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d selective colorimetric and
smartphone-based detection of arsenic ions in
aqueous solution using alliin–chitosan–AgNPs

Rintumoni Paw,abc Ankur K. Guha d and Chandan Tamuly *ab

In this study, we developed a highly selective and sensitive colorimetric sensor for arsenic [As(III)] detection

using alliin–chitosan-stabilized silver nanoparticles (AC–AgNPs). The AC–AgNPs were synthesized using

a complex prepared by mixing aqueous garlic extract containing alliin and chitosan extracted from

shrimp. The synthesis of AC–AgNPs was confirmed by UV-vis spectroscopy, which showed a surface

plasmon resonance (SPR) band at 403 nm, and TEM analysis revealing spherical nanoparticles with

a mean diameter of 7.57 ± 3.52 nm. Upon the addition of As3+ ions, the brownish-coloured solution of

AC–AgNPs became colourless. Moreover, the computational study revealed that among all the metal

ions, only As3+ was able to form a stable complex with AC–AgNPs, with a binding energy of 8.7 kcal

mol−1. The sensor exhibited a linear response to As(III) concentrations ranging from 0.02 to 1.4 fM, with

a detection limit of 0.023 fM. The highest activity was observed at pH 7 and temperature 25 °C.

Interference studies demonstrated high selectivity against common metal ions. The study also

demonstrated that the concentration of As3+ ions can be estimated by the decrease in red intensity and

increase in green intensity in smartphone optical transduction signals. These results indicate the potential

of the AC–AgNP-based sensor for reliable and efficient arsenic detection in environmental monitoring.
Introduction

The long-standing global issue of arsenic toxicity from
contaminated water and food materials is a cause for serious
concern, as it can increase the risk of cancer by altering DNA
repair, DNA methylation, oxidative stress and genotoxicity.
Among the four forms of arsenic, namely, metalloid (As0),
arsenite (As3+), arsenate (As5+) and arsenic gas (AsH3), arsenite
is considered the most toxic because it reacts with thiol and
sulydryl groups present in proteins and enzymes, thereby
disrupting their normal functioning.1

Approximately 140 million individuals across more than 70
nations are consuming water with arsenic concentrations
surpassing the provisional guideline set by the World Health
Organization, which is 10 mg L−1.2,3 Accurate rapid detection of
toxic arsenic ions is therefore indispensable to avoid toxicity. In
addition, detecting arsenic at trace levels presents a signicant
scientic and technological challenge due to its chemical
properties and the complex matrices in which it is found.
Advancing detection technologies for arsenic can lead to
improvements in analytical methods for other contaminants as
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well. Analytical methods such as hydride generation atomic
uorescence spectrometry, inductively coupled plasma atomic
emission spectroscopy (ICP-AES), ICP mass spectrometry (ICP-
MS), hydride generation atomic absorption spectroscopy,
graphite furnace AAS and uorescence spectrometry are highly
sensitive and precise for the determination of arsenic ions.4

However, these typical analytical techniques are expensive,
time-consuming and unsuitable for onsite analysis.5,6

Various nanomaterial based onsite detection techniques are
explored in recent studies to detect analytes. The development
of wearable sensors for real-time monitoring of biomarkers has
also been explored in recent studies. Highly capable Al-doped
NiO electrode has been developed for analyte like alcohol in
sweat.7 Likewise, graphene nanoribbon/Co3O4-modied elec-
trode has been explored for detection of H2O2, ZnO/NiO nano-
composite as a working electrode for sensing p-cresol, MnO2/
rGO nanocomposites for the detection of the pollutant para-
nitrophenol.8–10 Different biomaterial-based nanomaterials
have also been explored in different studies. For example,
cotton based colorimetric sensing has been explores for detec-
tion of ketones, gallic acid–AuNP@Tollens' complex as a highly
sensitive plasmonic nanosensor for colorimetric and smart-
phone-based detection of formaldehyde and benzaldehyde in
preserved food products, alliin–AgNPs for colorimetric detec-
tion of Hg2+ and Sn2+ ions in water.11–13

The detection of heavy metal ions in wastewater is a critical
environmental challenge. Various techniques have been
RSC Adv., 2024, 14, 22701–22713 | 22701
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developed to address this issue, including electrochemical
sensors, colorimetric sensors, and nanomaterial-based adsor-
bents. Recent advances have highlighted the efficiency of
nanomaterials in enhancing the sensitivity and selectivity of
these detection methods. Heavy metal detection technologies
have followed the trend of autonomous, intelligent, compre-
hensive and accurate quick detection in recent decades. Spec-
troscopic detection, optical techniques and electrochemical
methods are some of the most common techniques of heavy
metal detection.14

Recent advancements in arsenic detection have centred
around innovative colorimetric and nanomaterial-based
methods. Researchers have developed several advanced
methods including optical colorimetric platforms leveraging
the redox chemistry of arsenic, biomolecule-modied nano-
materials, and arsenic-binding ligand-modied nanomaterials.
These methods aim to enhance sensitivity, selectivity, and ease
of use for on-site detection. Notable developments include
enzyme-based sensors using gold nanoparticles for colorimetric
detection and nanozymes that mimic enzymatic activity. Like-
wise, polymer hydrogel-based colorimetric strip sensors have
shown promise, offering a simple and cost-effective solution for
arsenic. Additionally, enzyme-inhibitory biosensors using gold
nanoparticles and laccase-based systems have provided new
avenues for arsenic detection in environmental samples. These
advancements highlight the potential of integrating nanotech-
nology with traditional colorimetric approaches to create more
efficient and reliable arsenic detection methods.15–17

