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Hydrolysis of acetylthiocholine (ATCh) by acetylcholinest-
erase (AChE) enzyme results in the formation of thiocho-
line. Estimation of thiocholine concentration after AChE 
inhibition by toxicants (metal ions and pesticides) can be 
used to investigate the residual activity of AChE (Dan et al. 
2013; Pandey et al. 2000; Bucur et al. 2013; Marinov et al. 
2010; Er et  al. 2014; Pandey & Singh 2011; Mukherjee 
et  al. 2009; Deng & Dong 1996). Since, quantification of 
thiocholine has potential applications for estimating resid-
ual AChE enzyme activity, the detection of thiocholine 
is of great interest. Several analytical methods have been 
developed to detect thiocholine such as high performance 
liquid chromatography, mass spectrometry, fluorescence 
spectrometry and infrared spectroscopy (Dan et  al. 2013; 
Pandey et al. 2000; Bucur et al. 2013; Marinov et al. 2010; 
Er et  al. 2014; ; Mukherjee et  al. 2009; Deng & Dong 
1996). Even though these analytical methods are selective 
and accurate, they require excess reagents and expensive 
instrumentation (Ramnani et  al. 2016; Song et  al. 2016; 
Zhou et  al. 2016). In order to overcome these disadvan-
tages, electrochemical biosensors based on AChE enzyme 
have been used for the selective and sensitive determination 
of thiocholine. Since the developed electrochemical sen-
sors based on AChE may respond to pesticides and metal 
ions at certain concentration, they show poor selectivity. 
Hence in this work, the amount of thiocholine produced 
during AChE inhibition was investigated to estimate the 
residual activity of immobilized AChE enzyme. Thus, by 
estimating the residual AChE enzyme activity after AChE 
inhibition, the amount of thiocholine produced after AChE 
inhibition due to toxicants present in groundwater samples 
can be correlated to the efficiency of toxicants in inhibit-
ing the conversion of ATCh to thiocholine. Prior to the 
AChE enzyme inhibition, it is important to facilitate good 
microenvironment for the immobilized AChE enzyme to 
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retain its catalytic activity. In order to register maximum 
electrochemical response and to obtain enhanced stability 
of immobilized AChE enzyme, apart from size variations 
(Alzahrani et  al. 2016; Kozhushner et  al. 2014), simulta-
neous optimization of intrinsic and extrinsic experimental 
variables is required. Traditionally, multivariate statistical 
methods have been frequently applied to optimize experi-
mental variables involved in the fabrication of electro-
chemical biosensor. The main advantages of multivariate 
statistical methods are to reduce experimental costs and 
number of experiments, resulting in reduced reagent con-
sumption. Even though multivariate statistical methods 
are more effective than univariate approaches in finding 
the optimum conditions for ATCh, the algorithms are too 
complex. Hence in this work, a second order polynomial 
model has been developed to analyze and interpret the rela-
tion between experimental variables and electrochemical 
responses. Based on the second order polynomial results, 
the optimum conditions required for the hydrolysis of 
ATCh by AChE enzyme has been successfully established. 
Finally, thiocholine concentrations in AChE in the presence 
of pesticides and metal ions were determined using multi-
ple linear regression model.

Materials and Methods

For the synthesis of ZnO nanoparticles, zinc acetate and 
sodium hydroxide were used. An amount of 0.4  mM of 
zinc acetate was dissolved in deionized water and 0.1 M of 
sodium hydroxide solution was added drop-wise into zinc 
acetate solution until the pH reached 11.5. The mixture was 
vigorously stirred at 333 K for 30 min. Later, the solution 
was transferred to muffle furnace and annealed at 673 K for 
4 h. Finally, the ZnO powder sample was washed with dis-
tilled water and dried at 323  K for 6  h. Similarly for the 
synthesis of CeO2 nanoparticles, 0.6 mM of cerium acetate 
was prepared. Then 0.3 M of sodium hydroxide was added 
gradually while stirring until the pH reached 10.5. The 
resulting mixture was stirred at 323 K for 3 h. After stirring 
for 3 h, the solution was annealed at 623 K for 5 h. Finally 
the powder sample was washed thoroughly with deionized 
water. Subsequently, the sample was dried in hot air over at 
323 K overnight.

