle stability, allowing a greater aggregation of CS/
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) UV-vis spectra and corresponding color images of CS/AuNPs, CS/AuNPs@TDA and CS/AuNPs@TDA with 1.0 mg L−1 of As3+. (B) Zeta
potential analysis of (a) CS/AuNPs, (b) CS/AuNPs@TDA, (c) CS/AuNPs@TDAwith 0.5mg per L As3+ and (d) CS/AuNPs@TDAwith 1.0mg per L As3+.

Fig. 2 FTIR spectra of (a) pure CS, (b) CS/AuNPs, (c) pure TDA, (d) CS/
AuNPs@TDA and (e) CS/AuNPs@TDA with 1.0 mg L−1 of As3+.
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AuNPs@TDA. However, the increase in the zeta potential was to
be expected due to the reduction in the numbers of –COO−

groups of TDA that were complexed with As3+ and the exposure
of more –NH3

+ groups of CS, leading to an increase in the
positive charge. Even though CS/AuNPs@TDA with As3+ had
reduced stability due to complexation, the overall surface
positive charge was higher than that of CS/AuNPs@TDA. Thus,
a higher zeta potential of CS/AuNPs@TDA with 0.5 mg per L
As3+ was observed. The zeta potential of CS/AuNPs@TDA in the
presence of the higher concentration of As3+ (1.0 mg L−1) was
lower (18.28 ± 2.03 mV) because higher concentrations of As3+

increased the thickness of the electric double layer (EDL) of the
nanoparticles, thus reducing the zeta potential with lesser
stability.42 The positive zeta potential values obtained for CS/
AuNPs@TDA with and without As3+ were below the recom-
mended limit of ± 30.0 mV, implying a high degree of particle
stability.42

In the FTIR spectrum of CS, the peak at 3355 cm−1 (Fig. 2a)
indicated the stretching vibrations of N–H and O–H groups,
while the peak at 2880 cm−1 indicated C–H stretching from the
pyranose rings.38,39 The two peaks at 1650 and 1600 cm−1

conrmed C]O stretching (amide I) from the N-acetyl-D-
glucosamine units and N–H bending (amide II) in the D-
glucosamine units, respectively. The bands located between
1150 and 900 cm−1 were attributed to C–C and C–O vibrations
from the pyranose ring.38,39 The FTIR spectrum of CS/AuNPs
(Fig. 2b) presented CS signals with a reduced intensity that
were also slightly shied. The differences between the two
spectra also included shis in C]O stretching and N–H
bending vibrations to 1700 and 1547 cm−1, respectively, and the
loss of the peak for C–H stretching at 2880 cm−1. The peak for
N–H bending was also shied and diminished, indicating the
attachment of AuNPs to CS at nitrogen atoms in NH3

+ groups.43

The peak for C–O vibration in the CS/AuNPs at 1022 cm−1 was
reduced compared to the same peak in the spectrum of CS;
possibly due to the hydrolysis of partial glycoside linkages
during the synthesis.44 The FTIR results indicated that CS
covered the surface of the AuNPs, making the colloidal AuNPs
stable in aqueous medium.

The FTIR spectrum of TDA (Fig. 2c) presented peaks at 3090
and 2915–2590 cm−1, corresponding to O–H stretching in the
free carboxyl group and symmetric and asymmetric stretching
© 2024 The Author(s). Published by the Royal Society of Chemistry
vibrations of the aliphatic –CH2 group, respectively.34,45 The
strong peaks at 1684, 1180, and 900 cm−1 (Fig. 2c) were attrib-
uted to C]O stretching in the carboxyl group, C–O stretching,
and out-of-plane OH bending or CH2 bending vibrations,
respectively.45,46 Decreased peak intensities of TDA and peak
shis were observed in the CS/AuNPs@TDA spectrum (Fig. 2d).
CS signals were also present in the CS/AuNPs@TDA spectrum.
The intensity of the OH peaks in TDA was reduced in the
spectrum of CS/AuNPs@TDA; probably due to the formation of
hydrogen bonds between the N–H in CS and oxygen in TDA.45

