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ABSTRACT

This paper describes a novel luminescent sensor for malathion using chitosan capped silver nanoparticles
(Chi-AgNPs) as fluorophore. The Chi-AgNPs were synthesized by the wet-chemical method and were
characterized by absorption, fluorescence, HR-TEM, XRD and DLS techniques. The Chi-AgNPs show the
absorption maximum at 394 nm and emission maximum at 536 nm. While adding 10 uM malathion,
yellow color Chi-AgNPs was changed to brown and the absorbance was decreased along with a redshift.
The observed spectral and color changes were mainly due to the aggregation of Chi-AgNPs. This was
confirmed by zeta potential, DLS and HR-TEM studies. No significant absorption spectral change was
observed for Chi-AgNPs in the presence of less than micromolar concentrations of malathion. However,
the emission intensity of Chi-AgNPs was decreased and the emission maximum was shifted toward
higher wavelength in the presence of picomolar concentration of malathion. Based on the decrease in
emission intensity, the concentration of malathion was determined. The Stern-Volmer constant, Gibbs
free energy change, association constant, quantum yield and binding constant were calculated and the
quenching mechanism was proposed. The Chi-AgNPs show good selectivity toward the determination of
10 nM malathion in the presence of 1000-fold higher concentrations of common interferents. A good
linearity was observed for the emission intensity against 1x 107°-10 x 107*> M malathion and the
detection limit was found to be 94 fM L™! (S/N=3). The proposed method was successfully applied to

determine malathion in fruits and water samples and the obtained results were validated with HPLC.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The pesticides assisted to extensively reduce crop losses and to
improve the yield of crops such as corn, maize, vegetables,
potatoes and cotton [1-3]. Worldwide use of pesticides increased
terrifically since the 1960s [3]. Although pesticides are beneficial
they adversely affect both the environment and human health.
Residues of pesticides pollute the soil and water, persist in the
crops and enter the food chain and are finally swallowed by
human with foodstuffs and water. Further, pesticides were respon-
sible for contributing to biodiversity losses and deterioration of
natural habitats [4-6].

Malathion is an organophosphorous pesticide which is exten-
sively applied on crops like banana, citrus fruits, tobacco and on
vegetable crops like tomato, beans, brinjal and carrot. It can
control the pests like aphids and similar sap-sucking insects,
various weevils, small beetles, scale insects and red spider mites
[7-9]. Very recently, in one of the southern states of India,
Tamilnadu, 5367 people were affected by dengue fever and about
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39 were died [10]. Indian government is making a lot of efforts to
control the mosquitoes. Malathion is very widely used in urban
centers as a fog against mosquitoes by the public health autho-
rities in India [7-10]. Moreover, it is also used to control animal
ectoparasite and human body lice [11].

The acute toxicity of malathion to animals is caused by
inhibition of acetylcholinesterase (AChE), an important enzyme
functioning to hydrolyze the neurotransmitter acetylcholine (ACh)
[8]. The inactivation of AChE causes an over accumulation of ACh
and thereby disrupts the nerve transmissions [9]. The genotoxic
studies indicate that malathion can also induce DNA damage [12].
Malathion has also been shown to modulate oxidative stress and
cholinesterase depression in saliva and plasma and increase
plasma glucose concentration associated with stimulation of
hepatic glycogen phosphorylase and phosphoenolpyruvate car-
boxykinase in rats [12]. Toxic symptoms resulting from human
exposure to malathion, include breathing problems, headache,
nausea and dizziness, while high exposure can produce fetal
poisoning [13]. Malathion can persist in the human body for at
least two generations [10]. It is suspected to cause kidney
problems, human birth defects and child leukemia [11]. Due to
its extensive application, it finds its way into surface water bodies
through agricultural runoff and municipal waste water. Hence, it is
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necessary to determine the residues of malathion in water and
vegetables to protect the human beings and environment from its
hazardous effect.

