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ABSTRACT

Non-enzymatic electrochemical malathion sensing has been demonstrated over
chitosan-grafted polyaniline (CHIT-g-PAND-based electrode. Structural, mor-
phological, and physical properties of electrode were investigated by Fourier
transform infrared (FTIR) spectrometer, X-ray diffraction (XRD), scanning
electron microscope (SEM), thermal analysis (TGA), and other relevant ASTM
methods. The obtained result suggests the formation of porous hybrid matrix
with better free complexing group, electrical conductivity, and thermal stability
due to rearrangement of molecular structure and crystallinity. Further, CHIT-g-
PANI-based electrode was used for potentiometric sensing of malathion (MLT)
in tomato juice by monitoring induced potential due to surface interaction
between MLT and CHIT-g-PANI-based electrode. The observed sensing
parameters are sensing range 62.5 to 2.0 pM, sensitivity 2.26 mV pM ™' cm 2,
limit of detection 3.8 uM, response time 8.0 min, and recovery time 30 s. On the
basis observed results a charge transferring, weak surface complexation-based
sensing mechanism was proposed in fruits and vegetables in competitive and
cost-effective manner.
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Introduction products are creating serious negative impact on
health of humans, animals, and vegetations [3, 4]. The
Diethyl 2-[(dimethoxy-phosphorothioyl) sulfanyl]  continuous exposure of MLT causes nausea, chest

butanedioate or MLT is a widely used in pesticides in
agriculture as well as to control the pests, insects, and
microbes in different government programs. MLT is a
chemically stable and highly harmful organic com-
pound for the aquatic organisms, vertebrates as well
as human beings by intervening the nervous systems
[1, 2]. It is reported that excess use of MLT is con-
taminating the groundwater, food, vegetable, and
other agricultural products. These contaminated
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tightness, headache, convulsions, long-term illness,
and suppress the immune system [5, 6]. Thus, sens-
ing and monitoring of MLT is an important need for
human health and environmental poisoning.

The techniques used for quantification of MLT are
gas chromatography, high-performance liquid chro-
matography [7, 8], colorimetry [9], electrophoresis,
and Raman spectroscopy [10]. These techniques are
sensitive, reliable, and efficient, but they have several
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drawbacks like bulky size instruments, complicated
operational and pretreatment process, high cost, and
long analysis times. Thus, several research groups are
involved in developments of different type of MLT
sensor using several advanced hybrid materials.
Generally, a sensor works on the basis of monitoring
the induced optical, electrical, and mechanical signal
generated after interaction of MLT on a sensing
substrate. Among different types of sensor, electro-
chemical sensors are more reliable, reproducible, and
commercialized. Most of the electrochemical sensors
are comprised of acetylcholinesterase (AChE), an
enzyme for selective oxidation. These sensors are
very sensitive and accurate for detection of MLT in
different samples. However, they are not useful for
long-term sensing due to the poor chemical and
physical stability of the enzyme. The activity of
enzyme is also lost due to contamination of heavy
metals and pesticide [11, 12].

Thus, the development of non-enzymatic sensors is
important for the detection of MLT in harsh condi-
tions. Representative MLT sensors are listed in
Table 1 along with properties. In non-enzymatic
electrochemical sensor, the change in electrochemical
signal is monitored after the interaction of malathion
on surface of sensing electrode. These sensors bear
several disadvantages like poor selectivity and also
sensitivity. The several composites with biocompati-
bility and catalytic properties are explored with lim-
ited feature. In this regard, we have developed a
state-optimized electroactive chitosan-grafted
polyaniline (CHIT-g-PANI) hybrid matrix by in situ
polymerization and composite formation techniques.
This hybrid matrix exhibits good interactive sites,
conductivity, good stability, film-forming ability, and
biocompatibility to provide promising electrochemi-
cal response toward residual MLT present in tomato
available in India.

Experimental
Chemicals

Chitosan (CHIT, > 75% deacetylated, Mw
120—150 K), aniline (99.5%), ammonium persulfate
(APS) (99.5%), and MLT were purchased from Sigma-
Aldrich and used without any further purification.
The other used supplementary chemicals were of
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analytical grades, and solutions were prepared with
Milli-Q water throughout investigation.

