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Abstract The presence of captan residues in apples shows
high toxicity, which often causes eye and skin irritation, der-
matitis, conjunctivitis, and vomiting in humans. In this con-
text, an electrochemical biosensor based on acetylcholinester-
ase (AChE) immobilized on a ZnO nanorod interface has been
proposed. In this work, Hill, dose-response, and first-, sec-
ond-, and third-order polynomial regression models were suc-
cessfully applied and the prediction ability of these models
was tested with the use of current density obtained from the
cyclic voltammograms of appropriate captan solutions. The
Pt/ZnO/AChE bioelectrode showed a high sensitivity of
0.538 μA cm−2 μM−1 in the linear range from 0.05 to
25.0 μM with a limit of detection of 107 nM. The recovery
results were observed between 98.4 and 102.4 % from the
apple sample. This work provides a new promising tool for
the detection of captan in apple samples.
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Introduction

Blossom end rot, black rot, primary scab, and bull’s eye rot are
the diseases of apple trees caused by fungi, namely Botrytis
cinerea, Botryosphaeria obtusa, Venturia inaequalis, and
Cryptosporiopsis curvispora, respectively [1]. Captan, a fun-
gicide [2], is more active against diseases such as blossom end
rot, black rot, primary scab, and bull’s eye rot [1]. Rawn et al.
[3] observed captan levels in 142 apples ranging from
56.22 nM to 21.12 μM, which exceeded the acceptable max-
imum residue limit concentrations of captan in apples.

The presence of captan residues in apples can be a substan-
tial path to human vulnerability. The symptoms of captan poi-
soning in humans include eye and skin irritation, dermatitis,
conjunctivitis, and vomiting. The effects of captan poisoning
in animals include hypothermia, listlessness, depression, diar-
rhea, weight loss, anorexia, abortion, increased thirst, and de-
creased immune function. Sheep, cattle, and fishes like brown
trout, harlequin fish, coho salmon, brook trout, fathead min-
now, and bluegill sunfish are susceptible to captan poisoning.
Scientific reports showed that captan pesticide was rapidly
metabolized in several animal species. Captan pesticide can
also affect the human reproductive system at low levels of
exposure. The most minimal dosage for humans that results
in death is 1071 mg kg−1. As per the World Health Organiza-
tion (WHO) limit, the daily intake for humans is
0.100 mg kg−1 day−1.

Singh et al. [2] developed an electrochemical biosensor for
the detection of captan in contaminated water based on the inhi-
bition of glutathione-S-transferase (GST) enzyme immobilized
on the surface of (3-aminopropyl)triethoxysilane self-assembled
monolayer modified gold electrode in which the proposed linear
regression model was formulated using six different captan con-
centrations with a regression coefficient (R2) value of 0.99.
However, the relative standard deviation (RSD) of the calibrated

Electronic supplementary material The online version of this article
(doi:10.1007/s00216-015-8687-1) contains supplementary material,
which is available to authorized users.

* John Bosco Balaguru Rayappan
rjbosco@ece.sastra.edu

1 Nanosensors Lab, SASTRA University, Thanjavur, Tamil Nadu 613
401, India

2 Centre for Nanotechnology & Advanced Biomaterials (CeNTAB),
SASTRA University, Thanjavur, Tamil Nadu 613 401, India

3 School of Chemical and Biotechnology, SASTRA University,
Thanjavur, Tamil Nadu 613 401, India

4 School of Electrical & Electronics Engineering, SASTRA
University, Thanjavur, Tamil Nadu 613 401, India

Anal Bioanal Chem (2015) 407:4863–4868
DOI 10.1007/s00216-015-8687-1

Cyclic voltammetric acetylcholinesterase
biosensor for the detection of captan in apple samples with the aid
of chemometrics

