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� A simple fluorescence polarization
assay for sensitive and selective
detection of organophosphorus
pesticides was developed.

� This method showed good selectivity
through the inhibition of AChE and
reduction of MnO2 nanosheets by
TCh.

� Using MnO2 nanosheets as mass
amplifiers, there was a big difference
in FP signal with a low LOD.

� This method displayed a good assay
performance in real water samples.
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It is highly desirable to develop a simple, efficient and sensitive strategy for organophosphorus pesticides
(OPs) in both environment pollution and human health. Herein, a novel amplified fluorescence polariza-
tion (FP) biosensor was established for highly sensitive detection of OPs using MnO2 nanosheets as the
signal enhancer. In this system, OPs can suppress the activity of acetylcholinesterase (AChE) efficiently,
blocking the hydrolysis reaction of acetylthiocholine (ATCh) to generate thiocholine (TCh) by AChE.
TCh can lead the decomposition of MnO2 nanosheets to manganese ions. So, without the influence of
TCh, MnO2 nanosheets can maintain its original shape and form a stable complex with FAM-DNA, which
greatly enhanced the FP signal. This method can tremendously improve the sensitivity of FP with a detec-
tion limit of 0.01 ng/mL for diazinon. In addition, it was also applicable to determine other four OPs and
investigate the level of diazinon in real water samples. Consequently, the proposed approach provides a
new promising platform for detection of OPs and is expected to be used in application of environmental
monitoring.

� 2021 Published by Elsevier B.V.
1. Introduction

As a typical pesticide, organophosphorus pesticides (OPs) have
been widespread applied for agriculture industry to improve crop
yields and products quality [1]. However, the abuse of OPs has
caused serious food and environment pollution [2,3]. Most impor-
tantly, OPs have acute toxic which pose serious threats to human
health due to its irreversible inhibition to acetylcholinesterase
(AChE) [4,5]. Therefore, the accurate determination of OPs is of
great significance for the management of pesticide contamination.
Conventional chromatographic methods [6,7], which require
expensive instruments and well trained operators, showing some
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limitations in OPs detection. The biosensors have greatly pro-
moted the development of OPs accurate detection due to a num-
ber of key advantages, such as simple operation, low cost and
in situ measurement [8]. Up to now, great efforts have been made
to develop biosensors for the sensitive and selective determina-
tion of OPs [9–11]. However, developing a simple, sensitive
method for quantification of OPs is still challenging but urgently
needed.

Fluorescence polarization (FP) technique is a fascinating tool in
a variety of fields, such as clinical diagnosis, biochemical, food
safety, and environmental sensing [12–15]. Intriguingly, FP is
insensitive to fluorophores concentration, but they are highly
dependent on molecular volume or molecular weight of the fluo-
rophores complex. Larger molecules with lower rates of rotation
give higher FP values, while smaller molecules with higher rates
of rotation usually weaker FP values [16]. Thus, to further improve
the sensitivity of FP technique, mass-augmented amplification
strategies can be used to increase the molecular size changes of flu-
orescent probes and to generate the amplify FP signal. These
strategies have included macromolecules (proteins and oligonu-
cleotides), and nanomaterials[17–19]. Our group has developed
some nanomaterial-assisted FP methods in the detection of metal
ion and nucleic acid [20,21].

MnO2 nanosheets, one kind of 2D nanomaterials, are excellent
nanoquenchers, catalysts, and adsorbents [22–24]. First, MnO2

nanosheets can efficiently adsorb ssDNA by physisorption [25].
The adsorption properties allow MnO2 nanosheets to acts as a FP
enhancer. Zhang group explored a new fluorescence polarization
method for sensitive detection of Ag+ based on MnO2 nanosheet-
assisted ligand-DNA interaction [26]. In addition, compared with
most of other 2D nanosheets, MnO2 nanosheets have a strong oxi-
dation ability and can be reduced to Mn2+ by some organic com-
pounds. Such a property can also be used to constitute sensing
strategies for practical applications [27,28]. However, despite a
variety of MnO2 nanosheets-based nanosensing platforms have
been developed,[29] FP amplification technology based on MnO2

