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ABSTRACT: Single or few layers lithium-exfoliated transition metal
dichalcogenides (TMDs) are found to exist predominantly in the
conducting metallic 1T-polymorph, which makes it desirable for
numerous applications due to its large surface area, good electrical
conductivity, and enhanced electrocatalytic capabilities. We demon-
strated the use of tert-butyllithium exfoliated TMDs (MoS2, MoSe2,
WS2, WSe2) as a platform for the indirect electrochemical detection of
an organophosphate pesticide, fenitrothion, via enzymatic inhibition
pathway. All four reported materials enhanced the response of the
enzymatic biosensor in comparison to the corresponding biosensor in
the absence of TMDs. 1T-Phase WS2 outperforms all other TMD
materials, and we proved that it serves as an excellent transducer for
enhancing electron transfer in a robust model enzyme-based inhibition
assay system using cross-linking immobilization with glutaraldehyde. The reported system showed a broad fenitrothion
concentration range (1−1000 nM) with an excellent linearity (r = 0.987). Moreover, the system displayed high sensitivity
with low limit of detection (2.86 nM) obtained, which far exceeds the required limit set by Food and Agriculture
Organisation (FAO) of the United Nations (UN). The feasibility of the proposed system in real samples was demonstrated
in apple juice samples with good recoveries of 80.2% and 80.3% obtained at 10 and 1000 nM fenitrothion, respectively.

KEYWORDS: fenitrothion, organophosphate pesticide, acetylcholinesterase, 1T-phase, transition metal dichalcogenides,
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Transition metal dichalcogenides (TMDs) are a new
class of layered materials, analogous to graphene, which
have gained significant interest among scientists1,2 due

to their good physical and chemical properties.3−8 Exfoliation
of the TMDs into single or few layer sheets was discovered to
enhance the chemical properties of TMDs as a result of the
increased available surface area and tuning of their electronic
properties.9 This allows for potential applications in capaci-
tors,4,10 batteries,4,9 vapor sensing,11 and biosensing applica-
tions.12−14 Different exfoliation procedures have been reported
with chemical exfoliation being the most commonly practiced.
Recently, it was discovered that exfoliation with tert-
butyllithium (t-BuLi) produced TMD sheets with a high
composition of metallic 1T-phase structures.15 This metal-like
property could be advantageous in constructing an analytical

device,11,16 which utilizes the metal-like nature of 1T-phase
TMDs in enhancing sensitivity for analytical detection.
The increase in global population has generated a need to

increase the global food supply, which has led to more research
performed to increase crop productivity and yield. Such
developments have evolved commercial farming techniques
with greater emphasis placed on crop management and pest
control. Organophosphorus pesticides have been developed
and widely used to counter the loss of crop yield from pests’
invasions. Pesticides are also commonly used for household
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uses. Lately, there is also an increased need for detection of
phosphorus compounds due to their use in chemical weapons
such as sarin.17 With such widespread and diversified use, there
is the potential for excess pesticides to leech into the
environment, which could lead to contamination. Numerous
global and governmental agencies have invested heavily in
enforcing high safety standards in food produce. Organo-
phosphate pesticide is an example of a harmful chemical closely
monitored as it can cause harmful effects to human physiology
and health18 if the residues are present in huge quantities.
Fenitrothion is a commonly used organophosphate pesticide in
agriculture for pest control. It binds irreversibly to the active
sites of acetylcholinesterase (AChE) found on the synaptic
membranes on nerve cells along the nervous system,19 which
inhibits the enzyme and renders it inactive. This prevents the
breakdown of neurotransmitter acetylcholine, which leads to its
accumulation in the nerve junctions thus resulting in
overstimulation in the nervous system. Long-term exposure
could lead to severe health problems in human population20

and even death.21 It is also well-absorbed from numerous
routes such as ingestion, respiratory tract, and even through the
skin.22 As such, it is of utmost importance to develop an
effective technique for accurate detection and quantification of
pesticides in environmental and biological samples.
The development of electrochemical biosensors has mainly

focused on the modification of electrodes with carbon-based
materials, such as graphene23,24 and carbon nanotubes.25−27