Furthermore, the CO peak of TDA at 1180 cm−1 was not present
in the spectrum of CS/AuNPs@TDA because of the formation of
hydrogen bonds.45 These results indicated that the AuNPs were
capped with TDA. CS/AuNPs@TDA was scanned in the presence
of 1.0 mg L−1 of As3+ at a solution pH of 4 (Fig. 2e). Compared
with the spectrum of CS/AuNPs@TDA, Fig. 2e shows there was
a shi in the C]O peak from 1698 cm−1 to 1690 cm−1 due to
the complexation with As3+ and the deprotonation of the
RSC Adv., 2024, 14, 26648–26658 | 26651
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carboxyl groups of TDA. Here, the strongly acidic As3+ interacted
with the strongly basic O in carboxylate groups of TDA based on
the concept of HSAB theory.41

Next, the morphologies of CS/AuNPs, CS/AuNPs@TDA, and
CS/AuNPs@TDA in the presence of 0.5 and 1.0 mg per L As3+

were observed by FE-TEM. The CS/AuNPs and CS/AuNPs@TDA
presented spherical and uniform particles with respective
average sizes of 12.44 ± 1.22 nm and 12.73 ± 1.25 nm (Fig. 3a
and b). However, aer adding As3+ to the CS/AuNPs@TDA, the
spherical CS/AuNPs@TDA particles (Fig. 3c and d) aggregated.
More particle aggregation was observed in the presence of As3+

at 1.0 mg L−1 than 0.5 mg L−1, and the particles were larger in
size: 19.04 ± 1.28 nm compared to 16.49 ± 1.30 nm.

The hydrodynamic diameters of the various particles were
determined from DLS data by considering the hydrodynamic
diameter of a corresponding theoretical sphere that could
diffuse with the same speed as the measured nanoparticle.47

DLS is inuenced by the thickness of the electrical double layer
moving with the particle.47 The polydispersity index (PDI) was
also obtained from DLS to predict the degree of uniformity of
the size distribution of the nanoparticles. Generally, particles
having a PDI > 0.4 display a polydispersed morphology.48 CS/
AuNPs and CS/AuNPs@TDA had diameters of 98.6 ± 0.7 nm
(PDI = 0.292) and 89.8 ± 0.5 nm (PDI = 0.292), respectively. CS/
AuNPs@TDA in the presence of 0.5 mg per L As3+ was more
aggregated and thus its size distribution was 70.1± 0.2 nm (PDI
= 0.284). This change in diameter corresponded to the changes
that took place at the surface of CS/AuNPs from the interaction
of TDA and As3+. Surprisingly, in the presence of As3+ at
1.0 mg L−1, the CS/AuNPs@TDA particles increased in size to
a diameter of 162.7 ± 1.1 nm (PDI = 0.071). At the higher
concentration of As3+, the electrical double layer absorbed on
the surface of the nanoparticles was thicker, and therefore the
CS/AuNPs@TDA particles were bigger in the presence of As3+ at
Fig. 3 FE-TEM images and size histograms of (a and e) CS/AuNPs, (b and f
and (d and h) CS/AuNPs@TDA with 1.0 mg per L As3+. A magnification o

26652 | RSC Adv., 2024, 14, 26648–26658
1.0 mg L−1 than at 0.5 mg L−1. The PDI values of CS/
AuNPs@TDA in the absence and presence of As3+ conrmed
that the particles were monodispersed. The results from DLS
were consistent with the results from the UV-vis, zeta potential,
and FE-TEM studies. It is normal that the particle size deter-
mined by DLS is greater than the size obtained from TEM, but
both sets of results conrmed that the colloidal AuNPs were
assembled with layers of chitosan and TDA.47,49
3.2 Proposed mechanism of detection

The mechanism by which CS/AuNPs@TDA responded to the
presence of As3+ is shown in Scheme 1. The mechanism is based
on the formation of the TDA–As3+ complex. We utilized CS as
a reducing agent in the synthesis of AuNPs due to its electro-
negative property, and as an electrostatic stabilizer to aid the
dispersion of AuNPs through its polyelectrolyte property. CS has
free amine (–NH2) groups in D-glucosamine repeating units and
with a pKa of 6.5, it is soluble in an acidic solution, which here
was 0.1 M acetic acid. Thus, the –NH2 groups of CS can be
protonated to –NH3

+, resulting in less free –NH2.37,39 The CS-
mediated reduction of HAuCl4 can be achieved by two reac-
tions in which the –NH2 and –OH groups play important roles.
First, aer adding HAuCl4 into an acidic CS solution under
heating, AuCl4

