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Graph Abstract 

In the presence of acetylcholine chloride, the enzymes acetylcholinesterase (AChE) 

and choline oxidase (ChO) catalyzed the formation of H2O2, which then activated 

horseradish peroxidase (HRP) to catalyze the oxidation of KI to produce an 

iodine-starch color reaction. Upon exposure to paraoxon, the catalytic activity of 

AChE was inhibited and less H2O2 generated, resulting in a decrease in the production 

of I2 and a drop in the intensity of the color of the solution. By employing the 

conventional iodine-starch color reaction, this biosensor has the potential of on-site 

assay of OPs residues in environmental samples. 
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Abstract: 

In this work, a new colorimetric biosensor for the assay of paraoxon was 

developed via the conventional iodine-starch color reaction and multi-enzyme cascade 

catalytic reactions. In the presence of acetylcholine chloride, acetylcholinesterase 

(AChE) and choline oxidase (ChO) catalyzed the formation of H2O2, which then 

activated horseradish peroxidase (HRP) to catalyze the oxidation of KI to produce an 

iodine-starch color reaction. Upon exposure to paraoxon, the catalytic activity of 

AChE was inhibited and less H2O2 generated, resulting in a decrease in the production 

of I2 and a drop in the intensity of solution color. This colorimetric biosensor showed 

high sensitivity for the assay of paraoxon with a limit of detection 4.7 ppb and was 

applied for the assay of paraoxon in spiked real samples. By employing the 

conventional iodine-starch color reaction, this biosensor has the potential of on-site 
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assay of OPs residues in environmental samples. 

Keywords: Organophosphorus pesticides; Acetylcholinesterase; Colorimetric method; 

Biosensor; Paraoxon 

 

1. Introduction 

Organophosphorus pesticides (OPs) are the most extensively used pesticides in 

modern agriculture because of their relatively low persistence and high effectiveness 

against insects. However, OPs residues in food products and the environment pose 

great threat to public health due to their high neurotoxicity [1]. Acetylcholinesterase 

(AChE) is a key enzyme in the central and peripheral nervous system. OPs can 

irreversibly inhibit the activity of AChE by phosphorylating the serine residue in the 

active site of AChE [2], resulting in the accumulation of the neurotransmitter 

acetylcholine (ACh), thus interfering with muscular responses and causing respiratory 

and myocardial impairment and even death [3]. Therefore, it is of great significance to 

develop a fast, reliable and cost-effective method to detect OPs residues for the 

purpose of human safety and environmental protection. 

Over the past few decades, several analytical techniques such as 

high-performance liquid chromatography [4], gas chromatography [5], mass 

spectrometer [6], enzyme-linked immunosorbent assay [7], capillary electrophoresis 

[8], surface enhanced Raman scattering spectroscopy [9], have been developed for the 

detection of OPs residues in water and food samples. Although these techniques are 

selective and sensitive, the disadvantages such as expensiveness, requirement for 

well-trained personnel and time-consuming pre-treatment, limit their application in 

on-site analysis, especially for emergency cases such as accidental release of 

pesticides, acute poisoning, and so on. Therefore, simple, sensitive, portable, and 
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low-cost methods for on-site detection of OPs residues are on great demand.  

In the past few decades, biosensors based on AChE, a commercially available 

enzyme, have been extensively investigated due to their advantages such as simplicity, 

rapidity, specificity, cost effectiveness, and user-friendly operation, which are helpful 

for on-site analysis of OPs residues [10]. By taking advantage of the inhibition of 

AChE activity by OPs, they can be quantitatively measured indirectly through the 

detection of thiocholine or H2O2 with colorimetric [11-13], fluorescent [14-16], 

chemiluminescent [17], electrochemiluminescent [18], photoelectrochemical [19], and 

electrochemical [20-22] signals.  