Generally, malathion was determined by high performance
liquid chromatography [14], gas chromatography coupled with
mass spectrometry [15], voltammetry [16], infra-red spectroscopy
[17] and Raman spectrometry [18]. Among these methods, many of
them are time consuming and labor-intensive due to the complex
pretreatment, require expensive instrumentation and high cost of
personnel and are not readily adaptable to on-site detection
[14,15,17,18]. Therefore, it is essential to develop a simple, rapid,
low cost and field-portable method for the detection of malathion
in environmental samples. In recent years, the determination of
toxic chemicals by the spectrofluorimetry method has received
much attention [19-22] because of its high sensitivity, selectivity,
reproducibility, less time consumption and simple experimental
conditions [23-25]. Recently, metal nanoparticles based pesticides
sensors have been gaining momentum due to their interesting
optical, catalytic and electrical properties [4,5,9,25]. Among the
different metallic nanoparticles, silver nanoparticles (AgNPs) show
excellent optical properties, good conductivity, chemical stability
and catalytic activity [26-28]. The AgNPs have been used exten-
sively as an antibacterial agent, food storage, textile coatings and
toxic chemicals sensor [26-29].

Chitosan is a degradable biopolymer (Chart 1) and it has several
attractive properties including excellent film forming ability, high
permeability toward water, good adhesion, non-toxicity and bio-
compatibility [30-32]. The derivatives of chitosan have been
applied for the removal of various heavy metal ions from aqueous
solution [33]. Therefore, we have used chitosan as a capping agent
for the synthesis of AgNPs in the present study. The present work
describes the luminescent sensor for malathion using chitosan
capped silver nanoparticles (Chi-AgNPs) as fluorophore. The Chi-
AgNPs show the absorption maximum at 394 nm and the emission
maximum at 536 nm while exciting at 394 nm. The emission
intensity of Chi-AgNPs was decreased and the emission maximum
was shifted to higher wavelength while adding picomolar
malathion. Based on the decrease in emission intensity, we have
determined the concentration of malathion. The lowest detection
limit was found to be 94fML™'. The obtained results were
validated with HPLC.

2. Experimental
2.1. Chemicals

Silver nitrate, malathion and acetic acid were purchased from
Sigma-Aldrich. Sodium borohydride (NaBH,4) was obtained from
Merck (India). Chitosan with its deacetylation degree of 85% was
purchased from Pelican Biotech and Chemicals Labs, Kerala (India).
All other chemicals used in this investigation were of analytical
grade and used directly without further purification. Millipore
Milli-Q (18 MQ cm) water was used in all the experiments.

Chitosan

Hydrolysis
Acidic pH

Chart 1. Structure of chitosan and hydrolysis of malathion in acidic pH.

2.2. Instrumentation

The high resolution transmission electron microscopy (HR-
TEM) images of AgNPs were obtained from a JEOL JEM 2100
Advanced Analytical HR-TEM, operating at 200 kV. For TEM
measurements, the sample was prepared by dropping 2 uL of a
colloidal solution onto a carbon-coated copper grid. UV-visible
spectral measurements were performed on a JASCO V-550 UV-
visible spectrophotometer. Fluorescence spectra were measured
by using a JASCO FP-6500 spectrofluorimeter equipped with a
Xenon discharge lamp, and 1 cm quartz cell at room temperature
(about at 298 K). A larger volume (500 mL) of Chi-AgNPs was
synthesized and the particles were separated by centrifuging at
10,000 rpm and repeatedly washed with water and dried in
vacuum. The dried AgNPs powder was used for X-ray diffraction
(XRD) analysis. XRD analysis was carried out with a Rigaku X-ray
diffraction unit using Ni-filtered Cu Ka (1=1.5406) radiation.
Dynamic light scattering (DLS) and zeta potential measurements
were performed on Zetasizer Nano S90 (Malvern). Millipore Milli-
Q (18 MQ cm) water was prepared by using Direct-Q Millipore
(Cylus Laboratory Equipment, France).