− can interact with –NH3
+ at the C2 position in

the CS chains via electrostatic attraction, resulting in the
adsorption of AuCl4

− on CS.37,50,51 At the same time, electrostatic
interaction drives the reduction of the precursor Au3+ (AuCl4

−)
to Au0 in the form of the AuNPs.48 Simultaneously, the –CHO
groups at the C1 position and –CH2OH groups at the C6 posi-
tion in the CS structure undergo oxidation.38,43,44 The successful
reduction was indicated by a color change from pale yellow to
wine-red and nally, the surface of AuNPs is coated with a CS
shell via an affinity interaction with amino groups (Au–N bond
) CS/AuNPs@TDA, and (c and g) CS/AuNPs@TDAwith 0.5mg per L As3+

f 150 000× was applied.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic of the proposed detection mechanism of As3+ by CS/AuNPs@TDA. Chitosan is dissolved in acetic acid; thus, the –NH2 of
chitosan is protonated to NH3

+.
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formation). The AuNPs are stable and remain dispersed with no
aggregation due to the electrostatic repulsive forces and steric
stabilization between particles.51 The steric effect also occurs
through repulsive forces between AuNPs. The stabilization of
AuNPs was evidenced by the red color of the dispersion and the
stable SPR peak at 525 nm.

The abundant carboxyl groups of compounds such as citrate
and glutathione, and dicarboxylic acids, such as TDA, 3,30-thio-
dipropionic acid and fumaric acid, can coordinate to
metals.21,27,32,33 In the present work, we functionalized the surface
of CS/AuNPs with TDA, as shown in Scheme 1. TDA is a dicar-
boxylic organosulfur compound that is widely employed as
a multidentate and chelating ligand for different metal ions.32–34

TDA contains a so thioether and hard oxygen donor atoms,
which can bind to hard, so, or intermediate metal ions
according to the HSAB theory.41 In Scheme 1, TDA is deproto-
nated to a dianion under the optimal condition of pH 4 (pKa1 of
TDA = 3.14),52 producing terminal carboxylate (–COO−) groups.
The thioether of TDA with a lone pair of electrons is connected to
the CS/AuNPs surface via an Au–S covalent bond.33,34 Two
carboxylate groups of TDA will be positioned outside the CS/
AuNPs surface with one terminal –COO− ionically bonded with
–NH3

+ in the CS backbone and another terminal –COO− free to
coordinate with As3+. The carboxylate groups of TDA have previ-
ously been reported to stabilize nanoparticles33,34 and the –NH3

+

of CS has been shown to interact with oxygen in TDA via hydrogen
bonding.45 Under optimal conditions, the CS/AuNPs@TDA is
stable without any sign of aggregation, as conrmed by the
results from the UV-vis, FE-TEM,DLS, and zeta potential analyses.
In the presence of As3+, the oxygen (hard base) in the free –COO−

group of TDA shows strong affinity with As3+ (hard acid) through
complexation (As–O bond formation). To determine the stoichi-
ometry of the complex, a Job's plot for the absorbance aer
reaction was measured. Fig. S1† demonstrates a plot of the
absorbance at 645 nm versus the mole fraction of As3+. As ob-
tained by Job's plot, the absorbance of the mole fraction of As3+
© 2024 The Author(s). Published by the Royal Society of Chemistry
was highest at 0.325, thus CS/AuNPs@TDA was 0.675, indicating
that the complex formation of As3+ with the CS/AuNPs@TDA
probe was in a 1 : 2 stoichiometry. Moreover, the adjacent CS/
AuNPs@TDA can be cross-linked by a chelation reaction
between As3+ and TDA, reducing the inter-particle distance. As
a result, the complexation induces a strong aggregation of the CS/
AuNPs@TDA particles, producing a color change from red to
bluish purple and a red-shi from 525 nm to 645 nm.

3.3 Optimizations of the condition variables

The performance of the assay can be affected by various
conditions, such as the concentration of TDA and solution pH.
Thus, the experimental variables were optimized to achieve the
best sensitivity and efficiency of detection. A preliminary test for
As3+ detection among other cations, i.e. As5+, Al3+, Ni2+, Fe2+,
Fe3+, Cr3+, Cd2+, Zn2+, Co2+, Pb2+, and Hg2+, was conducted. The
test showed that when the surface of the CS/AuNPs was not
functionalized and pH-adjusted, Fe3+, Pb2+, and Hg2+ interfered
with the colorimetric response of As3+ and that TDA-
functionalized CS/AuNPs (CS/AuNPs@TDA) sensed As3+ only
at a pH below 4. Thus, TDA was essential for the selectivity of
the method. The effect of the TDA concentration was studied in
the range of 0.01–0.20 mM (Fig. 4a). The A645/A525 ratio was
highest at 0.025 mM TDA and aerwards decreased noticeably,
since an excessive amount of TDA induced the aggregation of
CS/AuNPs, reducing the response to As3+. Therefore, the
optimal concentration of TDA was 0.025 mM.