These materials act as transducers in improving sensitivity and
amplifying the response generated. More recently, nano-
particles28 have been incorporated to further improve the
accuracies and limits of detection. The use of other layered
materials such as TMDs in enzymatic biosensors for the
detection of pesticides is still unexplored and literature is
lacking. TMDs would be a more favorable and attractive

alternative in the fabrication of biosensors due to their lower
cytotoxicity29 and greater tunability as compared to graphene
and other carbon-based materials. Besides that, the metallicity
of exfoliated TMDs is expected to enhance the response signal
of biosensor assay systems. TMDs have recently been used as
labels in immunoassays,16 quencher in genosensing sys-
tems,30,31 and a platform to enhance the electrochemical signal
in DNA and H2O2 sensing.32,33 From our search, there have
been no reports on the use of TMDs in enzymatic biosensor
applications for pesticide detection. As such, we set forth to
investigate the effectiveness of 1T-phase exfoliated TMDs as a
platform for the detection of fenitrothion in the robust
enzymatic-based inhibition assay as a model system. We
adopted an acetylcholinesterase inhibition assay model as a
basis of comparison to investigate the effectiveness and
durability of the exfoliated TMD for such application.
Henceforth, we aim to develop a biosensor based on
immobilization of AChE on 1T-phase t-BuLi exfoliated TMD.

RESULTS AND DISCUSSION

The enzymatic biosensor was fabricated as described in the
Experimental Section and schematically illustrated in Figure 1.
In summary, the respective t-BuLi exfoliated TMD was first
deposited onto a glassy carbon (GC) electrode followed by the
deposition of a glutaraldehyde (GA) layer before the final
immobilization of acetylcholinesterase−bovine saline albumin
(AChE−BSA) mixture. Glutaraldehyde was used because it
serves as a cross-linker between the protein groups in AChE
and t-BuLi exfoliated TMD to hold the enzymes in place as well
as provide structural stability to the biosensor system. AChE is
the enzyme of choice due to its specificity, high turnover
number, and catalytic power.19 It is a hydrolase enzyme that
catalyzes the breakdown of neurotransmitter acetylcholine to

Figure 1. Illustration on the construction of the proposed pesticide biosensor: (A) loading of glassy carbon electrode with t-BuLi exfoliated
1T-phase TMDs, (B) conjugation with glutaraldehyde (GA) layer, (C) immobilization of acetylcholinesterase-bovine saline albumin mixture
(AChE-BSA) on the modified surface, (D) the enzymatic hydrolysis of acetylthiocholine with the subsequent electrochemical oxidation of
thiocholine produced, and (E) the inhibition effect of fenitrothion on AChE.
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choline and acetic acid (eq 1). Choline formed is an
electroactive compound that can be oxidized and detected

electrochemically (eq 2). The presence of oxidized choline in
the solution will be detected by voltammetry and chronoam-
perometry. BSA serves as a blocking agent to prevent
nonspecific binding onto the enzyme molecule.34,35 It will
also ensure the optimum interaction of substrate with the active
site of AChE and amplify the response generated. Organo-
phosphate pesticides are irreversible inhibitors that form strong
covalent bonds between the phosphate groups of the pesticide
and the hydroxyl groups within the serine residues in the active
site of the enzyme. This results in the formation of a stable
enzyme−pesticide complex where the enzyme gets phosphory-
lated and inhibited. With the binding of fenitrothion to the
active site of AChE, it forms a barrier at the active site of the
enzyme, which prevents the binding of acetylcholine (eq 3).
Thus, the amount of acetylcholine catalyzed decreases based on
the concentrations of fenitrothion present.
Characterization was first carried out to better understand

the synergistic interactions, chemical composition, and
morphologies of the materials. It will also affirm the metallicity
of the respective t-BuLi exfoliated TMDs. X-ray photoelectron
spectroscopy (XPS) was performed to analyze the surface