Among these biosensors, the colorimetric assay showed great advantages such as 

low cost, simplicity and practicality in on-site analysis, for the color related to the 

concentration of target can be observed directly by naked eyes, without the need of 

expensive or sophisticated instruments [23]. The most widely used colorimetric assay 

for OPs based on AChE was the Ellman method [11, 12]. However, this method 

showed low sensitivity and might result in false-positive effect [13]. Noble metal (e.g., 

Au and Ag) nanoparticles (NPs) are attractive as colorimetric reporters because of 

their particular local surface plasmon resonance property [24, 25]. Therefore, the 

integration of enzymatic reaction with Au or Ag NPs has recently emerged for the 

colorimetric assay of OPs [23, 26, 27]. However, uncontrolled aggregation of Au or 

Ag NPs in real samples might result in a poor specificity for the targets. 

Starch is a biodegradable natural polymer of α-D-glucose contained in plants 

such as grain, rice, and potatoes [28]. Amylose, a main constituent of starch, can form 

inclusion complexes with hydrophobic guest molecules by encapsulating them within 

the helical cavity. An intensely blue-colored iodine-starch complex appears upon 

encapsulation of iodine by amylose when starch is mixed with iodine in an aqueous 
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solution [29-31]. This phenomenon is known as the iodine-starch reaction, which was 

first discovered by Colin and de Claubry in 1814 [32]. Besides, as a sensitive test for 

iodine, the iodine-starch reaction has been used for the colorimetric detection of 

adenosine, glucose, α-amylase, hydrogen sulphide, and single nucleotide 

polymorphisms [33-37]. However, to the best of our knowledge, the conventional 

iodine-starch color reaction has not been applied for the environmental assay. 

Herein, we proposed a colorimetric biosensor for on-site assay of paraoxon (a 

model of OPs) in environmental water samples by conventional iodine-starch color 

reaction. AChE and choline oxidase (ChO) catalyzed the formation of H2O2 in the 

presence of acetylcholine. Then the resulting H2O2 oxidized KI to I2, and 

subsequently formed blue-colored starch-iodine complexes via the iodine-starch 

reaction. When paraoxon was introduced, the inhibition of AChE activity resulted in a 

decrease of iodine-starch reaction. Therefore, the color of iodine-starch complexes is 

inversely proportional to the concentration of paraoxon residues. The assay of 

paraoxon can be performed in homogenous solution without the need of reagent 

synthesis and enzyme immobilization. Finally, this colorimetric biosensor was applied 

for the assay of paraoxon in environmental water samples. 

2. Experimental 

2.1. Chemicals and materials 

ACh was obtained from Tokyo Chemical Industry. AChE from Electrophorus 

electricus (137 U mg-1) and ChO from Alcaligenes sp. (15 U mg-1) were obtained 

from Sigma-Aldrich. A certified reference material (CRM) of paraoxon methanol 

solution (101.6 µg mL-1) with a CRM uncertainty of ±5% was purchased from 

AccuStandard. H2O2 (AR, 30%), Na2HPO4, and NaH2PO4 were purchased from 
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Sinopharm Chemical Reagent Co., Ltd. (China). Horseradish peroxidase (HRP, 

Rz>1.5) was obtained from Shanghai Sangon Biological Engineering Technology & 

Services Co., Ltd. (China) and dissolved with deionized water. Potassium iodide (KI) 

was purchased from Shantou Chemical Factory of Guangdong Province (China). 

Soluble starch was purchased from Tianjin Bodi Chemical Factory (China). A starch 

solution (0.5% w/v) was prepared by dispersing the required amount of starch in 5 mL 

deionized water and then adding the mixture to a boiling water dropwise with 

constant rapid stirring to avoid the aggregation of starch. AChE and ChO were 

dissolved in phosphate buffer solution (PBS, pH 7.4, 10 mmol L-1). All chemicals 

used were of analytical grade and all components of the assay unless stated otherwise 

were dissolved in deionized water (18.2 MΩ•cm) prepared by a Millipore system. 