The effect of pH of Britton–Robinson buffer from 3.0 to 10.0
on the aggregation of CS/AuNPs@TDA in the presence of As3+

was studied, as shown in Fig. S2.† In the absence of As3+, CS/
AuNPs@TDA (blank solution) started aggregating from pH 7
to 10 as noted by observing the red-to-purple colored change
(Fig. S2a†) and increased UV-vis spectrum (Fig. S2b†). In the
presence of 1.0 mg L−1 As3+, a little change of aggregation of CS/
AuNPs@TDA was observed when the pH was varied (Fig. S2c†).
Since the blank solution aggregated at pH 7–10, we decided to
RSC Adv., 2024, 14, 26648–26658 | 26653
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Fig. 4 (a) Effect of TDA concentration on the detection of As3+ at 0.625 and 1.25 mg L−1, (b–e) effect of pH (3.0 to 6.0) of 5 mM Britton–
Robinson buffer on the sensitivity of the linear plot between the A645/A525 ratio and As3+ ranging from 0.5 to 1.25 mg L−1, and (f) the effect of
reaction temperature on the detection of As3+ at 1.0 mg L−1.
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study the sensitivity of As3+ detection from 0.5 to 1.25 mg L−1

(Fig. 4b–e) at pH from 3.0 to 6.0 by plotting the A645/A525 ratio
versus the As3+ concentration. The best linearity for the studied
concentration range was obtained by using Britton–Robinson
buffer at pH 4, which was therefore the pH used in the next
experiment.

The reaction temperature can increase the aggregation rate
of the nanoparticles,53 thus the effect of temperature was
studied from room temperature (about 34 °C) to 100 °C (Fig. 4f).
When the reaction temperature was increased from about 34 °C
to 100 °C, the A645/A525 ratio increased with temperature, con-
rming the increased aggregation of CS/AuNPs@TDA. However,
a blank dispersion of CS/AuNPs@TDA (without As3+) started to
aggregate at 100 °C, with CS/AuNPs@TDA changing color from
red to bluish purple. Therefore, 90 °C was chosen as the optimal
reaction temperature of CS/AuNPs@TDA with As3+.

The effect of the reaction time on the detection of As3+ was
studied at 10 min intervals from 60 to 100 min at a temperature
of 90 °C (Fig. 5). We found the color of CS/AuNPs@TDA changed
from 60 min to 90 min. Thus, it can be mentioned that the
probe started responding to As3+ at 60 min. The A645/A525 ratio
increased with time from 60 to 90 min and then remained
Fig. 5 Effect of reaction time on the detection of 1.0 mg L−1 of As3+.

26654 | RSC Adv., 2024, 14, 26648–26658
constant. Therefore, to achieve the highest detection, the reac-
tion time at 90 min was selected as optimal.
3.4 Analytical validation

Under optimal conditions, concentrations of As3+ from 0.01 to
5.00 mg L−1 were added to CS/AuNPs@TDA to evaluate the
detection method (Fig. 6). As the concentration of As3+ was
increased, the CS/AuNPs@TDA changed from a dispersed state
to an aggregated state, accompanied by a corresponding color
change from red to bluish purple and a red-shi in the SPR
band from 525 nm to 645 nm (Fig. 6a). Fig. 6b shows the plot of
the A645/A525 ratio against As3+ concentrations from 0.01 to
5.00 mg L−1. The A645/A525 ratio exhibited a linear relationship
with the As3+ concentration from 0.01 to 1.00 mg L−1 with
a linear regression equation of y(A645/A525) = (0.7603 ± 0.0436)x
(mg L−1) + (0.2361 ± 0.0264) and an R2 of 0.9902 (Fig. 6c). The
limit of detection (LOD) was calculated as= 3.3s/S and the limit
of quantication (LOQ) as = 10s/S, where s is the standard
deviation of the blank (n = 15) and S is the slope of the linear
calibration curve.54 The values of s (Table S1†) and S were
0.0014 and 0.7603, respectively. As a result, the LOD and LOQ
were found to be 0.0061 and 0.0184 mg L−1, respectively.

