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Abstract
A simple homogeneous photoelectrochemical (PEC) sensing platform based on an alkaline phosphatase (ALP)–mediated 
pesticide assay was established for the sensitive detection of omethoate (OM). The Bi2S3@Bi2Sn2O7 heterojunction was 
used as a photoactive material to provide stable background photocurrent signals. The inhibition of OM on ALP and PEC 
determination was carried out in the homogeneous system. In the absence of OM, dephosphorylation of L-ascorbic acid 
2-phosphate trisodium salt (AAP) was catalyzed by ALP to produce the enzyme-catalyzed product (L-ascorbic acid, AA). 
AA, as an electron donor, could capture photogenerated holes on the Bi2S3@Bi2Sn2O7 heterojunction, thus inhibiting the 
recombination of electron holes to achieve an increase of the photocurrent signal. When the OM was introduced, the enzyme 
activity of ALP was reduced due to the organophosphorus pesticides (OPs)–based enzyme inhibition, and the AA produced 
by catalytic hydrolysis was also reduced, thus reducing the photocurrent signal. Compared with the traditional PEC sensor 
for OPs, this homogeneous PEC sensor avoided immobilization procedures, covalent labeling, separation, and the steric 
hindrance effect caused by immobilized biomolecules, which achieved high recognition efficiency and caused a reduction 
in analysis time. Additionally, an ALP-mediated pesticide assay for the determination of OPs with a simplified experimental 
process further improved the stability and reproducibility of the PEC sensor. The PEC sensor showed high sensitivity to the 
target OM within a dynamic range of 0.05 ~ 500 ng mL−1, and the detection limit was 0.0146 ng mL−1. Additionally, the 
PEC biosensing system showed good selectivity and anti-interference ability, and exhibited a satisfactory result in spinach 
and mustard samples.
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Introduction

Pesticides have been widely used worldwide for their effi-
cient control of insects and pests in agriculture, as well as 
ensuring crop quality and yield. Among them, organophos-
phorus pesticides (OPs), as the most widely used pesticides, 
are favored by people because of their high pest control 
effect and low persistence. However, the overuse or improper 

handling of OPs can cause some serious public health prob-
lems and cause serious harm to soil, water, atmosphere, 
fruits, and vegetables and other non-target organisms (such 
as birds and fish), which in turn poses a huge threat to human 
health through the food chain [1–3]. OPs can combine with 
acetylcholinesterase (AChE), so that the activity of AChE 
is irreversibly inhibited and destroyed the nervous system of 
humans, leading to choline poisoning and even death. Con-
sequently, much effort needs to be paid to explore effective 
and sensitive detection methods for OPs.

Photoelectrochemical (PEC) method has undergone rapid 
development and attracts wide attention since it perfectly inher-
its the advantages of optical analysis and electrochemical sen-
sors. The detection signal (photocurrent) is completely separated 
from the excitation light source (mostly xenon lamp); therefore, 
the PEC biosensor has low background noise and ultra-high 
sensitivity [4]. PEC analysis method is mainly based on using 

 *	 Li Hou 
	 houli@mailbox.gxnu.edu.cn

 *	 Tianran Lin 
	 tianranlin@163.com

1	 School of Chemistry and Pharmaceutical Sciences, State 
Key Laboratory for Chemistry and Molecular Engineering 
of Medicinal Resources, Guangxi Normal University, 
Guilin 541004, People’s Republic of China

/ Published online: 19 August 2022

Analytical and Bioanalytical Chemistry (2022) 414:7277–7289

http://orcid.org/0000-0001-8540-452X
http://crossmark.crossref.org/dialog/?doi=10.1007/s00216-022-04279-x&domain=pdf


1 3

photoactive electrode as transducer, and generating measurable 
current signal through photoinduced electron–hole pairs separa-
tion, thus indirectly achieving the analysis and detection of the 
target [5, 6]. Fundamentally, the photocurrent response of the 
PEC biosensor largely depends on the photoactive materials, 
which are used to construct the photoelectrode. However, the 
process of fixing the recognition element (aptamer, antibody, 
peptide and enzyme) on photoactive materials beforehand is 
complicated and time-consuming and the recognition element 
is easily loose, which affects the reproducibility and stability of 
the biosensors [7, 8]. Moreover, the configurational freedom of 
the immobilized recognition element is usually restricted and 
produces the steric hindrance effect, which makes the low rec-
ognition efficiency and causes the enhancement of analysis time. 
Therefore, it is urgent to design a new signal transduction mode 
to improve the performance of the PEC biosensor.

To address the above problems, it is highly preferable to 
develop a homogeneous PEC biosensor by abandoning such 
immobilization procedures, covalent labeling, separation, 
and conducting both target recognition and signal amplifica-
tion in homogeneous solutions [9]. What’s more, this method 
not only avoids the destruction of biomolecules during PEC 
detection, but also avoids the steric hindrance effect caused 
by immobilized biomolecules, thus achieving highly sensitive 
and accurate detection of target analytes with simple sensing 
operations [10]. Therefore,  homogeneous photoelectrochemi-
cal sensor can be emerged as a powerful and promising tool 
for the detection of OPs in actual samples. Among the cur-
rently established sensor assays for the detection of OPs, most 
articles are based on AChE-mediated pesticide assay [11–13]. 
However, preliminary work of our group has found that the 
stability of alkaline phosphatase (ALP)–based pesticide assay 
is superior to the AChE-based pesticide assay. It is because 
of the fact that AChE is highly susceptible to inactivation. 
ALP is widely used in biosensors because of its high cata-
lytic activity, broad substrate specificity, and mild reaction 
conditions as well as good stability [14]. Zhang’s research 
group constructed an ALP-regulated UiO-66-NH2/MnO2 
fluorescence probe for total OPs determination, establishing 
a relationship between OPs level and fluorescence intensity by 
the reaction product AA [15]. Cai and co-workers [16] used 
ALP and self-assembled MnO2-AuNCs-SiO2 to construct a 
fluorescence-colorimetric sensor for OPs detection in which 
the product AA can decompose MnO2 and restore fluores-
cence. The catalytic activity of ALP is inhibited because OPs 
and the amino acid residues of ALP such as Gln375, Asp55, 
and Thr413 will form hydrogen bonds [17]. The known ALP-
based pesticide assay for the PEC determination of OPs was 
rarely reported so far.