Preparation of chitosan-grafted-polyaniline

Initially, solution of CHIT was prepared by mixing of
1.0 g CHIT flakes in 25 mL acetic acid /water mixture
(25% v/v, pH ~ 4). The solution was stirred mag-
netically for 2 h at room temperature, and a flake-free
clear solution was obtained. The solution was stored
at 4 °C in refrigerator for further use. Aniline solution
was also prepared by mixing 5 mL aniline in 20 mL
0.1 M aqueous HCI solution after stirring it magnet-
ically for 1 h at room temperature. Further, to pre-
pare composite 10 mL of flake-free CHIT solution
and 6.5 mL aniline solution were mixed in 250-mL
beaker after constant stirring on a magnetic stirrer.
The resultant solution was polymerized after drop by
drop adding 50 mL aqueous solution of 0.1 M
ammonium persulfate after maintaining the temper-
ature at 0-5°C on an ice-bath. After 30 min, a
greenish-blue color precipitate was obtained, which
was allowed to settle down over night. Finally,
obtained precipitate was filtered and washed by
deionized water and then dried in vacuum oven at
60 °C for 24 h. The dried copolymer was further
extracted successively with m-cresol and dimethyl
sulfoxide in a soxhlet apparatus for 36 h, in order to
purify the copolymer.

Preparation of electrode

Five hundred milligrams of CHIT-g-PANI was dis-
persed in 20 mL NMP in a beaker. Thus obtained
solution was casted on a corning glass slide with
dimension 1 cm x 0.5 cm x 0.1 cm and using a spin
coater working a 500 rpm. The obtained film was
further dried in a vacuum oven and used as a
electrode.

Instrumentation

The spectroscopic analysis of obtained CHIT-g-PANI
matrix was carried out using a Perkin-Elmer (RK-
1310) FTIR spectrometer. The spectra were recorded
in KBr phase after accumulation of 16 scan with
resolution of 2 cm ™ in the range of 4000 to 400 cm™".
The particle phase, size, and structure were studied
using X-ray powder diffraction pattern on the Rigaku
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Table 1 Representative MLT sensors with sensing parameters
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S.  Materials Transducer Enzymatic  Detection range Sensitivity Remarks Ref.
No. or non-
enzymatic
1 PANI-ES/ Electrochemical ~Non- 2.0 x 107" M to 7.22 mA/ M Detection limit [13]
SWCNTs (DPV) enzymatic  14.0 x 107’ M 20x 1077 M
graphite
2 AuNPs-CS-IL/  Voltammetric Non- Two linear range - Detection limit [14]
PGE (SWV) enzymatic  0.89-5.94 nM 0.68 nM
and
5.94-44.6 nM
3 CuO NWs— Electrochemical ~Non- 0 to 120 nM - Detection limit [15]
SWCNTs (DPV) enzymatic 0.1 ppb (0.3 nM),
4  CuO Electrochemical Non- 1 nM-12 nM 1089.85 A nM~' cm™ Detection of limit  [16]
nanostructure (DPV) enzymatic 0.1 nM
modified
GCEs
5 Eggshell Optical Enzymatic  0.1-50 ng/mL - Detection limit [17]
membrane 0.1 ng/mL within
(ESM) 30 min
6 PMAA- Optical Enzymatic  3.3-33.3 pg/mL™' - Detection limit [18]
AuNPs- 3.3 pg-mL~!
APTAMER
7 dsCT-DNA- Electrochemical Enzymatic  0.17-5.0 ppm - Detection 0.17 ppm  [19]
PPy-PVS (CV) and response time
is 30 s
8  CHIT-g-PANI  Potentiometric =~ Non- 2.0-62.5 pM 226 mV uM ™" cm ™2 Detection limit This
enzymatic 3.8 uM and work
response time is
8.0 min.

Rotaflex, RAD/Max-200B X-ray diffractometer using
CuKo (A = 1.5405 A) radiation at a scanning rate of 2°
per min. Further, surface morphology was examined
by JSM-6100 model SEM, operated at working volt-
age of 30 kV. Thermal gravimetric analysis was
recorded on Linesis, (TA-Evaluation, V-2-3-1) ther-
mogravimetric instrument, at heating rate of 10 °C
per min and 100 mL per minute nitrogen gas flow
rate.

