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Antibody-free colorimetric detection of
chlorothalonil in cucumber via the inhibition of an
enzyme-triggered reactiont

Qingju Liu, ©2° Ping Han,?® Hui Wang,?® Wenwen Gong® and Xiaoyuan Feng*®®

Currently known rapid determination of fungicides usually relies on antibody-based immunoassay. This
paper reports a simple antibody-free colorimetric assay for chlorothalonil via the inhibition of an
enzyme-triggered reaction. The enzymatic activity of glyceraldehyde-3-phosphate dehydrogenase was
significantly inhibited by chlorothalonil, and the color change of NBT-PMS system induced from NADH
formation was suppressed, which could be used indirectly to assay chlorothalonil. The limit of detection
(LOD) was 0.05 pM with a linear range from 0.5 to 10 puM, and the detection of 1 pM chlorothalonil in
solution was achieved with a naked-eye readout. In addition, the colorimetric measurement results of
the cucumber samples showed a good recovery rate, although the sensitivity was less effective than the
instrumental method. Nevertheless, the results demonstrates that the chlorometric method provides
potential opportunities for reliable, cost-effective quantitative detection for chlorothalonil residues in

rsc.li/rsc-advances vegetables.

Introduction

As a broad-spectrum fungicide widely used on fruits and vege-
tables,'? chlorothalonil (2,4,5,6-tetrachloroisophthalonitrile,
CTL) residue in raw fruits and vegetables and their processed
products has drawn wide public attention. Due to its highly
toxic to aquatic species and marine organisms, significant
cumulative toxicity>* and more toxic and persistent of its main
metabolites (4-OH-CTL) in the environment, CTL and its
metabolites are considered as a probable human carcinogen by
the United States Environmental Protection Agency (USEPA)."

The most popular approaches for accurate and precise
determination of CTL are based on highly sensitive detectors
equipped with chromatographic units such as gas chromatog-
raphy (GC) coupled with mass spectrometry (MS)"*™** or electron
capture detectors,'*” and HPLC with DAD detection'® or
coupled with MS.® However, susceptibility to factors such as pH®
and matrix components* makes CTL a nasty pesticide of poor
recovery for sample preparation prior to chromatographic
analysis. In addition, the need of specialized persons and high
cost limit their application for on-site screening. Antibody-
based immunoassay systems such as enzyme-linked immuno-
sorbent assay**?* (ELISA), immunosensor,” immunochip* and
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immune-strip*~® offer potential opportunities for rapid detec-
tion of CTL on-site and substantial investigations have been
reported and there are already some test kits availability on the
market. Despite its high specificity and sensitivity, the prepa-
ration process of antibodies is high cost and time-consuming.
Moreover, susceptibility to degradation and denaturation of
antibodies remains a great challenge during its application. It
should be noted that the use of nanoparticles*® and self-
propelled micromotors® with inherent enzymatic (artificial
enzymes) activity display attractive performance in sensing of
phenylenediamines isomers. In spite of its facile synthesis and
stable performance, the lack of specific recognition limits their
target scope. Unfortunately, there are frequent reports about
detection of CTL residue in many types of vegetables and
fruits.**** Thus, consumers need a simple, and inexpensive
sensor system to monitor the risk of CTL in fruits and
vegetables.

It is well known that enzyme-based signal amplification is
commonly used in biochemical assays because of their high
catalytic efficacy. Long known as a key enzyme in glycolysis,
glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.22.12;
GAPDH) has recently been assigned numerous other cellular
functions.** Due to its unique characteristics such as good
stability, rapid response, high catalytic efficiency, low cost and
biocompatibility, GAPDH is extensively employed in clinical
diagnosis and drug design.***” GAPDH catalyze the oxidative
phosphorylation of glyceraldehyde-3-phosphate with concomi-
tant reduction of NAD" into NADH.*®

Herein, we report an antibody-free method for visual detec-
tion of CTL utilizing a commercially available enzyme GAPDH
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coupled with phenazine methosulphate (PMS)-B-nicotinamide
adenine dinucleotide (NADH)-nitroblue tetrazolium (NBT)
chromogenic system. In addition, we have successfully applied
this method for detection of CTL in cucumber with good
recovery, demonstrating that quantification of CTL concentra-
tion by measuring the color change based on the inhibition of
enzyme-triggered reaction has a further potential application
for detection of CTL on-site.