In order to prepare ZnO–CeO2/AChE/Chitosan nano-
composite, different weight percent of ZnO (0.05–0.5 wt%), 
CeO2 (0.05–0.5  wt%) and chitosan (0.05–0.5  wt%) was 
dispersed in AChE solution (50–500  U  mL−1) and soni-
cated for 2  min. Finally, 5  μL of this product was taken 
and coated onto the Pt electrode’s surface. The prepared 
Pt/ZnO–CeO2/AChE/Chitosan bioelectrode was washed 
consecutively with PBS (0.1 M, pH 7.4). The experimen-
tal variables (intrinsic and extrinsic variables) which have 

significant effect on the electrochemical response were 
simultaneously optimized using first order derivative of 
second order polynomial model. At each point of the opti-
mized valve (x = a), the tangent to the peak current response 
curve is parallel to experimental variables (x-axis), i.e., its 
slope (= dIp/dx, where x is the experimental variable) is 
zero. It is important to note that Ip(x) is maximum at x = a 
only if f’(a) is equal to zero and f’ (a) is negative [i.e., f’(a) 
changes sign from positive to negative].

Groundwater collected from local area (Thanjavur) 
was used to evaluate the analytical performance of the 
calibrated linear model. At higher ATCh concentration 
([ATCh] > [KM]), the rate of catalytic reaction attains 
maximum and depends on AChE enzyme activity. In order 
to estimate the activity of AChE enzyme in contaminated 
groundwater samples, 1.5  mM ATCh, which was greater 
than KM, was added to 10 nM of toxicants namely captan, 
monocrotophos, dichlorvos, 2,3,7,8-tetrachlorodibenzodi-
oxin, arsenic and cadmium in contaminated groundwater 
samples. In all cases, the determination of ATCh was per-
formed using cyclic voltammetry scanned over the range 
of −0.1–0.5  V (vs Ag/AgCl). In addition, residual AChE 
enzyme activity was assessed indirectly by estimating the 
amount of ATCh involved in the electrocatalytic reaction 
after AChE inhibition. All cyclic voltammetric measure-
ments were performed under the optimized experimental 
condition with five-time measurements .

Results and Discussion

The FE-SEM images of ZnO, CeO2 and ZnO–CeO2 nano-
particles are shown in Fig. 1A–D. FE-SEM study revealed 
the formation of sphere and rod like morphologies of CeO2 
and ZnO samples respectively. Large clusters of ZnO and 
CeO2 with rod and sphere like morphologies were observed 
in ZnO–CeO2 nanocomposites. In order to study the distri-
butions of ZnO, CeO2 and ZnO–CeO2 nanoparticles on the 
working electrode, FE-TEM images (Fig.  1E–J) of ZnO, 
CeO2 and ZnO–CeO2 were recorded. FE-TEM images 
(Fig.  1E–J) further demonstrated the size distribution of 
ZnO, CeO2 and ZnO–CeO2 nanoparticles on Pt electrode 
as 6.21 ± 1.24, 5.59 ± 0.88 and 6.04 ± 1.43  nm, respec-
tively. The ZnO, CeO2 and ZnO–CeO2 nanoparticles size 
distributions were positively skewed with values of 0.37, 
0.09 and 1.06 respectively. The kurtosis values of ZnO, 
CeO2 and ZnO–CeO2 nanoparticles size distributions were 
0.63, −0.19 and 1.30 respectively, demonstrating that the 
ZnO, CeO2 and ZnO–CeO2 nanoparticle size distribution 
curves would be platykurtic. It also depicted that the num-
ber of ZnO, CeO2 and ZnO–CeO2 nanoparticles around 
6.21 ± 1.24, 5.59 ± 0.88 and 6.04 ± 1.43 nm respectively.
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Figure 1K shows the typical XRD patterns of CeO2 and 
ZnO nanoparticles. For the as-prepared ZnO nanorods, 
the detected peaks noticed at 31.59°, 34.13°, 36.09°, 
47.44°, 56.47°, 62.74°, 66.26°, 68.02°, 69.40°, 72.54° and 
76.90 can be ascribed to the (100), (002), (101), (102), 
(110), (103), (200), (112), (201), (004) and (202) planes 
of ZnO according to Joint Committee on Powder Diffrac-
tion Standards (JCPDS) card 36-1651. For the as-prepared 
CeO2 nanospheres, the diffraction peaks at 28.85°, 32.96°, 
47.46°, 56.27°, 59.21°, 69.24°, 76.64° and 79.19° can be 
assigned to the planes (111), (200), (220), (311), (222), 