Fabrication of sensing device

The complete setup is shown in Fig. 1. Initially, two
cylindrical glass chamber A and B with 100 mL
capacity were taken, which were connected with
glass tube having diameter of 2 mm and length
2.0 cm using nafion membrane in between. The
chamber A was used as a reference electrode, while
chamber B for sensing of MLT from the developed
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electrode. The induced potential was measured
between the sensing and reference electrode [21]. The
potentiometric sensitivity was measured in a freshly
prepared malathion solution filled in chamber B at

Potentiostate

< Analyte
Solution
. Working
Reference ] electrode
electrode

Figure 1 Schematic diagram of potentiometric sensor.
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different concentration (2.0 uM to 62.5 uM) at
20-25 °C after maintaining the pH by addition suit-
able buffer. Initially, solutions were stirred for 10 s,
and potential was recorded after stabilization of the
potential. A stock solution of MLT in acetone was
prepared. The stock solution was further diluted by
0.1 M phosphate buffer (pH = 7) to obtained solu-
tions of MLT with a concentration range of 107° M.
The detection of MLT was carried out by measuring
potential developed during electrochemical oxidation
of MLT of concentration 2.0 uM to 62.5 pM.

The sensing was also made for real sample. In this
regard, tomato was procured from the mother dairy,
Delhi. It was cleaned with distilled water and chop-
ped into small pieces. The 100 gm of chopped tomato
was grilled in electric mixer for 10 min at 500 rpm to
obtained pest followed by centrifuge for 15 min at
1000 rpm collection of the supernatant for analysis.
The other parameters were also recorded using a
similar setup after coupling requisite parameters. The
used electrode was washed with acetone by dipping
for 1 min and then in double-distilled water for
2-3 min and then dried in hot air oven for 30 min to
explore its reusability.

Electrical conductivity

Electrical conductivity of electrode was determined
by plotting I-V curve. The voltages were applied
with the help of 32-V Aplab regulated DC power
supply, and respective current was measured using
Scientech Digital Multimeter DM-97.

Physicomechanical properties

The physicomechanical properties, i.e., solvent con-
tent, thickness, swelling, and porosity of the bioelec-
trode, were estimated standard ASTM method as
discussed in [20].

Solvent content and degree of swelling

Initially, a film of CHIT-g-PANI was cut in size of
1 cm x 1 cm with a surgical blade. The film was
soaked in the 1 M aqueous solution of sodium chlo-
ride for 24 h. After then, it was taken out, blotted
quickly with a Whatman filter paper to remove the
surface adsorbed water, and then weighed immedi-
ately. Further, electrode was dried to a constant
weight in vacuum oven over silica gel and
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temperature 50 °C. The solvent uptake content (%
total wet weight) is calculated using Eq. 1:
o Ww - Wd

S
Wy

% 100 (1)

where W,, is the weight of wet film and Wy is the
weight of dried film.

However, the degree of swelling of electrode was
estimated by the difference between the average
thickness of the wet film equilibrated with NaCl
solution for 24 h and that of the dry film.

Porosity

Porosity (E) was calculated as the volume of solvent
incorporated in the cavities present per unit electrode
volume using Eq. 2:
W - Wy

E ALy

(2)
where W; is soaked weight, Wy is dry weight, A is
area, L is thickness of film, and ., is density of water.

Result and discussion
FTIR spectra

FTIR spectra of pure PANI and on CHIT-g-PANI are
shown in Fig. 2 along with characteristics peaks in
Table 2. The characteristic band of PANI for N=Q=N
vibrations, aromatic C-N stretching, C=C, C=N of
benzenoid and quinoid stretching are shifted to lower
wavenumber in the CHIT-g-PANI. The lower shift in
wavenumbers of composite copolymer indicates the
grafting of chitosan with PANIL

The broad IR peak at 3432 cm ™' can be assigned to
the stretching mode of N-H in PANI, which slightly
shifted lower at 3427 in composite due to interaction
of -OH and N-H of chitosan along with appearance
of a peak at and 3424 cm ™', while the intensity of
broad peak quite reduced due to overlapping of O-H
stretching of chitosan and N-H stretching of aniline
groups at PANI. The appearance of a shoulder peak
is indicating the generation of free group in hybrid
matrix during grafting.