Experimental
Reagents

All chemical used were commercially available. CTL was
purchased from Aladdin. Glyceraldehyde 3-phosphate (GAP)
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were
obtained from Sigma (U.S.). NAD", nitrotetrazolium blue chlo-
ride (NBT), sodium pyrophosphate, sodium dihydrogen phos-
phate, and dibasic sodium phosphate were got from Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China). Phenazine
methosulfate (PMS) bought from Sangon Biotech
(Shanghai, China). Pentachloronitrobenzene (PCB), penta-
chloroaniline (PCA), chlorothaldimethyl (CDM), dichlobenil
(DCB), phthalide (PTL), quintozene (QTZ) were got from
Shanghai Aladdin Bio-chem Technology Co., LTD. Hexa-
chlorobenzene (HCB) and pentachlorophenol (PCP) were
purchased from J&K Scientific Ltd.

was

Measurements and apparatus

UV-vis absorption spectra were acquired on a TU-1901 spec-
trophotometer (China). The chromatographic analysis of CTL
was performed by a 1260 HPLC system (Agilent) equipped with
a VWD detector. The photographs were taken by a IXUS-190
camera (Canon, Japan).

Colorimetric detection of CTL through enzymatic-triggered
reaction

GAPDH (5 U) was preincubated at 37 °C in 50 mM phosphate
buffer (pH 5.0) containing noted concentrations of CTL under
stirring for 45 min. Following the preincubation, the reaction
catalyzed by GAPDH with NAD" as cofactor coupled with NBT-
PMS was assay at room temperature in NaPPi buffer (pH 8.5)
containing 0.5 mM GAP, 0.35 mM NAD", 120 uM NBT, 75 pM
PMS in a total volume of 200 uL. At that time, the color of the
solution was recorded by photograph and determined by
following the change in absorbance at 560 nm via UV-vis
spectrophotometry.

Pretreatment of cucumber samples

Cucumbers purchased from a market (Haidian, Beijing), were
used for recovery examinations. After addition of 10 mL phos-
phoric acid solution (phosphoric acid/water = 1:1 v/v), the
sample (100 g) were homogenized by a blender immediately.
Then, each sample (100 g) was spiked with some known
concentrations of CTL standards and allowed to stand at room
temperature for 2 h.
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For colorimetric determination, methanol (25 mL) was
added to the samples (5 g) in a 50 mL tube and the tube was
vigorously shaken for 30 min on an orbital shaker to extract
CTL. After centrifuged at 3000 rpm for 5 min, the supernatant (1
mL) was downloaded into SPE cartridge. After washing the
cartridge with 1 mL of methanol-water (1 : 9, v/v), the eluate was
collected for colorimetric sensor. If needed, the extract solution
was further diluted with methanol-water (9 : 1, v/v).

Results and discussion
Sensing mechanism of the colorimetric method

Fig. 1 illustrates the sensing mechanism for colorimetric sensor
of CTL based on enzymatic reaction catalyzed by GAPDH
coupled with PMS-NBT chromogenic system. This method
relies on the fact that CTL is an inhibitor of specific nicotin-
amide adenine dinucleotide (NAD) thiol-dependent glycolytic
enzyme-GAPDH,***° leading to a decrease in production of
NADH, which fails to induce a color change from yellow to blue
of PMS-NBT chromogenic system. According to previous
reports, the native GAPDH can catalyze the oxidation of GAP*®
into gluconolactone-6-phosphate (1,3-DPG), accompanied with
reduction of NAD" into NADH.***! The simultaneously gener-
ated NADH participates in a cycling reaction that exhausts NBT
yielding a purple coloured formazan (Amay: 560 nm) with PMS as
an electron carrier.*>* The absorbance intensity is proportional
to the concentration of NADH. Whereas, previous investiga-
tions®® have confirmed that inhibition of GAPDH by CTL was via
forming a co-valently bond with amino acid residue Cys 149 in
the active pocket (Fig. S11) that required for NAD binding. The
inhibition of activity of GAPDH by CTL leads to quantitative
color change depending on the amount of CTL, which can be
easily distinguished visually or quantified by the spectrometric
measurement. With the absence of CTL, the solution of enzyme-
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Fig. 1 (A) GAPDH catalyzes the oxidative phosphorylation of GAP to
form 1,3-DPG with concomitant reduction of NAD*. With the exis-
tence of NADH, NBT and PMS turn into blue formazan. (B) Scheme
presentation of colorimetric detection of CTL via enzymatic action
coupled with PMS/NBT strategy.
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triggered reaction of GAP-NBT-PMS system rapidly proceeds
and turns blue, and the system is “on”. However, when CTL is
pre-mixed with GAPDH, the enzyme-triggered reaction is sup-
pressed and the solution remain yellow, and the system is “off”.
Thus, we devise a colorimetric method based on the catalytic
capability of GAPDH coupled with PMS-NBT chromogenic
system for detection of CTL. This colorimetric sensor is free
from utilization of antibody or modification process, and the
results can be obtained by either the naked eye or the
spectrometer.