http://dx.doi.org/10.1007/s00216-015-8687-1


current was very high (12 %), which was higher than the
standard RSD value (RSD≤5 %), indicating that the electro-
chemical analysis may lead to the inaccurate estimation of
captan in contaminated water samples [2]. Moreover, the
reported calibrated curve for estimating the unknown concen-
tration of captan in contaminated water samples was linear.
But the GST inhibition was nonlinear. Using nonlinear regres-
sion analysis, the RSD of the calibrated current can be mini-
mized which in turn helps in the accurate estimation of
unknown concentrations of captan in contaminated water sam-
ples. Hence, in this article, linear and nonlinear regression
models were statistically analyzed to find out the appropriate
model for calibration of the developed Pt/ZnO/AChE
bioelectrode to determine unknown concentrations of captan
in apples with high accuracy. In this work, the general toxicity
of captan towards the inhibition of AChE enzyme activity is
also reported.

Materials and methods

Materials and apparatus

Acetylthiocholine chloride (ATChCl) (≥99 % purity) with
a molecular weight of 197.73 g M−1, acetylcholinesterase
(AChE) from the electricus eel with specific activity (E.C.
3.1.1.7, activity 200–1000 U mg−1), captan, cerium ace-
tate, zinc acetate, and 2-pyridine aldoxime methiodide
were purchased from Sigma-Aldrich, USA (https://www.
sigmaaldrich.com). Sodium hydroxide, potassium
hydroxide, glucose, lactic acid, 0.5 wt% chitosan in 1 %
acetic acid (degree of deacetylation of 82.5 %, molecular
weight 140,000 g mol−1), ascorbic acid, monobasic
sodium phosphate monohydrate, and dibasic sodium
phosphate dehydrate were procured from Merck India
Ltd., India (https://www.merk.com). Cadmium acetate
dehydrate was purchased from Loba Chemie Pvt. Ltd.,
India (www.lobachemie.com). Urea, nickel chloride, and
cupric acetate were purchased from Thermo Fisher
Scientific Pvt. Ltd., India (www.thermofisher.com).
Platinum wire counter electrode (CHI115, 0.5 mm
diameter), KCl-saturated Ag/AgCl reference electrode
(CHI111, 0.5 mm diameter), and platinum (Pt) electrode
(CHI102, 2 mm diameter) were purchased from CH In-
struments, Inc (www.chinstruments.com). All solutions
and reagents were prepared using deionized water
(AQUA Pu r i f i c a t i o n s Sy s t em s , I n d i a , www.
aquapurification.com). Synthesis, immobilization
procedures, and characterization results of ZnO and
CeO2 nanoparticle-modified Pt electrode are given in the
Electronic Supplementary Material (ESM, Fig. S1). Elec-
trochemical characterization was performed using an elec-
trochemical workstation (CHI600C, CH Instruments,

USA, www.chinstruments.com) with the Pt/ZnO/AChE/
chitosan as working electrode, Ag/AgCl saturated with
0.1 M KCl as a reference electrode, and Pt wire as a
counter electrode. All electrochemical measurements were
carried out at room temperature in pH 8.0 phosphate-
buffered saline (PBS).

Preparation of real samples

Fresh apples were purchased from a local market, and 20 mg
of skin of apple samples was homogenized with 30 mL of pH
8.0 PBS. This mixture was centrifuged at 8000 rpm, and the
supernatant solution was transferred and made up to 20 mL
with deionized water. Finally, under the optimal conditions, a
recovery study was performed by adding different concentra-
tions of captan to pH 8.0 PBS.

Data analysis

A biplot of principal component analysis (PCA) was carried
out to study the effects and variances of various electrochem-
ical parameters on the added captan. The Hill, dose-response,
and first-order, second-order, and third-order polynomial re-
gression analyses were carried out for the increasing captan
concentrations (see ESM). Furthermore, ANOVAwas carried
out at the 0.05 level to analyze the significant difference be-
tween the regression coefficients. Finally, percentage recov-
ery, root mean square error of cross validation (RMSECV),
and relative prediction error (RPES) were utilized to assess the
proposed regression model for the estimation of captan in
apple samples (see ESM). All the statistical data analyses were
carried out employing MATLAB 6.5 software.