(400), (331) and (420) of CeO2 (JCPDS card 34-0394). 
These peaks have confirmed the polycrystalline nature of 
CeO2 and ZnO nanoparticles with cubic fluorite and hex-
agonal wurtzite structures respectively. CeO2–ZnO nanohy-
brid exhibited peaks corresponding to both CeO2 and ZnO 
signifying that the formed CeO2–ZnO nanoparticles are 
polycrystalline in nature (Fig. 1L).

In the absence of AChE enzyme, bare Pt electrode 
showed flat and featureless voltammograms with rela-
tively small magnitude of current, indicating that there 
was no redox activity in the applied potential range. On 

Fig. 1   FE-SEM images of A, B ZnO, C CeO2 and D ZnO–CeO2, FE-
TEM images of E ZnO, F particle size distribution of ZnO, G FE-
TEM image CeO2, H particle size distribution of ZnO, I  FE-TEM 

image ZnO–CeO2, J particle size distribution of ZnO–CeO2, K XRD 
patterns of ZnO and CeO2 nanoparticles, L XRD pattern of ZnO–
CeO2
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the contrary, a pair of redox peaks appeared at Pt/AChE/
Chitosan, Pt/ZnO/AChE/Chitosan, Pt/CeO2/AChE/Chi-
tosan and Pt/ZnO-CeO2/AChE/Chitosan, which showed 
the direct electron transfer of adsorbed thiocholine on the 
AChE modified Pt electrodes (Fig. 2A). The observed vol-
tammetric response of the immobilized AChE was ascribed 
to the electron exchange between adsorbed thiocholine and 
Pt electrode surface, as described by Eq. (1)

When ATCh was added to the PBS solution, hydroly-
sis of ATCh by immobilized AChE enzyme took place, 
which resulted in the formation of thiocholine before the 
cyclic voltammetric measurement. At anodic peak poten-
tial, AChE modified Pt electrodes oxidized thiocholine to 
dithio-bis-choline, which was then subjected to cathodic 
reduction. At cathodic peak potential, dithio-bis-choline 
got reduced to form thiocholine resulting in an effec-
tive electron transfer in the AChE modified Pt electrodes. 
The observed redox potentials of different modified Pt 
electrodes were in good agreement with the previously 
reported potential of AChE modified Pt/ZnO and Pt/CeO2 
bioelectrodes suggesting that the observed redox potential 
was the characteristic redox potential of thiocholine(ox)/
thiocholine(red) couple (Table 1).

The redox currents in Pt/ZnO–CeO2/AChE/Chitosan 
were approximately 25 and 50% larger than those in Pt/
ZnO/AChE/Chitosan and Pt/CeO2/AChE/Chitosan respec-
tively, indicating that ZnO–CeO2 nanohybrid had facili-
tated the direct electron transfer between adsorbed thio-
choline and Pt electrode surface. The current enhancement 
could be ascribed to the excellent electrical conductiv-
ity and synergic effect of ZnO and CeO2 nanoparticles in 
ZnO–CeO2 nanohybrid. Owing to numerous Ce–O–Zn 
linkages between ZnO and CeO2 nanoparticles, large oxy-
gen storage capacity and oxygen vacancy defects of CeO2 