The exploration of photoactive materials with high pho-
toelectric conversion efficiency is of significant importance 
for establishing high-performance PEC sensors. Bismuth 
sulfide, as an orthocrystalline n-type semiconductor, has an 

adjustable band gap between 1.3 eV and 1.7 eV, diversi-
fied morphology, and simple synthesis technology. It is easy 
to be excited to generate electron–hole pairs under visible 
light, and shows a strong light absorption ability in the vis-
ible region. Due to its good stability, non-toxicity, simple 
synthesis method, cost-effectiveness, and good photoelec-
tric performance, it has been widely concerned in the field 
of PEC sensing and biosensing. Unfortunately, pure Bi2S3 
nanomaterials have a high photoelectron-hole pair binding 
rate, low photoelectric conversion efficiency, and fewer car-
riers for surface reaction, resulting in low PEC response and 
thus limiting its practical application. Normally, the con-
struction of semiconductor/semiconductor heterojunction 
can greatly inhibit the recombination rate of electron–hole 
pairs, increase the lifetime of the carrier, and thus improve 
the photoelectric conversion efficiency to increase the pho-
tocurrent signal [18]. Considering that the narrow band gap 
of Bi2Sn2O7 and Bi2S3 with a good energy level matching 
relationship can form a high-performance n-p type Bi2S3@
Bi2Sn2O7 heterojunction. The Bi2S3@Bi2Sn2O7 heterojunc-
tion has strong visible-light absorption properties, which 
can accelerate the separation efficiency of photogenerated 
electron–hole pairs, improving the photoelectric conversion 
efficiency, and generating a stable background photocurrent 
signal [19]. To the best of our knowledge, there is no report 
focusing on ALP-based pesticide assay for the homogene-
ous PEC determination of OPs by coupling with the Bi2S3/
Bi2Sn2O7 as photoactive material.

Inspired by the above issues, this work designed a 
label-free, homogeneous PEC biosensor based on the ALP 
enzyme inhibition strategy for OPs (omethoate as a model, 
OM) detection. In the experimental process, there was no 
need for complex experimental equipment and tedious elec-
trode cleaning steps compared with the traditional electro-
chemical sensor construction process. The electrode was free 
of any biomolecular modification, because biomolecules are 
extremely unstable and prone to inactivation during the light 
irradiation of PEC measurement. As depicted in Scheme 1, 
Bi2S3@Bi2Sn2O7 heterojunction was used as the photoactive 
substrate material to generate stable photocurrent signals. 
The enzymatic activity inhibition process was carried out 
in a homogeneous solution to avoid false positive signals 
due to steric hinders caused by alkaline phosphatase (ALP), 
and L-ascorbic acid 2-phosphate trisodium salt (AAP) is 
catalyzed by ALP to generate the enzyme-catalyzed product 
(L-ascorbic acid, AA). AA as a commonly used electron 
donor for PEC sensing can effectively inhibit the recombi-
nation of photogenerated electron–hole pairs in the Bi2S3@
Bi2Sn2O7 heterojunction and improve the photoelectric 
conversion efficiency, thereby increasing the photocurrent, 
which plays a significant role in signal amplification. In the 
presence of OM, the enzyme activity of ALP is reduced 
based on the enzymatic inhibition of ALP by OPs, so that 
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the production of AA by catalytic hydrolysis is also reduced, 
resulting in a decrease in the measured photocurrent signal. 
Based on the relationship between the inhibition of OM and 
the photocurrent response, a homogeneous PEC sensor was 
constructed for the rapid and sensitive detection of OM, 
which results in satisfactory repeatability and stability. At 
the same time, the PEC sensor not only has good accuracy 
and stability, but also has a broad application prospect in the 
actual spinach and mustard samples, and provides an alter-
native PEC strategy for the general detection of other OPs.

Experimental section

Reagents and materials

Tin(IV) chloride pentahydrate (SnCl4·5H2O, 99.0%), ascorbic 
acid (AA, 99.0%), disodium hydrogen phosphate (Na2HPO4, 
99.0%), and potassium dihydrogen phosphate (KH2PO4, 99.0%) 
were purchased from Aladdin Reagent Co., Ltd. (Shanghai, 
China). Omethoate, methyl parathion, monocrotophos, phor-
ate, triazophos, paraquat, thiamethoxam, acetochlor, and tebu-
conazole standard solution (100 μg  mL−1) were purchased 
from Tanmo Quality Inspection Standard Substance Center 
(Beijing, China). Glycol, potassium ferricyanide (K3[Fe(CN)6], 
99.0%), and potassium ferrocyanide (K4[Fe(CN)6], 99.0%) were 

purchased from Xilong Scientific Co., Ltd. (Guangdong, China). 
Bismuth nitrate (Bi(NO3)3·5H2O, 99.0%) and urea (99.0%) were 
obtained from Chengdu Cologne Chemical Co., Ltd. (Sichuan, 
China). Sodium sulfide (Na2S·9H2O, 98.0%) was purchased from 
Macklin Biochemical Technology. Co., Ltd. (Shanghai, China). 
Alkaline phosphatase (ALP) was purchased from Sigma Cor-
poration (USA). L-ascorbate-2-sodium phosphate (AAP, 95%) 
was purchased from Yuanye Biotechnology Co., Ltd. (Shang-
hai, China). All the chemicals used in the experiment were ana-
lytical grade and used directly without further purification. The 
ultrapure water (≥ 18.2 MΩ cm) was purified by a Milli-Q water 
purifying system (Milli-Q, Millipore, USA).

