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Light-driven self-powered biosensor for
ultrasensitive organophosphate pesticide
detection via integration of the conjugated
polymer-sensitized CdS and enzyme inhibition
strategyy

Panpan Gai, Shuxia Zhang, Wen Yu, Haiyin Li and Feng Li‘2*

Herein, a light-driven self-powered biosensor based on a photoelectrochemical enzymatic fuel cell
(PEFC) was proposed for ultrasensitive organophosphate pesticide (OP) detection. To construct this fuel
cell, poly(3,4-ethylenedioxythiophene)-sensitized CdS quantum dot (PEDOT/CdS) photoanode and
multiwalled carbon nanotubes/gold nanoparticals/bilirubin oxidase (CNTs/AuNPs/BOD) biocathode were
elaborately designed. Initially, the enzyme acetylcholinesterase (AChE) immobilized on the CdS/PEDOT
photoanode could hydrolyze acetylthiocholine iodide (ATCh) into thiocholine as the electron donor to
enhance the charge separation efficiency; thus, PEFC produced relatively high open circuit voltage
(E°Y) upon illumination. OPs could inhibit the AChE enzymatic catalytic activity on hydrolysis, and in
this case, a smaller E°V obtained. Thus, based on the constructed PEFC, self-powered biosensing of
OPs was realized, and the detection limit was as low as 0.012 ng mL™* (S/N = 3), which was comparable or
superior to those of the reported methods. In this study, we not only constructed a facile, ultrasensitive and
low-cost sensing platform for OP detection, but also provided an ingenious idea for designing light-driven
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1. Introduction

Self-powered biosensors have attracted considerable attention
due to their many advantages: no need of an external power
source, simple instrumentation, miniaturization and low cost;'”
they have exhibited promising potential in human disease
diagnosis,® food safety'® and environmental monitoring.'*™*
In fact, most self-powered biosensors are based on enzymatic fuel
cells (EFC), in which the fundamental signal is the performance
output of EFC.'*™® However, it is still operated at the expense of
enzyme and fuel consumption. In addition, the bioelectrocatalysis
mechanism of the anodic enzymes, such as glucose oxidase, is an
inherently debatable issue for glucose oxidation.'>*® Recently,
combining the photoelectrode with the enzyme electrode to
construct a photoelectrochemical biofuel cell has aroused great
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1 Electronic supplementary information (ESI) available: The illustration of the
procedure of ITO/PDDA/CAS/PEDOT/AChE preparation and the photoelectro-
chemical mechanism for OPs determination; TEM image of PEDOT; CVs of the
CNTs/AuNPs modified CP in PB saturated with N, or O,; comparison of the as-
prepared self-powered sensor for detection of pesticides with other AChE-based
biosensors. See DOI: 10.1039/c8tb02286k
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self-powered biosensing based on PEFC.

interest because solar energy can be considered as a cleaner and
better alternative power source.>"** For example, a TiO, nanotube
photoanode has been constructed to achieve direct oxidization of
fuel glucose or cofactor NADH upon illumination.**** Never-
theless, there are few publications on light-driven self-powered
biosensors. For example, Chen’s group constructed a self-
powered cathodic photoelectrochemical biosensor based on
hybrid PbS quantum dots/nanoporous NiO film nanostructures
for glucose bioanalysis.>® In addition, a self-powered cathodic
photoelectrochemical aptasensor was reported based on Au
nanoparticle-decorated g-C;N, nanosheets for the detection of
oxytetracycline.>® However, they all focused on the cathodic
photoelectrochemical biosensing design. Up to now, various semi-
conductor materials with different optical absorptions are avail-
able for the solar cell.?”*® Moreover, the co-sensitized structures
formed by the p-n heterojunction between two semiconductor
materials with suitable band gaps can efficiently separate electron—-
hole pairs and further effectively promote the photoelectric proper-
ties of the photocatalyst. Inspired by this, we intend to develop an
efficient light-driven self-powered biosensor based on co-sensitized
structure photoanode, which not only significantly enhances the
utilization of visible light, but also effectively promotes charge
separation, thus favoring the increase in photocurrent.