Colorimetric nanosensors and biomolecule-modied nano-
materials represent signicant advancements in arsenic detec-
tion, providing tools that are both sensitive and user-friendly.
Colorimetric nanosensors, such as the paper-based sensor
developed by Chanda's group, leverage gold nanoparticles
(AuNPs) functionalized with ligands like thioguanine (TG) and
meso-2,3-dimercaptosuccinic acid (DMSA) to visually indicate
arsenic contamination in water through a color change. This
simplicity and rapid response make them ideal for on-site
applications, although there is a need for further development
to enhance their specicity and selectivity in complex environ-
mental samples.18

Similarly, biomolecule-modied nanomaterials use
enzymes, aptamers, or peptides to achieve high specicity and
sensitivity in arsenic detection. These nanosensors can trans-
late the inhibition of enzyme activity by arsenic into measurable
optical or electrochemical signals, offering rapid, on-site anal-
ysis capabilities. Despite their potential, these materials require
extensive screening to validate their reliability, stability, and
performance in various environmental conditions. Further
exploration and development in this eld are crucial to address
existing challenges, such as cost, time efficiency, and stability in
harsh environments. Advancing these technologies will ensure
they are not only scientically robust but also practically viable
for real-world applications.17

Nanoscale materials have emerged as novel sensors due to
their high surface area-to-volume ratio, which allows for
a greater number of chemical and physical interactions to occur
on the surface, as well as their unique chemical and physical
22702 | RSC Adv., 2024, 14, 22701–22713
properties, such as surface plasmon resonance (SPR). SPR is
a collective oscillation of electrons at the interface of metallic
structures that are produced through the electromagnetic
interaction of the metal with incident light of a specic wave-
length. In the case of nanoparticles, this process is generally
referred to as localized surface plasmon resonance (LSPR) since
the oscillation is localized in the region. LSPR occurs when the
electron oscillations are in phase with the incident light
frequency, resulting in an enhancement of the local electro-
magnetic eld and a sharp spectral response (scattering and
absorption). Moreover, for nanoparticles smaller than 15 nm,
the spectral response is dominated by absorption, while for
nanoparticles larger than 15 nm, the spectral response is
dominated by scattering. Furthermore, the LSPR is different for
different metals and depends on the shape, size, and dielectric
environment of the surrounding medium.19 These variations
can be used to develop a metal nanosensor using colorimetric
and smartphone-based analysis. The search for such bio-
inorganic nanoscale sensors based on SPR is rapidly growing
due to their ability to instantly detect toxic ions.20 These nano-
sensors rely on analyte-induced aggregation, which results in
a visible colour change. Several advantageous nanosensors have
been developed for the detection of As3+ ions, such as oligo-
nucleotides (aptamers), glutathione, dithiothreitol and
cysteine-functionalized AuNPs, citrate–AuNPs and polyethylene
glycol-functionalized AgNPs.18,21–24 Likewise, smartphone-based
methods based on the surface plasmon resonance of nano-
particles have also been used for the detection of As3+ ions.25

Noble metals such as gold and silver have an abundance of
free electrons, resulting in strong surface plasmon resonance
effects. Among these metals, silver (Ag) is the best material for
plasmonics due to its low optical losses in the visible and near-
infrared spectra and its resonance wavelength is situated in the
visible and near-infrared regions, allowing colour changes to be
detected by human eyes.26 Silver nanoparticles are generally
nontoxic, making them safe. This makes them ideal for optical
sensing applications. Despite these advantages and the high
sensitivity of many AgNPs, the use of AgNPs for the detection of
arsenic is less explored extensively.18,21–24,27

Similarly, biomaterials such as garlic and chitosan for the
detection of As3+ ions are unexplored. Garlic cloves are known to
contain a plethora of molecules, such as allicin, alliin, ajoene,
diallyl sulde, diallyl disulde and vinyldithiins. Some of these
molecules are known to possess antimicrobial and antioxidant
properties, which can help protect the sensor from damage.28

Chitin is the second most abundant biopolymer on earth aer
cellulose and is found in the cell walls of some microorganisms
and the exoskeletons of certain invertebrates. It is a homo-
polysaccharide derived from N-acetyl-D-glucosamine and is
linked by b-1,4-glycosidic bonds. In most invertebrates,
including crustaceans and insects, chitin is found in a partially
deacetylated form, known as chitosan.29

The physicochemical and sensing properties of selected
materials for arsenic detection are critical for ensuring effective
and sensitive monitoring. Gold nanoparticles (AuNPs), func-
tionalized with various ligands like thioguanine (TG) and meso-
2,3-dimercaptosuccinic acid (DMSA), exhibit strong surface
© 2024 The Author(s). Published by the Royal Society of Chemistry
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plasmon resonance, which is pivotal for colorimetric detection
due to their visual colour change in the presence of arsenic ions.
Silver nanoparticles (AgNPs) functionalized with multi-ligand
systems such as asparagine, DTT, and GSH also show signi-
cant promise due to their excellent sensitivity and lower cost
compared to gold. Another effective material is cerium oxide
(CeO2) nanoparticles, which are notable for their stability and
enzyme-mimicking catalytic properties that enhance their
sensitivity in colorimetric assays. Copper nanoparticles
(CuNPs), particularly when functionalized with organic mole-
cules like ranolazine, provide an economical and stable option
for arsenic detection, demonstrated by their colorimetric
response and low detection limits. Additionally, calix[4]pyrrole
tetrahydrazide (MCPTH) functionalized AuNPs and ferrihydrite-
coated silica gel with silver nanoplates are utilized for both
colorimetric and electrochemical sensing, leveraging their high
surface area and reactivity to detect arsenic at low concentra-
tions. Each of these materials brings unique advantages in
terms of sensitivity, specicity, and cost-effectiveness, though
ongoing research and development are essential to overcome
challenges related to stability and reproducibility in complex
environmental samples.17,30–32