elemental composition and bonding interactions involved in
the respective exfoliated TMDs. Figure 2 shows high resolution
spectra of deconvoluted peaks for Mo 3d and W 4f modes for
the respective tert-butyllithium (t-BuLi) exfoliated TMDs. The
3d5/2 and 3d3/2 bonding modes were analyzed for molybdenum.
Upon analysis of the high-resolution spectra for the
molybdenum-based exfoliated TMDs, three distinct pairs of
peaks were observed corresponding to the 2H and 1T
polymorphs, as well as the Mo(VI) oxidized state. MoSe2
showed a significant presence of 1T polymorph from the higher
intensity of the respective 1T peaks with a small contribution of
the semiconducting 2H polymorph (Figure 2B). However,
deconvolution of the Mo 3d spectrum for t-BuLi exfoliated
MoS2 showed a predominance of the semiconducting 2H
polymorph, as denoted by the greater intensities of the various
2H peaks (Figure 2A). The XPS results would suggest a lesser
extent of exfoliation for MoS2 in comparison to that of MoSe2.
This would also suggest that the t-BuLi exfoliated MoS2 will be
a less sensitive transducer material. Peaks present at high
binding energies (greater than 230 eV) suggest the presence of
oxidized products of molybdenum (Mo6+), which exists in
rather significant proportions. In the case of tungsten-based
TMDs, the 4f7/2 and 4f5/2 bonding modes were analyzed. Three
distinct pairs of peaks were also noted for tungsten-based
exfoliated TMDs. In contrast, both t-BuLi exfoliated WS2 and
WSe2 showed dominance of metallic 1T polymorph over the
semiconducting 2H polymorph in the structures after
exfoliation (Figure 2C,D). It was interesting to note that
tungsten-based TMDs showed a greater proportion of 1T-
phase than the molybdenum counterparts with more intense
peaks observed. There is also a significant percentage of the
oxidized form of tungsten (W6+) as evident from the peaks
present at higher binding energies (greater than 35 eV). From

Figure 2. High-resolution X-ray photoelectron spectroscopy (XPS) spectra of Mo 3d and W 4f modes for tert-butyllithium (t-BuLi) exfoliated
(A) MoS2, (B) MoSe2, (C) WS2, and (D) WSe2.
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the XPS spectra, it was evident that the molybdenum-based
TMDs have lower efficiency of conversion from 2H polymorph
to 1T polymorph upon exfoliation as previously reported.15

High-resolution XPS spectra of S 2p and Se 3d modes were also
performed (see Figure S1).
Raman spectroscopy was next carried out as it is able to

observe the extent of exfoliation of the respective TMDs with
great sensitivity. The differences in the features of the peaks at
the respective vibrational modes changes with varying layer
thickness.36 Comparison between the respective bulk37,38 and t-
BuLi exfoliated TMDs was carried out to observe any such
deviations. The in-plane E1

2g and out-of-plane A1g vibrational
modes were analyzed in the Raman spectra for all t-BuLi
exfoliated TMDs as they are Raman active modes,39 consistent
with the D6h point group of the respective bulk TMDs.40 For
both MoS2 and MoSe2 (Figure 3A,B), exfoliation with t-BuLi
resulted in the broadening and softening of the E1

2g and A1g

bands in comparison to the bulk counterparts. The A1g band
appears at a higher frequency than the E1

2g band for MoSe2, as
compared to MoS2, which correlates with previous observa-
tions.41,42 The broadening of the A1g band in MoSe2 is more
distinct as compared to the E1

2g band, which remains almost
unchanged. This correlates with previous findings where the
E1

2g band remains unchanged and unaffected. The broadening
effect observed can been attributed to phonon confinement
effect and the decrease in lattice size.43,44 The Raman spectrum
for WS2 was next studied. A visible indication on the extent of
exfoliation will be the change in IA1g

/IE1
2g
ratio, which will

increase with decreasing WS2 thickness.
45 From Figure 3C, the

intensity of E1
2g band increased in comparison to that from the

bulk material, which correlates to an increase in the observed
IA1g

/IE1
2g

ratio. Hence, it can be inferred that t-BuLi has
successfully intercalated and exfoliated bulk WS2. Lastly, for
WSe2, the E

1
2g and A1g bands are degenerate and would result

in the formation of a single peak in the bulk material. The
splitting of the degenerate peaks becomes pronounced with the
exfoliation of the bulk material.46 Figure 3D shows the presence
of two small peaks closely located at about 250 and 253 cm−1,
which overlap as a single broad peak. It can thus be postulated
from the splitting of the degenerate peaks that WSe2 was
exfoliated by t-BuLi. From the Raman spectroscopy and XPS
studies, it suggests that the lithium exfoliation of tungsten-based
TMDs appears to be more effective and efficient in comparison
to their molybdenum counterparts. From the respective
characterization studies conducted, it can be concluded that
the t-BuLi exfoliated TMDs exhibit metal-like characteristics
and exist predominantly in the 1T polymorph, which will aid in
the response amplification for the model enzymatic inhibition
biosensor assay.
It is of utmost interest to evaluate the performances of the