2.3. Synthesis of Chi-AgNPs

All glasswares were thoroughly cleaned with freshly prepared
aquaregia (3:1; HCI/HNOs) and rinsed comprehensively with
Millipore water prior to use. The colloidal solution of chitosan
capped AgNPs was prepared as follows. 5 mL of AgNO3 (7 mM) and
1 mL of 1% chitosan in acetic acid were added to 86 mL of water in
a round bottom flask with constant stirring. To this solution, 8 mL
of 0.05 M NaBH,4 was added and the color of the solution turns into
yellow immediately after the final addition, indicating the forma-
tion of AgNPs. The stirring was continued for another 30 min. The
synthesized Chi-AgNPs were purified by centrifugation at
10,000 rpm and then the filtrate was dissolved in Millipore water.
The purified Chi-AgNPs were used for further studies.

2.4. Real sample analysis

A typical spectrofluorimetric analysis of malathion in polluted
lake water and fruit samples was achieved as follows. The mangos
and grapes were chosen as the spiked sample to evaluate
malathion residues in actual fruits using the Chi-AgNPs. The
different concentrations of malathion were sprayed onto mangos
and grapes by an atomizer. After 3 days at room temperature, the
edible parts of the fruits were taken and crushed well. From the
crushed mangos or grapes, 10 g was mixed with 50 mL water in a
100 mL flask and shaken vigorously for 30 min. Then, insoluble
draff was removed by a simple filtration. A control sample was also
prepared by using the same procedure.

3. Results and discussion
3.1. Spectral studies of chitosan in the presence of malathion

The UV-visible spectrum of chitosan is shown in Fig. 1a (inset).
It shows a shoulder band around 210 nm. Fig. S1 (Supporting
information) shows the UV-visible spectra of chitosan in the
presence of different concentrations of malathion. The absorbance
around 210 nm was decreased after the addition of 100 uM
malathion. Further increasing the concentration of malathion,
the absorbance around 210 nm was dramatically decreased. No
significant decrease in absorbance at 210 nm was observed in the
presence of less than 100 uM malathion.
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Fig. 1. UV-visible (a) and emission spectra (b) of Chi-AgNPs (Jex: 394 nm; Aem: 536 nm). Insets: UV-visible (a) and emission spectra of chitosan (Zex: 210 nm; Zemy: 403 nm).

Further, we have studied the emission behavior of chitosan in information). The color of the solution becomes pale green and the
the presence of malathion. The emission spectrum of chitosan absorbance maximum was shifted to 380 nm with decreased
shows the emission maximum at 403 nm while exciting at 210 nm absorbance after 1h, and becomes colorless after 2 h (curve ¢
(inset of Fig. 1b). The emission intensity was decreased at 403 nm and inset b Fig. S4; Supporting information). The observed spectral
while adding 1 uM concentration of malathion. Further increasing and visible color changes indicate that the AgNPs undergo aggre-
the concentration of malathion, the emission intensity was dra- gation due to the absence of a stabilizing agent.
matically decreased at 403 nm (Fig. S2; Supporting information).

The observed spectral changes can be ascribed to the hydrogen 3.3, Determination of Chi-AgNPs concentration and the surface
bonding interaction between the chitosan and malathion, which coverage of chitosan ligands

leads to a decrease in the absorbance and emission intensities of

chitosan. It is expected that more number of malathion molecules We have estimated the concentration of AgNPs from number of
will be interacted with chitosan when it was three dimensionally atoms per particles “N” using the following equation [36].

capped with AgNPs and thereby enhance the sensitivity. Thus,

we have used chitosan capped AgNPs for the determination of N =zpD’Np /6M @
malathion. where “y” is the density of silver (10.49 g/cm?), “D” is the average
diameter of AgNPs, “N,” is the Avogadro number (6.023 x 10?3)
3.2. Absorption and emission studies of Chi-AgNPs and “M” is the atomic mass of silver (107.8 g). The concentration of
Chi-AgNPs was calculated by using the value of number of atoms

When metal nanoparticles were exposed to light, the oscillat- per particles “N” [37]:
ing electromagnetic field of the light induces a collective coherent C = Ny /NVN, )

oscillation of free electrons (conduction band electrons) of the
metal nanoparticles [25,34]. This electron oscillation around  where “C” is the concentration of AgNPs, “Ny” is the total number of
the particle surface causes a charge separation with respect to silver atoms added to AgNOs, and “V” is the volume of the reaction
the ionic lattice, forming a dipole oscillation along the direction of ~ solution in liter. The concentration of Chi-AgNPs was found to be
the electric field of the light. The amplitude of the oscillation 9.6 pM. Further, we have estimated the surface area of chitosan
reaches maximum at a specific frequency, called surface plasmon  ligands and it was found to be 1.9 nm?* [20].