Optimization of experimental conditions

To achieve a highly sensitive response, it's necessary to optimize
the experimental conditions. pH is a key factor which can
greatly affect the enzyme activity and the chromogenic reaction,
thus pH of the reaction system was optimized firstly. As shown
in Fig. 2A and S3A,7 Aseo of the generated formazan products
sharply increased with the increasing value of pH and reached
to a peak value at about pH 8.5. However, when pH was above
8.5, the absorbance at 560 nm dropped gradually with the
increase of pH values, indicating the activity of enzyme was
decreased. This was probably because the active-site residues
within the catalytic domain center needed appropriate pH value
to maintain its protonation state for product formation, and
higher pH values led to deprotonation of active-site residues,
resulting in the loss of enzyme activity. Therefore, pH 8.5 was
selected as the optimal pH value.

GAP is catalyzed to form 1,3-diphosphoglycerate by GAPDH,
accompanied by formation of NADH with NAD" as an electron-
transferring coenzyme. Therefore, concentrations of NAD" and
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Fig. 2 Optimization of experimental conditions. Absorbance at
560 nm (Asgo) obtained by spectrometer with different pH values (A),
various concentrations substrates (GAP (B), NAD* (C), NBT (D) and PMS
(E)), and varied incubation time intervals (F) in the presence of 5 uM
CTL.
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GAP would influence the catalytic activity of GAPDH. The results
showed that the maximum response was obtained when the
concentration of GAP was 0.5 mM and the response slightly
decreased with the increase of concentration when concentra-
tion of GAP was higher than 0.5 mM (Fig. 2B and S3Bt). Simi-
larly, the most remarkable color change was observed when the
concentration of NAD' was 0.35 mM, and the color change was
moderately decreased when the concentration was above
0.35 mM (Fig. 2C and S3Ct). The above results were in accor-
dance with the theory of enzyme kinetics that there is an
optimal concentration of the substrates and the reaction is
inhibited when the substrate concentration is too high. Thus,
0.5 mM GAP and 0.35 mM NAD" were selected as the optimal
conditions for further investigations.

As reactants in the second step, the concentrations of NBT
and PMS were closely connected with the generation of blue
products, thus, their concentrations were further optimized. As
depicted in Fig. 2D, E, S3D and S3E,} the absorbance at 560
reached to a plateau when the NBT concentration was 100 uM.
In the concentration range of 0-75 uM, the color change was
enhanced with the increase of concentration of PMS, and the
change was declined when PMS was above than 75 pM. As
a result, concentrations of NBT and PMS were selected 100 and
75 uM, respectively.

Finally, the incubation time of CTL with GAPDH was inves-
tigated in the same way as the above. Compared with control,
Asgo increased with the incubation time, and it reached to
a minimum value at 45 min, but it remained unchanged with
a further increase of the time (Fig. 2F). In consideration of the
requirement of rapid determination, we selected 45 min for
further investigations.

Sensitivity of the colorimetric method

To examine the sensitivity of the enzymatic inhibition strategy-
based colorimetric assay for the determining CTL, a series of
different concentration of CTL standard solution were added to
the GAPDH/GAP-NBT/PMS chromogenic system under the
optimized condition. As shown in Fig. 3A, the absorbance band
at 560 nm (Ase0) decreased progressively with the concentration
of CTL ranging from 0 to 25 uM. Meanwhile, an obvious color
change from blue to yellow was also be found (the inset portion
of Fig. 3A) and a sensitivity of about 1 uM CTL was achieved with
naked eyes. In addition, the logarithm of Ase, (l0g(4s60))
decreased correspondingly over the CTL concentration. With
concentration ranging from 0.5 to 10 puM, the log(45e0) displayed
a linear correlation with R*> = 0.993 (Fig. 3B). The limit to
detection (LOD) was estimated to be 0.05 pM (30). The high
sensitivity and relative broad linear range is attributed to the
high catalytic property of GAPDH.

As summarized in Table 1, we draw a comparison between
the proposed colorimetric detection and other previously re-
ported instrumental chromatographic analysis or antibody-
based immunoassay. Compared to instrumental chromato-
graphic analysis, limit of detection for CTL in this work was
much higher than that of GC-MS or LC-MS. Also, the sensi-
tivity of the proposed colorimetric assay was not remarkably

RSC Adv., 2019, 9, 9893-9898 | 9895
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Fig. 3 (A) UV-vis spectra of the GAPDH/GAP-NBT/PMS chromo-
genic system in the presence of different concentrations of CTL.
Inset portion was the corresponding photographic images. (B)
log(Asep) of the reaction system versus the concentration of CTL.
Inset portion showed the linear dependence of Asgg at low CTL
concentration (error bars represented the standard deviation of three
measurements).

more effective than ELISA. Since the MRLs of CTL in vegeta-
bles was set from 5 mg kg~ ' in China (5 mg kg™ " in USA and
1 mg kg™ in Europe), the sensitivity of the proposed analysis
was effective enough to detect CTL residues in vegetables.
Moreover, the approach avoided the use of expensive and
complex instruments apparatus required in instrumental
analysis and utilization of expensive antibody of the immu-
noassay, which undoubtedly improves their application in real
samples.