Instruments and apparatus

The morphology of the nanomaterials was characterized 
and analyzed by transmission electron microscope (TEM) 
and high-resolution transmission electron microscope (HR-
TEM) (Thermo Fisher Scientific, USA). X-ray photoelec-
tron spectroscopy (XPS) was obtained from the instrument 
model ESCALAB 250Xi (Thermo Fisher Scientific, USA). 
X-ray powder diffraction (XRD) was measured on D/max-
3c (Rigaku, Japan). Raman spectra were obtained by Ren-
ishaw inVia (Renishaw company, UK) which was excited 
by a 514 nm laser. Fourier transform infrared spectroscopy 
(FT-IR) spectra were monitored by a FT-IR spectrometer 

Scheme 1   The schematic illustration of the sensing system based on the Bi2S3@Bi2Sn2O7 heterojunction for OM determination
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(Spectrum Two, PerkinElmer, USA). Using barium sulfate 
as reference material, the vis diffuse reflectance (UV–vis 
DRS) spectrum was studied with a UV-2600 UV–vis spec-
trophotometer (Shimadzu, Japan). High-performance liquid 
chromatography was tested on an LC-20AT chromatograph 
(Shimadzu, Japan), and the chromatographic column was a 
C18 column (250 × 4.6 mm, 5 μm) (GL Sciences, Japan).

The electrochemical impedance spectroscopy (EIS) and 
cyclic voltammetry (CV) in the electrochemical test were 
measured by the RST5200F electrochemical workstation 
(Zhengzhou Shiruisi Instrument Technology Co., Ltd., 
China). The experimental operating conditions of EIS are 
as follows: the test was carried out in a [Fe(CN)6]3−/4− (con-
taining KCl) solution with a frequency of 0.01–105 Hz 
and an amplitude of 50 mV. The experimental operating 
conditions of CV are as follows: the test was carried out 
in Fe(CN)6]3−/4− (containing KCl) solution with a volt-
age range of − 0.2–0.6 V and a scan rate of 50 mv s−1. The 
photoelectrochemical test device was built by connecting a 
500 W xenon lamp light source (Beijing Newbit Instrument 
Co., Ltd., China) with the electrochemical workstation to 
record the photoelectric signal. All PEC experiments were 
carried out in a self-made three-electrode system with a 
glassy carbon electrode (GCE, Φ = 3 mm) as the working 
electrode, platinum wire electrode as the counter electrode, 
and Ag/AgCl (saturated KCl) as the reference electrode.

Preparation of photoactive materials

According to the previously reported method [20], Bi2S3 
nanorods were synthesized by a one-step hydrothermal method. 
Firstly, 1.83 g of Bi(NO3)3·5H2O was dispersed in 25 mL ethyl-
ene glycol, and solution A was obtained by magnetic stirring for 
20 min. At the same time, 1.35 g of Na2S·9H2O was added into 
the 30 mL water for magnetic stirring for 15 min to obtain solu-
tion B. Then, 1.92 g urea was ultrasonically dispersed in 20 mL 
of water to obtain solution C. Solution B was quickly added to 
solution A to obtain a large amount of black suspension with an 
irritating smell. After that, solution C was mixed with the above 
solution and ultrasonically dispersed for 20 min to obtain the 
mixed solution. The obtained black suspension was heated in a 
100 mL Teflon-lined autoclave and kept at 180 ℃ for 24 h. After 
the reaction was accomplished, the product was cooled naturally 
to room temperature, and then washed with ultrapure water and 
ethanol for three times, respectively. Then, the product Bi2S3 was 
obtained by vacuum drying at 60 ℃ for 6 h.

The synthesis of Bi2Sn2O7 was as follows [21]: firstly, 
0.90 g of SnCl4·5H20 was dissolved in 20 mL ultrapure 
water, and it was completely dissolved by magnetic stirring 
at room temperature for 25 min. Then, the pH of the above 
solution was adjusted to 6 with 4 mol L−1 of NaOH solution, 
during which a large amount of milky white precipitate was 
rapidly produced. After that, the precipitate was obtained by 

centrifugation at 5000 rpm for 5 min. The white precipitate 
and 1.95 g of Bi(NO3)3·5H2O were completely dispersed in 
40 mL water by strong stirring for 20 min. The pH of the 
white suspension was adjusted to 12 with NaOH solution 
and dispersed ultrasonic for 20 min. Then, it was transferred 
into a Teflon-lined autoclave and kept at 180 ℃ for 24 h. 
Finally, the white powder of Bi2Sn2O7 was collected by cen-
trifugation, washed with ultrapure water for several times, 
and then vacuum dried at 60 ℃ for 8 h.

Bi2S3@Bi2Sn2O7 nanocomposites with different Bi2S3 con-
tents were prepared by a simple physical adsorption method. 
The specific operation of the experiment was as follows: the 
above-prepared Bi2Sn2O7 and Bi2S3 were mixed and dis-
persed in a certain proportion. Then, the heterojunctions were 
obtained by sonication at 28 °C for 30 min in ethanol solution.

Fabrication of the PEC sensing interface

Before the electrode modification, the glassy carbon electrode 
(GCE) was first polished with 0.05 μm alumina powder on the 
chamois, polished to a mirror surface, rinsed with ultrapure 
water, and then ultrasonicated with ethanol and ultrapure water. 
Wash it for 1 min and dry it at room temperature for later use. 
Nine microliters of the prepared Bi2S3@Bi2Sn2O7 nanohybrid 
material and 3 μL of Nafin/ethanol solution (v/v, 1%) were 
drop-coated onto the polished clean GCE (Φ = 3 mm). After 
that, the modified electrode was naturally dried at room tem-
perature for 30 min to form a uniform and stable film.