resonance (SPR) [34,35]. The SPR induces a strong absorption of

the incident light and thus can be measured using a UV-visible 3.4. HR-TEM, XRD, zeta potential and DLS studies
spectrophotometer. The UV-visible spectrum of Chi-AgNPs shows

a strong SPR band at 394 nm (Fig. 1a). The stability of the metal The size and morphology of the Chi-AgNPs were examined by
nanoparticles can be usually monitored from their absorption HR-TEM. The HR-TEM images of Chi-AgNPs recorded at different
characteristics. In contrast to freshly prepared Chi-AgNPs, no magnifications are shown in Fig. 2. The HR-TEM images illustrate

change in the absorption characteristics of 6 months aged Chi- that they are roughly spherical in shape with a size of ~7 nm
AgNPs was observed (Fig. S3; Supporting information). Further, (Fig. 2A-C). The discrete dots in the diffraction pattern (Fig. 2D)
the yellow color of the solution remains the same (inset of Fig. S3; illustrate the crystalline nature of the Chi-AgNPs [39]. Fig. 2C

Supporting information). These results indicate that the synthe- shows the HR-TEM image of single Chi-AgNP. It depicts the lattice
sized Chi-AgNPs were highly stable. The emission spectrum of images, originating from a single crystal.

Chi-AgNPs shows the emission maximum at 536 nm while excit- The crystalline nature of Chi-AgNPs was also confirmed from
ing at 394 nm (Fig. 1b). It depicts a narrow emission profile and the XRD analysis (Fig. S5; Supporting information). It shows the
half-width full length maximum of 85.7 nm. diffraction features appearing at 37.17°, 44.37°, 66.62° and 77.47°

Further, we have also synthesized chitosan free AgNPs. They corresponding to (111), (200), (220) and (311), respectively [38].
show the absorption maximum at 399 nm with a small hump Among the different planes, the peak corresponding to the (111)

around 550 nm and the color of the solution is yellow (curve a and plane is more intense than the other planes. The ratio between the
inset a of Fig. S4; Supporting information). After 30 min, the intensity of the (200) and (111) diffraction peaks was much lower
absorbance was decreased at 399 nm and the yellow color (0.5), suggesting that the (111) plane was a predominant orienta-

becomes dark brown (curve b and inset b of Fig. S4; Supporting tion. The width of the (111) peak was employed to calculate the
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Fig. 2. HR-TEM images of different magnifications (A and B) of Chi-AgNPs, (C) HR-TEM image of single Chi-AgNP and (D) selected area diffraction pattern of Chi-AgNPs.

average crystalline size of the Chi-AgNPs using the Scherrer
equation [39]. The calculated average size of the AgNPs is ~8 nm,
which fairly matches with the particle size obtained from HR-
TEM image.

We have measured the zeta potential of Chi-AgNPs and it was
found to be +47.5 mV (Fig. S6(a); Supporting information). The
obtained value suggested that the Chi-AgNPs particles having
positive charge and the electrostatic repulsion between the
positive charges protects the AgNPs from the aggregation
(Scheme S1; Supporting information). The DLS of Chi-AgNPs
shows that the particle size was ~8 nm (Fig. S6(b); Supporting
information). This value closely matches with the particle size
obtained from HR-TEM (Fig. 2).

3.5. Determination of band gap energy and ionic strength
of Chi-AgNPs

Band gap energy of metal nanoparticles and ionic strength of
capped ligands are important to understand the environment of
nanoparticles. We have calculated the band gap energy of Chi-
AgNPs by using the following equation [40]:

Band gap energy (E) = hC/i 3)

where “h” is the Planck constant, “C” is the speed of light and “A” is
the wavelength of absorption maximum.