different t-BuLi exfoliated 1T-TMDs (MoS2, MoSe2, WS2,
WSe2) to monitor any differences in sensitivity and response
based on their different inherent properties. We next set forth
to investigate the feasibility of the proposed biosensor system
for the detection of fenitrothion. Chronoamperometric
measurements were carried out to analyze the response of
the pesticide biosensing system fabricated using the different t-
BuLi exfoliated TMDs through successive injection of
acetylthiocholine. All four materials showed enhanced bio-
sensor performance as compared to biosensor without TMDs

Figure 3. Raman spectra for t-BuLi exfoliated (A) MoS2, (B) MoSe2, (C) WS2, and (D) WSe2.
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(green line of Figure 4). MoSe2 and WSe2 showed similar
responses, which were lower than MoS2 and WS2. It was

interesting to note that MoS2 outperformed both MoSe2 and
WSe2 despite being predominantly in the 2H polymorph. A
possible reason for the rather sensitive response could be the
successful exfoliation of MoS2 into few layered sheets. 1T-WSe2
displayed the lowest sensitivity, which is contrary to the results
from characterization studies. This anomaly could suggest the
smaller extent of exfoliation of WSe2 and its existence in
multiple layers thus providing a lower surface area. As such, the
metal-like properties are compromised and the sensitivity is
reduced. The greater sensitivity of WS2 in comparison to WSe2
would also suggest successful exfoliation of the bulk material as
evident from the greater separation of the E1

2g and A1g
vibrational modes for WS2 (Figure 3C). It was also interesting
to note that sulfur-based dichalcogenides performed better than
their selenide-based counterparts. Moreover, 1T-phase WS2 is
demonstrated to provide also increased density of catalytic
active sites that for the 1T-phase materials are on both the basal

plane and edges.47−50 All of these capabilities of 1T-phase
facilitate the electrochemical oxidation of thiocholine in the
proposed biosensor (Figure 1D and eq 2). From the studies
performed, it can be deduced that 1T-WS2 is the most suitable
TMD for further electrochemical biosensor fabrication.
Initial studies with 1T-WS2 modified biosensor using cyclic

voltammetry showed a small anodic peak at 0.1 V in the
presence of acetylthiocholine iodide (Figure S2). However, a
significantly enhanced current intensity was observed in the CV
of the biosensor in the presence of acetylthiocholine iodide
(red line) in comparison with the biosensor without analyte
(black line). From the voltammogram obtained, it was decided
that a potential of 0.1 V would be used as the applied potential
for further chronoamperometric studies. This potential was
chosen as it is relatively low and away from the anodic potential
of possible interference signals such as polyphenols, vitamins,
and others (see Figure S3). Higher and lower potentials were
also tested, and the best response was observed with 0.1 V.
The metallic nature and increased density of catalytic active

sites of 1T-WS2 enhanced the current response signal from the
oxidation of thiocholine produced from the enzymatic catalysis
of acetylthiocholine, and thus the oxidation potential gets
shifted to a lower anodic potential as shown in Figure S2. A
similar observation on the shift in oxidation potential of
thiocholine in pesticide based on nanomaterials was previously
reported for carbon nanotubes,51 composites of polyaniline/
carbon nanotubes,52,53 and Au nanoparticles dispersed in
carbon nanotubes.54

Having ascertained that the enzymatic biosensor assay
system is feasible, we proceed to study any effects of
intereferences on the proposed system. Chronoamperometric
analysis was performed at 0.1 V with Fe2+, Cu2+, ascorbic acid,
and phenol (Figure S3). The compounds were chosen as they
are commonly found in most variants of fruits and the
respective concentrations reflect closely their physiological
concentrations.55 From Figure S3, it was determined that the
mentioned compounds do not interfere significantly with the
oxidation signal of acetylthiocholine (current change <7%),
which validates the use of low working potential. Utilizing this
information, we next set forth to carry out chronoamperometry
for subsequent procedures at 0.1 V.
The extent of exfoliation of the 1T-WS2 was further analyzed

with TEM, selected area electron diffraction (SAED), and HR-

Figure 4. Chronoamperometric measurements with successive
injection of ATCh on different t-BuLi exfoliated TMD modified
biosensor in 0.01 M PBS. Arrows indicate the point of injection of
ATCh (concentration of ATCh = 500 μM).