Therefore, to develop a nanosensor for the detection of As3+

ions in aqueous solution considering matrices such as selec-
tivity, accuracy, lower detection limit and an eco-friendly
synthesis approach, the present study was designed to exploit
the advantages of Ag-based nanoparticles and important
biomaterials derived from garlic and chitosan. To minimize the
cost, technical difficulties and ease of availability, colorimetric
and smartphone-based methods based on surface plasmon
resonance were chosen to develop the nanosensor. The
synthesized nanoparticles were characterized using UV-visible
spectroscopy, X-ray photon spectroscopy, X-ray diffraction
(XRD), high-performance liquid chromatography, Fourier
transform infrared spectroscopy, Raman spectroscopy and
scanning electron microscopy. The theoretical structure of the
nanoparticles and their interactions with As3+ ions were simu-
lated using density functional theory (DFT) and the chemo-
sensor was successfully applied for the determination of As3+

ions in groundwater samples.
Materials and methods
Materials

Garlic was procured from the Naharlagun market (27.1030°N,
93.7008°E, 155 m asl), Arunachal Pradesh, India. Analytical
grade alliin (standard) and shrimp chitosan, acetonitrile,
phosphoric acid, acetic acid, AsI3 (∼99%), AgNO3 (99.99%),
BaCl2$2H2O (99%), CaCO3 (99%), CoCl2, CrCl2 (99.9%), CuSO4

(99.99), FeCl3 (96%), FeSO4$7H2O ($99.0%), KI, SnCl2, NiCl2
(98%), PdCl2 (99%), Pb(NO3)2, ZnSO4$7H2O (99.99%) and
Zn3(PO4)2 were purchased from Sigma-Aldrich.
Instrumentation

High-performance liquid chromatography (HPLC) analysis.
The major phytochemical component in the aqueous garlic
© 2024 The Author(s). Published by the Royal Society of Chemistry
extract was identied using an HPLC system (Prominence-i,
Shimadzu Corporation, Japan, with a PDA detector and C18
(octadecyl) phase/silica gel column, 5 mM pore size). The ow
rate was 1 mL min−1, the injection volume was 20 mL and the
binary mobile phase was acetonitrile : water (80 : 20) with 0.2%
phosphoric acid. The mobile phase was sonicated for 15 min
and degassed and the column temperature was maintained at
30 °C.

Characterization of the synthesized AgNPs. The character-
ization of the AC–AgNPs was performed using UV-visible spec-
troscopy, XRD, XPS, SEM, TEM, FTIR and Raman spectroscopy.
To monitor the formation of the AgNPs, determine the optical
properties and surface plasmon resonance of the nanoparticles,
UV-visible spectra were recorded within the range of 300–800
nm using a UV-2600 spectrometer, Shimadzu Corporation
(Japan). FTIR spectroscopy was employed to compare the
functional groups of alliin, chitosan, the alliin–chitosan
complex and the nanoparticles. The FTIR spectra were recorded
in the range of 4000–400 cm−1 to identify the functional groups
present on the nanoparticle surface using Spectrum Two, Per-
kinElmer Inc., USA. Additionally, a DXR2 Smart Raman Spec-
trometer (Thermo Scientic Inc., USA) with an excitation
wavelength of 532 nm was used to acquire the Raman spectra.
To determine the crystalline structure of the nanoparticles,
a Bruker (Germany) D8 Advance powder X-ray diffractometer
with a Cu Ka X-ray source (l = 1.5406 Å) was used for XRD
analysis, with a scanning speed of 3° min−1. High-resolution
TEM images were captured using a JEM-2100 (JEOL Ltd., Japan)
operated at an accelerating voltage of 200 kV. The sizes of the
nanoparticles, the interplanar distance, and d spacing in
selected area electron diffraction (SAED) study were measured
from TEM image using ImageJ soware. Energy dispersive X-ray
spectroscopy (EDS) based elemental composition of the nano-
particles were analyzed using Aztec (Oxford Instruments, UK)
attached to the TEM.

The morphology of the nanoparticles was observed using
a Sigma 300 VP Field Effect Scanning Electron Microscope (FE-
SEM) (ZEISS, Germany) with a resolution of 1.2 nm at 15 kV. The
elemental composition, empirical formula, chemical and elec-
tronic state of the elements within the nanoparticles were
analysed using a ESCALAB Xi+ XPS (Thermo Fisher Scientic
Inc., USA).
Techniques and procedures

Preparation of garlic extract. Forty grams of peeled garlic
clove was ground into a paste using a mortar and pestle and
then added to 400 mL of deionized water. The solution was
stirred continuously with a magnetic stirrer at 60 °C for 45 min
and then cooled to room temperature (24–25 °C). The solution
mixture was ltered with Whatman lter paper (pore size 20–25
mm) to obtain the garlic extract (ltrate).11

Preparation of the alliin–chitosan complex. One hundred
milligrams of chitosan was dissolved in 100 mL of a 2%
aqueous solution of acetic acid. Subsequently, 200 mL of garlic
extract was added to 200 mL of chitosan solution. The mixture
was stirred at 12 000 rpm for 30 minutes, aer which it was le
RSC Adv., 2024, 14, 22701–22713 | 22703
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at 4 °C for 48 h. The solution was then centrifuged at 6000 rpm
for 10 min. The precipitate was washed three times with
distilled water and dried in an oven at 60 °C for 2 days, resulting
in a white powder of 304.10 mg.33

Synthesis of alliin–chitosan–silver nanoparticles. A total of
12.5 mg of an alliin–chitosan complex was dissolved in 50 mL of
a 2% acetic acid solution, 10 mL of which was then added to 25
mL of a 1 mM AgNO3 solution. The mixture was stirred for 30
minutes and the formation of the alliin–chitosan–AgNPs was
conrmed through UV-absorption spectroscopy (Fig. 1).

