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Abstract
A photothermal and fluorescent dual-mode assay for sensitive organophosphate pesticides (Ops) determination is reported based
on alkaline phosphatase (ALP)-inhibition-induced formation of polydopamine (PDA) nanoparticles. In the presence of ALP,
ascorbic acid 2-phosphate (AAP) can be catalyzed to produce ascorbic acid (AA). AA can reduce MnO2 nanosheets, further
inhibiting the oxidation of dopamine (DA). Ops as an inhibitor for ALP activity prevents the formation of AA and the reduction
of MnO2 nanosheets. Eventually, the formation of PDA nanoparticles is promoted. The inhibitory effect of Ops on ALP activity
causes obvious changes of photothermal signals and fluorescence signal at 495 nm. The detection limit (LOD) of dimethoate is
0.1 μM. The method displays excellent sensing capability for the dimethoate assay in real water with good recoveries of 99.4–
107.6%.
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Introduction

Organophosphate pesticides (Ops) are widely applied sub-
stances in modern agricultural activities and play important
role in ensuring food production [1–3]. However, Ops con-
tamination resulting from excessive use has become one of the
most arduous environmental protection challenges [4, 5].
Specifically, Ops work as a toxicity on central nervous system
of human by inactivating acetylcholinesterase (AChE) at very
low concentration, which might cause injure to human body

even death [6, 7]. For reducing Ops poisoning, accurate deter-
mination of trace Op is essential and significant.

Many quantitative methods have been employed to deter-
mine Ops. The most commonly used methods include nuclear
magnetic resonance spectrum (NMR), chromatography, and
gas chromatography coupled with mass spectrometry (GC/
MS) [4, 8–10]. These detection methods are accurate; howev-
er, most have some weaknesses, such as high cost and depen-
dence on professional technology or advanced instruments,
which restricts their applications. Recently, some convenient
and low-cost methods have been developed for Ops determi-
nation [11–14]. But most of them are single readout assays.
These single-mode methods only provide limited information
and are susceptible to external interference, which may cause
false signals, while the dual-mode method increases the diver-
sity of information. Besides, the output results of dual-mode
method can be mutually verified, which significantly improve
the accuracy and reliability of the results [15–19]. To our
knowledge, the application of dual-mode strategy to deter-
mine Ops has so far been relatively rare. For example, Su
et al. designed a fluorometric and colorimetric dual-mode sen-
sor for sensitive paraoxon assay based on fluorescence
quenching of carbon dots (CDs) trigged by AChE [20]. Lu
et al. developed an electrochemical and colorimetric dual-
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readout lab-on-paper platform for paraoxon’s on-site monitor-
ing [21]. Thus, it is necessary to develop dual-mode approach
for Ops determination.

In our previous work, a portable photothermal assay
based on the polydopamine (PDA) nanoparticles for
point-of-care (POC) determination of alkaline phosphatase
(ALP) enzyme was developed [22]. However, the result of
photothermal sensor is susceptible to ambient environment,
including air temperature. To prevent false signal, it is a
promising strategy to integrate photothermal sensing with
other assay methods. Recently, the adaptation of fluores-
cence properties of PDA to the biochemical analysis has
received great research interest resulting from the excellent
sensitivity and convenience [23, 24]. In this study, a dual-
mode assay for accurate determination of Ops utilizing the
photothermal and fluorescent properties of PDA nanopar-
ticles was developed. As illustrated in Scheme 1, MnO2

can oxidize dopamine into dopamine-quinone, then un-
dergoes intramolecular cyclization, oxidization, and rear-
rangement, and eventually self-assembles to form PDA
nanoparticles which possess photothermal and fluorescent
signals [25, 26]. ALP enzyme can catalyze the dephosphor-
ylation of ascorbic acid 2-phosphate (AAP) and yield
ascorb i c ac id (AA) . Then , MnO2 nanoshee t i s
deoxygenized by AA and generated Mn2+, accompanied
by the formation of dehydrogenated ascorbic acid (DHA),
eventually inhibiting the formation of PDA nanoparticles.
However, Ops working as an inhibitor of ALP prevent the
yield of AA and decomposition of MnO2 nanosheets,
resulting in the generation of PDA nanoparticles with oxi-
dation of MnO2 nanosheets. The Ops concentration in so-
lution directly influences ALP activity, which ultimately
determined the photothermal and fluorescent signal chang-
es. The designed method can be accomplished without the
help of any heavy or expensive instrumentation, which is
meaningful for on-site determination of Ops.