nanosheets has seldom been studied.
Enlightened by the aforementioned works, a FP amplification

method for OPs detection via AChE and MnO2 nanosheets has been
developed. Normally, AChE can catalyze the hydrolysis reaction of
acetylthiocholine (ATCh) to generate thiocholine (TCh). And MnO2

nanosheets can be decomposed to Mn2+ by TCh. OPs can suppress
the activity of AChE which prevented the production of TCh, keep-
ing MnO2 nanosheets stay in its original shape. Then, the ssDNA
modified with a fluorescent probe (F-DNA) can be effectively
adsorbed by MnO2 nanosheets aiming to a significant increase of
FP value. Relying on AChE and MnO2 nanosheets, the proposed
FP amplification strategy provides good selectivity and high sensi-
tivity for the detection of OPs.

2. Experimental

2.1. Chemicals and reagents

Organophosphorus pesticides (such as diazinon, paraoxon-
methyl, omethoate, chlorpyrifos, and dichlorvos), other pesticide
(such as acetamiprid, endosulfan, deltamethyrin, polyvinyl chlo-
ride), tetramethylammonium hydroxide (TMA.OH) and manganese
chloride tetrahydrate (MnCl2�4H2O) were purchased from Aladdin
Industrial Corporation. Acetylcholinesterase (AChE) and acetylthio-
choline (ATCh) were gained from Sigma-Aldrich. The oligonu-
cleotides (F-DNA:50-FAM-GCT AGG TTC AGGTCA C-30) used in
this work were synthesized by Shanghai Sangon Biotech Co. Ltd
(Shanghai, China) and purified HPLC. All aqueous solutions were
prepared with ultrapure water (18.2 MX�cm). The real river sam-
ples were obtained from Xiangsi river in Guilin City.
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2.2. Instrumentation

FP measurements were performed by Cary Eclipse G9800A flu-
orimeter (Agilent Technologies, USA) with the excitation wave-
length at 480 nm and the emission wavelength at 520 nm. The
UV–vis spectra were collected by Cary 300 UV–vis spectrometer
(Agilent Technologies, USA). Transmission electron microscopy
(TEM) images were measured by a JEM-2100 HC transmission elec-
tron microscope (JEOL, Japan). Xray photoelectron spectroscopy
(XPS) data were measured using an AXIS-ULTRA DLD electron
spectrometer (Kratos, UK), High-performance liquid chromatogra-
phy (HPLC) analyses were recorded on the Agilent 1260 LC system
(Agilent Technologies, USA)

2.3. Preparation of MnO2 nanosheets

The MnO2 Nanosheets were synthesized according to the previ-
ous method with minor modifications [30]. In a typical synthesis
process, 20 mL of a mixed aqueous solution of 600 mM TMA�OH
and3wt%H2O2was added to10mLof 300mMMnCl2�4H2Oaqueous
solution within 15 s. The solution became dark brown immediately
as the mixed aqueous solution added. Then, the mixed solution was
vigorously stirred overnight in the ambient atmosphere at room
temperature. After this mild oxidation process, the precipitate was
washed with water and methanol and centrifuged (2000 rpm) for
20 mins, after which the precipitate was dried in a vacuum oven at
60 �C. 10mgof bulkMnO2was added to20mLofwater for ultrasonic
treatment using ultrasonic cell disruption system. After ultrasonic
treatment for 40 min, the dispersion was centrifuged at 1000 rpm
to remove the un-exfoliated residues. Finally, theMnO2 Nanosheets
solution was stored at 4 �C for further research.