Acetylthiocholine chloride + H2O
AChE
�������������������→ Thiocholine

+ Acetic acid + Cl
−

2Thiocholine
Anodic potential
����������������������������������������������������→ Dithio − bis − choline + 2H+ + 2e−

(1)
Dithio − bis − choline + 2H+ + 2e−

Cathodic potential
����������������������������������������������������������→ 2Thiocholine

nanospheres and basic (O2−) and acidic (Zn2+) surface sites 
of ZnO nanorods, ZnO–CeO2 nanocomposites enhanced 
the electrical conductivity between adsorbed thiocholine 
and Pt electrode (Xie et al. 2013). The formal potential of 
Pt/ZnO–CeO2/AChE/Chitosan electrode was 194.5  mV 
(vs. Ag/AgCl), which was similar to that obtained at other 
AChE enzyme modified Pt electrodes (Table  1). These 
results demonstrated that ZnO nanorods, CeO2 nanospheres 
and ZnO–CeO2 nanohybrid improved the contact between 
Pt electrode and immobilized AChE enzyme. The electron 
transfer rate constant (Ks = Ip/Q) of AChE enzyme immobi-
lized on ZnO–CeO2 nanohybrid in the cathodic and anodic 
process was estimated as 9.45 and 9.12  s−1, which was 
higher than the values obtained for AChE enzyme immo-
bilized on ZnO nanorods and CeO2 nanospheres modified 
Pt electrodes. This signifies that the ZnO–CeO2 nanohybrid 
showed an enhanced electron transfer rate during the elec-
trochemical process (Table 1).

The surface coverage of adsorbed electroactive thiocho-
line biomolecule on various modified Pt electrodes was 
estimated. The values of surface coverage of electroactive 
thiocholine on Pt/ZnO–CeO2/AChE/Chitosan electrode 
surface were estimated to be 9.45 × 10-12 mol cm−2 (in the 
cathodic process) and 9.12 × 10-12 mol cm−2 (in the anodic 
process). Comparing these surface coverage values with 
those obtained for electroactive thiocholine on other immo-
bilization matrices (Table  1), the ZnO–CeO2 nanomatrix 
was more effective for thiocholine adsorption. Based on 
the enhanced surface coverage, biocompatibility, high elec-
tron transfer rate and excellent conductivity, Pt/ZnO-CeO2/
AChE/Chitosan electrode was selected for ATCh detection 
in all further electrochemical studies.

The effect of scan rate (0.1–0.2  Vs−1) on the elec-
trochemical response of Pt/ZnO–CeO2/AChE/Chitosan 
electrode is shown in Fig.  2B. From the Fig.  2C, D, it 
was found that the redox peak potential and current are 
dependent on the scan rate. The cathodic and anodic 
peak current increased linearly with scan rate from 0.1 to 
0.2 Vs−1. Their corresponding linear regression equations 
can be expressed as Ipc = 25.52 [ν] + 7.26 (R2 = 0.99) 
and Ipa = −26.23 [ν] – 6.74 (R2 = 0.99) respectively. 
These results confirmed that electroactive thiocholine 

Table 1   Electrochemical parameters estimated from the cyclic voltammograms of different modified Pt electrodes in 0.1 mM PBS (pH 7.4) con-
taining 0.1 μM of ATCh performed at 0.1 Vs−1

Electrode Ip (µA) Ep (V) ΔEp (V) FWHM (V) Ks (s− 1) Γ(×10−12M cm−2)

Cathode Anode Cathode Anode Cathode Anode Cathode Anode Cathode Anode

Pt/AChE 6.79 6.34 0.154 0.235 0.081 194 187 0.37 0.25 7.12 6.56
Pt/CeO2/AChE 7.67 7.11 0.154 0.235 0.081 189 180 0.52 0.41 7.95 7.65
Pt/ZnO/AChE 8.42 7.85 0.154 0.235 0.081 189 180 0.76 0.64 8.36 8.21
Pt/ZnO–CeO2/AChE 9.32 8.61 0.154 0.235 0.081 187 177 1.12 0.84 9.45 9.12
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biomolecule adsorbed onto the Pt/ZnO-CeO2/AChE/
Chitosan electrode surface had undergone a surface con-
fined electron transfer. In order to register maximum peak 
current response, intrinsic and extrinsic experimental 
parameters were simultaneously optimized (Figs.  3, 4). 
For these reasons, second order polynomial equation has 
been constructed to optimize experimental conditions for 
ATCh measurement. The general equation is