This journal is © The Royal Society of Chemistry 2018
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Organophosphate pesticides (OPs) play an important role in
insect control, but the human and animal toxicities of OPs
make them a societal health and environmental concern.”
Although various biosensors have been developed such as
organophosphorus hydrolase-based biosensors,*® enzyme-
inhibition-based biosensors,*** immunosensors,** photo-
electrochemical biosensors,*?® and colorimetric sensors,®” the
methods used for preparing these biosensors are time consuming
and/or require high cost, sophisticated instrumentation and highly
trained technicians, which limit their applications in rapid analysis.
Thus, it is urgently needed to develop simple, rapid, accurate and
ultrasensitive assays for monitoring OPs.

Herein, we reported a light-driven self-powered biosensor
based on a photoelectrochemical enzymatic fuel cell (PEFC) for
ultrasensitive OP (chlorpyrifos as the model) detection via
integration of the conjugated polymer-sensitized CdS and enzyme
inhibition strategy. As shown in Scheme 1, the constructed PEFC
comprised a conjugated polymer poly(3,4-ethylenedioxythiophene)
(PEDOT)-sensitized CdS quantum dot (PEDOT/CdS) photoanode
and CNTs/AuNPs/BOD biocathode upon illumination. For the
photoanode, the employed PEDOT/CdS acted as the light-
harvesting material to form a bi-layer heterojunction structure,
which was in favor of the separation efficiency of hole-electron
pairs in the absence of target OPs; the immobilized acetyl-
cholinesterase (AChE) could hydrolyze acetylthiocholine iodide
(ATCh) to thiocholine. Upon light irradiation, the electron
donor thiocholine could consume the holes to enhance the
efficiency of charge separation. Meanwhile, the separated
electrons could transfer to the biocathode and react with
oxygen by biocatalysis of the CNTs/AuNPs/BOD biocathode,
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Scheme 1 Schematic illustration of the principle of PEFC-based self-
powered biosensing strategy for OP assay.
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thus producing high open circuit voltage (E°“Y) of PEFC. In
the presence of OPs, they could be selectively recognized by the
enzyme AChE, which significantly inhibited its catalytic activity
of the hydrolysis reaction. As a result, the reduced thiocholine
could lower the separation efficiency of hole-electron pairs,
resulting in decrease in E°“Y. Consequently, the light-driven
self-powered biosensor for ultrasensitive OP detection was
realized according to E°°Y variation. In this study, we not only
proposed a highly sensitive, low-cost, simple, and real-time
method for OP assay but also provided an ingenious idea for
designing a light-driven self-powered biosensing platform.

2. Experimental

2.1 Materials and reagents

Acetylcholinesterase (AChE), acetylthiocholine iodide (ATCh)
and chlorpyrifos were obtained from Aladdin Industrial Corpora-
tion (Shanghai, China). CdS QDs were purchased from Najingtech
(Hangzhou, China). 3,4-Ethoxylenedioxythiophene (EDOT), NacCl,
NaH,PO, and Na,HPO, were purchased from Energy Chemical
(Shanghai, China). Bilirubin oxidase (BOD, E.C. 1.3.3.5, from
Myrothecium verrucaria) and poly(diallyldimethylammonium
chloride) (PDDA, 20% in water (w/w), M, = 200 000-350 000)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Carbon
nanotubes (CNTs) were purchased from JCNANO (Shanghai, China).
Chloroauric acid (HAuCl,-4H,0) was obtained from Shanghai
Chemical Reagent Co. Ltd (Shanghai, China). AuNPs were prepared
according to a previously reported method by adding sodium citrate
solution to boiling HAuCl, solution.®® The reagents were of
analytical grade and used without further purification or treat-
ment. Ultrapure water (resistivity > 18.2 MQ cm at 25 °C) obtained
from a Milli-Q water purification system (Millipore Corp., Bedford,
MA, USA) was used throughout the experiments. Phosphate buffer
(PB, 0.1 M, pH 7.4) was used as the supporting electrolyte.

