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Abstract

Acephate is an organophosphorus pesticide (OPs) that is widely used to control insects
in agricultural fields such as vegetables and fruits. Toxic OPs can enter human and
animal bodies and eventually lead to chronic or acute poisoning. However, traditional
enzyme inhibition and colorimetric methods for OPs detection usually require
complicated detection procedures and prolonged time and have low detection
sensitivity. High-sensitivity monitoring of trace levels of acephate residues is of great
significance to food safety and human health. Here, we developed a simple method for
ultrasensitive quantitative detection of acephate based on the carbon quantum dots
(CQDs)-mediated fluorescence inner filter effect (IFE). In this method, the fluorescence
from CQDs at 460 nm quenched by 2, 3-diaminophenazine (DAP) and the resulted
fluorescence from DAP at 558 nm through an IFE mechanism between CQDs and DAP,
form ratiometric responses. The ratiometric signal I555/1,59 was found to exhibit a linear
relationship with the concentration of acephate. The detection limit of this method was
0.052 ppb, which is far lower than the standards for acephate from China and EU in
food safety administration. The ratiometric fluorescent sensor was further validated by
testing spiked samples of tap water and pear, indicating great potential for sensitive
detection of trace OPs in complex matrixes of real samples.

Keywords : Acephate; Inner filter effect (IFE); Carbon quantum dots (CQDs);

Enzyme inhibition; organophosphorus pesticides (OPs)
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1. Introduction

In recent decades, organophosphorus pesticides (OPs) such as acephate have been
widely used in the prevention, control and elimination of plant diseases and insect pests
on vegetables and fruits [-2]. However, except approximately 2.5% of the pesticides for
pest control, the remaining 97.5% is left in the soil, atmosphere, and water resources
[3], This eventually inhibits the activity of cholinesterase when it enters the human body
directly or indirectly through bioconcentration, direct human contact, and eating,
resulting in a large accumulation of the neurotransmitter acetylcholine (ATCh) 4, As a
consequence, the accumulated ATCh blocks nerve conduction, poisoning the central
nervous system and harming human health %], This has become an increasing issue as
the abuse of pesticides is currently a global concern. [l. Therefore, maximum allowable
limits of different OPs have been set by regulatory agencies. For instance, the maximum
allowable limit of acephate in food is 0.02 ppm U7l. Hence, it is very important to

accurately detect and quantify trace levels of pesticides in food and the environment.

A variety of well-developed technologies have been applied for the detection of OPs
mainly including gas chromatography (GC) B9  high-performance liquid
chromatography (HPLC) 1'%, and capillary electrophoresis ['!l. Although they possess
obvious advantages in detection accuracy, high throughput, and reproducibility, these
methods require sophisticated and expensive detection instruments, and time-
consuming and professional operations. Therefore, more rapid and low-cost biosensors
have been explored for the quantitation of pesticides, mainly including enzyme-linked
immunosorbent assays [1%], electrochemical methods 13141, enzyme inhibition combined
with colorimetric analysis methods [15-13], and surface enhanced Raman scattering [1%-20],
However, these methods still have shortcomings such as low sensitivity, requirements
of high-affinity antibodies, and false-positive results (low specificity). Thus, there is an

urgent need to develop new highly sensitive methods for the detection of OPs.

Due to high sensitivity, fast response, and high signal-to-noise ratios of fluorescence
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(21,221 fluorescence-based biochemical sensors have been developed for OPs
quantitation, including silicon quantum dots (SiQDs) 23], CdTe/ZnCdSe quantum dots
[241 organic fluorescent dyes [2°! and aggregation-induced luminescent molecules (AIE)
[26], However, most of these metal-based quantum dots or organic fluorescent molecules
usually have poor water solubility, long preparation time, and toxicity, which lead to
limited applications for food safety surveillance. Conversely, as a new type of carbon-
based nanomaterials, carbon quantum dots (CQDs), possess many advantages such as
tunable fluorescence emission dependent on size and excitation wavelength, ease of
preparation 271, high stability, better water solubility, non-toxic and excellent
biocompatibility [*8]. Furthermore, compared with other fluorescence quenching
mechanisms such as static quenching, dynamic quenching, photoinduced electron
transfer (PET), and Forster resonance energy transfer (FRET), the fluorescence inner
filter effect (IFE) can be readily used for CQDs-based fluorescence sensors without
complicated functional modification of CQDs and any electron or energy transfer
process 21, Similar to FRET, IFE also depends on the spectral overlap between the
fluorophore and the absorber. However, there is no distance requirements between the
energy donor and the absorber in IFE B9, IFE occurs when the absorption spectrum of
the quencher in the detection system overlaps the excitation or emission spectrum of
CQDs B, Therefore, the combination of CQDs and the fluorescence IFE mechanism
will provide a new facile and low-cost strategy for sensitive fluorescence detection of

OPs.