2.2. Colorimetric assay of paraoxon 

Paraoxon was selected as a model of OPs to carry out the experiments. 50 µL of 

AChE (0.03 U mL-1), 50 µL of PBS (pH 7.4, 10 mmol L-1) were firstly mixed with 50 

µL of various concentrations of paraoxon at room temperature (25°C) for 30 min. The 

reaction solution was then mixed with 100 µL of ACh (500 µmol L-1) and 50 µL of 

ChO (2 U mL-1) for further 30 min. Finally, 50 µL of KI (40 mmol L-1), 50 µL of HRP 

(2 µg mL-1), and 50 µL of starch (0.5%) were added to the mixture solution. The 

absorption spectrum of mixture solution was recorded by a Lamda 750 UV-Vis-NIR 

spectrophotometer (PE, USA) over 400 to 850 nm. The relative absorbance at 572 nm 

(∆Abs) was used to quantitatively detect paraoxon, where ∆Abs was the difference 

between the absorbance of mixture solution without paraoxon and that with the 
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inhibition of paraoxon. Photos of mixture solution were also taken with a Nikon 

D7000 digital camera. 

3. Results and discussion 

3.1. Principle of colorimetric assay of OPs 

The colorimetric biosensor for the assay of OPs was based on the conventional 

iodine-starch reaction and multi-enzyme cascade catalytic reactions (Scheme 1). In a 

normal condition, AChE catalyzes the hydrolysis of the substrate ACh to produce 

choline, and ChO catalyzes the oxidation of choline to generate H2O2 in the presence 

of oxygen. After HRP catalyzes the oxidation of KI to I2 by H2O2, blue iodine-starch 

complexes are produced in the coexistence of starch. Although the structure of 

iodine-starch complexes remains elusive, it is believed that linear polyiodide ions 

encapsulated in the coil of the starch molecules cause the blue color [28-32]. However, 

when OPs are present, the activity of AChE is (partially) inhibited via the formation 

of phosphorylated cholinesterase [3]. Thus, the generation of choline and H2O2 is 

impeded, resulting in a decrease in the solution color or no color in the solution. The 

blue color in the mixture solution, which is very sensitive to naked eyes, is positively 

related to the concentration of H2O2 that positively depends on the activity of AChE in 

the solution. The absorbance of iodine-starch complexes in the solution is inversely 

proportional to the concentration of OPs residues. Therefore, the iodine-starch color 

reaction coupled with multi-enzyme cascade catalytic reactions is expected for the 

colorimetric assay of OPs residues. 

The preferred position for Scheme 1. 
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To validate the iodine-starch reaction-based colorimetric biosensor for the assay 

of OPs, the following experiments were carried out. As shown in Figure 1, after AChE 

was incubated with ACh and ChO for 30 min, following by the addition of KI, HRP 

and starch, a strong absorption peak was observed at 572 nm (curve a), which is the 

characteristic absorption of iodine-starch complexes. However, no color reaction was 

observed in the absence of HRP (curve b) or AChE (curve c). These phenomena 

indicated that the iodine-starch color reaction resulted from the oxidation of KI by 

H2O2, which was generated by the AChE and ChO enzyme catalytic reactions. To 

investigate the potential application for the assay of OPs, AChE was first incubated 

with paraoxon for 30 min, and then mixed with ACh and ChO for 30 min, followed by 

the addition of KI, HRP and starch, no color reaction was observed either (curve d). 

This result indicated that paraoxon inactivated AChE, thus impeding the generation of 

H2O2. 

The preferred position for Figure 1. 

3.2. Optimization of assay conditions 

In order to develop a highly effective colorimetric biosensor for the assay of 

paraoxon, the reaction conditions were carefully optimized. It was found that the 

iodine-starch color reaction can be greatly enhanced by HRP due to its catalytic effect 

on the production of I2. As shown in Figure S1, the absorbance of iodine-starch 

complexes increased rapidly with the increase in the concentration of HRP within 

0-1.0 µg mL-1 and reached a maximum at 2 µg mL-1. The absorbance levelled off 

when the concentration of HRP further increased. KI is the precursor for the 
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production of I2 and polyiodide ions. Amylose in starch is responsible for the blue 

polyiodide complexes [29, 30]. The absorbance of iodine-starch complexes increased 

quickly with the increase in the concentration of KI within 0-40 mmol L-1, the 

absorbance increased slowly as the concentration of KI further increased (Figure S2). 