2.2 Apparatus and instrumentation

Transmission electron microscopy (TEM) images were recorded
on a HT7700 microscope (Hitachi, Japan) operated at 100 kV.
The PEC measurements were performed with a Zahner PEC
measurement system (Zahner, Germany). Photocurrent experi-
ments were carried out at room temperature using a conventional
three-electrode system; the bare or modified ITO electrode with an
area of 1 cm” (1 x 1 cm) was used as the working electrode, and an
Ag/AgCl electrode and a platinum wire were employed as the
reference electrode and counter electrode, respectively. Electro-
chemical impedance spectroscopy (EIS) was performed on an
Autolab electrochemical workstation (Metrohm, Netherland) at
an alternating current voltage of 5 mV amplitude over a frequency
range of 0.01-100 kHz in KCl solution (0.1 M) containing
[K3Fe(CN)q]/[K4Fe(CN)s] (5.0 mM, 1:1) mixture as the redox probe.
Cyclic voltammetry measurements were performed on an Autolab
electrochemical workstation (Metrohm, Netherland) using a three-
electrode system: the fabricated biocathode as the working elec-
trode, a Pt wire as the counter electrode, and an Ag/AgCl electrode
as the reference electrode. The open circuit voltage (E°“") of PEFC
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was measured by connecting the photoanode and the biocathode
placed in the electrolytic cell, and the procedure was performed on
the Zahner PEC measurement system (Zahner, Germany).

2.3 Fabrication of the photoanode

First, 100 pL of 1% PDDA solution was dropped on a bare ITO
electrode surface for 0.5 h at room temperature to form an
ITO/PDDA electrode, which was rinsed with ultrapure water.
Then, 50 pL of 2 uM CdS QDs was dropped on the electrode
surface and dried at ambient temperature to obtain the
ITO/PDDA/CdS electrode, and the prepared electrode was
rinsed with 0.1 M PB (pH 7.4). Subsequently, a PEDOT film
via EDOT electropolymerization was deposited on the above
electrode by referring to a previous report with a few modifica-
tions. In detail, the ITO/PDDA/CdS electrode was immersed in
5 mL PB solution containing 54 puL EDOT. Then, the electro-
polymerization of EDOT was performed at a constant potential
of +1.0 V for 800 s to obtain the PEDOT film on the electrode
surface. Finally, the obtained ITO/PDDA/CdS/PEDOT electrode
was coated with 20 pL AChE solution (10 U mL ') and incu-
bated at 25 °C for 1 h; then, it was washed with 0.1 M PB to
remove unbound AChE. The ITO/PDDA/CdS/PEDOT/AChE
photoanode was obtained and stored at 4 °C when not in use.

2.4 OP assay at the photoanode

For the measurement of chlorpyrifos as the model of OPs, the
obtained ITO/PDDA/CdS/PEDOT/AChE was immersed in 0.1 M
PB (pH 7.4) containing different concentrations of standard
chlorpyrifos and incubated for 10 min; then, it was transferred
to the electrochemical cell of 5.0 mL PB (pH 7.4) containing
1 mM ATCh, an enzyme substrate, to study the photoelectrical
response with visible light irradiation.

2.5 Fabrication of the CP/CNTs/AuNPs/BOD biocathode

Briefly, 8.0 mg of CNTs was dispersed in 1% PDDA salt solution
containing 0.02 M NaCl (4.0 mL) and then ultrasonicated for
30 min to form a homogeneous suspension of positively charged
CNTs/PDDA composites. Residual PDDA polymer was removed by
centrifugation (15000 rpm, 10 min), and the precipitate was
washed with ultrapure water three times. Subsequently, the pre-
pared CNTs/PDDA was dispersed in negatively charged AuNP
solution (5 mL) and stored at 4 °C overnight. After that, excess
AuNPs were removed by centrifugation (6000 rpm, 5 min), and the
CNTs/AuNP precipitate was re-dissolved in ultrapure water to form
a homogeneous suspension (1 mg mL™"). Subsequently, 50 uL of
the as-prepared suspension was casted on the surface of a carbon
paper (CP, 1 x 1 cm). Then, the electrode was dried at 37 °C for
2 h, and it was further coated with 15 pL of BOD solution at 4 °C
for 12 h to obtain the CP/CNTs/AuNPs/BOD biocathode.