Herein, we designed a sensitive acephate detection method based on enzyme inhibition
and the CQDs-mediated IFE effect. A detection strategy with fluorescence ratiometric
response characteristics was developed using OPD and CQDs as indicators. In the
presence of acephate, acephate acts as an inhibitor of AChE and blocks the production
of thiocholine, which prevents the formation of Ag" metal-polymer, and further triggers
the oxidation of OPD to produce yellow 2,3-diaminophenazine (DAP) with
fluorescence emission at 558 nm. The fluorescence intensity of CQDs (460 nm) is
quenched by the IFE process due to overlapped spectra of DAP, forming a typical

3
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ratiometric response. This method is simple and sensitive, and has achieved a limit of
detection of 0.052 ppb, three orders of magnitude lower than the maximum allowable
limit of acephate. This fluorescence method based on CQDs-mediated IEF has been
further validated by testing tap water and pear samples spiked with acephate, indicating

high potential for facile and sensitive detections of OPs.
2. Experimental Section

2.1 Reagents and Instruments

CQDs (size 4.5 nm, 50 mg/mL) were purchased from Xingzi New Material
Development Co., Ltd. Acephate and acetamiprid (100 pg/mL in methanol) were
procured from Beijing Tanmo Quality Inspection Technology Co., Ltd. Thiram was
purchased from Shanghai Titan Technology Co., Ltd. SDM and CaCl, were provided
by Shanghai Aladdin Biochemical Technology Co., Ltd. OPD was obtained from
Xinfan Biological Technology Co., Ltd. Silver nitrate was purchased from Kermel
Chemical Reagent Co., Ltd. (Tianjin, China). A pesticide rapid detection kit was
purchased from Dayuan Oasis Food Safety Co., Ltd. (Guangzhou, China), which
included the substrate (acetylcholine, ATCh), the hydrolytic catalyst
(acetylcholinesterase, AChE), and phosphate buffer (pH = 8.0, used for eluting methyl

parathion residues in fruits and vegetables).

The UV-vis absorbance spectra were measured using a UV-3100 spectrometer
(Shanghai Mapada Instrument Co., Ltd.). The FL emission and excitation spectra were
obtained by a fluorescence spectrometer FluroMax-4 (HORIBA Scientific). Deionized
water (specific resistivity 18.2 MQ-cm) produced with a Barnstead EasyPure UV/UF
compact water system (Dubuque, IA) was used to prepare all buffers/solutions
throughout the experiments. Ag*-Thiocholine complexes and CQDs were characterized

by XPS (Figure S1) and high-resolution TEM (Figure S2), respectively.

2.2 Optimization of Ag* concentration

A series of Ag"™ solutions with different concentrations of 0, 17, 34, 68, 85, 170, 340,
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510, 680, 850, 1020, 1190, 1360, 1530, 1700 umol/L were prepared in brown centrifuge
tubes. Afterward, 250 pg/mL CQDs and 25 mmol/L OPD were added to these
centrifuge tubes. After mixing, the reaction was left in a brown centrifuge tube for 5
minutes. Subsequently, the reacted solution was transferred to a micro quartz cuvette
(300 pL each) for fluorescence emission spectroscopy measurement with the excitation
wavelength of 360 nm. Finally, the emission peaks of CQDs at 460nm and DAP at

558nm were recorded to calculate the ratiometric response /s5s5s/1450.

2.3 Quantitative detection of acephate

A series of different concentrations of acephate solutions were first prepared to
establish calibration curves. 1 pL. of AChE was mixed with 25 uL of each acephate
solution with different concentrations and were left to react at room temperature for 25
minutes. Subsequently, 1 pL. of ATCh was added and incubated in dark at 37°C for 15
minutes. After these incubation processes, a solution with 95 pulL 700 umol/L Ag*, 283
pL 250 pg/mL CQDs and 95 pL 25 mmol/L OPD was added and mixed in the reaction
system. After 5 minutes of reacting in each of the brown centrifuge tubes at 37 °C was
complete, the fluorescence spectra were measured under 360 nm excitation. The
fluorescence signals of CQDs at 460 nm (/,49) and DAP at 558 nm (/555) were recorded,
and the ratiometric fluorescence signal /55¢/1,50 was used for quantitative analysis of

acephate.

2.4 Real samples preparation
Different concentrations of standard acephate (400, 200, 100, 40 ng/mL) were mixed
with tap water from our laboratory faucets in a volume ratio of 1:1, and the final spiked

concentrations were 200, 100, 50, and 20 ng/mL.

Fresh pears were purchased from the local supermarket and were washed thoroughly
with ultrapure water. Pears were cut into five pieces. The samples (1.0 g each) were
spiked with 0, 2000, 4000, 6000 and 8000 ng/mL acephate. The spiked samples were
mixed with 5 mL of acetonitrile, extracted ultrasonically for 10 min, and centrifuged

5
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for 10 min at 4000 rpm. 3.5 mL of the supernatant was extracted and filtered through
anhydrous sodium sulfate, and the volume was adjusted to 5 mL for detection. The final

spiked concentrations were 0, 23.33, 46.67, 70.00 and 93.33 ng/mL.