The absorbance of iodine-starch complexes increased with the increase in the 

concentration of starch until it reached 0.5%. The absorbance started to decrease as 

the concentration of starch further increased (Figure S3). Therefore, 2 µg mL-1 HRP, 

40 mmol L-1 KI and 0.5% starch were chosen in the iodine-starch color reaction for 

further experiments. 

The catalytic hydrolysis reaction of AChE towards ACh was also investigated. 

The absorbance of iodine-starch complexes increased with the increase in the 

concentration of ACh until ACh reached 500 µmol L-1. As ACh concentration further 

increased, the absorbance showed a little decrease on the contrary (Figure S4). The 

absorbance of iodine-starch complexes increased with the increase in the 

concentration of AChE within 0-0.05 U mL-1 (Figure S5). Taking the absorbance and 

amount of AChE into account, 0.03 U mL-1 AChE was chosen. The absorbance of 

iodine-starch complexes increased with the increase in the concentration of ChO until 

ChO reached 2.0 U mL-1 (Figure S6). As the concentration of ChO further increased, 

the absorbance did not increase remarkably. Effect of incubation time for the catalytic 

hydrolysis reaction of AChE towards ACh was also examined. As shown in Figure S7, 

the incubation time was optimized at 30 min. Therefore, 500 µmol L-1 ACh, 0.03 U 

mL-1 AChE, 2.0 U mL-1 ChO, and 30 min incubation time were chosen for further 
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experiments.  

3.3. Colorimetric assay for paraoxon 

Paraoxon, one of the most commonly used OPs [23], was chosen as a model of 

OPs to explore the feasibility of colorimetric biosensor for the assay of OPs residues. 

Prior to the assay, paraoxon with different concentrations was incubated with aliquots 

of AChE solution at room temperature (25°C) for 30 min. ACh and ChO were then 

introduced into each mixture solution, which was further incubated for 30 min. After 

KI, HRP and starch solution were introduced into each mixture solution in sequence, 

it could be seen that the solution color turned blue, which was inversely proportional 

to paraoxon concentration. The relative absorbance of mixture solution at 572 nm 

without and with the inhibition of paraoxon could therefore be used to quantitatively 

detect paraoxon and the solution color could be used for semi-quantitative assay of 

paraoxon by naked eyes. 

As shown in Figure 2A, the apparent absorption as well as the blue color of 

mixture solution gradually decreased with the increase in paraoxon concentration, 

revealing a dependence of the color reaction on OPs concentration. Upon exposure to 

paraoxon, the catalytic activity of AChE was inhibited and less H2O2 generated, 

resulting in the production of less I2 and a drop in the intensity of the color of 

iodine-starch complexes. The blue color of mixture solution almost faded when 

paraoxon concentration exceeded 100 ppm. The relative absorbance of mixture 

solution at 572 nm (∆Abs) increased with the increase of paraoxon concentration 

within 10 - 400 ppb (Figure 2B). There was a linear relation between ∆Abs and 
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paraoxon concentration over 10 to 80 ppb (i.e., 36-290 nmol L-1). The limit of 

detection (3σ/k) for paraoxon was found to be 4.7 ppb (17 nmol L-1), which was lower 

than the maximum residue limits (MRL) in the European Union pesticides database 

(10 ppb) [23]. The limit of detection is also lower than that of previous colorimetric 

biosensors for the assay of OPs [12, 38-41].  

The preferred position for Figure 2 

In order to validate the feasibility of this colorimetric biosensor for the assay of 

OPs residues in real samples, environmental water samples from vegetable irrigation 

water were tested by a standard spike and recovery experiment. Real samples were 

first filtered through a 0.22 µm membrane twice, and the filtrate was collected. 