2.4. Detection procedure for OPs

First, 4 lL of 0.2 U/mL AChE, 2 lL of different concentrations of
OPs, and 1 � Tris-HCl buffer (10 mM Tris-HCl (pH 7.9), 50 mM
NaCl, 10 mM MgCl2) incubated at 37 ℃ for 40 min with a total vol-
ume of 20 lL. Then 3 lL of 50 mM ATCh and 1 � Tris-HCl buffer
were added and incubated for 30 min at 37 �C. Next, 12 lL of
30 lg/mL MnO2 nanosheets was added for 20 min at room temper-
ature. Finally, 3 lL FAM-DNA (0.5 lM) was added to the above
mixture solution and incubated for 15 min at room temperature
with a total volume of 150 lL. FP measurements were conducted
at room temperature. All results of FP value measurements were
represented in millipolarization (mP) units.

2.5. HPLC analysis

HPLC analyses were conducted on the Agilent 1260 LC system
with autosampler. An Agilent TC-C18 4.6 � 250 mm column was
used for separation. The column temperature was held constant
at 30 �C. HPLC separation was achieved using isometric elution at
a mobile phase (Methanol/H2O, 75/25 v/v) flow rate of 1 mL/min
for 15 min. The injection volume of samples was 20 lL. The chro-
matographic data of samples were recorded at 230 nm by using a
diode array detector. The peaks of OPs in the real samples were
identified by comparison with the retention time of standards.
The samples were measured three times.
3. Results and discussion

3.1. Characterization of and MnO2 nanosheets

The MnO2 nanosheets synthesized were first characterized by
TEM, UV–vis spectroscopy, and XPS. TEM pattern indicated that
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the as-prepared MnO2 nanosheets were two-dimensional thin-
lamellar structure (Fig. 1A). The UV–vis spectra showed that the
MnO2 nanosheets had a broad band with a maximum absorption
at 380 nm (Fig. 1B), which are consistent with the previous report.
The aqueous solution of MnO2 nanosheets showed stable disper-
sions, no precipitate appeared even after the dispersion was stored
for more than two months (inset of Fig. 1B). According to the Mn
2p spectrum of XPS (Fig. 1C), two strong peaks were observed at
642.1 and 654.1 eV, which were attributed to Mn2p3/2 and
Mn2p1/2 of MnO2, respectively. Therefore, these characterization
results showed that the MnO2 nanosheets had been successfully
prepared.
3.2. Principle of the sensing platform

The principle of the developed fluorescence polarization sens-
ing platform for OPs quantification is described in Fig. 2. It has been
reported that MnO2 nanosheets can be used to enhance the fluo-
rescence polarization signal [26]. In our previous work, [31] the
change of FP value when labeled-ssDNA was adsorbed on
nanosheets was demonstrated. Due to the formation a larger mass
complex of ssDNA and nanosheets, such two-dimensional
nanosheet can be used as an effective signal amplifier in FP detec-
tion methods. In this system, the MnO2 nanosheets have dual func-
tions, not only the FP enhancer, but also the recognizer of
intermediate product TCh. Normally, AChE catalyzes the hydrolysis
reaction of ATCh to generate TCh, which could be recognized by
MnO2 nanosheets and consume the nanosheets through sulfhydryl
of TCh. And then, the MnO2 nanosheets were reduced to Mn2+
Fig. 1. The characterization of the MnO2 nanosheets. (A) TEM image; (B) UV–vis absorpti
analysis.

Fig. 2. Schematic illustration of the fluorescence polarization strategy
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which unable to adsorb FAM-DNA (employed as the fluorescence
reporter, F-DNA), leading a low FP value without OPs in the system.
However, upon the addition of OPs, the activity of AChE was inhib-
ited efficiently. The hydrolysis of ATCh and the generation of TCh
were impeded as well. Thus, F-DNA was adsorbed on the surface
of MnO2 nanosheets to form a F-DNA-MnO2 nanosheets complex,
resulting in a high FP signal due to the enlargement of the molec-
ular volume with slow rotation. In light of the variation in FP val-
ues, quantitative analysis of organophosphorus pesticides can be
performed.
3.3. Study of feasibility