where x is the experimental variable and β0, β1 & β2 are 
regression coefficients. Based on the experimental results, 
regression coefficients were calculated and given in 
Table  2. The fitted second order polynomial regression 
model depicted R2 = 0.99, indicating that the fitting hap-
pened very well and only 1% of total variance was not 
explained by these models. The electrochemical response 
described by Eq. (2) showed a maximum point at an opti-
mized experimental condition can be calculated using the 
first order derivative of second order polynomial model.

By solving Eq.  (3), the optimized values for AChE 
enzyme loading, wt% of ZnO, CeO2 and chitosan; pH, 
incubation time and concentration of PBS were found to 
be 351.435 U mL−1, 0.352 wt%, 0.198 wt%, 0.352 wt%, 
7.0 pH, 31.6  min and 0.366  mM respectively (Table 2).
It was found that maximum electrochemical response 
was registered when the experiment was performed under 
optimized conditions of AChE enzyme loading, wt% of 
ZnO, CeO2 and chitosan, pH, incubation time and con-
centration of PBS. Based on the multivariate analysis, the 
optimized intrinsic and extrinsic experimental parameters 
were selected for further electrochemical experiments. 

(2)Ip = �0 + �1x1 + �2x
2

2

(3)
�Ip

�x
= 0

Cyclic voltammograms of Pt/ZnO–CeO2/AChE/Chitosan 
bioelectrode (Fig. 5A) in the presence of increasing con-
centrations of ATCh performed at 0.1 Vs−1. It was clearly 
observed that reduction and oxidation peak current grad-
ually increased with increase in ATCh concentration, 
which was attributed to the enhanced electron transfer 
rate between adsorbed thiocholine and Pt electrode by 
ZnO–CeO2 nanohybrid. This result showed that the Pt/
ZnO–CeO2/AChE/Chitosan had excellent electrocatalytic 
behaviour towards ATCh. A calibration plot based on the 
cathodic and anodic peak currents versus ATCh concen-
tration is presented in Fig. 5B and this plot can be repre-
sented by Eq. (4).

Based on these equations, cathodic and anodic sensitiv-
ity of 1.47 and 2.13 μA mM− 1 with a linear range between 
0.1 and 1.5 mM was achieved with a correlation coefficient 
of 0.99. These results could be ascribed to the enhanced 
electroactive area provided by ZnO–CeO2 nanohybrid on 
the Pt electrode surface for AChE enzyme immobiliza-
tion. The achieved detection (taken as 3.3σ/S, where σ 
is the standard deviation of the blank signal and S is the 
sensitivity) and quantification limits (taken as 10σ/S) 
were 0.05 and 0.15  μM respectively. The maximum cur-
rent (Imax) and Michaelis–Menten constant (KM) estimated 
from Lineweaver–Burk plot were calculated to be 13.24 μA 
and 0.75  mM respectively. The low KM value indicated 
a high affinity of immobilized AChE enzyme for its sub-
strate ATCh. A 8 × 6 matrix was constructed and principal 
component analysis was employed to discriminate electro-
chemical parameters. In the cathodic process, Q, Epc and 

Ipc(�A) = 1.47[ATCh]
(

�A mM−1
)

+ 9.74, R2 = 0.99

(4)Ipa(�A) = 2.13[ATCh]
(

�A mM−1
)