PEC detection of OM

25 μL of OM standards or samples with diverse concentra-
tions and 5 μL of 2000 U L−1 ALP solution were added 
to 70 μL of PBS (10 mmol L−1, pH 7.4) buffer solution 
and incubated at 37 ℃ for 30 min. Subsequently, 50 μL of 
100 mmol L−1 AAP solution and 50 μL of PBS (10 mmol 
L−1, pH 7.4) buffer solution were added and incubated at 37 
℃ for 30 min to obtain a solution of OM-inhibited enzyme-
catalyzed product. The enzyme-catalyzed product (ascorbic 
acid, AA) was transferred to a PEC detection cell containing 
a certain volume of PBS (10 mmol L−1, pH 7.4) solution, 
and the prepared Bi2S3@Bi2Sn2O7 heterojunction photoelec-
trode was immersed into the PEC detection cell for PEC 
determination. A 500 W xenon lamp was used as the light 
source, the lamp switching interval was 20 s, and the applied 
potential was 0.2 V. All experiments were carried out at 
room temperature.

Sample preparation and extraction

Two kinds of vegetable samples such as spinach and mustard 
were purchased from a local farmers’ market. The pretreat-
ment method was as follows: 2 g of spinach and mustard 
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was weighed and mashed into centrifuge tubes, and 20 mL 
of methanol solution was added to each tube, for ultrasonic 
treatment for 30 min at room temperature, followed by cen-
trifuging at 10,000 rpm for 10 min, and filtering the super-
natant with a 0.2 μm filter and diluting it 5 times as the con-
trol samples. In addition, different volumes of OM standard 
solutions were spiked into the above-mentioned vegetable 
samples via the same sample treatment process, respectively. 
The spiked samples with OM concentrations were 0.5, 5, and 
10 μg mL−1, respectively. The HPLC experimental condi-
tions were as follows: the injection volume was 20 μL, the 
detection wavelength was 210 nm, the total flow rate was 
1.0 mL min−1, and the mobile phase was V (acetonitrile):V 
(water) = 10:90. The peak area external standard method 
was used for quantification. Then, the sample solutions 
containing 0.5, 5, and 10 μg mL−1 were diluted with PBS 
buffer (10 mmol L−1, pH 7.4) to 0.05, 50, and 500 ng mL−1, 
respectively, and the constructed PEC biosensor was used 
for detection.

Storage stability test

The enzyme-catalyzed product solution (electron donor, 
AA) produced from the OPs-based enzyme inhibition assay 
was transferred to a PEC detection cell, and the prepared 
Bi2S3@Bi2Sn2O7 heterojunction photoelectrodes were 
immersed into the PEC detection cell for PEC determina-
tion. After each measurement, the modified electrodes were 
washed with ultrapure water and kept in the refrigerator at 
4 ℃ to avoid light until the next period of measurement; 
the experimental procedure was repeated for measurement 
every 3 days.

Results and discussion

Characterization of Bi2S3@Bi2Sn2O7 nanomaterials

To prove the successful preparation of the photoactive mate-
rial, the morphologies of Bi2Sn2O7, Bi2S3, and Bi2S3@
Bi2Sn2O7 heterojunctions were characterized by TEM and 
HTEM. As shown in Fig. 1A and 1B, it can be seen that 
Bi2S3 has a nanorod-like structure with an average diameter 
and length of about 10 nm and 100 nm, and Bi2Sn2O7 aggre-
gates between nanoparticles of about 15 nm; the mutual 
aggregation of the nanoparticles is conducive to absorbing 
visible light to some extent [22]. The TEM and HR-TEM 
images of Bi2S3@Bi2Sn2O7 heterojunction material are 
shown in Fig. 1C and Fig. S1A; it can be clearly seen that 
many spherical nanoparticles with uniform size are attached 
to the surface of Bi2S3 nanorods. As displayed in Fig. S1B 
and inset, the interplanar spacing is about 0.318 nm and 
0.287 nm, corresponding to the (222) plane of Bi2Sn2O7 and 

the (211) plane of Bi2S3 [23, 24], which all prove the forma-
tion of composites between Bi2S3 and Bi2Sn2O7. In order to 
further explore the distribution of Bi2Sn2O7 nanoparticles 
on the surface of Bi2S3 nanorods, Fig. S1C and Fig. 1D are 
the EDS spectra and elemental mapping of Bi2S3@Bi2Sn2O7 
heterojunctions, from which it can be seen that Bi, O, S, and 
Sn elements are uniformly distributed, which also proves 
the uniform growth of Bi2Sn2O7 nanoparticles on Bi2S3 
nanorods.

The corresponding Fourier transform infrared spectra 
(FT-IR) of different materials are presented in Fig. 1E. In 
cure of Bi2Sn2O7, the peaks near 556 cm−1 and 617 cm−1 
correspond to the stretching vibrations of Bi-O and Sn–O, 
respectively [25]. Bi2S3 has a peak value at 844  cm−1, 
corresponding to the o Bi-S vibration [26]. Meanwhile, 
Fig. 1F shows the Raman spectra of Bi2S3, Bi2Sn2O7, and 
Bi2S3@Bi2Sn2O7 heterojunctions. The main peaks of Bi2S3 
are 136 cm−1, 186 cm−1, 236 cm−1, and 256 cm−1, which 
are consistent with the reports in the literature [27]. In the 
Bi2Sn2O7 spectrum, 248 cm−1 and 382 cm−1 are mainly the 
Eg and F2g stretching modes of Bi-O, and 400 cm−1 is the 
F2g stretching mode of Sn–O [28]. The characteristic peaks 
of Bi2S3 and Bi2Sn2O7 can also be obviously observed in 
Bi2S3@Bi2Sn2O7 heterojunction, which is sufficient to prove 
the successful preparation of the heterojunction composite 
material. Next, the crystallization and purity of the material 
are explained by the XRD spectrum as shown in Fig. 1G. It 
can be seen from the figure that the diffraction peak position 
of Bi2S3 is almost consistent with the standard card (JCP-
DSNo.17–0320) [29]. The main peak position of Bi2Sn2O7 
was almost exactly the same as that of the standard card 
(JCPDSNo.87–0284) [30], as can be seen from the spectrum 
that a few miscellaneous peaks are generated, which may 
be caused by the formation of other crystals due to the high 
local temperature in the reaction kettle during the synthe-
sis of Bi2Sn2O7 at high temperature [31]. In addition, these 
peaks also reflect the overall crystallinity of the material is 
better. The main diffraction peaks of Bi2S3 and Bi2Sn2O7 
can also be seen from the spectrogram of Bi2S3@ Bi2Sn2O7 
heterojunction, which proves the successful preparation 
of the photoactive material. In order to further determine 
the composition of Bi2S3@Bi2Sn2O7 heterojunction, XPS 
spectra were used to analyze the chemical composition and 
valence states of chemical elements on the material surface. 
Figure 1H shows the full spectrum of Bi2S3@Bi2Sn2O7; the 
heterojunction mainly contains elements Bi, S, C, O, and 
Sn. The C element may be the carbon band sample of the 
XPS instrument itself, which is used to calibrate the instru-
ment, indicating that the prepared heterojunction material 
is pure and does not contain other elements. As displayed 
in Fig. S2, the high-resolution spectra of Bi 4f, S 2p, Sn 3d, 
and O 1 s are respectively shown, from which it is observed 
that the characteristic peaks of Bi 4f are at Bi 4f7/2 (157.3 eV, 