Table 1 Comparison of different detection method of CTL
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Selectivity of the colorimetric method

To determine the selectivity of the colorimetric assay for CTL,
CTL (5 uM) and several analogues of closely related molecular
structure at the level of 50 uM were carried out to undergo the
chromogenic reaction. As shown in Fig. 4, it was observed that
only in the presence of CTL, the solutions turned yellow and
showed a decrease in Ass9. However, the other pesticides with
the level 10 times higher than CTL stay blue, similarly to the
blank sample, and color and Ase, of the solution had no
notable change, revealing that the inhibition of the reaction
was not occurred. The other pesticides yielded only negligible
response comparing to that of CTL. CTL inhibits the activity of
GAPDH by covalent interaction with cysteine-149 located at the
active center responsible for the binding of GAP. Due to
difference in the molecular size and chemical nature of the
reactive toxiphores, pesticides or chemical compounds with
similar chemical structure do not inhibit the enzyme. It
should be noted that certain trichloromethyl sulfonyl fungi-
cides suppress activity of GAPDH. However, CTL differed from
those fungicides in that it did not react with non-thiol groups
of either GAPDH and had a different reaction rate with the
GAPDH. This indicated that other pesticides didn't inhibit the
catalytic activity of GAPDH and didn't interrupt the chromo-
genic system of GAPDH coupled with NBT/PMS. The colori-
metric method has excellent specificity to CTL and the
colorimetric system is suitable for selective detection of CTL.

Application of cucumber samples

As a proof of its applicability, cucumber was chosen as a repre-
sentative specie to perform the spiked test. Different concen-
trations of CTL standard solutions were added into the
cucumber sample (final concentration 50.0, 100.0, 150.0 pg
kg, respectively). As listed in Table 2, the recovery values were
82.0%, 90.2% and 84.9%, respectively, which was consistent
with that obtained by HPLC (Table S1t). Therefore, this facile,
antibody-free assay can used for sample with simple matrixes
directly with satisfactory results. However, better sample clean-
up procedures are necessary to eliminate interference for
sample with more complicated matrixes such as vegetables and
fruits. The reason is that substances such as pigment or
sulphur-containing compounds in the real samples can inter-
fere the chromogenic reaction, which has distinct impact on the
quantification of analyte. We will make efforts to apply the

Use of large

Methods Linear range (uM) Limit of detection (uM) instrument Use of antibody Ref.
GC-MS 0.19-37.6 0.19 Yes No 5
HPLC-MS 0.001-1.12 0.004 Yes No 6
Immunosensor 0.03-0.16 0.09 No Yes 7

ELISA 0.0007-0.005 0.0002 No Yes 8
IC-ELISA 0.0003-0.004 0.001 No Yes 9
IC-ELISA 0.004-0.022 0.001 No Yes 10
Colloidal gold-based strip test 0.005-0.01 0.35 No Yes 11
Colorimetric assay 0.5-10 0.05 No No This study

9896 | RSC Adv., 2019, 9, 9893-9898
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Table 2 The recovery under different concentration of CTL in
cucumber samples

Visual assay

Added
Sample (ngkg™") Found (ug kg ') Recovery (%) RSD (%)
Cucumber 1 50.0 41.0 + 1.6 82.0 3.9
Cucumber 2 100.0 90.2 £+ 4.3 90.2 4.8
Cucumber 3 150.0 127.4 £ 6.9 84.9 5.4

colorimetric procedures to determine CTL in other agro-
products in future work.

Conclusions

In summary, we developed a facile, sensitive colorimetric
biosensor for CTL detection with straightforward readout and
implementation. This strategy was relied on the inhibition of
GAPDH activity by CTL, resulting in color change of NBT/PMS

This journal is © The Royal Society of Chemistry 2019
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system, which could be visualized by naked eyes or quantifica-
tion via the UV-vis spectrophotometer. The linear range of the
method was from 0.5 to 10 uM, and 1 uM CTL could be
distinguished with naked eyes. Compared with the existing
techniques for CTL detection, the established method was large
instrument-free and antibody-free. In addition, we successfully
applied the method to the determination of CTL in cucumber.
Therefore, it has great potential application as a selective and
sensitive platform for detection of CTL in other agro-products.
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