The precision of the detection method was evaluated at three
concentrations of As3+ (0.10, 0.50, and 1.00 mg L−1) on the same
day (intraday; n = 5), and at the same three concentrations on
three consecutive days (interday; n= 3 for each day) (Table 1). The
relative standard deviations (RSDs) for the intraday and interday
precisions ranged from 1.22% to 2.98% and 0.45% to 3.27%,
respectively, demonstrating the good precision of the method.
3.5 Selectivity

The selectivity of the proposed method was tested against 12
cations, namely (As5+, Cu2+, Fe3+, Fe2+, Hg2+, Al3+, Cr3+, Cd2+,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) UV-vis spectra of CS/AuNPs@TDA in the presence of eight concentrations of As3+. (b) Plot of the absorbance ratio (A645/A525) vs. As
3+

concentration from 0.01 to 5.00 mg L−1. (c) Linear calibration plot for the As3+ concentration range of 0.01–1.00 mg L−1 and the corresponding
color response.

Table 1 Intraday and interday precisions of the CS/AuNPs@TDA for
the detection of three concentrations of As3+

As3+

(mg L−1)

RSD (%)

Intraday
(n = 5)

Interday
(3 days)

0.10 2.98 3.01
0.50 2.87 3.27
1.00 1.22 0.45
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Co2+, Ni2+, Pb2+, Zn2+), and six anions, namely Br−, Cl−, F−,
SO4

2−, NO3
−, and PO4

2− (Fig. 7). These metal ions are found
naturally or as contaminants in food. Heavy metals, such as
Hg2+, Cr3+, Cd2+, Ni2+, and Pb2+ especially pose a risk to human
Fig. 7 Selectivity study of the CS/AuNPs@TDA for As3+ detection. The abs
of a single analyte (As5+, Cu2+, Fe3+, Fe2+, Hg2+, Al3+, Cr3+, Cd2+, Co2+, Ni2

of As3+ and the other ions. All signals were compared with the signal for
shows the corresponding colorimetric responses for ion detection. The
other cations were at 1.0 mg L−1. The concentrations of the anions wer

© 2024 The Author(s). Published by the Royal Society of Chemistry
health.55 The anions, i.e., Br−, Cl−, F−, SO4
2−, NO3

−, PO4
2−, are

of interest since they have been detected in bottled drinking
water and river stream.56,57 It was found that As3+ gave the
highest A645/A525 ratio, accompanied by appropriate color
responses, while the other ions exhibited A645/A525 ratios that
were either signicantly lower or equal to the blank intensity
(red bar) of ∼0.22. Moreover, the A645/A525 ratio of CS/
AuNPs@TDA in the presence of a mixture of As3+ and other
studied ions (yellow bar) was relatively consistent with the ratio
produced in the presence of As3+ alone (orange bar). This result
conrmed the good selectivity of CS/AuNPs@TDA toward As3+.
3.6 Comparison with previously reported methods

The proposed detection method based on CS/AuNPs@TDA
was compared with previous studies (Table 2) in terms of its
orbance ratio (A645/A525) of the nanoprobewas plotted in the presence
+, Pb2+, Zn2+, Br−, Cl−, F−, SO4

2−, NO3
− and PO4

2−) and a mixture (Mix)
CS/AuNPs@TDA without cations and anions (blank) and As3+. The inset
concentrations of As3+, Cu2+ and Hg2+ were 0.25 mg L−1 whereas the
e 2.5 mg L−1.