Selectivity as a metal ion sensor. The selectivity of the AC–
AgNPs-based colorimetric sensor towards As(III) ions was eval-
uated by comparing its surface plasmon resonance response in
presence of other metal ions commonly found in environmental
samples. The metal ions tested As3+, Ba2+, Ca2+, Co2+, Cr2+ Cu2+,
Fe3+, Fe2+, Ni2+, Pb2+, Pd2+, Sn2+ and Zn2+ each at a concentra-
tion of 1 mM.

Standard solutions of each metal ion were prepared in
deionized water at a concentration of 1 mM. A solution of 5 mL
of diluted AC–AgNPs in water was supplemented with 0.2 mL of
1 mM salt solution of each metal ion solution. The mixture was
shaked using vortex for 2 minutes at room temperature to allow
for interaction between the nanoparticles and the metal ions.

Changes in colour of the solution was recorded visually and
the absorbance spectra of the mixtures were recorded using
a UV-vis spectrophotometer across the wavelength range of 300–
800 nm. The specic absorbance peak corresponding to the
surface plasmon resonance (SPR) band of AC–AgNPs was
monitored to observe any shis or intensity changes indicative
of metal ion interaction.

Theoretical modelling of the structure of the nanoparticle
and the nanoparticle–arsenic complex. Theoretical molecular
modelling, which encompasses a variety of theoretical and
computational methods used to numerically represent molec-
ular structures and simulate them using classical and quantum
physics equations was applied in this study.34 Here, density
functional theory (DFT), the predominant quantummechanical
method for the simulation of energy surfaces in molecules and
other periodic systems, has been employed to theoretically
model the molecular structure of AC–AgNPs and AC–AgNPs–
arsenic complex. For this purpose, the molecular structures of
Fig. 1 Schematic diagram of the steps of synthesis of alliin–chitosan–
AgNPs from alliin of garlic extract and shrimp chitosan.

22704 | RSC Adv., 2024, 14, 22701–22713
alliin, chitosan and AC–AgNPs were fully optimized without any
symmetry constraints at the M06-2X level of theory using the
def2-TZVP basis set and vibrational frequency calculations were
also conducted at the same level of theory to conrm their local
minimum nature on the potential energy surface. All calcula-
tions were performed using the GAUSSIAN 16 suite of
programs.35,36

Optimization of detection parameters. The inuence of
temperature and pH on the detection of As3+ using AC–AgNPs
was studied and the relative activity percentage was calculated
and plotted against their respective changes to optimize the
process using the following equation (eqn (1)):13

Relative activity (%) = (M1/M2) × 100 (1)

whereM1 = the absorbance maxima of the AC–AgNPs under the
specied conditions.M2 = the highest absorbance maximum of
AC–AgNPs.

For optimization of pH, the absorbance of 3 mL diluted AC–
AgNPs were recorded at pH 2, 6, 7, 8 and 10 at room temperature
(25 °C). For optimization of temperature, the absorbance of 3
mL diluted AC–AgNPs were recorded at 25 °C, 45 °C, 65 °C and
85 °C maintaining pH 7.

Limit of detection (LoD) and limit of quantication (LoQ) for
sensing As3+ ions. First, 1–7 mL of 10−9 mM As3+ solution (0.02–
0.14 fM) was added to 3 mL of AC–AgNPs. The absorbance
maxima of the resulting solutions were obtained at 403 nm. The
minimum detectable concentration of As3+ was evaluated by
plotting a linear calibration curve (eqn (2)).

Y = a + bX, (2)

where, Y is the dependent variable (maximum absorbance), X is
the independent variable (concentration of As3+), b is the slope
of the line, a is the Y-intercept.

The LoD and LoQ were calculated based on the standard
deviation of the response and the slope using the following
equations (eqn (3) and (4)):25,37

LoD = 3.3 × SD/S (3)

LoQ = 10 × SD/S (4)

where SD = the standard deviation of the absorbance maxima
of the control (n = 3), S = slope of the calibration curve.

Kinetics of the reactive interaction between AC–AgNPs and
As3+. To understand the kinetics of the interaction between the
AC–AgNPs and As3+, 1, 25 and 50 mL of 1 mM As3+ solution was
mixed in 3 mL of diluted AC–AgNPs in water and the absor-
bance of the mixed solution was measured at one-minute
interval. In this study, various kinetic models, viz., zero-, rst-
and second-order models were evaluated for As3+. The linear
forms of the zero-order, rst-order and second-order kinetic
models are as follows (eqn (5)–(7)):38

[At] = [A0] − k0t (5)

Ln([At]/[A0]) = −k1t (6)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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1/[At] = k2t + 1/[A0] (7)

where, [At] is the absorbance at time t and [A0] is the absorbance
at time t = 0. The k0, k1 and k2 are zero-order, rst-order and
second-order rate constant, respectively. The curves for the zero-
, rst- and second-order models are plotted as [At] vs. T, ln([At]/
[A0]) vs. T and 1/[At] vs. T, respectively and the rate constants
were then estimated from the slopes of the regression plots.
Fig. 2 Schematic diagram of the As3+ ion sensing technique using
red-blue-green (RBG) colour detection application of smartphone.
Practical application and interference study

To assess the reliability of the developed method, the presence
of As3+ ions in three ground water samples was tested. The
samples were collected from different locations in the Dhemaji
(Silapathar, 26°12021.4900N, 93°48034.2400E and Sripani, 27°
340400N 94°3802400E) and Lakhimpur (Boginadi, 27°3600800N, 94°
1802600E) districts of Assam, India.

A solution of 3 mL of diluted AC–AgNPs in water was sup-
plemented with 0.2 mL of the sample water. The mixture was
shaked using vortex for 2 minutes at room temperature to allow
for interaction between the nanoparticles and the metal ions.
The absorbance spectra of the mixtures were recorded using
a UV-vis spectrophotometer across the wavelength range of 300–
800 nm. The quantity of As3+ in the samples was estimated
using the standard linear regression model derived based on
the absorbance maxima and the concentration of As3+ solution
in LoD calculation.