Figure 5. Transmission electron microscopy (TEM) image with selected area electron diffraction (SAED) pattern (insert) of WS2. High
resolution TEM (HR-TEM) images show dominant presence of 1T-phase (red hexagon). Scale as indicated in the images, respectively.
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TEM (Figure 5). From the TEM image, exfoliation of the
materials is evident with the presence of few layer sheets of
about 1 μm observed. SEM image also shows similar
observations with few layers observed for 1T-WS2 (Figure
S4A). SAED pattern showed hexagonal symmetry of WS2. HR-
TEM image further validates the 1T-phase of WS2 from the
hexagonal arrangement of atoms, which corresponds to 1T-
phase arrangement. These findings validate the results obtained
from XPS and Raman spectroscopy in validating the 1T
polymorph and extent of exfoliation of WS2 used in the model
enzymatic biosensor.
Chronoamperometry was performed, and the chronoam-

perometric responses were observed with successive injection
of acetylthiocholine to the different modified layers. From
Figure 6, there was no visible current response for measure-

ments carried out on bare glassy carbon. Modification of the
glassy carbon electrode with WS2 resulted in a small increase in
the current response upon injection of acetylthiocholine. The
signal generated could be from the oxidation of small quantities
of iodide counterions present with acetylthiocholine used56,57

(Figure S5 and S6). GC/WS2/GA and GC/WS2/BSA showed
low chronoamperometric responses, which validates the
absence of the catalytic activity of enzyme. The importance
of enzyme AChE is evident with an enhanced response
obtained after injection of acetylthiocholine. The significant
increase in response upon the immobilization of AChE can be
attributed to the high turnover number and strong catalytic
power19,58 of the enzyme, which was found to catalyze about
104 molecules per second.59 With more acetylthiocholine being
catalyzed, the amount of thiocholine present greatly increased,
and thus more thiocholine gets oxidized in return. An enhanced
response was further obtained upon the introduction of BSA to
AChE. This could correlate to more electroactive thiocholine
produced and lesser acetylthiocholine lost from nonspecific
binding of the AChE. The combined effect of the metal-like
property and enhanced catalytic activity of t-BuLi exfoliated 1T-
WS2 enables more efficient electro-oxidation of thiocholine and
greater amount of enzymes to be immobilized to get better
sensitivity of the model enzymatic inhibition biosensor. As

such, the exfoliated material aids in improving the sensitivity
and response signal of this system. The chronoamperometric
measurements carried out validates the importance of the
different layers in the proposed biosensor and their successful
immobilization in the preparation steps. It further proves the
robustness and stability of the biosensor system that was used
as a model assay to evaluate the electrocatalytic effect of
different TMDs exfoliated by t-butyllithium.
The inhibition effect of fenitrothion on the enzymatic

biosensor system was next studied. Initial cyclic voltammetry
(CV) scans on the modified electrodes were performed. It was
noted that the anodic peak diminishes in the presence of
fenitrothion (Figure S7) with a corresponding decrease in
current intensity of the CV after inhibition with fenitrothion.
Chronoamperometric studies were subsequently performed to
analyze the inhibition effect of fenitrothion with the proposed
biosensor system (Figure 7). In the absence of fenitrothion,

injection of acetylthiocholine (500 μM) saw a sharp increase in
current signal which gradually becomes steady. The current
response obtained after inhibition with fenitrothion showed a
decrease in current response by about 0.05 μA. The drop in
current signal obtained is indicative of less thiocholine being
oxidized, which corroborates a decrease in the amount of
acetylthiocholine catalyzed by AChE. Fenitrothion was
successful in binding irreversibly to the active site of AChE,
which hindered the catalysis of acetylthiocholine and sup-
pressed the signal obtained. From these initial observations, it
can be concluded that the biosensor is responsive to the
presence of fenitrothion as evident from the decrease in
response current.
We next set forth to study various experimental parameters

to optimize the performance of the biosensor. As mentioned
previously, AChE gets phosphorylated when fenitrothion forms
a covalent bond with the hydroxyl group of the serine residues
in the active site thus inhibiting the enzyme. The response
generated from the electrochemical oxidation of thiocholine
thus decreases with increasing exposure to fenitrothion. Using