Another important observed change is the ratio of
benzenoid and quinoid form due to grafting with
CHIT from 0.166 to 0.4. Thus, FTIR spectra confirm
the grafting, electrostatic forces, and the hydrogen
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Figure 3 Schematic diagram of CHIT-g-PANI copolymer.
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Figure 2 FTIR spectra of PANI and CHIT-g-PANL. The surface morphology and particle size of PANI
and CHIT-g-PANI copolymer were studied using
SEM. The SEM image of PANI (Fig. 5a) indicates the
formation homogenous morphology with spherical
particles. However, Fig. 5b indicates the binary

structure of CHIT-g-PANI composite, which contains
XRD . X

the two types of particles for chitosan and PANI both.

bonding between the moieties of chitosan and aniline
[22]. The possible grafted structure of chitosan and
PANI in composite is shown in Fig. 3.

Figure 4 shows X-ray diffraction pattern of PANI and
CHIT-g-PANI copolymer. The characteristic peaks of 600
PANI are present at 20 value of 20.2 and 25.6° in its 330 1

spectra due to 100 and 110 plane. However, XRD 5007 (a) PANI
pattern of CHIT-g-PANI shows peaks at 19.8°, 25.2° (b) CHIT-g-PANI

(c) Chitosan

due to PANI and at 29.4°, 37.6°, and 43.9° due to
CHIT. The shifting from 20.2° to 19.8° and 25.6° to
25.3° reveals the formation of intercalated type CHIT-
g-PANI hybrid matrix due to increase in interplanar
spacing of PANI matrix due intercalation of CHIT
molecules[23, 24]. The separation of matrix also
supports the generation of free group in hybrid than
its constituents. The intensity of peaks also shows
some changes. It may be due to grafting of PANI with R S
CHIT particles, which optimized the crystallinity in Angle (26)—=

hybrid matrix.

Intensity (a.u.)—

Figure 4 XRD pattern of PANI and CHIT-g-PANI composite.

Table 2 FTIR data and

interpretation of peak S. No. PANI CHIT-g-PANI Assigned Group
1 809 794 p-disubstituted aromatic ring
2 1118 1095 N=Q=N vibrations
3 - 1295 Due to C—N stretching of chitosan
4 1380 1380 Aromatic C-N stretching
5 1457 1457 C=C, C=N stretching of benzenoid rings
6 1643 1635 C=C, C=N stretching of quinoid rings
7 2854-2923 2854-2923 C—H stretching of chitosan
8 3432 (br) 3427 (br) N-H and O-H stretching of chitosan and PANI
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Figure 5 SEM image of
(a) PANI, b CHIT-g-PANI
composite.

Conductivity measurement

The measured electrical conductivity of PANI and
CHIT-g-PANI copolymer is given in Table 3. The
result indicates that electrical conductivity of
copolymers was approximately in the same order
than pure PANI However, the conductivity of
copolymer slightly decreases due to the incorporation
of non-conducting chitosan.

Thermal stability

TG curve of PANI and CHIT-g-PANI is shown in
Fig. 6. The thermogram of PANI is indicating initial
weight loss of 8-10% up to 120 °C due to the removal
of moisture and adsorbed solvent. Further, a sharp
decomposition of PANI proceeded with loss of 88%
between 315 and 485 °C. However, CHIT-g-PANI
indicates a weight loss in three steps first up to
150 °C, second between 180 and 305 °C, and last
weight loss between 305 and 633 °C. The third step
indicates the presence of binary matrix due to graft-
ing of chitosan and PANI. The slow decomposition
process of hybrid between 305 and 633 °C of CHIT-g-
PANI was attributed to the formation binary matrix
with intermolecular and intramolecular H-bonds.

Table 3 Electrical conductivity of composites

S. No Materials Conductivity (S ecm™})
1 PANI 419 x 107° S em™!
2 CHIT-g-PANI 210 x 107°S cm™
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Malathion sensing

The potential variation with concentration of MLT is
shown in Fig. 7. The graph is indicating a linear
change in potential response in the range of 2.0 to
62.5 uM. The slope of potential curve of CHIT-g-
PANI reveals the sensitivity as well as sensing
response.

The observed sensing response of proposed sensor
is 2.26 mV pM~! em ™2, which is much better than
several earlier reported malathion sensors [Table 1].
Further, limit of detection (LOD) was calculated and
found to be 3.8 pM. The change in potential of sensor
was also recorded with time, and the graph is shown
in Fig. 8.