The band gap energy of Chi-AgNPs was found to be 1.57 eV. The
obtained minimum band gap energy suggests the conducting
nature of Chi-AgNPs [40].

The ionic strength of Chi-AgNPs was calculated using the
following equation [41].

lonic strength (1) = 0.5 =c;z;? 4)

where “c;” is the concentration of the ith species and “z" is its
charge. The ionic strength of chitosan was found to be 2.28 mM.

3.6. Spectrophotometric determination of malathion

The spectrophotometric method has been extensively used for
the determination of biological and toxic chemicals [20,23,38,42].
Therefore, we have attempted to employ this method for the
determination of malathion using Chi-AgNPs. Fig. 3 shows the
absorption spectra of Chi-AgNPs in the presence of different
micromolar concentrations of malathion. The colloidal solution
of Chi-AgNPs shows the SPR band at 394 nm (Fig. 3; curve a) and
displays a yellow color (Inset (a) of Fig. 3). The SPR band at 394 nm
was decreased dramatically and it was also shifted toward higher
wavelength while adding micromolar concentration of malathion
(curves b-h). Further increasing the concentration of malathion
(curves (i-1) of Fig. S7; Supporting information), the absorbance
was decreased without affecting the wavelength (Fig. S7; Support-
ing information (curves (i-1)). The redshift in the SPR band is
ascribed to the near-field coupling that occurs when the inter-
particle distance decreases. As a result, the AgNPs were aggregated
[43-45]. Interestingly, a well defined isosbestic point was appeared
at 350 nm (Fig. 3) confirming a neat inter-conversion between the
dispersed Chi-AgNPs and aggregated Chi-AgNPs. After the addition
of 70 uM malathion, an intense yellow color of Chi-AgNPs becomes
brown (inset b of Fig. 3). Further increasing the concentration of
malathion leads to complete aggregation of AgNPs, which was
settled down at the bottom of the quartz cell. The observed
spectral and color changes are mainly due to the aggregation of
AgNPs. This was confirmed by HR-TEM, DLS and zeta potential
studies. The HR-TEM images obtained for Chi-AgNPs after
the addition of 70 uM malathion are shown in Fig. 4A and B.
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Fig. 3. UV-visible spectra of Chi-AgNPs in the presence of different concentrations
of malathion: (a) 0, (b) 10, (c) 20, (d) 30, (e) 40, (f) 50, (g) 60 and (h) 70 x 1075 M
malathion. Inset: Photographic images of (a) before and (b) after the addition of
70 uM malathion into Chi-AgNPs. (For interpretation of the references to color in
this figure, the reader is referred to the web version of this article.)

It illustrates the aggregated structure of Chi-AgNPs and the
diameter of the aggregated particles is ~150 nm. In contrast to
the size of free Chi-AgNPs (Fig. 2), the size of Chi-AgNPs was increased
21-fold in the presence of 70 uM malathion.

According to the Mie theory, when the distance between two
nanoparticles becomes smaller than the sum of their radii, the
absorbance and emission maximum were decreased [44]. While
adding malathion, the Chi-AgNPs were destabilized due to the
interaction between Chi-AgNPs and malathion. It leads to a
decrease in the distance between the AgNPs. As a result, aggrega-
tion of Chi-AgNPs was observed [43-45]|. This was further con-
firmed by zeta potential and DLS measurements. The zeta
potential value of Chi-AgNPs after the addition of 70 uM malathion
shows -6.04 mV (Fig. S8(a); Supporting information). In contrast
to zeta potential value of free Chi-AgNPs, ~ 8-fold was decreased.
Further, the DLS study also confirmed the aggregation of nano-
particles. It shows that the size of the Chi-AgNPs after the addition
of 70 uM malathion is 182 nm (Fig. S8(b); Supporting information).
It closely matches with the size of the Chi-AgNPs after the addition
of 70 uM malathion obtained from HR-TEM (Fig. 4). The absorption
spectral response of Chi-AgNPs in the presence of less than
micromolar concentrations of malathion do not show any signifi-
cant changes at 394 nm. Further, no visible color change was
observed after the addition of less than micromolar concentrations
of malathion to Chi-AgNPs. This suggests that the spectrophoto-
metric method is not suitable to determine less than micromolar
concentrations of malathion using Chi-AgNPs. Thus, we have made
an attempt to determine malathion by the spectrofluorimetric
method.