2.6 Light-driven self-powered biosensing of OPs

A light-driven PEFC-based self-powered biosensor was con-
structed by using the as-prepared photoanode and biocathode
at room temperature (25 °C). The supporting electrolyte was
0.1 M PB (pH 7.4) containing 1 mM ATCh. E°®Y of the PEFC
composed of the as-prepared PDDA/CdS/PEDOT/AChE-modified

6844 | J Mater. Chem. B, 2018, 6, 68426847

View Article Online

Paper

photoanode and CNTs/AuNPs/BOD-modified biocathode was first
measured in the supporting electrolyte; subsequently, the
PDDA/CdS/PEDOT/AChE-modified photoanode was soaked in
2 mL of the target OP solution at a certain concentration and
incubated for 10 min to capture the target. Then, the electrode
was taken out and placed back in the electrolytic cell, and E°Y
of PEFC was measured again.

3. Results and discussion
3.1 Assembly and characterization of the photoanode

For the photoanode, as shown in Scheme S1 (ESI{), negatively
charged CdS QDs were selected as the photoanode substrates;
due to the excellent properties of strong absorption in the
visible region, they could be assembled on the surface of
PDDA-modified ITO electrode via electric interactions. Because
of the high recombination rate of photogenerated carriers for
Cds,***° a sensitized reagent PEDOT was selected to enhance
the photocurrent signal,** which was obtained via electro-
polymerization of EDOT at the above electrode. The formed
PEDOTY/CdS bi-layer heterojunction structure was in favor of the
separation efficiency of hole-electron pairs because the PEDOT
polymer acted as both the light absorber and the hole-transporter,
whereas CdS provided the electron percolation pathway.** A higher
photocurrent of the PEDOT/CdS photoanode could be obtained.
TEM image shows that PEDOT formed from the electro-
polymerization of EDOT is a thin and well-distributed film
(Fig. S1, ESIt). Finally, AChE was immobilized on the as-prepared
PEDOT/CdS electrode surface, and the photocurrent measurement
was obtained.

To verify the above assembly process, EIS was performed
with [Fe(CN)s]>"*~ as the redox probe, and the corresponding
Nyquist plots are shown in Fig. 1A. Compared to the bare ITO
with a small charge-transfer resistance (R.) value (164 Q, curve a),
the PDDA-modified ITO electrode exhibited a slightly increased R,
value (173 Q, curve b) due to poor conductivity of PDDA. Subse-
quently, the R value of the CdS QD-modified electrode further
increased (289 Q, curve d) because the carboxyl group of the
negatively charged CdS-COOH QDs prevented the redox probe
from approaching the electrode surface. Because of the excellent
conductivity of PEDOT, a decreased R, value (263 Q, curve c) was
obtained after PEDOT film modification. When AChE with high
steric hindrance was continually immobilized on the electrode,
the R, value gradually increased (344 Q, curve e). The above
results confirmed the successful construction of the modified
photoanode.

To confirm the feasibility of the as-proposed biosensing
strategy, the photocurrent response of the photoanode was first
investigated, and the experiment was performed in 0.1 M PB
containing 1 mM ATCh under visible light irradiation. Initially,
without PEDOT film, only a relatively low photocurrent of
0.3 pA (curve a, in Fig. 1B) was obtained. In contrast, after
sensitization by the PEDOT film, the photocurrent significantly
increased to 0.7 pA (curve b, in Fig. 1B) due to the enhanced
separation efficiency of hole-electron pairs. Moreover, in the