It reveals that the potential of developed electrode
continuously increases and 80% increase is found in
110 s and then becomes constant. Further, potential

10
0

-10 + —— CHIT-g-PANI (20:80)
——PANI

220 4
230 4
40
-50 4

-60 4

Rel. mass change(%)

270 4
-80 -
290 -

-100

100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

Figure 6 TG curve of PANI and CHIT-g-PANI analysis of
composites.
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Figure 7 Potential variation on CHIT-g-PANI/ITO electrode with
MLT.
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Figure 8 Potential variation on bioelectrode with time.

quickly regains its original value in 25 s regularly.
Thus the response time and recovery time of sensor
are 110s and 25s along with précised
reproducibility.

Analysis of real samples

The developed sensors were also used for sensing of
MLT in tomato samples for commercial application.
The results are given in Table 4.

The results indicate the suitability of developed
sensor in accordance with spectroscopic method.

Interference study

The interference of possible interfering substances on
the determination of malathion was studied for
15.6 uM concentration of malathion. The electrode
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Table 4 Residual MLT sensing in Indian tomato

Sample No. Spectroscopic Developed
methods (LM) method (LM)
1 52.2 52.8
2 383 38.0
3 42.5 41.3
4 35.6 373
5 26.5 27.1
120
il (%) Interference
Q
é 80
£ 60
S 40
20
0 ==
. S O OO ES
& & N X,»Q {g(\\ N N Q< o N
\Q@"‘ e\é’e XQU x‘\? Qxé Qx‘k on %Ob‘
N x & & - & & #
N $ & S & 8 N &
R

Figure 9 Interference study of developed MLT sensor.

response was examined for 100-fold higher quantity
of interferent than that of concentration of malathion.
The results are given in Fig. 9, which reveals the
negligible interference on the working electrode.

Repeatability, reliability, and mechanism

This sensitivity of electrode was tested with time
interval of 24 h for 45 days. The only drop of 3%
sensing signal is found, which indicates the better
usability than enzyme-immobilized electrode for a
long time. The sensitivity of reused electrode was
also tested and was found to be stable for 10 times.
This indicates its reliability after satisfactory use due
to nonsignificant change in signal of sensor. The
sensing efficiency of electrode was decreased 2% after
50 times use.

The reported sensing mechanism of MLT is based
on selective oxidation by either microbes, enzymes,
or DNA. The oxidation generates electron after oxi-
dation of MLT. However, in present case, IR spectra
of electrode were recorded before and after MLT
sensing to understand the sensing mechanism. The
spectra are shown in Fig. 10, which indicates the
presence of additional peaks at 515 along with
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Figure 10 FTIR spectra of CHIT-g-PANI electrode before and
after MLT sensing.

change in position of characteristic peaks due to the
interaction between MLT on CHIT-g-PANI matrix.
This change in spectra indicates that the formation of
free group in hybrid with expanded hybrid matrix of
electrode that supports the interaction with MLT [25].

The formation of expanded matrix with free group
is also responsible for improvement in physicome-
chanical properties. The observed properties are
given in Table 5.

The above results indicate the formation of porous
matrix and large adsorption capacity with interactive
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sites. Thus, the sulfur atom of MLT interacts with
electrode and partially transfers the electron to the
CHIT-g-PANIL. This partial shift of electron from MLT
creates electron drift and induces potential for
quantification of MLT. However, biocompatibility
and large chain and porous nature of CHIT provide
efficient conduction and adsorption. Furthermore,
the biocompatible CHIT and porous nature of elec-
trode support large adsorption capacity of MLT due
to the formation of expanded matrix after grafting. A
schematic presentation of sensing mechanism is
shown in Fig. 11.

Conclusion and future outlook

An electrochemical malathion sensor-based CHIT-g-
PANI copolymer has been fabricated by in situ
method, and electrode was fabricated by spin coating
method on ITO-coated glass. The electrochemical
sensing showed a linear response to malathion con-
centrations ranging from 2.0 to 62.5 uM with sensi-
tivity 2.26 mV qu1 cm 2, response time of 8 min,
and long-term stability. These results indicate that the
proposed electrode also has negligible interference
effect and thus could be a promising option for the
development of simple non-enzymatic electrochemi-
cal portable sensors in the future.

Table 5 Physico-mechanical

properties of CHIT and CHIT- S. No Composite materials Solvent uptake (%) Swelling (%) Porosity
-PANI
& 1 CHIT 51 39 0.0067
2 CHIT-g-PANI 59 48 0.0158

Figure 11 Illustration of
sensing mechanism.

’ -Malathion

AQ|-Polyaniline

\—** -Chitosan
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