Experimental section

Preparation and characterization of MnO2 nanosheets
and polydopamine nanoparticles

MnO2 nanosheets were synthesized employed a redoxmethod
[22] (shown in Electronic Supporting Material (ESM) in de-
tail). The synthesizedMnO2 nanosheets were characterized by
JEM-2100Plus (JEOL, Japan) and UV-2600 spectrophotom-
eter (Shimadzu, Japan).

An existing synthesis method was adopted to synthesize
PDA nanoparticles [26, 27] (shown in ESM in detail). The
synthesized PDA nanoparticles were characterized by JEM-
2100Plus (JEOL, Japan) and F-7000 (Hitachi, Japan).

Organophosphate pesticides determination

Dimethoate was selected as a model analyte to explore the
inhibition effect on ALP activity to induce formation of
PDA nanoparticles. Different consistencies of dimethoate
with final concentrations of 0–2000 μM were incubated with
100 U L−1 ALP, 23 μg mL−1 AAP, and 20 μg mL−1 MnO2 in
pH 7.4 Tris-HCl buffer at 30 °C for 40 min. Next, dopamine
solution (20 μg mL−1) was mixed with the reaction solution.
After stirring, the solution was kept on incubation at 25 °C for
0.5 h. Finally, 20 μL HCl solution (0.1 M) was added into the
solution to stop the reaction. For photothermal assay, the
resulting solution was irradiated with 780-nm laser for
10 min. A thermometer was applied to measure the
photothermal signal of resulting solution. For fluorescent as-
say, the resulting solution used was measured F-7000
(Hitachi, Japan) (the main parameters: both excitation and
emission slit width are 5 nm; voltage is 950 V; excitation
wavelength is 495 nm; and emission wavelength is 400 nm).

Real water was gathered from Xiang River in Changsha,
China. The water samples were firstly filtered three times and

Scheme 1 Schematic illustration of photothermal and fluorescent dual-mode assay for Ops determination
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the pretreat water samples were regarded as buffer for subse-
quent experiment. Next, dimethoate with different concentra-
tions was mixed with river water to yield solutions with final
dimethoate concentrations of 0–2000 μM. The above solu-
tions were analyzed using the proposed dual-mode method.
In addition, different quantities of dimethoate were directly
added to tap water samples to produce solutions with final
omethoate concentrations of 1, 10, 50, and 100 μM. The
spiked samples were analyzed and the concentration of di-
methoate was estimated according to the regression equation.
Then, the recovery rates of tap water samples spiked with
dimethoate were calculated. To verify universal applicability
of the biosensor, the assay (not added dimethoate in real sam-
ples) was chosen as a contrast.

Results and discussion

Characterization of MnO2 nanosheets

A one-pot method was applied to synthesize MnO2 nano-
sheets. In contrast to the previous methods [28–30], the pro-
posed method possesses some advantages including reducing
the time required for synthesis and avoiding harsh

experimental conditions (such as high pressure). The synthe-
sizedMnO2 nanosheets were characterized utilized some tech-
niques. TEM image in Fig. S1A clearly shows a clear two-
dimensional sheet-like shape of the synthesized MnO2 nano-
sheets. EDS spectrum proves the appearance of oxygen (O)
elements and manganese (Mn), with an atomic ratio of 2:1
(Fig. S1B). The UV-vis spectrum of the MnO2 nanosheets
shows a distinct absorption peak at 400 nm, in accordance
with previous reports (Fig. S1C) [31]. Besides, MnO2 nano-
sheets have good dispersibility in aqueous solution and can
remain dispersed for 3 weeks without agglomeration.

Characterization of polydopamine nanoparticles

PDA nanoparticles were produced through MnO2 nano-
sheets oxidizing dopamine. The morphology of PDA nano-
particles was characterized by TEM. The image (Fig. 1a)
illustrates that the nanoparticles are almost spherical in shape
and show excellent dispersion in water. Besides, the insert
histogram presents the size distribution of the PDA nanopar-
ticles that ranges in diameter from about 6 to 12 nm, and the
peak position is determined to be 9 nm. PDA nanoparticles
show identically well-resolved lattice fringes with
interplanar spacings of 0.21 nm (Fig. 1b). Besides, EDS