Figure 6. Chronoamperometric measurements with successive
injection of ATCh on each modified layer of the proposed
biosensor system in 0.01 M PBS. Arrows indicate the point of
injection of ATCh (Concentration of ATCh = 500 μM). Figure 7. Chronoamperometric measurements showing the

inhibition effect of fenitrothion on 1T-WS2 modified biosensor
system in 0.01 M PBS. Black arrow indicates the point of injection
of ATCh, and blue arrow indicates the drop in current response
observed after inhibition with fenitrothion (concentration of ATCh
= 500 μM).
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this concept, the degree of inhibition can be measured based on
the change in thiocholine signal response before and after
fenitrothion inhibiton. The inhibition percentage (I%) was
calculated as a means to evaluate the extent of inhibition before
(Ib) and after incubating (Ia) with fenitrothion (eq 4) to analyze
the inhibition activity of fenitrothion on AChE. A higher I%
would be favorable as it indicates greater inhibition of enzymes,
which correlates to better performance of the biosensor.

=
−

×I
I I

I
(%)

[( )]
100b a

b (4)

The first parameter of interest is acetylthiocholine concen-
tration. Acetylthiocholine serves as the substrate for enzymatic
catalysis. A substrate concentration that is higher than the
turnover number of the enzyme could slow down the response
time due to saturation at the active site of the enzymes.
However, substrate concentrations that are too low could
generate weak or negative response. It is thus important to
choose a suitable concentration to ensure optimum working
capacity of the enzymes. Three different acetylthiocholine
concentrations (50, 100, and 250 μM) were studied. Figure 8A
shows I% for the different acetylthiocholine concentrations,
which increases with increasing concentration. Acetylthiocho-
line concentration of 50 μM produced negative I%, which
suggests insufficient substrate present to interact with the
enzymes. Acetylthiocholine concentration of 250 μM showed
greater I% as compared to a concentration of 100 μM and was
thus selected as the working concentration for the experiment.
We next set forth to optimize the amount of 1T-WS2 to be

deposited onto glassy carbon electrode. 1T-WS2 serves as the
transducer for electron transfer, and it is important to ensure
optimum loading of the material onto the electrode surface.
Three different WS2 concentrations (1, 5, and 10 mg mL−1)
were studied. From Figure 8B, the optimum concentration to
be deposited is 1 mg mL−1, and it was the only concentration
with positive I%. Higher concentrations of WS2 (5 and 10 mg
mL−1) gave negative I%, which might suggest saturation or
passivation of the electrode surface. Besides that, the higher
concentrations might have caused an excess of WS2 to be
deposited, which could have created a barrier and hindered
electron transfer. As such, WS2 concentration of 1 mg mL−1

was chosen as the optimum concentration to be loaded onto
the electrode surface.
The last variable optimized is pesticide inhibition time. A

lower response will be obtained when the pesticide binds
irreversibly to the active site of the enzyme. It is thus important
to optimize this variable to allow sufficient time for fenitrothion
to bind to the active site of the enzymes to optimize I% results.
However, the time domain should also not be too long for on-
site analysis. Three different inhibition times (5, 15, and 30
min) were chosen. From Figure 8C, inhibition times of 5 and
15 min showed similar I% results. It was also interesting to
observe that the longest inhibition time of 30 min showed the
lowest I% result. The long inhibition time might have saturated
the enzyme as it reaches its turnover rate. The enzymes could
also have detached from the modified surface during the long
time duration. Five minute inhibition time was chosen due to
its better reproducibility with the smallest error bar obtained.
The shorter time duration was also taken into consideration as
an important criteria to be an efficient on-site, point-of-care
analytical device.