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (A) EIS curves of different modified ITO electrodes: (a) bare ITO
electrode, (b) ITO/PDDA, (c) ITO/PDDA/CdS/PEDQOT, (d) ITO/PDDA/CdS,
(e) ITO/PDDA/CdS/PEDOT/AChHE. (B) Photocurrent responses of (a) ITO/
PDDA/CdS/AChE and ITO/PDDA/CdS/PEDOT/ACHE before (b) and after
(c) incubation with 0.005 pg ML~ chlorpyrifos solution for 10 min. (C) Photo-
current responses of ITO/PDDA/CdS/PEDOT/AChHE after incubation with
(@) 0, (b) 0.002, (c) 0.01, (d) 0.1 pg ML chlorpyrifos solutions for 10 min.
The electrolyte solution was 0.1 M PB (pH 7.4) containing 1 mM ATCh.

presence of OPs, specific binding between chlorpyrifos and
AChE inhibited the catalytic activity of AChE on hydrolysis
reaction,*® leading to decrease in thiocholine and thus, the
photocurrent was clearly reduced to 0.4 pA (curve c, in Fig. 1B).
Notably, the photocurrent gradually decreased with the increase in
chlorpyrifos concentration (Fig. 1C). This target-induced signal
response laid a strong foundation for the selective detection and
quantification of OPs and confirmed the feasibility for biosensing
based on conjugated polymer-sensitized CdS and enzyme inhibi-
tion strategy.

3.2 Optimization for the photocurrent responses at the
photoanode

To achieve optimal photocurrent responses at the photoanode,
CdS QD concentrations and electropolymerization times for
PEDOT film were investigated. As shown in Fig. 24, the photo-
current gradually increased with the increase in CdS QD
concentration, which could be because immobilization of more
CdS QDs can result in higher light utilization efficiency. More-
over, a relatively stable photocurrent signal was obtained
in a wide concentration range of 1-2 pM. Thus, to obtain a
sufficiently large photocurrent and to lower the expense, 2 pM
CdS QDs was selected in the subsequent experiment. Further-
more, the electropolymerization time for PEDOT film is also a
key factor, which determined the thickness of the PEDOT film
and further influenced the photocurrent. As shown in Fig. 2B,
due to insufficient electropolymerization time, the PEDOT film
became very thin; in this case, a relatively low photocurrent was
obtained due to inefficient sensitization. As the electropolymer-
ization time for the PEDOT film was prolonged, the photo-
current gradually increased. However, with the increase in
PEDOT thickness, the diffusion resistance of electron transfer

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (A) Photocurrent curves of the ITO/PDDA/CdAS/AChE electrode
under different CdS concentrations: (a) 2 uM, (b) 1.5 uM, (c) 1 uM, (d) 500 nM,
(e) 200 NM in 0.1 M PB containing 1 mM ATCh. (B) Photocurrent curves with
different electropolymerization times for PEDOT on the ITO/PDDA/CdS/
PEDOT/AChE electrode. The electropolymerization times were (a) 400 s,
(b) 500 s, (c) 600 s, (d) 700 s, (e) 800 s.

could not be ignored, which resulted in the decrease in the
photocurrent response value. Thus, the time of 700 s was chosen
as the optimal time of electropolymerization for the PEDOT film.

3.3 Fabrication and characterization of the biocathode

As an electron acceptor, the biocathode also played a vital role
for the performance of the PEFC-based self-powered biosensor.
In our study, we used CNTs/AuNPs as the substrate material for
loading the cathodic enzyme BOD, which was prepared through
the electrostatic interaction between positively charged CNTs
and carboxyl group-functionalized AuNPs.** The morphology of
the obtained CNTs/AuNPs was characterized by TEM. As dis-
played in Fig. 3A, uniform AuNPs with a size of ~10 nm were
homogeneously decorated on the surface of two-dimensional
CNTs, which indicated the successful fabrication of CNTs/
AuNPs. Subsequently, the enzyme BOD was immobilized on
the CNTs/AuNP electrode through a condensation reaction
between the amino groups in the enzyme structure and the
carboxyl groups on AuNPs on the above electrode. To confirm
the biocatalysis performance of the biocathode, CVs were
measured under different conditions. As shown in Fig. S2
(ESIT), CV curves was almost no change in the presence or
absence of O,, implying the substrate materials CNTs/AuNPs
have no catalytic ability for O,. However, when the CNTs/AuNP
electrode was modified by the enzyme BOD, a clear reduction
current was observed in the presence of O, compared to that
under N, (Fig. 3B), which suggested that the CNTs/AuNPs/BOD
biocathode exhibited excellent electrocatalytic activity for oxygen
reduction. The obtained results from the photoanode and