Fig. 1 The morphology and
fluorescent characterization of
PDA nanoparticles. a TEM
observation of the synthesized
PDA nanoparticles. Scale bar,
20 nm (insert: histogram of
particle size (diameter) distribu-
tion of PDA nanoparticles). b
High-resolution TEM graphics
(scale bar, 5 nm) and c EDS
spectrum of PDA nanoparticles. d
Fluorescence spectra of (a)
MnO2, (b) dopamine, and (c) do-
pamine + MnO2. Changes in
fluorescence intensity of the PDA
nanomaterials at 495 nm with
distinct pH (e) and temperature
(f). Error bars are standard devia-
tion of three repetitive
experiments
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spectrumof the PDAnanoparticles demonstrates the appear-
ance of carbon (C), nitrogen (N), and oxygen (O) elements
(Fig. 1c). Copper peak in Fig. 1c originates from the TEM
supporting carbon-coated copper grid. While no manga-
nese (Mn) element is observed. It implies that PDA
and MnO2 do not form a core-shell-structure nanocom-
posite, which is consistent with the previous work [26].

Next, the fluorescence properties of PDA nanoparticles
were characterized. As shown in Fig. 1d, neither dopamine
nor MnO2 has clear fluorescence unless they are mixed. The
obtained fluorescent PDA nanoparticles show the maximum
emission intensity at 495 nm. In Fig. 1e, the fluorescent inten-
sity does not change obviously as the pH value of the solution
rose from 3.0 to 9.0. Besides, the results (Fig. 1f) illustrate the
fluorescent intensity of PDA nanoparticles keeps stable when
the ambient temperature raises from 25 to 60 °C. These con-
sequences confirm that the PDA nanoparticles have superior
fluorescence stability.

Besides, the photothermal properties of PDA nanoparticles
were also characterized. The temperature of the mixture solu-
tion of dopamine and MnO2 rises gradually after 20 min laser
irradiation, while an ignorable temperature change occurred in
the MnO2 nanosheets or dopamine solution shown in Fig.
S2A. The data demonstrates that the PDA nanoparticles pos-
sess superior photothermal effect, in keeping with the previ-
ous works [22]. Another experiment is also taken to test the

photostability of PDA nanoparticles. As shown in Fig. S2B,
obvious photobleaching is not observed after PDA nanoparti-
cles undergo 5 cycle irradiations. These results demonstrate
the PDA nanoparticles have outstanding photothermal
stability.

Dual-mode determination of organophosphate
pesticides in buffer

The photothermal and fluorescent response under different
parameters (including buffer, the ratio of MnO2 nanosheets
and DA, the reaction time, and AAP concentration) was ex-
plored simultaneously. As shown in Fig. S3, 10 mM Tris-HCl
(pH 7.4) buffer, 1:1.4 of concentration ratio of MnO2 nano-
sheets and DA, 40 min of reaction time, and 23 mM AAP
concentration are chosen in the following experiment.

To test the applicability of the established dual-mode assay,
the inhibition efficiency of the sensing system with different
concentrations of dimethoate was measured. As shown in
Fig. 2a, the thermal response of PDA nanoparticles after the
irradiation progressively rises in pace with the increasing of
dimethoate concentration value. Figure 2b shows the change
trend of temperature signal change (ΔT −ΔT0) with various
concentrations of dimethoate. The inset of Fig. 2b illustrates
that the temperature signal change is proportional to the log-
arithm of dimethoate concentrations of 1 to 2000.0 μM. The
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Fig. 2 Sensitivity and selectivity investigation of the proposed assay. a
The thermal response after irradiation (780 nm, 10 min) for target
dimethoate at concentrations of 0, 1, 5, 10, 50, 100, 200, 500, 1000,
and 2000 μM. b Correlation between temperature change values
(T − T0) and the concentration of dimethoate (0.0 to 2000.0 μM). c The
selective investigation of the fluorescence mode. d Fluorescence spectra
of PDA with different concentrations of dimethoate (both excitation and

emission slit width are 5 nm; voltage is 950 V; excitation wavelength is
495 nm; and emission wavelength is 400 nm). e Correlation between
fluorescence intensity change values (F − F0) and the dimethoate
concentration (0.0 to 2000.0 μM). f The selective investigation of the
photothermal mode. Error bars are the standard deviation of three
repetitive experiments
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regression equation is Y = 3.36 × lgX + 0.64 with a correlation
coefficient R2 of 0.9863. Y is temperature signal change (ΔT
−ΔT0). X is the dimethoate concentration.ΔT0 is the temper-
ature signal change after irradiation without dimethoate.ΔT is
the temperature signal change after irradiation when dimeth-
oate appears. The detection of limit (LOD) of dimethoate is
estimated to be 0.1 μM (S/N = 3).