To study the interference of common anions and cations,
a solution of 3 mL of diluted AC–AgNPs in water was supple-
mented with 0.2 mL 1 mM AsI3. To this solution 0.2 mL 1 mM
salt solution of BaCl2, CaCO3, CoCl2, CrCl2, CuSO4, FeCl3,
FeSO4, KI, SnCl2, NiCl2, PdCl2, Pb(NO3)2, ZnSO4 and Zn3(PO4)2
were added individually. The mixture was shaked using vortex
for 2 minutes at room temperature to allow for interaction
between the nanoparticles and the metal ions. The absorbance
spectra of the mixtures were recorded using a UV-vis spectro-
photometer across the wavelength range of 300–800 nm.

Five replications of control (without adding salts other than
As3+) and of the mixture with added salts were used for
recording absorbance data. Analysis of variance (ANOVA) was
done using Origin 9 soware to test where there is any variation
in the absorbance aer addition of other ions or not.
Smartphone integrated detection of As3+

A smartphone-based red-blue-green (RBG) colour analysis was
tested for the detection of As3+ in addition to a colorimetric
sensing method. For this study, 10–150 nM As3+ solution in
water were added to 3 mL of the diluted AC–AgNPs. The mixture
was shaked using vortex for 2 minutes at room temperature to
allow for interaction between the nanoparticles and the metal
ions. The chromogenic change associated with the variation in
the concentration of As3+ was recorded using an inbuilt
smartphone camera and a colour detector application ‘Color
Meter’ (Fig. 2). This application displayed the percent intensity
of the primary colours: red, blue and green. A regression model
was then derived from plotting the red/green intensity ratio with
© 2024 The Author(s). Published by the Royal Society of Chemistry
the change in concentration, allowing for the estimation of the
concentration of As3+ in unknown samples.13,25

Results and discussion
Alliin–chitosan (AC) complex and alliin–chitosan–AgNPs (AC–
AgNPs)

The garlic paste was immediately boiled aer grinding to
prevent the activity of the enzyme alliinase, which converts
alliin to allicin.39,40 The HPLC chromatogram showed a peak
similar to that of standard alliin. Consequently, alliin is likely to
be the major phytochemical in garlic extract (Fig. 3A and B). The
formation of the conjugated complex was conrmed through
FTIR spectra of the garlic extract (GE), chitosan and GE–chito-
san complex, hereaer called the alliin–chitosan (AC) complex
(Fig. 3C). The FTIR spectrum of the complex differed from that
of the aqueous extract of garlic clove, and chitosan. The pres-
ence of the absorbance peaks at 3449 (O–H stretching), 2064
(carbonyl group, C]O of the carboxylic group), 1646 (amide II)
and 1084 (S]O stretching) cm−1, similar to its precursor
molecules, is indicative of the formation of the complex.41–43

Upon the addition of the alliin–chitosan complex, the col-
ourless AgNO3 solution turned brown, indicating that the alliin–
chitosan complex acts as a reducing agent to form AgNPs.44 The
reduction of Ag+ to Ag0 and the formation of AgNPs were further
validated by the UV-vis spectrum, which shows a characteristic
surface plasmon resonance (SPR) band at lmax = 403 nm. This
SPR band conrms the successful formation of AgNPs (Fig. 2E)
(Paw et al. 2021).11,45–48

The band at 1600 cm−1 in the Raman spectrum of the AC–
AgNPs is assigned to NH2 deformation (scissoring) (Fig. 2D),
while the broad band at 1580 cm−1 is attributed to the asym-
metric C]O stretching vibrations of the carboxyl (O–C]O)
group. Moreover, the band at 872.69 cm−1 is likely due to the
stretching vibration of the C–O–C of chitosan, and the band at
826 cm−1 is assigned to a C–O–S stretch.41,42

The amine group of chitosan is assumed to bind to the
carboxy terminus of alliin, releasing a single hydroxyl ion. XPS
for the N 1s scan also displays three peaks, demonstrating
a shi in the bonding pattern of the N atom. Furthermore, this
N atom of chitosan may be involved in binding with Ag+ during
the formation of nanoparticles. Additionally, the oxygen of the
C]O of alliin may also be involved in binding with Ag+, thus
leading to the formation of alliin–chitosan–silver nanoparticles
RSC Adv., 2024, 14, 22701–22713 | 22705
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Fig. 3 (A and B) HPLC chromatograms of the (A) garlic extract and (B) alliin standard, (C) FTIR spectrum of garlic extract, chitosan and garlic
extract–chitosan complex, (D) Raman spectrum of the alliin–chitosan AgNPs, (E) UV-vis spectrum of AC–AgNPs, (F) X-ray diffraction crystal-
lography of AC–AgNPs.
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(AC–AgNPs). This hypothesis is supported by the lack of an
absorbance peak at 1084 cm−1 in the FTIR spectrum of the
nanoparticles compared to that of the alliin–chitosan complex.

Fig. 4A and B shows TEM images of the AC–AgNPs, which
conrmed their spherical structure. The size distribution of the
AC–AgNPs varied from 7.61 to 21.46 nm, with a mean particle
size of 7.57± 3.522 nm (Fig. 4C). AgNPs were reported to exhibit
a similar size distribution depending on the synthesis method
and morphology, further validating the successful synthesis of
AC–AgNPs.11 The selected area diffraction (SAED) pattern of
individual AC–AgNPs shows the lattice pattern structure of the
AC–AgNP sample. SAED also showed a fcc crystal lattice with d-
spacings of 0.29 nm, 0.17 nm, 0.16 nm and 0.11 nm,
22706 | RSC Adv., 2024, 14, 22701–22713
corresponding to diffraction angles of 30.2°, 50.2°, 56.7° and
83.9°, respectively (Fig. 4D). The interplanar distance from the
TEM image was calculated to be 0.11 (311 plane, 2q = 83.9),
which is similar (0.11 ± 0.021 nm) to that calculated from the
SAED image and XRD (0.12 nm).