+ 8.67, R2 = 0.99

Fig. 2   A  Effect of different modified electrodes: a bare Pt, b Pt/
AChE/Chitosan, c Pt/CeO2/AChE/Chitosan, d Pt/ZnO/AChE/Chi-
tosan and Pt/ZnO–CeO2/AChE/Chitosan in 0.1  mM PBS (pH 7.4) 
containing 0.1 μM of ATCh performed at 0.1 Vs−1, B effect of vary-

ing scan rate (0.1–0.2 Vs−1) on Pt/ZnO–CeO2/AChE/Chitosan modi-
fied electrode in 0.1 mM PBS (pH 7.4) containing 0.1 μM of ATCh, 
C linear dependence of anodic and cathodic peak currents vs. scan 
rate and D linear plot of Pt/ZnO–CeO2/AChE/Chitosan
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FWHM fall in the boundary of upper left, upper right and 
lower left quadrants, whereas Ks, Γ and Ipc fall in the lower 
left quadrant (Fig.  5C). Even though Ks, Γ and Ipc fall in 
the lower left quadrant, they can be distinguished easily 
owing to the small distance between two electrochemical 
parameters within the lower left quadrant. Similarly in the 
anodic process, Ipa & Ks, Epa, FWHM and Γ & Q fall in the 
boundary of upper left, upper right, lower right and lower 
left quadrants (Fig. 5D). The distance between Ipa & Ks and 
Γ & Q in the upper and lower left quadrants was large, indi-
cating that PCA can discriminate Ipa, Ks, Γ and Q quantita-
tively. Thus, PCA was used successfully to distinguish the 
electrochemical parameters involved both in the cathodic 
and anodic process. In addition, multiple linear regression 
equations based on FWHM, Epc, Epa, Ipc, Ipa, Ks, Γ and 
Q were formulated to estimate ATCh from the cathodic 
(Eq. (5)) and anodic process (Eq. (6)).

In order to investigate the accuracy of the Pt/
ZnO–CeO2/AChE/Chitosan electrode, correlation 
between added and predicted concentrations of ATCh 
was calculated (Fig. 5E). An acceptable correlation coef-
ficient of 0.99 with linear regression equation being Pre-
dicted [ATCh] (mM) = 1.0 Added [ATCh] (mM)−0.017 
(in cathodic process) and Predicted [ATCh] (mM) = 1.0 

(5)

[ATCh](mM) = 0.263
[

Ipc
]

(�A)−9.330 × 10
10[Q](�C)

− 3.253 × 10
−2
[

Epc

]

(mV) + 8.167

× 10
−2[FWHM](mV)

(6)

[ATCh](mM) = 0.453
[

Ipa
]

(�A)−3.187 × 10
12[Q](�C)

+ 1.809 × 10
−2
[

Epa

]

(mV) + 8.314

× 10
−2[FWHM] (mV) − 6.91610

−2
[

Ks

](

s−1
)

+ 1.931 × 10
13[Γ](×10−9M cm−2)−25.809

Fig. 3   Effect of CeO2 A and E ZnO B and F, AChE loading C and G and chitosan D and H on the cathodic and anodic response of Pt/ZnO–
CeO2/AChE/Chitosan bioelectrode in 0.1 mM PBS (pH 7.4) containing 0.1 μM of ATCh performed at 0.1 Vs−1
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Added [ATCh] (mM)−3.853×10−4 (in anodic process), 
depicting the satisfactory accuracy of the proposed multi-
ple linear regression equation. It can be seen that multiple 
linear regression model estimated from the cathodic pro-
cess gave small RPE (0.304%) and RMSECV (0.280%) 
with 99.931% recovery whereas, multiple linear regres-
sion model estimated from the anodic process showed 
large RMSECV (1.184%) and poor RPE (1.293%) and 
recovery (95.736%). These results demonstrated that 
the proposed multiple linear regression model estimated 

from the cathodic process was reliable for the determina-
tion of ATCh in the presence of pesticide.

The fabricated Pt/ZnO–CeO2/AChE/Chitosan elec-
trode achieved satisfactory reproducibility and repeatabil-
ity with the RSD of 1.52 and 1.04% respectively. The Pt/
ZnO–CeO2/AChE/Chitosan electrode retained 96% of its 
original current response over a period of 20 days. The 
enhanced stability can be ascribed to the biocompatible 
microenvironment facilitated by ZnO–CeO2 nanohybrid 
around the immobilized AChE enzyme.