The feasibility of the MnO2 nanosheets-based fluorescence
polarization strategy was evaluated by detecting diazinon, which
is adopted as the OPs model analyte. As depicted in Fig. 3, the FP
values of separate F-DNA (column A) or the mixture sample of
ATCh, AChE and OPs (column B and C) were low and almost no
obvious change. However, when MnO2 nanosheets were intro-
duced to the system, F-DNA was adsorbed on the surface of
MnO2 nanosheets, the FP value increased significantly due to the
enlargement of the molecular volume (column D). The FP value
drops rapidly after AChE and ATCh were added (column E), which
was attributed to consumption of the large amounts of MnO2

nanosheets by the products of AChE and ATCh reaction. After the
introduction of OPs, the FP value was increased which meant that
the OPs inhibited activity of AChE (column F). These abovemen-
tioned results clearly indicated the feasibility of the proposed
assay.
on spectrum. Inset: the photos of the MnO2 nanosheets dispersion in water; (C) XPS

based on the MnO2 nanosheets and AChE for the detection of OPs.



Fig. 3. The FP signal response obtained at different conditions.

Fig. 4. (A) The FP signal response value with different concentrations of diazinon (0,
0.01, 0.05, 0.2, 0.5, 1, 2, 5, 10, 20, 40, 60, 80, 100 ng/mL). (B) The relationship
between lg Cdiazinon and 4FP.4FP = FP-FP0, where FP and FP0 represent the FP value
with and without diazinon. Inset: linear curve for diazinon (0.01–20 ng/mL).

Table 1
Assay performance comparison between the proposed method and other methods for
OPs detection.

Methods Dynamic
range
(ng/mL)

Sensitivity
(ng/mL)

Reference

Electrochemical aptasensor 0.0304–304 0.005 [32]
Chemiluminescence sensor 0.152–91.250 0.067 [33]
Fluorescence resonance energy

transfer method
0.05–500 0.023 [34]

Corona discharge ion mobility
spectrometry method

1.0–250 0.3 [35]

Fluorescence paper analytical
device method

5.0–200 1.6 [36]

Fluorescence and colorimetric
biosensor

0.75–1.0 � 105 0.4 [37]

Gas chromatography-flame
ionization detector

2.0–1000 0.2 [38]

FP assay 0.01–20 0.01 This work
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3.4. Optimization of assay conditions

To obtain optimal performance of the proposed assay, some
important experimental parameters were optimized. As dual func-
tions of recognizer and FP enhancer, the concentration of MnO2

nanosheets is a vital factor for assay performance and was first
investigated. As shown in Fig. S1A, the FP value gradually increased
and then reached saturation at 2.4 lg/mL as the MnO2 nanosheets
concentration increased. Thus, 2.4 lg/mL of MnO2 nanosheets was
chosen for further experiments. In addition, the MnO2 nanosheets/
F-DNA incubation time and the stability of MnO2 nanosheets
which enhance FP were also studied. As shown in Fig. S1B, the
incubation time of MnO2 nanosheets/F-DNA reaches equilibrium
within 15 min. No remarkable changes of FP value were detected
(Fig. S1C), indicating that the enhancement of FP by MnO2

nanosheets can remain stable. The amount of AChE is another
key factor for assay sensitivity. As shown in Fig. S1D, the FP value
decreased when the concentration of AChE increased from 0 to
5.3 mU/mL and tends to level off at 5.3 mU/mL. This result indi-
cated that the MnO2 nanosheets were almost completely con-
sumed by TCh which the product of AChE and ATCh reaction at
5.3 mU/mL of AChE. Thus, to obtain high sensitivity, the optimal
AChE concentration was 5.3 mU/mL. In Fig. S1E, the FP value of
the reaction time of AChE and ATCh obtained minimum at
30 min. Thus, 30 min was selected as the optimal reaction time
of AChE and ATCh. Finally, in the presence of OPs, the incubation
time of OPs and AChE was optimized. As shown in Fig. S1F, the
FP signal increased with increasing incubation time and then
reached a constant after 40 min. Thus, 40 min was chosen for the
incubation time of OPs and AChE in this system.