7281Homogeneous photoelectrochemical biosensor for sensitive detection of omethoate via…



1 3

162.6 eV) and Bi 4f5/ 2 (158.4 eV, 163.8 eV), indicating the 
existence of Bi3+. The characteristic peak of S 2p between 
Bi 4f7/2 and Bi 4f5/2 is S 2p3/2 (160.6 eV), indicating the 
existence of S2−. The peaks of Sn 3d5/2 (486.3e V) and Sn 
3d3/2 (494.6e V) at the same time indicate that Sn4+ exists 
in the heterojunction, and the binding energy of O 1 s is at 
530.1 eV, indicating that the sample contains oxygen, which 
is consistent with other literatures [32].

Light absorption capacity is an important indicator to 
measure photoelectric materials. As can be seen from the 
UV–Vis diffuse reflectance spectrum (UV–Vis DRS) of 
the sample in Fig. S3A, the light absorption range of pure 
Bi2S3 is relatively strong, with a certain absorption capac-
ity almost in the whole visible region. In contrast, the light 
absorption efficiency of Bi2Sn2O7 is relatively low, and it 
mainly absorbs light below 437 nm, so the range is limited 
to the visible region. By simple physical adsorption method, 

Bi2Sn2O7 was attached to the surface of Bi2S3. It can be 
found that due to the synergistic effect between Bi2S3 and 
Bi2Sn2O7, the absorption wavelength shifts to the visible 
region, which greatly improves the utilization efficiency of 
visible light of Bi2S3@Bi2Sn2O7 heteroconjugation [33].

In addition, the band gap of the material was calculated 
according to the Tauc formula:

αhν = A(hν-Eg)n/2; α is the absorption coefficient, h is 
Planck’s constant, Eg is the band gap, and A is a constant. 
The value of n is related to the type of electronic transition. 
For direct transition semiconductors such as Bi2S3, n = 1; 
for indirect transition semiconductors such as Bi2Sn2O7, 
n = 4. Eg is obtained by Taul linear region extrapolation. 
And it can be seen from Fig. S3B that the Eg values of Bi2S3 
and Bi2Sn2O7 are 1.39 eV and 2.65 eV, respectively, which 
are similar to the values reported in the literature [34]. The 
conduction band potential (ECB) and valence band potential 

Fig. 1   TEM images of (A) 
Bi2S3, (B) Bi2Sn2O7, and (C) 
Bi2S3@Bi2Sn2O7; (D) element 
mapping map of Bi2S3@
Bi2Sn2O7 (Bi, O, S, Sn); (E) 
FT-IR, (F) Raman, and (G) 
XRD spectra of Bi2Sn2O7, 
Bi2S3, and Bi2S3@Bi2Sn2O7 
heterojunction; (H) XPS 
spectrum of Bi2S3@Bi2Sn2O7 
heterojunction
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(EVB) of Bi2S3 and Bi2Sn2O7 were calculated according 
to the following formula [35]: EVB = X − E0 + 0.5Eg, 
ECB = EVB − Eg, where X is the absolute electronegativity 
of the semiconductor and E0 is the free electron potential 
energy (4.5 eV) in a standard hydrogen electrode. The X val-
ues of Bi2S3 and Bi2Sn2O7 are 5.28 eV and 6.08 eV, respec-
tively. The ECB of Bi2S3 and Bi2Sn2O7 are calculated to be 
0.09 eV and 0.26 eV, respectively, and the EVB are 1.48 eV 
and 2.91 eV, respectively. Figure S3C is the schematic dia-
gram of the energy levels of Bi2S3 and Bi2Sn2O7, indicating 
that Bi2S3 and Bi2Sn2O7 can form heterojunction, resulting 
in the enhancement of PEC activity and stability.

Electrochemical characterizations of the sensing 
system

To ensure the successful synthesis of Bi2S3@Bi2Sn2O7 
heterojunctions, the photocurrents of different materials 
modified on the surface of GCE were firstly measured by 
PEC characterization. As shown in Fig. 2A, the photo-
current signal of GCE/Bi2S3@Bi2Sn2O7 (curve c) is sig-
nificantly higher than that of GCE/Bi2Sn2O7 (curve a) and 
GCE/Bi2S3 (curve b), indicating that Bi2S3@Bi2Sn2O7 
heterojunction itself can greatly improve the photocur-
rent activity. Figure S4 illustrates the possible electron 
transfer mechanism during photocurrent generation. Under 
the irradiation of visible light, Bi2S3@Bi2Sn2O7 is excited 
by light to generate photogenerated electron–hole pairs. 
Because the positions of the conduction band (CB) and 