Fig. 4   Effect of pH A and D, incubation time E and F, concentration of PBS B and E on the cathodic and anodic response of Pt/0.352 wt% of 
ZnO −0.198 wt% of CeO2/ 351.435 U mL−1 of AChE/0.352 wt% of Chitosan bioelectrode containing 0.1 μM of ATCh performed at 0.1 Vs−1

Table 2   Parameters of second 
order polynomial regression 
models for the determination 
of optimized CeO2, ZnO, 
AChE loading, chitosan, 
pH, incubation time and 
concentration of PBS

Model β2 β1 β0 R2 Optimized variable

Ipa vs. CeO2 −7.042 2.795 10.567 0.99 0.198 wt%
Ipa vs. ZnO −7.042 4.952 9.974 0.99 0.352 wt%
Ipa vs. AChE −7.043×10−6 4.95 × 10−3 9.974 0.99 351.435 U mL− 1

Ipa vs. Chitosan −7.042 4.952 9.974 0.99 0.352 wt%
Ipc vs. CeO2 −7.043 2.795 10.830 0.99 0.198 wt%
Ipc vs. ZnO −7.043 4.952 10.236 0.99 0.352 wt%
Ipc vs. AChE −7.043×10−6 4.95×10−3 10.236 0.99 351.435 U mL− 1

Ipc vs. Chitosan −7.043 4.952 10.236 0.99 0.352 wt%
Ipa vs. pH −1.706 24.105 −74.260 0.99 7.064 pH
Ipa vs. Incubation time −2.73×10−3 0.172 8.152 0.99 31.600 min
Ipa vs. [PBS] −27.299 19.983 7.221 0.99 0.366 mM
Ipc vs. pH −1.706 24.105 −74.019 0.99 7.064 pH
Ipc vs. Incubation time −2.73×10−3 0.172 8.393 0.99 31.600 min
Ipc vs. [PBS] −27.299 19.983 7.462 0.99 0.366 mM
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Optimization technique of the proposed ATCh biosen-
sor was compared with the other reported ATCh biosensors 
(Table 3). When compared with the other proposed second 
order and quadratic polynomial models, only the proposed 
second order polynomial models showed best results in R2 
(i.e., R2 = 0.99), simplicity and accuracy (Marinov et  al. 

2010; Bahman et  al. 2011; Ebrahimi et  al. 2010; Ivanov 
et al. 2010; Quirós et al. 2014). When compared with mul-
tiple linear regression method developed by Ramachandra 
et  al. (Ramachandra et  al. 2015), only the presently pro-
posed AChE biosensors with multiple linear regression 
based chemometric method can effectively enhance the 

Fig. 5   A Cyclic voltammograms of Pt/ZnO–CeO2/AChE/Chitosan 
bioelectrode in the presence of increasing concentrations of ATCh 
performed at 0.1 Vs−1, B calibration curves of cathodic and anodic 
current with ATCh concentration, C and D principal component anal-
ysis of the electrochemical parameters estimated from the cathodic 
and anodic process for various concentrations of ATCh, E correlation 

between predicted [ATCh] vs. added [ATCh] and F cyclic voltam-
mograms obtained from the Pt/ZnO–CeO2/AChE/Chitosan in PBS 
(7.064 pH, 0.366 mM) containing 1.5 mM ATCh: a ATCh biosensor 
without pesticide treatment and ATCh biosensor after treatment with 
b 10 nM of captan, c monocrotophos, d dichlorvos, e 2,3,7,8-tetra-
chlorodibenzodioxin, f arsenic and g cadmium

Table 3   Comparison of optimization technique of the proposed ATCh biosensor with other reported ATCh biosensors

Parameters in experimental 
design

Polynomial regression R2 Optimization technique Comments Reference

AChE:MWCNT:acidic sol–gel Second-order 0.92 Central composite design Complex algorithm, inac-
curacy

Bahman et al. (2011)