Different concentrations of paraoxon were spiked into the samples, and then the 

colorimetric biosensor was employed to detect the spiked paraoxon concentration. 

The color of mixture solution decreased with the increase in the spiked concentration 

of paraoxon (Figure S8). The recoveries of spiked paraoxon were obtained in the 

range from 88% to 110% (Table 1). These results indicated that the colorimetric 

biosensor could be potentially applied for on-site assay of OPs in real environmental 

samples. 

The preferred position for Table 1 

4. Conclusion  

In summary, a new colorimetric biosensor for the assay of paraoxon has been 

developed via the conventional iodine-starch color reaction coupled with 

multi-enzyme (AChE, ChO and HRP) cascade catalytic reactions. Paraoxon could 
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inhibit AChE activity, resulting in the production of less H2O2. Therefore, the 

formation of iodine-starch complexes with blue color could be suppressed; the 

absorbance and the color intensity were inversely proportional to the concentration of 

paraoxon. This colorimetric biosensor showed high sensitivity for the assay of 

paraoxon residues with a relatively short reaction time (about 60 min). The limit of 

detection for paraoxon was 4.7 ppb, which was lower than the MRL of the European 

Union. Finally, the colorimetric biosensor was successfully applied for the assay of 

paraoxon in vegetable irrigation water samples with good recoveries. Although it was 

unable to discriminate each individual OP in the same sample as most AChE-based 

biosensors reported, this simple, sensitive, and portable colorimetric biosensor is 

expected to be applied for the rapid on-site pre-screening of OPs residues in 

environmental samples where traditional analytical instrumentation is not readily 

accessible. 
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Caption: 

Scheme 1. Principle of colorimetric biosensor for the assay of organophosphorus 

pesticides 

 

Figure 1. Absorption spectra and photos of mixture solutions 

Reaction conditions: (a) 50 µL AChE (0.04 U mL-1), 50 µL PBS (pH 7.4, 10 mmol L-1) 

and 50 µL H2O were mixed and incubated for 30 min, then 100 µL ACh (500 µmol 

L-1) and 50 µL ChO (2 U mL-1) were added and further incubated for 30 min, 

followed by adding 50 µL KI (100 mmol L-1), 50 µL HRP (3.6 µg mL-1) and 50 µL 

starch (1%); (b) and (c) were under the same reaction conditions as (a) but without 

addition of HRP, AChE, respectively. (d) was under the same reaction condition as (a) 

but incubation AChE with 50 µL paraoxon (1 mg L-1) in PBS buffer in advance. 

 

Figure 2. (A) Absorption spectra of mixture solution in the presence of different 

concentrations of paraoxon (inset: corresponding photo of each mixture solution) and 

(B) the relative absorbance (∆Abs) versus paraoxon concentration (inset: the linear 

calibration curve)  
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Table 1. Recovery experiments of spiked paraoxon in vegetable irrigation water 

samples (each result was the average of three determinations) 

 

Sample No. 
Paraoxon (ppb) 

Recovery (%) 
Add Found (Mean ± SD) 

1 10.0 11.0 ± 1.7 110% 

2 40.0 40.7 ± 5.2 101% 

3 80.0 70.5 ± 0.5 88% 
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Scheme 1. 
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►The iodine-starch color reaction was applied for colorimetric assay of paraoxon.  

► The assay of paraoxon can be performed in homogenous solution without the need 

of reagent synthesis and enzyme immobilization.  

►A colorimetric assay for paraoxon was achieved with a limit of detection 4.7 ppb.  