The analytical response of the model biosensor system with
the optimized parameters was then examined using chro-
noamperometry with injection of acetylthiocholine into stirred
0.01 M PBS. Increasing the fenitrothion concentration is
predicted to generate greater inhibition of AChE, which will
correlate to decreased catalytic activity (see Figure 8) and
hence generate a greater I% value. Figure 9A shows the linear
plot for fenitrothion concentrations between 1 and 1000 nM
for the proposed biosensor system with r = 0.987. The limit of
detection (LOD) was calculated by multiplying the quotient of
the standard deviation of the chronoamperometric current of
the lowest concentration of pesticide and gradient for the
calibration graph by 3, and limit of quantification (LOQ) was
obtained by multiplying the same quotient described previously
by 10.60−64 The system has a low LOD of 2.86 nM and LOQ of
9.54 nM. A new modified electrode has to be used for each
experiment after exposure to fenitrothion due to the irreversible
binding of the pesticide to the enzymes. The RSD is the
average of 4 different concentrations where each concentration
was measured 4 times. The error bars obtained are hence a
result of same day repeatability of measurements having relative

Figure 8. Optimization of (A) ATCh concentration, (B) WS2
concentration, and (C) fenitrothion inhibition time.
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standard deviation (RSD) of ∼10%. When applying the one-
way ANOVA statistical analysis with a confidence interval of
0.99, the mean values for the inhibition percentages were
different with p = 0.00019. Moreover, the good linearity and
analytical performance of the biosensor system makes it
promising for potential applications.
Recovery experiments were then carried out to demonstrate

the working capabilities of the proposed biosensor with real
samples where interfering species were present. Recovery
percentages were calculated as shown in eq 5. Recovery
percentages of 80.2% and 80.3% were obtained at fenitrothion
concentrations of 10 and 1000 μM, respectively, in fresh apple
juice (Figure 9B). The results obtained suggest that the
proposed biosensor system is feasible and responsive for
detecting low concentrations of fenitrothion in real samples.
The system also showed good reproducibility and analytical
performance in detecting fenitrothion with apple juice. The
model biosensor system, where t-BuLi exfoliated 1T-WS2 was
used as an active electrocatalytic platform with enhanced
analytical performance, serves as a promising platform that can
be extended toward the development of future TMD-based
enzymatic biosensors for environmental and biomedical
applications.

= ×
‐

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟R(%)

[fenitrothion]
[fenitrothion]

100buffer

real sample (5)

Moreover, the use of 1T-WS2 has proven to outperform most
carbon-based materials and provide a more sensitive alternative
compared to previous works reported. Our proposed biosensor
system exhibited excellent analytical performance with respect
to detection limits and range in comparison to other works
previously reported for fenitrothion detection (see Table S1).
The analytical performance with t-BuLi exfoliated 1T-WS2 is
also comparable to the use of dispersed graphene oxide by Liu
et al.65 with similar detection range and magnitude in the limit
of detection (LOD) observed. One advantage of our proposed
system also is its selectivity brought about by the immobiliza-
tion of AChE and low working potential (0.1 V) used. The high
selectivity of AChE toward binding with organophosphate
pesticides makes it attractive as a detection method for our
target analytes. The use of low potential also reduces
interference signals from other analytes present in real sample
analysis. Besides that, the time taken for fenitrothion detection
is rather short (5 min) with great reproducibility and linearity.
The LOD obtained is 2.86 nM, which corresponds to 0.743

ppb. This value obtained is significantly lower than the
maximum allowed quantity set by various environmental
agencies such as Food and Agriculture Organisation (FAO)
of the United Nations (10 ppm)66 and Agri-Food and
Veterinary (AVA) of Singapore (2 ppm).67

CONCLUSION

A biosensor based on a robust enzymatic-based inhibition assay
was used as a model system, where AChE and t-BuLi exfoliated
1T-phase WS2 was immobilized onto a glassy carbon electrode.
This system has been developed for the effective detection of
organophosphate pesticide fenitrothion. Besides that, it was
demonstrated that the t-BuLi exfoliated metallic 1T-phase WS2
shows the best performance among the other group 6 TMDs
exfoliated using the same method, such as MoS2, MoSe2, and
WSe2. 1T-Phase WS2 serves as a conductive platform
transducer with increased density of catalytic sites for the
efficient electrochemical oxidation of thiocholine, which
enhances the amperometric response. The proposed biosensor
shows good linearity with a low limit of detection (2.86 nM).
Good recovery percentages are also obtained in real sample
analysis with apple juice. With these findings, it also shows
conceptually the possible application of TMDs in the area of
biosensors and varied possibilities for the development of
future TMD-based biosensors for on-site, point-of-care
environmental and biological sample analysis.