3.7. Spectrofluorimetric determination of malathion

In order to establish an optimum pH for the determination of
malathion, we have studied the emission of Chi-AgNPs in the
presence of 10 pM malathion in the pH range of 1.0-10.0 using
phosphate buffer solutions. The emission intensity was enhanced

from pH 1.0-5.0 and started to decrease beyond pH 5.0 (Fig. S9;
Supporting information). It has been reported that the amine
group of chitosan will be protonated (-NH3) in acidic pH
[32,33,46] and this was confirmed by zeta potential measurement.
Therefore, we have fixed pH 5.0 for all the experiments.

The fluorescence spectroscopy is an important tool for the
determination of toxic chemicals because it posseses high selec-
tivity and sensitivity [19-23]. We have excited both chitosan
capped and chitosan free AgNPs at 210 nm. The Chi-AgNPs show
a very weak emission band at 403 nm whereas no emission band
was observed at 403 nm for the chitosan free AgNPs (inset A of Fig.
S5). Since the fluorescence of chitosan was quenched by AgNPs
due to the fluorescence resonance energy transfer (FRET) interac-
tion between the chitosan and AgNPs, no emission band was
observed for AgNPs. Similar type of quenching has been already
reported for different metal nanoparticles capped with various
ligands [47-49]. Since excitation of Chi-AgNPs at 210 nm shows a
weak emission at 403 nm, we have recorded the emission spec-
trum of Chi-AgNPs at different excitation wavelengths from 210 to
400 nm (each excitation 2 nm difference). We observed the max-
imum emission intensity at 536 nm upon excitation at 394 nm.
The obtained emission intensity maximum at 536 nm is originated
from the SPR of AgNPs. Thus, we have chosen the excitation
wavelength of 394 nm for further studies.

Fig. 5 shows the emission spectra of Chi-AgNPs in the presence
of different concentrations of malathion. The Chi-AgNPs show the
emission maximum at 536 nm with an excitation wavelength of
394 nm (curve a of Fig. 5). Interestingly, even in the presence of
10 pM malathion, the emission intensity of Chi-AgNPs at 536 nm
was decreased and the emission maximum was shifted toward
higher wavelength (Fig. 5; curve b). Further increasing the con-
centrations of malathion, the emission intensity at 536 nm was
dramatically decreased (Fig. 5; curves b-l). In contrast to Chi-
AgNPs (Fig. 5; curve a), emission intensity was decreased 8-fold
while adding 140 pM concentration of malathion (Fig. 5; curve o).
The observed decrease in emission intensity and redshift of
emission wavelength are mainly due to the aggregation of Chi-
AgNPs. A good linearity was observed in the emission intensity
against 1x 107°-10 x 107> M malathion (R*=0.9968) (inset of
Fig. 5) and the detection limit was found to be 94 fM L™! (S/N=3).

3.8. Mechanism for the aggregation of Chi-AgNPs

Hydrolysis of malathion in acidic pH can dissociate into two forms
such as dimethyl phosphorothionic acid and 2-mercaptodie-
thylsuccinic acid (Chart 1) [8]. The acidic -OH group of 2-
mercaptodiethylsuccinic acid has the hydrogen bonding interaction
with -OH group of chitosan [50]. Moreover, hydrogen bonding
interaction will be expected between —OH group of phosphorothionic
acid and -OH group of chitosan (Fig. 4B) [46,50]. These hydrogen
bonding interactions lead to a decrease in both the absorbance and
emission intensities of Chi-AgNPs as a result of aggregation.