►This biosensor has the potential of on-site assay of OPs residues in environmental 

samples. 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Colorimetric biosensor for the assay of paraoxon in environmental 

water samples based on the iodine-starch color reaction 

 

Liangqia Guo*, Zhihong Li, Huan Chen, Yarong Wu, Ling Chen, Zhiping Song, 

Tianran Lin 

 

Ministry of Education Key Laboratory of Analysis and Detection for Food Safety, 

Fujian Provincial Key Laboratory of Analysis and Detection Technology for Food 

Safety, College of Chemistry, Fuzhou University, Fuzhou 350116, China 

Email:lqguo@fzu.edu.cn 

 

 

  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

 

 

 

 

 

 

 

 

 

0 2 4 6 8 10 12 14 16 18 20 22

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

 

 

A
bs

[HRP](µg mL-1)  

Figure S1. Effect of HRP concentration on the absorbance of iodine-starch 

complexes 

Reaction condition: 50 µL KI (100 mmol L-1) + 50 µL H2O + 50 µL PBS (pH 7.4, 10 

mmol L-1) + 200 µL H2O2 (60 µmol L-1) + 50 µL HRP + 50 µL starch (1%) 
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Figure S2. Effect of KI concentration on the absorbance of iodine-starch 

complexes 

Reaction condition: 50 µL KI + 50 µL H2O + 50 µL PBS (pH 7.4, 10 mmol L-1) + 200 

µL H2O2 (60 µmol L-1) + 50 µL HRP (2 µg mL-1) + 50 µL starch (1%) 
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Figure S3. Effect of starch concentration on the absorbance of iodine-starch 

complexes 

Reaction condition: 50 µL KI (40 mmol L-1) + 50 µL H2O+ 50 µL PBS (pH 7.4, 10 

mmol L-1) + 200 µL H2O2 (60 µmol L-1) + 50 µL HRP (2 µg mL-1) + 50 µL starch 
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Figure S4. Effect of ACh concentration on the absorbance of iodine-starch 
complexes 

Reaction condition: 50 µL AChE (0.05 U mL-1), 50 µL PBS (pH 7.4, 10 mmol L-1) 

and 50 µL H2O were mixed and incubated for 30 min, then 100 µL ACh with different 

concentration and 50 µL ChO (2 U mL-1) were added and further incubated for 30 min, 

followed by adding 50 µL KI (40 mmol L-1), 50 µL HRP (2 µg mL-1) and 50 µL starch 

(0.5%) 
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Figure S5. Effect of AChE concentration on the absorbance of iodine-starch 
complexes 

Reaction condition: 50 µL AChE with different concentration, 50 µL PBS (pH 7.4, 10 

mmol L-1) and 50 µL H2O were mixed and incubated for 30 min, then 100 µL ACh 

(500 µmol L-1) and 50 µL ChO (2 U mL-1) were added and further incubated for 30 

min, followed by adding 50 µL KI (40 mmol L-1), 50 µL HRP (2 µg mL-1) and 50 µL 

starch (0.5%) 
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Figure S6. Effect of ChO concentration on the absorbance of iodine-starch 
complexes 

Reaction condition: 50 µL AChE (0.03 U mL-1), 50 µL PBS (pH 7.4, 10 mmol L-1) 

and 50 µL H2O were mixed and incubated for 30 min, then 100 µL ACh (500 µmol L-1) 

and 50 µL ChO with different concentration were added and further incubated for 30 

min, followed by adding 50 µL KI (40 mmol L-1), 50 µL HRP (2 µg mL-1) and 50 µL 

starch (0.5%) 
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Figure S7. Effect of incubation time of enzyme catalytic reaction on the 

absorbance of iodine-starch complexes 

Reaction condition: 50 µL AChE (0.03 U mL-1), 50 µL PBS (pH 7.4, 10 mmol L-1) 

and 50 µL H2O were mixed and incubated for 30 min, then 100 µL ACh (500 µmol L-1) 

and 50 µL ChO (2 U mL-1) were added and further incubated for a certain time, 

followed by adding 50 µL KI (40 mmol L-1), 50 µL HRP (2 µg mL-1) and 50 µL starch 

(0.5%) 
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Figure S8. Photos of mixture solution for the assay of paraoxon in vegetable 

irrigation water sample spiked with 10, 40, 80 ppb of paraoxon, respectively. 

 

a b c 