valence band (VB) of Bi2S3 are more negative than those 
of Bi2Sn2O7. This allows the photogenerated electrons to 
be transferred from the CB of Bi2S3 to the CB of Bi2Sn2O7, 
and the photogenerated holes to be transferred from the 
VB of Bi2Sn2O7 to the VB of Bi2S3, thereby initially real-
izing the separation of space charges, and the introduction 
of the electron donor AA can effectively suppress the elec-
tron holes recombination which improves the photoelectric 
conversion efficiency, thereby enhancing the photocurrent 
signal. In order to further characterize the photoelectric 
activity of the material, a series of electrochemical tests 
were carried out; EIS and CV were selected to characterize 
the different materials modified on the electrode surface. 
As displayed in Fig. 2B and Fig. S5, compared with the 
bare GCE electrode (curve a), the GCE/Bi2Sn2O7 (curve 
b), GCE/Bi2S3 (curve c), and GCE/Bi2S3@Bi2Sn2O7 
(curve d) all exhibit the reduced electrochemical current 
signal and the increased EIS value, because the conductiv-
ity of the semiconductor material itself is relatively weak, 
which will greatly hinder the transfer of electrons from 
the redox probes in the electrolyte to the electrode sur-
face. Compared with GCE/Bi2Sn2O7 (curve b), GCE/Bi2S3 
(curve c) modified electrodes, GCE/Bi2S3@Bi2Sn2O7 
(curve d) exhibited strong CV current signals and reduced 
EIS values, indicating the formation of Bi2S3@Bi2Sn2O7 
heterojunctions can improve the conductivity of the mate-
rial and increase the rate of electron transfer on the elec-
trode surface [36]. All these results further indicate the 
successful synthesis of Bi2S3@Bi2Sn2O7 heterojunction.

Fig. 2   A Photocurrent response 
of (curve a) Bi2Sn2O7, (curve 
b) Bi2S3, and (curve c) Bi2S3@
Bi2Sn2O7 in PBS (10 mmol L−1, 
pH 7.4) containing 50 mmol 
L−1 AA. B CV profiles of 
(curve a) GCE, (curve b) GCE/
Bi2Sn2O7, (curve c) GCE/Bi2S3, 
and (curve d) GCE/Bi2S3@
Bi2Sn2O7 in 2.5 mmol L−1 
[Fe(CN)6]3−/4− PBS solution 
containing 0.05 mol L−1 KCl. 
C Photocurrent response of 
Bi2S3@Bi2Sn2O7 in (curve a) 
PBS solution and (curve b) ALP 
enzyme-catalyzed produc-
tion of AA in PBS solution, 
C[OM] = 1 ng mL−1. D Photo-
current response of biosensor 
constructed by Bi2S3@Bi2Sn2O7 
without or with the reaction of 
target, C[OM] = 10 ng mL.−1

7283Homogeneous photoelectrochemical biosensor for sensitive detection of omethoate via…



1 3

Feasibility analysis of PEC biosensor

To further demonstrate that the produced AA can serve as 
an electron donor and play a role in increasing photocur-
rent signal, the photocurrent signal of AA catalyzed by 
ALP enzyme-based biosensor constructed based on Bi2S3@
Bi2Sn2O7 is studied in Fig. 2C. It is found that in the absence 
of electron donor AA, a weak photocurrent signal (curve a) 
is generated due to electron–hole recombination due to light 
generation. In the presence of AA (curve b), the photocur-
rent signal is significantly enhanced because AA acts as an 
electron donor and is oxidized by the holes generated by 
light, thus inhibiting the electron–hole recombination. Fig-
ure 2D shows the activity of the ALP enzyme is reduced by 
OPs-based enzyme inhibition in the presence of 10 ng mL−1; 
thus, the AA generated by enzymic catalytic hydrolysis also 
decreases, resulting in a significant decrease in the photocur-
rent signal compared with the absence of OM. According to 
this relationship, sensitive detection of OM with different 
concentrations can be achieved.

Optimization of the detection conditions

To achieve the best analytical performance of the constructed 
PEC biosensing system, the materials and experimental 
conditions were optimized. Among them, the concentration 
and mass ratio of Bi2S3@Bi2Sn2O7 mixed materials have 
a significant impact on the photocurrent signal. Since the 
mass ratio of the heterojunction material (Bi2Sn2O7:Bi2S3) 
directly affects the effective separation of electron–hole 
pairs and thus has a greater impact on the photocurrent, it 
is firstly investigated. As shown in Fig. S6A, the photocur-
rent signal is the largest with the value of 416 nA when 
the mass ratio is 1:3, which is because the Bi2S3 inhibits 
the recombination of photoinduced electron–hole pairs in 
Bi2Sn2O7. When the Bi2S3 content is appropriate, the pho-
toinduced electron–hole pairs recombination can be well 
inhibited and a large photocurrent signal can be generated. 
Therefore, the photocurrent signals generated by Bi2S3@
Bi2Sn2O7 heterojunctions were measured at a material ratio 
of 1:3. Meanwhile, Bi2S3@Bi2Sn2O7 serves as a substrate 
for photoactive materials, and its concentration is also an 
important parameter for constructing PEC biosensors. As 
shown in Fig. S6B, the photocurrent signals first increase 
with the increase of the heterojunction concentration. The 
photocurrent signal is the largest with the value of 430 nA 
when the heterojunction concentration is 3 mg mL−1 and 
then reduces to 280 nA at 5 mg mL−1. This is because the 
excessive Bi2S3@Bi2Sn2O7 mixture will form a steric hin-
drance effect on the electrode surface due to the increase of 
the film thickness, which will significantly increase the dif-
fusion resistance of the hole movement in the film and thus 
causing the photocurrent signal to gradually decrease [37]. 

Therefore, the heterojunction material with a concentration 
of 3 mg mL−1 and a mass ratio (Bi2Sn2O7:Bi2S3 = 1:3) was 
selected to construct the sensing electrode in the subsequent 
experiments.