0.0 0.9

0.3 0.6
E/V vs Ag/AgCl

Fig. 3 (A) TEM image of CNTs/AuNPs. (B) CVs of the CNTs/AuNP BOD
biocathode in PB (pH = 7.4) saturated with N, or O,. Scan rate = 50 mV s™*.
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Fig. 4 (A) ECCY of the proposed sensors with different concentrations of
OPs in 0.1 M PB (pH 7.4) containing 1 mM ATCh: (a-i) 0, 0.00005, 0.0001,
0.0005, 0.001, 0.005, 0.01, 0.05, 0.1 ng ML~ (B) The plot of E°V vs. the
logarithm of OP concentration. Error bars represent the standard deviation
of an average value from independent measurements of three biosensors.

biocathode laid a strong foundation for the assembly of the
light-driven self-powered biosensor.

3.4 PEFC-based self-powered biosensing platform for OP
analysis

By combining the ITO/CdS/PEDOT/AChE photoanode and the
CP/CNTs/AuNPs/BOD biocathode, a PEFC-based self-powered
biosensor was constructed to realize chlorpyrifos detection.
The performance of the as-proposed biosensor was evaluated
with different concentrations of chlorpyrifos under optimal
experimental conditions. As shown in Fig. 4A, in the absence
of OPs, E°“Y of the biosensor was about 0.57 V (curve a). As OPs
were added, there was a negative correlation between E°“V and
OP concentration (curves b-i). Furthermore, a linear relation-
ship was well-fitted between E°®V and the logarithm of OP
concentration in the range from 0.00005 to 0.1 pg mL™"
(Fig. 4B). The linear equation was E°° = 0.15 — 0.0491logc,
and the coefficient of determination (R*) was 0.9943. The
detection limit was calculated to be 0.012 ng mL ™" (S/N = 3).
In addition, the as-prepared PEFC-based self-powered biosen-
sing platform showed a wider linear range and a comparable or
lower detection limit for OP detection than previously reported
AChE-based biosensors, as shown in Table S1 (ESIt).
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Fig. 5 Selectivity analysis for chlorpyrifos detection by monitoring £V
with 0.01 ug mL~" of interferences (thiamethoxam, nitenpyram, vitamin B,
citric acid, and lysozyme) and 0.01 pg mL™* chlorpyrifos.
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3.5 Selectivity of the PEFC-based self-powered biosensor

Selectivity is also a key factor for evaluating the property
of a biosensor. To investigate the selectivity, two pesticides
(thiamethoxam and nitenpyram), vitamin (vitamin B), organic
acid (citric acid), and enzymes (lysozyme) were used as inter-
ferences. As shown in Fig. 5, only chlorpyrifos could inhibit
the catalytic activity of AChE, indicating the high selectivity
of the as-proposed biosensor for OPs over other interferences.
The results demonstrated that the as-proposed biosensor has
great potential in practical applications.

4. Conclusions

In summary, we proposed, for the first time, a new photoelec-
trochemical self-powered biosensing platform for ultrasensitive
OP assay via integration of the co-sensitized PEDOT/CdS photo-
anode and enzyme inhibition strategy. As no external power
source and anodic enzyme were needed, the as-designed self-
powered sensing platform exhibited unique advantages of
simple instrumentation, portability and low cost. In addition,
because of the co-sensitized PEDOT/CdS photoanode and
enzyme inhibition strategy, the enhanced separation efficiency
of hole-electron pairs endowed the biosensor with high sensi-
tivity for sensing OPs, which was comparable or superior to
those of other biosensors reported previously. The proposed
strategy not only offers a new perspective for the development
of PEFC-based self-powered sensors, but is also expected to
become a general consideration for constructing sensing plat-
forms for environmental pollutants and food safety.
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