Results and discussion

Electrochemical ATChCl sensing mechanism

The Pt/AChE bioelectrode hydrolyzed ATChCl to
thiocholine (red) at 140 mV (vs. Ag/AgCl) (see ESM
Table S1 and Fig. S2 (a)). After subjecting the Pt/AChE
bioelectrode to 250 mV (vs. Ag/AgCl), thiocholine (red)
oxidized to form dithio-bis-choline (thiocholine (ox))
[4]. This leads to an effective electron transfer in the
Pt/AChE bioelectrode [4]. Similar electrochemical reac-
tions were also noticed in CeO2- and ZnO-modified Pt
electrodes. It can be seen that the values of the reduc-
tion and oxidation peak potentials were in good agree-
ment with the previously reported AChE biosensor
based on porous gold nanoparticle-CaCO3 hybrid mate-
rial (cathodic peak potential Epc=192 mV and anodic
peak potential Epa=275 mV), which were corresponding
to the reduction and oxidation of the thiocholine (red)/
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thiocholine (ox) couple [4]. The electrochemical reaction
that occurred at the surface of various modified Pt
bioelectrodes was given as follows:

acetylthiocholine chlorideþ H2O →
AChE

thiocholineþ acetic acidþ Cl−

2thiocholine→dithio‐bis‐cholineþ 2Hþ þ 2e−

Among the two metal oxide nanostructures, namely CeO2

and ZnO, the electrochemical biosensor based on ZnO nano-
rods has displayed satisfactory results for ATChCl analysis
because of its good conductivity, biocompatibility, high per-
centage relative signal (ESM Fig. S2 (b)), and rapid electron
transfer between AChE and the Pt electrode. Therefore, Pt/
ZnO/AChE was used as the working electrode for captan de-
tection in all further studies.

Optimization of experimental parameters

The effect of pH (ESM Fig. S3), amount of immobilized
AChE enzyme (ESM Fig. S4 and S5), scan rate (ESM
Fig. S6, S7 and S8), ATChCl (ESM Fig. S9 (a) and (b)), and
incubation time (ESM Fig. S10) on the Pt/ZnO/AChE
bioelectrode response is given in the ESM. The optimum
pH, amount of immobilized AChE enzyme, scan rate,
ATChCl, and incubation time were pH 8.0, 0.25 U mL−1,
0.02–0.1 V s−1, 1.0 mM, and 15 min, respectively.

Captan determination

Figure 1(a) shows the cyclic voltammograms of Pt/ZnO/
AChE in pH 8.0 PBS solution containing 1.0 mM ATChCl
after inhibition with captan (0.05, 1.5, 3.5, 6.0, 10, 15, 20, and
25 μM) for 15 min. It was observed that the redox current
reduced slowly with the increase in the concentration of cap-
tan owing to the inhibition of AChE enzyme. It also showed
the applicability of the Pt/ZnO/AChE bioelectrode to monitor
captan at different micromolar concentrations. Inhibition
curves of the Pt/ZnO/AChE biosensor for captan determina-
tion after 15 min incubation are shown in Fig. 1(b). The inhi-
bition curves from cathodic and anodic responses were in-
clined towards maximum values at high captan concentra-
tions, suggesting that binding with active sites of AChE
attained saturation as the captan concentrations increased from
0.05 to 25 μM. The inhibition curves from cathodic and an-
odic responses were related to the Michaelis-Menten relation-
ship. The degree of co-operativity (p), apparent Michaelis-
Menten constant (KM

app), and maximum percentage inhibition
(Imax%) estimated from the Hill plot of cathodic and anodic
degrees of inhibition (see ESM) were determined to be 1.05,
7.43 μM, and 96.82, and 1.00, 5.48 μM, and 59.27, respec-
tively, indicating positive co-operativity. It also showed that
the binding of captan to the redox mediator of AChE succes-
sively increased the affinity of further entering captan

molecules. The AChE inhibition curve obtained from the ca-
thodic response held the maximum Imax% (96.82) value in
comparison with the AChE inhibition Imax% (59.27) value
measured from the anodic response. Since the Pt/ZnO/AChE
bioelectrode showed higher inhibition in the cathodic process
than in the anodic process, the AChE inhibition curve from the
cathodic response was chosen for further analysis considering
the higher degree of inhibition reached. The obtained LOD
(IC10) and IC50 were 107 nM and 7.43 μM, respectively.