EXPERIMENTAL SECTION
Materials and Apparatus. Molybdenum disulfide, molybdenum

diselenide, tungsten disulfide and tungsten diselenide were obtained
from Alfa Aesar (Germany). Potassium chloride, potassium
hexacyanoferrate(II) trihydrate, potassium hexacyanoferrate(III),
bovine serum albumin (BSA), acetylthiocholine iodide (ATChI),
acetylcholinesterase (AChE) from electric eel, glutaraldehyde (GA,
50%), fenitrothion, ascorbic acid, phenol, and phosphate buffer saline
(PBS) in tablets were purchased from Sigma-Aldrich (Singapore).
High quality water, purified in a Milli-Q system (Millipore, MA, USA)
with a resistivity of 18 MΩ cm was used. Biosan TS-100 (Latvia)
thermoshaker was used to stir the samples during the inhibition
process at a temperature of 37 °C with shaking at 400 rpm.

Electrochemical Measurements. Electrochemical measurements
were conducted using a μAutolab Type III electrochemical analyzer
(Eco Chemie, The Netherlands) controlled by NOVA 1.9 software
(Eco Chemie) at room temperature (25 °C) by using a three-electrode
configuration. Platinum (Pt), Ag/AgCl, and GC electrodes (diameters
of 3 mm) were obtained from CH Instruments (Texas, USA).

Figure 9. (A) Calibration plot showing the inhibition of biosensor vs fenitrothion concentration. (B) Recoveries with fresh apple juice for
pesticide concentrations of 10 and 1000 nM.
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Cyclic voltammetry (CV) experiment was performed at a scan rate
of 100 mV s−1. All chronoamperometry measurements were recorded
at 10 ms intervals in 0.01 M PBS. A magnetic stirrer was used to assist
convection.
Characterization. X-ray photoelectron spectroscopy (XPS) was

carried out with a Phoibos 100 spectrometer with a monochromatic
Mg X-ray source (SPECS, Germany) at 1254 eV. Transmission
electron microscopy (TEM) and high resolution transmission electron
microscopy (HR-TEM) was carried out with EFTEM JEOL 2200 FS
microscope (JEOL, Japan) with acceleration voltage of 200 keV.
Raman spectroscopy was carried out using confocal micro-Raman
LabRam HR instrument (HORIBA Scientific) in backscattering
geometry with CCD detector, 514.5 nm argon excitation laser, and
a 100× objective lens mounted to an Olympus optical microscope.
The spectra range used was from 100 to 1000 cm−1. Calibration was
carried out before measurements were taken using an internal silicon
reference at 520 cm−1 with peak position resolution of less than 1
cm−1. Scanning electron microscopy (SEM) was performed with JEOL
7600F-SEM (JEOL, Japan). SEM was performed on a silicon wafer
operating at 2 kV.
Preparation of Exfoliated Transition Metal Dichalcogenides.

Three grams of respective TMD bulk powder was suspended in 20 mL
of 1.7 M tert-butyllithium (t-BuLi). Subsequently, it was stirred for 72
h at 25 °C under argon atmosphere to intercalate with Li. The
intercalated material was separated by suction filtration under argon
atmosphere and washed thoroughly with hexane (dried over sodium).
The separated Li-intercalated material was placed in water (100 mL)
before repeated centrifugation (18 000g) was carried out. The
exfoliated material was dried in a vacuum oven at 50 °C for 48 h
before use. It was later dispersed in water and ultrasonicated for 60
min to obtain a well-dispersed suspension.
Preparation of Biosensor System. AChE (1 mg in 50 μL) and

5% BSA were prepared in 0.01 M PBS. Three microliters of the
suspension of t-BuLi exfoliated TMD of desired concentration was
drop-coated on the glassy carbon (GC) electrode surface and left to
dry at room temperature. Glutaraldehyde (GA), 0.25%, was prepared
in ultrapure water, and 5 μL of the solution was coated onto the GC/
TMD surface. Two microliters of AChE in 5% BSA (1:1) was next
coated onto the modified surface. The electrodes were oven-dried at
35 °C between steps for 30 min.
Real Sample Preparation. Fresh apples were bought from a local

supermarket and blended with 0.01 M PBS. The blend was filtered
several times to remove any insoluble and larger particles, which may
affect the measurements. The fresh juice was obtained as filtrate for
further real sample analysis.
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