3.5. Sensitive detection of diazinon

Diazinon is used as the OPs model analyte to study the analyt-
ical performance of the proposed FP sensor. Fig. 4 shows the FP sig-
nals of system to diazinon at different concentrations under
optimal conditions. The FP signal strengthened gradually with
diazinon concentration increasing (Fig. 4A), indicating that the FP
sensor can be used for diazinon detection. A good linear relation-
ship was obtained between 4 FP and the logarithm of diazinon
concentration in the range from 0.01 to 20 ng/mL (Fig. 4B). The
detection limit was 0.01 ng/mL, which was lower than permissible
concentrations in water and food samples. The detection limit and
linear range of this FP assay is comparable or better than most of
other existing methods, and a detailed comparison is shown in in
Table 1 [32–38].
4

3.6. Responses of other OPs and pesticides

To verify that the proposed FP sensor could be used for detec-
tion of other OPs, the FP signal responses to other common OPs
such as omethoate, paraoxon-methyl, chlorpyrifos and dichlorvos
were studied. As seen in Fig. 5A, the remarkable increases in FP sig-



Fig. 5. (A) The FP signal response of different OPs. The concentrations of OPs were 20 ng/mL. (B) Selectivity of OPs detection. The concentration of diazinon was 20 ng/mL, the
concentrations of other pesticides were 0.5 lg/mL.

Table 2
Detection diazinon in real water samples.

Samples Added (ng/mL) Found (ng/mL) Recovery (%) RSD (%, n = 3) HPLC found (ng/mL)

1 0.200 0.207 103.5 3.8 –
2 1.000 0.984 98.4 2.7 1.023
3 5.000 5.014 100.3 3.4 4.976
4 15.000 14.427 96.2 2.3 14.733

Y. Qin, G. Ye, H. Liang et al. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 269 (2022) 120759
nal of the system were also observed in the presence of other com-
mon OPs. These results demonstrated the proposed method could
be generally applied for detection of OPs.

To evaluate the selectivity of the proposed FP strategy for OPs
detection, the effects of four other pesticides (acetamiprid, endo-
sulfan, deltamethyrin, polyvinyl chloride) were measured. The con-
centrations of other pesticides were 0.5 lg/mL, while the
concentration of diazinon was 20 ng/mL. As Fig. 5B shown, a high
FP signal was clearly observed in the presence of diazinon. How-
ever, there were negligible changes after the addition of other pes-
ticides. Thus, the prepared FP sensor displayed high selectivity for
OPs detection.

3.7. Detection of OPs in water samples

To demonstrate the practicability of the developed method,
diazinon of various concentrations were added into river water
samples to carry out the recovery experiment. Then, diazinon con-
centrations were detected by both the developed method and
HPLC assay. As seen in Table 2, the results were similar to those
of HPLC and the recoveries of diazinon in water samples were from
96.2% to 103.5%, demonstrating that the developed method pos-
sessed good performance for OPs in real samples.

4. Conclusions

In summary, a novel FP platform for the effective detection of
OPs by using AChE inhibition and dual functional MnO2 nanosheets
was developed. As far as we know, it is the first time that MnO2

nanosheets were used to construct a FP sensor for the detection
of OPs. This method showed good selectivity through the inhibition
of AChE and reduction of MnO2 nanosheets by TCh. Moreover, with
the MnO2 nanosheets-assisted amplification, the sensitivity of the
present method was substantially improved with a low detection
limit of 0.01 ng/mL for diazinon, which was lower than most
reported assays. In addition, this platform has advantages of good
5

stability and low cost, providing a novel sensing pathway for OPs
detection and shows great potential in practical applications.
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