The percentage of immobilized AChE residual activity de-
creased with increasing captan concentration (ESM Fig. S11).
This was because the higher the captan concentration, the
interaction between the immobilized AChE enzyme and cap-
tan was more and specific that resulted in greater inhibition. In
the PCA biplot (Fig. 1 (c)), 25 μM concentration of captan
was placed in the upper left quadrant and characterized by
high FWHM (full width at half maximum of the cathodic peak

Fig. 1 a Cyclic voltammograms of Pt/ZnO/AChE in pH 8.0 PBS
solution containing 1.0 mM ATChCl after inhibition with captan (0.05,
1.5, 3.5, 6.0, 10, 15, 20, and 25 μM) for 15 min, b inhibition curves of Pt/
ZnO/AChE biosensor for captan determination after 15 min incubation,
and c PCA biplot of the estimated electrochemical parameters
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height) (ESM Table S2), which indicated that the number of
electrons transferred in the cathodic process inclined towards
the minimum value at a high captan concentration. In the left
quadrant, 0.05, 1.5, and 3.5 μMconcentrations of captan were
characterized by a high cathodic peak current density (Jpc),
electron transfer rate constant (KS), surface coverage (Γ),
and amount of charge consumed (Q), indicating that captan
showed a lower inhibition rate at low captan concentrations.
In other words, the electrochemical response of ATChCl al-
tered by captan (0.05, 1.5, and 3.5 μM) was low.

Model fitting and validation

The plots of the first-, second-, and third-order polynomial
regression analyses of log (%inhibition) versus log (captan)
and dose-response curve for varying concentrations of captan
are shown in ESM Fig. S12 (a), (b) (c) & (d), respectively.
With the measurements (ESM Table S3), individual equations
were formulated and fitted with the measured percentage in-
hibition for the first- (Eq. (1)), second- (Eq. (2)), and third-
order polynomial (Eq. (3)), nonlinear (Hill (Eq. (4)), and dose-
response (Eq. (5))) regression analyses as follows:

First-order polynomial regression equation:

log I%ð Þ ¼ 1:405þ 0:345 log Ið Þ½ � R2 ¼ 0:97
� � ð1Þ

Second-order polynomial regression equation:

log I%ð Þ ¼ 1:358þ 0:340 log Ið Þ½ �
þ 0:046 log Ið Þ½ �2 R2 ¼ 0:98

� � ð2Þ

Third-order polynomial regression equation:

log I%ð Þ ¼ 1:278þ 0:508 log Ið Þ½ �
þ 0:092 log Ið Þ½ �2−0:102 log Ið Þ½ �3 R2 ¼ 0:99

� � ð3Þ

Hill equation:

I% ¼ 9:657þ 87:170
I½ �1:055

7:4321:055 þ I½ �1:055 R2 ¼ 0:99
� � ð4Þ

Dose-response equation:

I% ¼ 9:657þ 96:828−9:657
1þ 10 0:871−Ið Þ1:055 R2 ¼ 0:99

� � ð5Þ

The ANOVA showed that the first-, second-, and third-
order polynomial and nonlinear (Hill and dose-response) re-
gression models were significant at 95 % confidence limit
(p<0.05). It was observed that as the order of polynomial
regression increased from one to three, standard error de-
creased considerably, which indicated that only the third-
order polynomial model was adequate to fit all concentrations
of captan. Even though Hill and dose-response analyses

depicted the AChE enzyme inhibition behavior with an R2

of 0.99, the standard error values of individual parameters
(p,KM

app,Imax%,log(I0)andImax%) were comparatively higher
than that of the case of the third-order polynomial regression
analysis. On comparing the figure of merits (ESM Table S4
and S5), the third-order polynomial regression model was
observed best among all the polynomial and nonlinear regres-
sion models as they depicted least values of RPEs (0.015),
%recovery (99.982), and RMSECV (0.203). Based on the
evaluation and substantiation results, the third-order polyno-
mial regression model was suggested to be the most beneficial
and precise model in sensing the captan in apple samples.

Determination of the type of inhibition and interference
study

From the Lineweaver-Burk (ESM Fig. S13) and Dixon plots
(ESM Fig. S14), it can be concluded that the inhibition was
reversible and competitive. The value of inhibition constant
(Ki) for the Pt/ZnO/AChE-modified bioelectrode was calcu-
lated to be 3.043 μM. The Ki to KM

app ratio (Ki:KM
app= 0.006:1)

suggested that immobilized AChE enzyme has a greater affin-
ity for captan than ATChCl.

The Jpc for 0.1 mM concentration of ATChCl was com-
pared with the Jpc observed in the presence of various
interferents after the Pt/ZnO/AChE bioelectrode was incubat-
ed in 1.5 μM captan for 15 min. No observable changes of Jpc
were noticed in the presence of 0.1 mM Ni2+ (I%=0.28),
0.1 mM Cd2+ (I%=0.83), 0.1 mM Zn2+ (I%=0.43), 0.1 mM
Cu2+ (I%=0.93), 0.1 mM glucose (I%=0.28), 0.1 mM urea
(I%=0.63), 0.1 mM ascorbic acid (I%=0.62), and 0.1 mM
lactic acid (I%=0.92), respectively.

The maximal inhibition due to the potential interferents
present in the apple samples might change the values of the
inhibition Michaelis-Menten constant (KM

app) and the maxi-
mum degree of inhibition (Imax%). Hence, a prediction band
(ESM Fig. S14) with upper and lower limits was formulated
for the measured current density at 95 % confidence interval
so that the Pt/ZnO/AChE bioelectrode can selectively detect
the presence of captan in PBS (0.1 M, pH 8.0) when the same
experiment was repeated.

Among the various potential interferents, glucose showed
the highest cross-reactivity (see ESM) of 2.1 % and it was
followed by Ni2+ with a cross-reactivity of 1.1 % (ESM
Table S6). They depicted minimal cross-reactivity values.
These cross-reactivity studies suggested that the detection of
captan would not be interfered by these interferents.

Precision, accuracy, stability, and reactivation

The intra-assay precision of the Pt/ZnO/AChE bioelectrode
was assessed by examining the modified electrode for seven
replicates, and the calculated RSD was lesser than 2.12 % at
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the ATChCl concentration of 0.1 mM in 1.5, 5, and 15 μM
captan individually for 15 min. The lower RSD showed the
good repeatability of measurements. The inter-assay precision
was calculated by estimating the current density for 0.1 mM
ATChCl at seven different electrodes, which were plunged in
1.5, 5, and 15 μM captan individually for 15 min. The RSD
was estimated to be lesser than 3.17 %, showing satisfactory
fabrication reproducibility. For 10, 15, and 20 μM of captan,
the predicted captan concentrations±relative error for four tri-
als were found to be 10±0.011, 15±0.007, and 20±0.005μM,
indicating acceptable accuracy of the Pt/ZnO/AChE
bioelectrode in the determination of captan. As shown in
ESMFig. S15, the measured current density values were with-
in the control limits for 18 days, indicating that ZnO nanorods
offered a good microenvironment for the immobilized AChE
enzyme to retain its catalytic activity. The Pt/ZnO/AChE
bioelectrode showed a stable current density for a period of
18 days and retained approximately 91.7 % activity. The re-
sults of AChE enzyme reactivation depicted that the inhibited
AChE enzyme can be reactivated more than 95.2 % of its
original catalytic activity after immersing the Pt/ZnO/AChE
bioelectrode in 4.0 mM 2-PAM for 15 min.