AChE:MWCNT Quadratic 0.89 Response surface method-
ology

Complex algorithm, inac-
curacy

Ebrahimi et al. (2010)

AChE:Concanavalin:MWCNT Quadratic 0.98 Central composite design Complex algorithm, 
accuracy

Ivanov et al. (2010)

AChE:Nano-Au:Bovine serum 
albumin:Glutaraldehyde

- 0.99 Manual Complex algorithm, good 
accuracy and reagent 
consumption

Marinov et al. (2010)

Applied potential:pH:ATCh - - Central composite design Complex algorithm, inac-
curacy, noisy

Quirós et al. (2014)

ZnO:CeO2:AChE:Chitosan
& pH:[PBS]:Incubation time

Second-order 0.99 Local maximum using first 
order derivative

Simple algorithm, good 
accuracy

Present work
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specificity towards ACh/ATCh owing to its enhanced accu-
racy and 6 parameter dependence. The analytical perfor-
mance of Pt/ZnO–CeO2/AChE/Chitosan was compared to 
that of other reported of ATCh biosensors (Table 4). Owing 
to the combined fast electron transfer and biocompatible 
properties of ZnO and CeO2 nano-interfaces, the developed 
sensor detected ATCh in concentrations down to 0.05 µM, 
which was lower than the detection limits reported for pre-
viously reported ATCh sensors based on multi- and uni-
variate optimization.

Cyclic voltammetric behaviour (Fig.  5F) of Pt/
ZnO–CeO2/AChE/Chitosan electrode after treatment 
with 10  nM of toxicants namely captan, monocrotophos, 
dichlorvos, 2,3,7,8-tetrachlorodibenzodioxin, arsenic and 
cadmium in groundwater containing 1.5  mM ATCh. The 
redox peak current obtained in the presence of pesticide 
was much lesser than that in the absence of ATCh. The 
degree of AChE inhibition by toxicants was in the order 
of captan > monocrotophos > dichlorvos > 2,3,7,8-tetra-
chlorodibenzodioxin > arsenic > cadmium. The decrease in 
redox peak current was due to stronger interaction between 
pesticide and serine hydroxyl group of AChE enzyme. 
Thus the catalytic activity of immobilized AChE enzyme 
got affected and less thiocholine was released per sec-
ond, giving a lower redox current response. The detected 
ATCh in the presence of captan, monocrotophos, dichlo-
rvos, 2,3,7,8-tetrachlorodibenzodioxin, arsenic and cad-
mium were 1.48, 1.472, 1.463, 1.453, 1.442 and 1.431 mM 
respectively. In order to check the significant difference 
between the current response of ATCh biosensor without 
toxicant treatment and ATCh biosensor with toxicant treat-
ment, student’s paired t-test at 95% confidence interval was 
performed. It was found that there was a significant dif-
ference between the current response of ATCh biosensor 
without toxicant treatment and ATCh biosensor with toxi-
cant treatment (p < 0.05). These results clearly indicated 
the inhibition of AChE enzyme activity by tested toxicants. 
As a result, the redox peak current response to ATCh can 

be employed to monitor toxicity of contaminants to immo-
bilized AChE and gave a simple way of investigating the 
effect of toxicants on the immobilized AChE enzyme.

A highly sensitive cyclic voltammetric thiocholine bio-
sensor was successfully fabricated by immobilizing AChE 
on ZnO–CeO2 nanohybrid modified Pt electrode. The 
ZnO–CeO2 nanohybrid efficiently enhanced the electron 
transfer between the adsorbed thiocholine and Pt electrode 
surface due to the excellent synergy effect of ZnO–CeO2 
nanohybrid. In addition, computational analysis was per-
formed on intrinsic and extrinsic electrochemical param-
eters with the purpose to find out the best experimental 
conditions for running cyclic voltammetry on ATCh solu-
tion. Classification of electrochemical parameters was per-
formed using PCA technique, which was effective in maxi-
mizing the separation of data samples. Further, multiple 
linear regression model was formulated to quantify ATCh 
in the presence of toxicants.
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