Next, the experimental conditions were optimized 
under the optimal mass ratio and concentration of Bi2S3@
Bi2Sn2O7 heterojunction materials obtained above. When 
the concentration of OM was 10 ng mL−1, the effects of OM 
inhibition time on ALP enzyme activity, AAP concentra-
tion, ALP hydrolysis time of AAP, and ALP concentration 
on photocurrent signal in the constructed PEC biosensor 
were investigated. This PEC sensor is mainly based on the 
enzymatic inhibition of OM on ALP to indirectly achieve a 
quantitative analysis of OM, so the time of OM inhibiting 
ALP activity is crucial in the whole experiment. As can be 
seen in Fig. S7A, when the inhibition time is extended from 
10 to 30 min, the photocurrent signal declines significantly, 
which is because the inhibition effect of OM on ALP reduces 
the enzyme activity, and the electron donor AA generated 
by catalytic hydrolysis also decreases, leading to the pho-
toinduced electron–hole reorganization in Bi2S3@Bi2Sn2O7 
heterojunction. When the inhibition time exceeded 30 min, 
the photocurrent change could be ignored, indicating that the 
catalytic activity of the OM inhibitor had reached saturation 
within 30 min, so 30 min was selected as the best inhibition 
time. As the catalytic substrate of ALP, the concentration of 
AAP will also directly affect the amount of electron donor 
AA generated by enzymatic hydrolysis, and further affect 
the strength of the photocurrent signal in the PEC sensor. As 
shown in Fig. S7B, the photocurrent signal is significantly 
enhanced with the increase of AAP concentration from 15 
to 25 mmol L−1, which is due to the AA as an electron donor 
is increased and enhancing the separation of photogenerated 
electron holes in Bi2S3@Bi2Sn2O7 heterojunctions. When 
the AAP concentration exceeds 25 mmol L−1, the photocur-
rent signal is almost stable, because the reaction between 
ALP and AAP has reached the equilibration, so 25 mmol 
L−1 is selected as the optimal concentration of AAP. In addi-
tion, the time of ALP hydrolysis of AAP also affects the 
generation of AA, thus further affecting the strength of the 
photocurrent signal. As depicted in Fig. S7C, the photo-
current signal increases gradually with the increase of the 
catalytic hydrolysis time from 10 to 30 min, because the 
prolonged reaction time will generate more AA to provide 
more electrons to neutralize the holes, thus effectively inhib-
iting the reorganization of the photogenerated electron–hole 
pair. Furthermore, it reaches the plateau and hydrolysis is 
complete after 30 min, indicating that 30 min is the best 
time for enzymatic hydrolysis. In Fig. S7D, the influence of 
ALP concentration on photocurrent was investigated. The 
photocurrent signal shows an upward trend from 10 to 50 U 
L−1, because the higher the concentration of ALP, the more 
AA is produced by the hydrolysate of the enzyme. When 
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it reaches 50 U L−1, the reaction between ALP and AAP 
has reached saturation and the reaction rate has reached the 
maximum, so the photocurrent signal reaches the plateau 
state. Then, 50 U L−1 of ALP was selected for the subse-
quent experimental process.

Analytical performance of the PEC sensor

To ensure the practicality of the PEC biosensor constructed 
by Bi2S3@Bi2Sn2O7 for OM detection, quantitative detec-
tion of OM with different concentrations was carried out 
under optimal conditions. As given in Fig. 3A and 3B, the 
photocurrent signal gradually decreases with the increase 
of OM concentration. This is based on the enzyme inhibi-
tion effect of OM, which reduces the activity of the ALP 
enzyme and reduces the electron donor AA generated by 
catalytic hydrolysis, thus reducing the photocurrent signal 
of the constructed PEC biosensor. As can be seen from the 
inset of Fig. 3B, there is a linear relationship between the 
change of photocurrent and the log value of OM concentra-
tion, ranging from 0.05 to 500 ng mL−1. The linear regres-
sion equation is I =  − 53.63 × LgC[OM] + 287.46, and the 
correlation coefficient (R2) is 0.9984. The limit of detec-
tion (LOD) is 0.01465 ng mL−1 (3SD/K, SD is the stand-
ard deviation of PEC current signal measured by 11 blank 
samples; K is the slope of the linear equation). As shown in 
Table S1, the detection performance of our self-constructed 
PEC biosensor was also compared with the previously 
reported methods for OM detection. The sensitivity of our 
PEC biosensor was comparable or even higher than other 

OM determination methods [38–44]. The homogeneous PEC 
method showed relatively high sensitivity because of the 
combination of optical advantages with electrical advan-
tages and homogeneous system. However, compared with 
the electrochemical sensor [45] and ECL aptasensor [46], 
the sensitivity of the homogeneous PEC method was rela-
tively low within a narrow linear range. This was because the 
3D M-Co3O4-modified sensing platform together with the 
conductive graphdiyne achieved significant electrochemi-
cal signal amplification, resulting in favorable sensitivity. 
By integration of as-prepared ZIF-8-MoTe2 with specificity 
OM aptamer, the ECL sensor showed a broad linear range 
within a comparatively low detection limit. Therefore, the 
self-constructed homogeneous PEC detection showed an 
acceptable detection sensitivity and linear range for OM.