Captan detection in apple samples

Recovery study

Table 1 presents the determination results of captan in apple
samples (n=3). Spiked recovery is an effective approach to
study the accuracy of the proposed method. The captan con-
centration in the apple sample was calculated using the cali-
brated third-order polynomial equation. The observed recov-
ery was in the range 98.4–102.4 %, which manifested a low
matrix effect on the cyclic voltammetric response. In other
words, the chitosan membrane offered low diffusional resis-
tance to captan and high diffusional resistance to macromole-
cules found in the apple sample. Thus the passage of
interferents to the immobilized AChE layer was hindered by
the chitosan membrane. This recovery study also suggested
that the potential interferents in the apple sample did not in-
terfere with the quantification of captan.

Accuracy study

Comparison of captan values in three levels of determination
was assessed by the Pt/ZnO/AChE bioelectrode (y) with the
added captan values (x) showing a good correlation coefficient
with r=99%, the regression equation being y=1.020x−0.035.
Moreover, the analytical RPE and RMSECV of the added
captan in the apple sample were 0.004–0.215 and 0.002–
0.023, respectively, demonstrating the satisfactory accuracy
of the third-order log (Jpc) versus the log (captan) calibration
equation. According to Student’s t test, as the tcritical value
(tcritical=2.306) was found to be higher than the calculated texp
value (texp=0.677) at the 95 % confidence interval, there was
no significant differences between the mean captan concentra-
tions. These results also showed the accuracy of the proposed
Pt/ZnO/AChE bioelectrode.

Precision study

Within and between the estimated RSD values were 0.781 and
1.626 %, respectively. This high precision depicted the good
repeatability and reproducibility of the Pt/ZnO/AChE
bioelectrode. The F test was utilized at a 95 % confidence
interval to assure any significant differences between the stan-
dard deviation of the mean concentration obtained using the
reference method (added captan concentrations) in the spiked
apple sample. The Fcritical value (Fcritical=6.390) was found to
be higher than the estimated Fexp value (Fexp=1.042). Thus,
the null hypothesis was accepted, and this confirmed that the
third-order log (Jpc) versus the log (captan) calibration equa-
tion was precise. Moreover, the maximum inhibition, recov-
ery, RSD of captan recovery, and accuracy at the Pt/ZnO/
AChE bioelectrode were found to be better than at the gluta-
thione-S-transferase-modified gold electrode (ESM Table S7)
[2].

Conclusion

An analytical method has been developed for the detection of
captan, which was based on the inhibition of immobilized

Table 1 Detection of captan in
apple samples (n=3) Sample

(20 mg of apple)
Captan
added (μM)

Mean captan
detected (μM±SD)a

Recovery
(%)

RSD
(n=3) (%)

RMSECV RPE

1 0.25 0.246±0.003 98.4 1.140 0.004 0.016

2 0.5 0.512±0.004 102.4 1.676 0.012 0.023

3 2.0 1.981±0.002 99.05 0.674 0.019 0.009

4 5.0 4.986±0.004 99.72 0.198 0.014 0.002

5 10.0 10.215±0.003 102.15 1.504 0.215 0.021

p=0.05; tcritical=2.306; texp=0.677; Fcritical=6.390; Fexp=1.042
aAverage of three determinations
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AChE enzyme activity. Investigation of five nonlinear models
with observed current density values was the most effective
calibration method for the accurate quantification of captan in
apple samples. The immobilized AChE on the ZnO nanorod
surface showed a high accuracy, a high degree of inhibition,
and an acceptable recovery towards captan determination. All
these results depicted that the Pt/ZnO/AChE bioelectrode
could be utilized for the detection of captan in apple samples.
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