3.9. Reproducibility

We have tested the reproducibility for the determination of
malathion by both spectrophotometry and spectrofluorimetry.
We have determined the malathion using both freshly prepared
AgNPs and 1 and 2 months aged Chi-AgNPs. The corresponding
results are shown in Fig. S1I0A and B (Supporting information).
Both UV-visible and emission spectra exhibit good reproducibility
(Fig. S10A and B; Supporting information), indicating that the
proposed method has high precision and accuracy.
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Fig. 4. (A and B) HR-TEM images of different magnifications of Chi-AgNPs in the presence of 70 x 107 M malathion. (C) Schematic representation for the possible interaction

between Chi-AgNPs and malathion at pH 5.
3.10. Determination of quantum yield and binding constant

The determination of quantum yield is generally accomplished
by a comparison of the wavelength-integrated intensity of the
unknown sample with the standard. Fluorescent quantum yield
values (¢r) of Chi-AgNPs in the presence and absence of malathion
were calculated by using the comparative William's method [51].
For this purpose, we used quinine sulfate as reference quantum
yield standard. The integrated fluorescence intensities of Chi-
AgNPs and malathion aggregated Chi-AgNPs were plotted versus
absorbance for the reference standard. The gradients of the plot
are proportional to the quantity of quantum yield of the standard
molecules. The ¢ value was calculated according to Eq. (1).

@ = (Grady/Gradsr)(n’x /n’st) (5)

where “ST” and “X” denote standard and sample, respectively.
“Grad” is the gradient from the plot and “n” is the refractive index
of the solvent (water). According to the data, fluorescence
quantum yield values of Chi-AgNPs and malathion aggregated

Chi-AgNPs were found to be 0.6394 and 0.1582, respectively. The
obtained high quantum yield value suggests the high fluorescence
nature of AgNPs. The addition of malathion to Chi-AgNPs
decreases the emission intensity due to aggregation of AgNPs
and thereby the quantum yield was decreased 4-fold.

The binding constant (K,) value can be estimated by using the
following equation [52].

log [F-Fo/Fo] =log Ka + nlog [Q] (6)

where, “Fy” is the fluorescence intensity of Chi-AgNPs and “F’ is the
fluorescence intensity of Chi-AgNPs in the presence of malathion.
“Ka” is the binding constant, “n” is the number of binding sites and
“Q” is the concentration of malathion. K, and n can be measured
from the intercept and slope obtained through plotting log[F-Fo/
Fo] against log[Q] (Fig. S11; Supporting information). The binding
constant (K) was found to be K,=4.9980 x 10'° mol ! L. The
obtained binding constant value suggests that there is a strong
binding force between malathion and Chi-AgNPs.
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Fig. 5. Emission spectra of Chi-AgNPs in the presence of different concentrations of
malathion: (a) 0, (b) 10, (c) 20, (d) 30, (e) 40, (f) 50, (g) 60, (h) 70, (i) 80, (j) 90,
(k) 100, (1) 110, (m) 120, (n) 130 and (o) 140 x 10”'> M malathion (lex: 394 NM; Jerm:
536 nm). Inset (A): Emission spectrum of (a) chitosan capped AgNPs and
(b) chitosan free AgNPs (1ex:210 NnM; Aem: 536 nm). Inset (B): calibration plot for
decrease in emission intensity against concentration of malathion.

3.11. Quenching mechanism, Stern-Volmer and association constant

The quenching constant (Ksy) can be calculated by the Stern—
Volmer equation [53].

Fo/F=1+Ksy[Q] (7)

where “F" is the fluorescence intensity of Chi-AgNPs in the
presence of malathion and “Fy” is the fluorescence intensity of
dispersed Chi-AgNPs. “Ksy” is the Stern-Volmer quenching constant
and “[Q]" is the concentration of malathion. The Stern—-Volmer plot Fo/F
versus [Q] showed a positive deviation (Fig. S12; Supporting informa-
tion). The obtained Stern-Volmer plot is linear and Ksy was found to
be 6.05 x 10" L mol™!. The positive deviation was observed at higher
concentrations of malathion. This may be due to the simultaneous
presence of dynamic and static quenching [53,54]. The obtained Stern—
Volmer constant value suggests the presence of strong fluorescence
quenching between Chi-AgNPs and malathion.