Subsequently, we evaluated the reproducibility and stabil-
ity of the PEC sensor platform. The intra-batch and inter-
batch repeatability was evaluated by measuring OM at three 
different concentrations (0.05 ng mL−1, 50 ng mL−1, and 
500 ng mL−1) as can be seen in Fig. S8. The coefficient of 
variation (CV) for the intra-batch determination results was 
1.02%, 1.33%, and 1.75% (n = 3), respectively. The coeffi-
cients of variation between batches were 2.69%, 2.24%, and 
2.42% (n = 3), respectively. In addition, the stability of the 
PEC sensor platform was also studied. As shown in Fig. 3C, 
the photocurrent signal intensity hardly changes significantly 
after 7 consecutive lamp on/off cycles within 300 s; the pho-
tocurrent remains 89.46% (COM = 0 ng mL−1, black color) 
and 89.17% (COM = 10 ng mL−1, red color) of the initial 
current, indicating that the sensor has good stability. The 

Fig. 3   A PEC response intensity 
of the sensor to OM at different 
concentrations. B The relation-
ship between OM concentration 
and PEC response intensity 
(inset shows the linear relation-
ship between PEC response 
intensity and lgC[OM]). C 
Stability test of self-constructed 
PEC sensing platform. D 
Investigation of the storage 
stability in the presence of OM 
(0.05 ng mL.−1) for every 3 days 
(error bars: SD, n = 3)
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constructed PEC sensor platform (COM = 0.05 ng mL−1) is 
placed in 4 ℃ darkness for 15 days, as shown in Fig. 3D, 
the photocurrent signal remains 98.07% of the initial cur-
rent signal with the value of 351.6 nA, and the maximum 
relative standard deviation (RSD) does not exceed 8%. The 
experimental data showed that the proposed PEC biosensor 
had good stability and long-term storage properties. In brief, 
the sensor had satisfactory stability and reproducibility.

The selectivity and anti‑interference of PEC 
biosensor for OM detection

In terms of the performance of self-constructed sen-
sors, selectivity and anti-interference capability are also 
more important factors, which determine the application 
range of the sensor. To assess the selectivity of the PEC 
sensor based on Bi2S3@Bi2Sn2O7 for OM, several other 
common OPs such as methyl parathion (PM), monocro-
tophos (Mon), phorate (Pho), and triazophos (Tri)) were 
investigated. Additionally, the sensing platform was also 
used to detect several common non-OPs  such as paraquat 
(Par), fenvalerate (Fen), thiamethoxam (Thi), acetochlor 
(Ace), and tebuconazole (Teb). As shown in Fig. 4A, the 
use of non-OPs  does not cause significant photocurrent 
changes compared with the blank group which is about 
395 nA. When omethoate (OM) is mixed with non-OPs, 
the detection results are basically consistent with the 
photocurrent signal generated by pure OM. The use of 
several other common OPs  all causes the reduction of 
the photocurrent signal and the photocurrent signal is 
reduced to half of the blank group which is about 200 
nA, which is caused by the inhibitory effect of OPs on 
the ALP enzyme activity. All these results showed that 
the constructed PEC sensing platform had good selec-
tivity and could be used for the detection of other OPs.

In addition, it is considered that some coexisting 
ionic electrolytes and bioactive molecules will affect 
the detection effect of the experiment during the actual 

sample detection process. Therefore, three kinds of 
amino acids such as glutamic acid (Glu), glycine (Gly), 
and L-aspartic acid (Asp), five kinds of cationic elec-
trolytes (K+, Ca2+, Na+, Mg2+, Zn2+), and three kinds 
of anion electrolytes (Cl−, H2PO4

−, HPO4
2−) were 

selected. As shown in Fig.  4B, the response photo-
current obtained by the addition of these interfering 
substances is almost close to the current signal value 
of the blank group for about 400 nA, without causing 
significant changes in the photocurrent signal. These 
experimental data showed that the sensor had good anti-
interference for the detection of OM.

OM detection in real samples

To further evaluate the application potential of the self-
constructed PEC biosensing platform, this PEC analysis 
method was selected to detect OM in vegetable samples. 
By the standard addition method, different concentrations 
of OM standard solutions were added to the pretreated 
vegetable samples to measure the photocurrent and calcu-
lated the recovery rate. The results are shown in Table S2; 
the recoveries ranged from 83.8 to 114.1%. In addition, the 
maximum RSD did not exceed 10%. To further verify the 
accuracy of the method in the detection of actual samples, 
the results of the PEC detection method and the HPLC ref-
erence results were compared with each other. As can be 
shown in Table 1, the detection results of the two methods 
are almost similar. It shows that the PEC detection method 
is feasible and can be used for the detection of OM in 
vegetable samples.

Conclusions

In summary, we developed a novel homogeneous photo-
electrochemical sensing platform based on ALP-mediated 
pesticide assay and Bi2S3@Bi2Sn2O7 heterojunction for 

Fig. 4   A Selectivity of the 
self-constructed PEC sensing 
platform: the concentration of 
OM was 50 ng mL−1, and the 
concentration of other pesticides 
was 5000 ng mL−1 (100 times); 
B effect of coexisting substance 
on the PEC response intensity: 
the concentration of OM was 
50 ng mL−1, and the concentra-
tion of coexisting substance 
was 5000 ng mL.−1 (100 times) 
(error bars: SD, n = 3)
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the sensitive detection of OM. Both the activity inhibition 
of ALP enzyme and PEC determination were performed 
in the homogeneous phase, which avoided the labeling 
and multiple tedious washing steps and immobilization 
procedures, improving the stability and reproducibility 
of the PEC sensor. Furthermore, the construction diffi-
culty and time cost of PEC for OPs determination were 
greatly reduced. The Bi2S3@Bi2Sn2O7 heterojunction was 
used as the substrate material of the biosensor, which 
had excellent photoelectrochemical properties and gen-
erated a sustained and stable background photocurrent 
signal. The construction of the sensor was mainly based 
on the inhibitory effect of OPs on the enzymatic activ-
ity of ALP, so that the electron donor AA produced by 
catalytic hydrolysis would also decrease, thereby reducing 
the measured photocurrent signal to achieve a quantitative 
analysis of the OM. Compared with other analysis meth-
ods for OM detection, this homogeneous PEC biosensor 
combined ALP-mediated pesticide assay, which exhib-
ited a wide linear range and a low detection limit with 
good reproducibility, stability, and selectivity. Even in 
actual sample detection, satisfactory recovery values were 
obtained from this PEC biosensor. Hence, the self-con-
structed PEC biosensor provides a new idea for the detec-
tion of OPs residues, and has great application potential 
in the field of food safety and healthcare detection. Future 
work will focus on the integration of homogeneous PEC 
sensing techniques with a portable device for improving 
practicality.
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