RSC Adv., 2024, 14, 26648–26658 | 26655
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Table 2 Comparison of the proposed method with some reported methods for detecting As3+a

Detection method Linear range (mg L−1) LOD (mg L−1) Recovery (%) Reference

Hydride generation atomic uorescence
spectrometry

0.1–10 0.023 96.7–105 11

Electrochemistry (AuNPs/SPGE) 100–150 30 90.1–109.7 14
Fluorescence detection (MSA-CdTe QDs) 50–1000 16 92.0–112.0 17
Colorimetry (LS-AuNPs) 5–500 2 — 20
Colorimetry (citrate-AuNPs) 4–100 1.8 95.0–102.8 21
Colorimetry (glucose-AuNPs) 20–500 5.6 — 28
Colorimetry (GSH-DTT-CYs-PDCA-AuNPs) 2–20 2.5 77.4–128.2 29
Colorimetry (Ars-3 aptamer-CTAB-AuNPs) 1–100 16.9 95.6–107.3 30
Colorimetry (polyethylene glycol-AuNPs) 5–20 5 — 31
Colorimetry (CS/AuNPs@TDA) 10–1000 6.1 88.2–105.7 Present work

a AuNPs/SPGE= gold nanoparticles/screen-printed graphene electrode; MSA-CdTe QDs=mercaptosuccinic acid-capped CdTe quantum dots; LS=
lauryl sulphate; GSH-DTT-CYs-PDCA = glutathione-dithiothreitol-L-cysteine-2,6-pyridinedicarboxylicacid; CTAB = cetyltrimethylammonium
bromide.
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linear range, LOD, and recovery. Our colorimetric method
provided a wide linear range and had comparable recovery
values to the other methods. Its LOD was as low as some re-
ported studies and lower than 10 mg L−1, which is the standard
limit in drinking water.7 We also investigated the uorescence
spectra of the CS/AuNPs, CS/AuNPs@TDA, and CS/
AuNPs@TDA in the presence of 0.5 and 1.0 mg L−1 of As3+,
as shown in Fig. S3.† The CS/AuNPs and CS/AuNPs@TDA
showed no emission peak. Moreover, no uorescence of CS/
AuNPs@TDA was produced aer the addition of As3+.
Compared to sophisticated techniques such as atomic
absorption spectrometry, electrochemistry, and uorescence
spectrometry, our method offers a cost-effective detection
solution and simple operation without instrument mainte-
nance requirements.
3.7 Detection of As3+ in real samples

To investigate the efficiency of the developed assay, CS/
AuNPs@TDA was applied to detect As3+ in rice, drinking
water, and environmental water samples, as presented in Tables
S2 and S3.† The concentrations of As3+ detected by CS/
AuNPs@TDA were compared to the results obtained from ICP-
OES analysis to ensure accuracy. Spike and recovery tests were
also performed using three concentration levels of As3+ (0.05,
0.20, and 0.50 mg L−1). The results showed that no concentra-
tion of As3+ was detected by CS/AuNPs@TDA in the unspiked
samples, except for the W3 sample, which was found to contain
0.007 ± 0.002 mg L−1 of As3+, which was lower than our LOQ
(0.018 mg L−1). This result agreed with the result from ICP-OES
(0.008 ± 0.004 mg L−1 of As3+). Recoveries were obtained by the
CS/AuNPs@TDA in the range of 91.27–104.24% in rice samples,
93.54–99.18% in drinking water, and 88.22–105.74% in envi-
ronmental water samples, with RSDs ranging from 0.72% to
2.94%, 0.34% to 2.91%, and 0.25% to 2.99%, respectively. The
recoveries and RSDs results of our method were not signi-
cantly different from those of ICP-OES based on Student's t-test
and ANOVA at a 95% condence level. These results
26656 | RSC Adv., 2024, 14, 26648–26658
demonstrate that the proposed CS/AuNPs@TDA can be applied
for the on-site testing of As3+ and as an alternative to ICP-OES
analysis.
4 Conclusions

A sensitive and selective colorimetric assay for As3+ detection
was developed. The probe was prepared by reducing HAuCl4
with chitosan and functionalizing the chitosan-stabilized
AuNPs with TDA to form CS/AuNPs@TDA through an Au–S
bond. The CS/AuNPs@TDA interacts with As3+ at the carbox-
ylate group of TDA and aggregates, changing color in the
process. FTIR, FE-TEM, DLS, and zeta potential analyses
conrmed the aggregation due to As3+, together with a visual
color changes and red-shi in the spectrum. The relationship
between A645/A525 and the As3+ concentration was linear from 10
to 1000 mg L−1. The proposed method had an LOD of 6.1 mg L−1,
achieved recoveries above 88.23%, showed interday and
intraday precisions of less than 3.28%, and good selectivity
against other metal ions. The proposed method was used to
detect As3+ in real rice and water samples. The application of
CS/AuNPs@TDA for the determination of As3+ in soils samples
is of interest in subsequent projects.
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