The fraction of malathion bound to the Chi-AgNPs (8) was
determined by the following equation [55]:

6=Fo—F/Fg 8)

From the value of “9”, the association constant K¢ can be calculated
with the help of the following equation [56].

(1/1-0) K¢ = [Malathion]/0-n[AgNPs] 9)

where “n” is the number of binding sites, [malathion] is the
concentration of malathion and [AgNPs] is the concentration of
Chi-AgNPs. From the plot of 1/(1-0) versus [malathion]/6, the value
of Kr was calculated. It was found to be 3.85 x 10'2 mol L™!. The
standard Gibbs free energy change (AG° was calculated from the K¢
using the relation AG°=-2.303RT log;o K;) was found to be -51 K].
The obtained negative value of Gibbs free energy change indicates
that the interactions between malathion and Chi-AgNPs were
spontaneous.

3.12. Effect of interferences

The determination of 10 nM malathion in the presence of 1000-
fold higher concentrations of common interferences, imidacloprid,
endosulfan, methyl parathion, alphamethrin and chloropyrifos
was studied (Fig. S13; Supporting information). The emission
spectra of Chi-AgNPs in the presence of imidacloprid, endosulfan,
methyl parathion, alphamethrin and chloropyrifos (Fig. S13B;
Supporting information; curves b-f) do not alter the emission
spectrum of Chi-AgNPs (curve a), However, while adding 10 nM
malathion into this solution containing the interferences, the
emission intensity was decreased and the emission maximum
was shifted to higher wavelength (Fig. S13B; Supporting informa-
tion; curve g). These results confirmed that the Chi-AgNPs showed
high selectivity toward malathion (Fig. S13A and B; Supporting
information). To the best of our knowledge, this is the first report
with high sensitivity and selectivity for the determination of
malathion using Chi-AgNPs by spectrofluorimetry method in an
aqueous medium.

3.13. Real sample analysis

We have determined malathion in polluted lake water and fruit
samples such as grapes and mangos. The fruit samples were
pretreated by using the method given in the section 2. Different
concentrations of malathion were added into real samples and the
emission spectra of Chi-AgNPs were recorded. Table 1 shows the
recoveries of 99.8% and 101.2% and good agreement was observed
between the spiked and measured malathion. The results obtained
by the present method fairly matched with the results obtained
from the HPLC method (Table 2). On the basis of T-test and F-test,
the results obtained from our present approach are in good
consensus with the results obtained by the HPLC method.

4. Conclusions

In the present study, we have used Chi-AgNPs fluorophore for
the determination of malathion in lake water and fruit samples.
The emission intensity of Chi-AgNPs was decreased at 536 nm (Aex:
394 nm) with redshift. Based on the decrease in emission inten-
sity, the concentration of malathion was determined. The lowest
detection limit was found to be 94 fM L™!. The presence of 1000-
fold common interferences such as chloropyrifos, methyl para-
thion, endosulfon, imidacloprid and alphamethrin do not interfere
in the determination of 10 nM malathion. The proposed method
was successfully applied for the determination of malathion in
water and fruit samples. Further, the results obtained from the

Table 1
Recovery test for malathion in lake water, mangos and grapes samples.

Samples Malathion added Malathion found RSD Recovery
(ngL™) (ngl™) (%)
Polluted lake - 10.13 +£0.10 095 -
water
10 20.16 +0.03 0.99 99.8
20 30. 78 +0.05 1.03 101.2
Mangos - - - -
10 10.01 £ 0.03 112 100.3
20 20.02 +0.04 1.05 100.3
Grapes - - - -
10 9.97 + 0. 01 0.86 99.8
20 20.01 + 0.04 110 100.3
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Table 2
Comparison of the present method of malathion determination with the HPLC
method.

Malathion spiked Malathion measured (mg L") RSD (%)  T-test F-

(mgL™) (n=5) test
Fluorimetry method HPLC
(this work) method
0.01 0.01 + 02 0.014+04 998 0.2756 1.0
0.02 0.02 + 01 0.025+01 100.1 0.3215 1.0

present method were validated with the HPLC method. To the best
of our knowledge, this is the first report with high selectivity and
low detection limit for malathion than any other methods.
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