Afterward, the performance of fluorescent sensing is also ex-
plored with the increase of dimethoate concentration. The fluo-
rescence intensity at 495 nm gradually rises along with the in-
creasing of dimethoate concentration (0.0 to 2000.0 μM) (Fig.
2d). As Fig. 2d shows, the increase of concentrations of dimeth-
oate results in strengthening of the fluorescence intensity. The
inset of Fig. 2e illustrates the fluorescence intensity changes lin-
early against the concentration of dimethoate (1 to 100μM). The
regression equation is Y = 14.21X + 78.90 (R2 = 0.9903). Y is
fluorescence intensity. X is defined as the dimethoate concentra-
tion. The LOD of dimethoate is estimated to be 0.1 μM (S/N =
3). It is lower than the standard limit of dimethoate residue in
centralized surface water source for drinking water (0.3 μM)
defined by the Ministry of Ecology and Environment of China
[32]. It implies that the strategy may meet actual requirements.
As shown in Table S1, compared with other methods for Ops or
dimethoate determination, the dual-mode method has a wide
detection range and low detection limit. Besides, the method
which integrated the photothermal and fluorescent mode can
reduce the possibility of false signals as much as possible, so it
has superior accuracy and reliability.

Specificity is another significant characteristic to evaluate the
performance of sensing platform. The signal changes of the plat-
form towards common pesticides, such as triazoles (triadimefon),
organochlorine (chlorothalonil and dicofol), Ops (malathion), so-
dium, potassium, and phosphate,were investigated. The histogram
(Fig. 2c, f) reveal that triadimefon, chlorothalonil, dicofol, sodium,
potassium, and phosphate generateweak fluorescence and temper-
ature signal compared to blank sample. However, Ops including
dimethoate and malathion cause remarkable positive response. It
demonstrates that these interference substances have slight effect
on the sensing platform, suggesting that the assay has excellent
selectivity towards Ops. In theory, other reducing substances such
as glutathione may affect the sensing performance by reducing
MnO2. However, the concentration of glutathione in real water is

too low to affect the sensing performance. The standard limits of
other small reducing molecules residue including formaldehyde,
acetaldehyde, aniline, benzidine, and hydrazine hydrate in central-
ized surfacewater source for drinkingwater are also very low [32].
Therefore, these reducing molecules can cause ignorable effect on
the sensing performance.

Organophosphate pesticides determination in real
water

To assess the reliability of the method in real samples, the
dimethoate in river water was determined using the designed
PDA-nanoparticles-based photothermal and fluorescent dual-
mode assay. As shown in Fig. S4A and Fig. S4B, whether in
river water samples or in buffer, the photothermal and fluo-
rescent signal changes against the target dimethoate concen-
tration are basically consistent. As shown in Table 1, the re-
covery rates for four spiked dimethoate concentrations (1, 10,
50, 100 μM) in tap water are in an accurate range of 99.4–
107.6%. The dual-mode method exhibits good accuracy with
a relative standard deviation (RSD) less than 4.99%, which
confirms that the proposed dual-mode method matches the
requirement of dimethoate determination in real water. The
above results suggest that the dual-mode platform has poten-
tial worth for dimethoate determination in practical samples.

Conclusions

In conclusion, a dual-mode assay was designed for quantifica-
tion of Ops based onALP-inhibition-induced formation of PDA
nanoparticles. Given that PDA nanoparticles possess excellent
photothermal and fluorescent properties, this assay integrated
dual-mode can reduce the possibility of false signals for ensur-
ing reliability. Besides, the assay can be completed without the
assistance of any heavy or costly instrumentation, which is
meaningful for on-site determination of Ops. The method pos-
sesses superior sensing capability for Ops analysis in practical
samples. However, the proposedmethod is time-consuming and
cannot be regenerated, which might limit the POC application.
In the future, we will further improve the experimental condi-
tions to achieve rapid POC determination of Ops.

Table 1 Results of the determination of dimethoate in spiked real samples

Fluorescent method Photothermal method

Sample Spiked (μM) Found (μM) Recovery (%) RSD (n = 3, %) Found (μM) Recovery (%) RSD (n = 3, %)

Tap water 1 1.02 102 0.27 1.07 107 0.47

10 10.76 107.6 1.13 10.24 102.4 1.10

50 50.11 100.2 1.48 49.70 99.4 4.30

100 99.65 99.6 4.99 100.43 100.4 3.21
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