The FESEM image of the AC–AgNPs showed that the nano-
particles were arranged like irregular masses of cotton (Fig. 4E
and F). Energy-dispersive X-ray spectrometry (EDX) was used to
determine the chemical composition of the nanoparticle
surface. As shown in Fig. 4G and H the nanoparticle surface
contained 12% C, 11% O and 77% Ag.

The XRD pattern of the synthesized AC–AgNPs is shown in
(Fig. 3F). The diffraction peaks observed at 2q values of 38.25°,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) TEM image (bright field), (B) TEM indicating interplanar
distance (311), (C) histogram showing nanoparticle size calculated
using ImageJ software, (D) selected area diffraction (SAED) pattern of
individual AC–AgNPs, (E and F) SEM image of AC–AgNPs, (G) energy-
dispersive X-ray spectrometry (EDX) spectra, (H) EDX elemental
mapping of the AC–AgNPs: 12% C K, 11% O K and 77% Ag L, where K
and L stands for K and L shell of the atoms (Ag: yellow, C: cyan, O:
blue).
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44.42°, 64.53°, and 77.59° correspond to the (111), (200), (220),
and (311) planes of the face-centered cubic (FCC) structure of
silver. This XRD data matches with standard data of the Inter-
national Centre for Diffraction Data (ICDD) for Ag with PDF
card no. 00-004-0783.49 The peaks are well-indexed andmatched
with the standard reference, conrming the crystalline nature
of the silver nanoparticles.

The XPS survey scans at 369.79, 532.2, 163.2, 401 and 280 eV
revealed the presence of Ag 3d, O 1s, S 2p, N 1s and C 1s (Fig. 5),
respectively, with the twin peaks of Ag 3d suggesting that Ag0

was the major component (369.0 eV for Ag0 3d5/2 and 373.75 eV
for Ag0 3d3/2), corresponding to the AgNPs (Fig. 5B).50,51 More-
over, the N 1s spectrum (Fig. 5E) showed three peaks at 399.65,
403.45 and 407.4 eV, suggesting the presence of amines/
amides.52,53
© 2024 The Author(s). Published by the Royal Society of Chemistry
Alliin–chitosan–AgNPs (AC–AgNPs) as selective As3+

nanosensors

The sensitivity of AC–AgNPs was evaluated for the metal ions
As3+, Sn2+, Co2+, Pb2+, Zn2+, Ni2+, Fe3+, Fe2+, Pd2+, Cu2+, Ca2+,
Cr2+ and Ba2+. As3+ was found to be the only metal ion that
caused a change in the colour of the AC–AgNP solution from
brownish to colourless (Fig. 6A). The results showed that the
presence of standard solution of the other ions did not cause
apparent changes in the SPR band and colour of AC–AgNPs
solution, in contrast to As3+, that turn the colour of the solution
from brown to colourless.

Chitosan has been widely recognized for its remarkable
sorption capabilities, which are attributed to its replaceable
functional groups, reusability, and environmentally friendly
characteristics. The polysaccharide, derived from chitin
through deacetylation, consists of 2-amino-2-deoxy-b-D-gluco-
pyranose units linked by 1,4-glycosidic bonds. The extensive
range of functional groups on chitosan, including amino,
hydroxyl, and amide, contribute to its high affinity for arsenic
adsorption through various mechanisms such as electrostatic
interactions, ion-pair formation, ion exchange, diffusion, metal
chelation, and complex formation.54 Likewise, alliin–AgNPs are
known to be sensitive towards metal ions like Hg2+ and Sn2+.11

However, nanoparticle system prepared using alliin–chitosan
complex, enhances the interaction with arsenic ions, leading to
sensitive detection and selectivity. Thus, the inclusion of alliin
provided sensitivity and a distinctive colorimetric response.
This is particularly important for detecting low concentrations
of arsenic in complex matrices. This unique interaction mech-
anism of alliin–chitosan complex and arsenic ions cannot be
replicated by chitosan or alliin alone.

Thus, the synthesis and application of alliin–chitosan–
AgNPs as a sensing material for arsenic detection is a novel
approach. This combination leverages the unique properties of
alliin and chitosan to enhance the sensitivity and selectivity of
silver nanoparticles (AgNPs) towards arsenic ions. The synthesis
process of alliin–chitosan–AgNPs is eco-friendly and cost-
effective, utilizing readily available natural materials. This
method offers a sustainable alternative to conventional sensing
materials, contributing to green chemistry principles. The
comprehensive characterization of the synthesized nano-
particles, combined with extensive validation through various
analytical techniques, underscores the reliability and robust-
ness of our sensor.
Possible mechanism of As3+ detection using AC–AgNPs

As indicated by HPLC, alliin is the major chemical constituent
of hot aqueous garlic extract. So, it plays signicant role in the
synthesis of AC–AgNPs as reported in Fig. 6B. The garlic extract
was mixed with chitosan to prepare the alliin–chitosan complex
as the previous mention.

The amine group of chitosan is assumed to bind with the
hydroxyl group of the carboxy-terminal of alliin releasing one
molecule of water. The amine group of chitosan is also reported
to bind with the hydroxyl group of many other compounds in
previous literature. XPS for the N 1s scan also shows three peaks
RSC Adv., 2024, 14, 22701–22713 | 22707
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Fig. 5 (A) XPS survey scan of AC–AgNPs, (B) XPS Ag 3d scan, (C) XPS (O 1s scan), (D) XPS S 2p scan, (E) XPS N 1s scan, (F) XPS C 1s scan.
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indicating changes in the bonding pattern with the N atom. It
also shows the involvement of this N atom of the chitosan in
binding with Ag during the formation of the nanoparticle. In
addition, the O of the C]O of the alliin may also involve in
binding with Ag forming the alliin–chitosan–silver nanoparticle
(AC–AgNPs). It was indicated by the absence of an absorbance
peak ∼ wavelength 1000 in FTIR spectra of the nanoparticle
compared to the alliin–chitosan complex. Thus, the silver atoms
may directly bind to N and O atoms of the alliin–chitosan
moiety forming N/Ag and O/Ag bond. It may further form
a cluster of three Ag0 ions with two alliin–chitosan moiety. Aer
addition of As3+ ions, the solution becomes colourless Fig. 6B.
This may be due to the analyte induced aggregation of AC–
AgNPs in the solution.18,21–24
22708 | RSC Adv., 2024, 14, 22701–22713
Computational analysis

Fig. 7 shows the computational analysis based optimized
geometry of the AC–AgNPs, with Ag atoms bonded to the N and
O atoms of the alliin–chitosan moiety and N/Ag and O/Ag
distances of 3.45 and 3.21 Å, respectively. Moreover, the binding
energy of the Ag3 cluster with the alliin–chitosan moiety was
calculated to be 14.2 kcal mol−1, indicating the stable formation
of Ag nanoparticles with the alliin–chitosan moiety.

To check the sensitivity of this AC–AgNP towards different
metals, As3+, Fe3+, Fe2+, Ni2+, Pd2+, Pb2+, Na+, Zn2+, K+, Cu2+,
Ca2+, Cr2+ and Ba2+ complexes with this AC–AgNP were tried to
be optimized. However, except As3+, all other complexes were
found to be broken aer geometry optimization. This implies
that only As3+ can form stable complex with AC–AgNP. The
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A) UV-visible spectra of AC–AgNPs after addition of different metal ion solutions. The colour of the solutions is shown in the inset image.
(B) Schematic illustration of possible mechanism of synthesis of AC–AgNPs using hot aqueous garlic extract and chitosan, and analytical
detection of As3+ ions using the synthesized AC–AgNPs. Optimized geometry of AC–AgNPs (bond distances in Å). (C) UV-visible absorption
spectra of AC–AgNPs upon the addition of an As3+ solution at a concentration of 0.02–1.40 fM. (D) Absorbance versus concentration of As3+.

Fig. 7 Optimized geometry of Ag(0) nanocluster stabilized by alliin–
chitosan complex and its interactions with arsenic (As).
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calculated binding energy of As3
3+ ring with AC–AgNP is 8.7 kcal

mol−1. The optimized geometry of As3–AC–AgNP is shown in
Fig. 2. As3 ring binds with Ag atoms of Ag3 ring and O and N
atoms of the alliin–chitosan moiety as shown in Fig. 7.

Thus, this work provides detailed mechanistic insights into
the interaction between alliin–chitosan–AgNPs and arsenic
ions. The study elucidates the binding mechanism and the role
of functional groups in the sensing process, offering valuable
knowledge for the development of future sensors.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Limit of detection (LoD)

Fig. 6C shows that the absorption peak of the AC–AgNPs
decreased with increasing concentrations of As3+ ions. A
signicant linear relationship existed between the changes in
absorbance and the concentration of As3+ ions over the range of
0.02–1.40 fM at 403 nm. This regressionmodel can be presented
as Y = 0.3226 − 0.18217X, R2 = 94.23%, where Y = peak
absorbance (nm) and X = concentration of arsenic (in femto
molar) (Fig. 6D). The slope is signicantly different from zero at
the 95% signicance level. The LoD and LoQ for the detection
and estimation of As3+ ions were 0.021 fM and 0.063 fM (SD =

0.001155, slope = −0.18217), respectively. This LoD is lower
than that of many other reported methods (Table 1). Thus, the
presented sensor demonstrates signicantly improved sensi-
tivity and selectivity compared to existing methods.

The highest activity of the AC–AgNPs for the detection of As3+

was recorded at pH 7 and 25 °C (Fig. 8A and B). A higher
temperature may cause a breakdown of the nanoparticle,
resulting in a decrease in the relative activity. Likewise, a change
in pH may cause a change in the hydrogen ion concentration,
inuencing the activity of the nanoparticle.
RSC Adv., 2024, 14, 22701–22713 | 22709
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Table 1 Comparison of the LoD for As3+ analysis using the proposed AgNP protocol with that of previously reported methods

Sl no. Probe Calibration range LoD (references)

1 Inductively coupled plasma-atomic emission spectrometry with ultrasonic nebulization 2.5–1000.8 mg L−1 0.8 mg L−1 (ref. 55)
2 Hydride generation with dielectric barrier discharge atomizer 0.5–50 mg L−1 0.04 mg L−1 (ref. 56)
3 Citrate-AuNPs in presence of phytochelatin-like peptide 0.04–1.2 mg L−1 0.02 mg L−1 (ref. 22)
4 Gold–thioguanine based nanosensor 10–10 000 mg L−1 10 mg L−1 (ref. 23)
5 Glutathione–dithiothreitol–cysteine–2,6-pyridinedicarboxylic acid–AuNPs 2–20 mg L−1 7 mg L−1 (ref. 57)
6 Hydride generation atomic absorption spectrometry 0.5 to 8.0 mg L−1 0.07 mg L−1 (ref. 52)
7 Aptamer based AgNPs 50–700 mg L−1 6 mg L−1 (ref. 53)
8 Polyethylene glycol functionalized AgNPs 10–15 mg L−1 10 mg L−1 (ref. 24)
9 Cysteine-capped AgNPs, and methionine-capped AgNPs 0.5–1000 mg L−1 0.5 mg L−1 (ref. 58)
10 Alliin–chitosan–AgNPs 1.498–104.86 fg L−1 1.72 fg L−1 (present work)
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A reaction kinetics study of the interaction between AC–
AgNPs and As3+ revealed that the rst-order model provided the
best t with the highest R2 value compared to the zero-order and
second-order models (Fig. 8C). However, as the reaction
involves two reactants, nanoparticles and As3+ ions, the kinetics
seem to follow pseudo-rst-order kinetics. This indicates that
the rate is solely dependent on one specic reactant in
solution.38
Fig. 8 (A and B) Relative activity of AC–AgNPs based on absorbance of A
absorbance of 3 mL diluted AC–AgNPs were recorded at pH 2, 6, 7, 8 an
absorbance of 3 mL diluted AC–AgNPs were recorded at 25 °C, 45 °C, 65
AC–AgNPs over time in the presence of 1 mM, 5 mM and 25 mM As3+

interference study of different metal ions on absorbance of AC–AgNPs–

22710 | RSC Adv., 2024, 14, 22701–22713
Practical application and interference study

Four water samples were collected from tube wells in different
locations of the Dhemaji and Lakhimpur district, Assam. India.
The level of As3+ was calculated as 4.06–5.68 fM in untreated
water samples (Fig. 9A–C and Table 2). These results show that
the proposed method has practical applicability in the sensing
of As3+ in environmental samples. Thus, this study introduces
an innovative sensor based on alliin–chitosan–AgNPs for the
C–AgNPs at different pH and temperature. For optimization of pH, the
d 10 at room temperature (25 °C). For optimization of temperature, the
°C and 85 °C maintaining pH 7, (C) changes in the peak absorbance of
at 1 minute intervals, and the first order reaction kinetics model, (D)
As3+ ion system.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (A–C) UV-visible absorption spectra of AC–AgNPs and real water samples collected from Boginadi, Silapathar and Sripani area of Assam.
Three replications were used for each sample, (D) regression plot for smartphone-based detection of As3+ in the range of 10–100 mM using red-
green colour intensity ratio.
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detection of arsenic ions. The use of alliin and chitosan as
stabilizing and functionalizing agents for AgNPs is novel,
providing enhanced sensitivity and selectivity. This approach is
not only cost-effective and eco-friendly but also offers signi-
cant improvements over existing detection methods. The
mechanistic insights provided by this study further contribute
to the understanding and development of advanced sensing
materials.

Analysis of variance (ANOVA) revealed no signicant differ-
ence between the absorbance of the AC–AgNP + As3+ solution
and that of the AC–AgNP + As3+ solution with individually added
metal ions (F = 1.962; P = 0.03694; df = 14, 60), indicating that
these metal ions did not interfere signicantly with the sensing
of As3+ ions by the AC–AgNPs (Fig. 8D). This is likely due to the
higher binding affinity of the sensor towards arsenite ions
compared to other ions. The interference study demonstrates
that the AC–AgNPs sensor is highly selective for As(III) ions, with
Table 2 Concentration of As3+ in real water samples

Location of water
sample source Peak absorbance � SD

Conc. of As3+ (femto
molar)

Silapathar 0.273 � 0.014 0.271 � 0.078
Boginadi 0.300 � 0.030 0.126 � 0.165
Sripani 0.206 � 0.014 0.640 � 0.079

© 2024 The Author(s). Published by the Royal Society of Chemistry
minimal interference from other common anions. This high
selectivity is crucial for accurate detection of As(III) in environ-
mental water samples, ensuring reliable and precise
measurements.
Smartphone-based detection of As3+ ions using AC–AgNPs

The optical transduction signals obtained using smartphones
showed that with increasing concentrations of As3+ ions, the
intensity percentage of the red colour decreased, whereas the
percentage intensity of the green colour increased. This might
be a result of the transformation to a lighter colour with
increasing As3+ concentration. The ratio of red/green decreased
with increasing As3+ concentration (Fig. 9D). A regressionmodel
of Y = −0.00176X + 0.91372 was derived for the range of 10–150
nM. This study demonstrated that the concentration of an
analyte in any solution can be estimated from the change in the
intensity of colours in terms of percentage.
Conclusion

In this study, we successfully developed a highly selective and
sensitive colorimetric sensor for the detection of arsenic (As(III))
ions using alliin–chitosan-stabilized silver nanoparticles (AC–
AgNPs). The detection method demonstrated a signicant
colour change from brown to colorless upon the addition of As3+
RSC Adv., 2024, 14, 22701–22713 | 22711
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ions, indicating the potential for visual detection. This change
in color was quantitatively analyzed using a smartphone-based
red-blue-green (RBG) color analysis, allowing for the estimation
of As3+ concentration through a regression model derived from
the red/green intensity ratio. The sensor exhibited a linear
response to As(III) concentrations ranging from 0.02 to 1.4 fM
with an impressive detection limit of 0.023 fM, making it suit-
able for detecting trace amounts of arsenic in environmental
samples. Interference studies conrmed the high selectivity of
the AC–AgNPs sensor against common metal ions such as Sn2+,
Co2+, Pb2+, Zn2+, Ni2+, Fe3+, Fe2+, Pd2+, Cu2+, Ca2+, Cr2+, and Ba2+.
Only As3+ ions caused a noticeable change in the colour of the
AC–AgNPs solution, underscoring the sensor's specicity.
Practical application of the developed method was demon-
strated by testing ground water samples from Dhemaji and
Lakhimpur districts of Assam, India. The samples were
analyzed using the developed sensor, showing reliable detec-
tion and quantication of arsenic ions. These results indicate
that the AC–AgNPs-based sensor is a promising tool for the
reliable and efficient detection of arsenic in aqueous solutions,
with potential applications in environmental monitoring and
public health protection.
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