3. Results and discussion

3.1 Principle of the acephate detection system

The principle of ratiometric FL protocol is illustrated in Figure 1, in which the enzyme
inhibition method is combined with the IFE to achieve the sensitive quantitation of
acephate. When there is no acephate, AChE hydrolyzes ATCh to generate
thiocholinel*?l, which combines with Ag® to form metal-polymers!33]. Hence, the
fluorescence intensity of the reaction mainly comes from the emission of CQDs at
460nm. However, in the presence of acephate, which acts as an inhibitor of AChE,
acephate will prevent the hydrolysis of ATCh from producing thiocholine, thereby
preventing the formation of metal-polymers formed by thiocholine and Ag".
Furthermore, the oxidation of OPD by Ag™ is triggered to generate yellow DAP, which
emits fluorescence at 558nm (excitation 360 nm) and quenches the fluorescence
intensity of CQDs through IFE. By establishing the relationship curve between the
concentration of acephate and /5591459, the quantitative detection of acephate can be

realized.

|
N+
|

s 7 .
withoutops /" acnE > SH” 7 5 /./’/ + X
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e
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o) s | . .
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5% OPs Ag* @ cabs & OPD W DAP

Figure 1. Schematic illustration of the principle of sensitive and quantitative detection of acephate
based on CQDs-mediated IFE.
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In this work, the IFE between CQDs and DAP is the key to the high-sensitivity
quantification of acephate. Figure 2(a) shows the absorption spectra of OPD and DAP
and the emission spectra of CQDs. It can be seen that there are large overlaps between
the emission spectrum of CQDs and the absorption spectrum of DAP, which contributes
to the generation of the IFE mechanism, and provides the feasibility for establishing the

ratiometric responses of the fluorescence intensity of DAP and CQDs.

After establishing the aforementioned acephate detection system, the feasibility of the
ratiometric system for sensitive detection of acephate was evaluated by testing OPD,
Ag", ATCh, AChE, and OPs, respectively. As shown in Figure 2(b), when there were
only CQDs and colorless OPDs in the system, only the characteristic emission peaks
(black and red curve) of CQDs are displayed. Once Ag™ was further added to the above
system, the colorless OPD generated DAP due to the oxidation of Ag", which
effectively quenched the fluorescence intensity of CQDs through the IFE mechanism,
resulting in the appearance of double fluorescence peaks (green curve). When ATCh,
AChE, or OPs were added to the system separately, because ATCh, AChE or OPs alone
did not have an effect on the system, the peaks remained the same, including the
characteristic peaks of CQDs and DAP. When ATCh and AChE were added at the same
time, the hydrolysate of ATCh preferentially produced metal-polymers with Ag*, and
the oxidation of OPD was inhibited (purple line), leading to only one peak from CQDs.
On the other hand, when OPs was added to the detection system, it irreversibly
prevented the catalytic activity of AChE, leading to inhibition of ATCh hydrolysis.
Therefore, the dual effects from the CQDs emitted fluorescence and the inhibitory
effect from DAP (i.e., IFE) that was correlated to the concentration of OPs, form the
ratiometric FL signal for quantitative detection of OPs, and the yellow line further

confirmed its feasibility.
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Figure 2. (a) UV-vis absorbance spectra of OPD and DAP, and the fluorescence spectra of CQDs.
(b) Feasibility test of the ratiometric strategy.

3.2 Influences of Ag"and OPD on the fluorescence of CQDs

To verify that in the detection system the quenching of the fluorescence intensity of
CQDs in the detection system is only caused by the change of Ag* concentrations due
to the change of acephate concentrations, and OPD or Ag™ itself will not affect the
fluorescence intensity of CQDs. We separately studied the effects of adding different
concentrations of Ag"™ and different concentrations of OPD on the fluorescence intensity
of CQDs. 250 pg/mL CQDs was mixed with Ag" solutions at different concentrations
(0, 100, 200, 300, 400, 500 umol/L) at a volume ratio of 1:1. Excited under 360 nm
light, the measured fluorescence intensities of CQDs with different concentrations of
Ag" at 460 nm are shown in Figure 3(a). With the addition of different concentrations

of Ag*, the fluorescence intensity of CQDs remained almost unchanged.

In addition, we explored the influence of different concentrations of OPD on the
fluorescence intensity of CQDs. After mixing 250 pg/mL CQDs with different
concentrations (0, 2.0, 4.0, 6.0, 8.0, 10.0 mmol/L) of OPD (volume ratio 1:1), the
fluorescence intensity was measured and shown in Figure 3(b). With the addition of
different concentrations of OPD, the fluorescence intensity of CQDs also remained
virtually unchanged. Thus, the above experimental results confirmed that the addition

of Ag* or OPD alone does not cause the fluorescence quenching of CQDs.
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Figure 3. The effect of Ag* (a) and OPD (b) on CQDs fluorescence intensity.

3.3 Optimization of Ag* concentration

To confirm the IFE effect between CQDs and DAP, different Ag* concentrations (0-
1000 pmol/L) were added to the system and were left to react for 5 minutes. We can
see from Figure 4(a) that as the Ag* concentration increased, the fluorescence intensity
of CQDs at 460 nm gradually decreased, while the emission intensity of DAP at 558
nm gradually increased, which further verified the IFE effect between CQDs and DAP.
Figure 4(b) shows the trend of the fluorescence intensity at 558 nm with the change of
the Ag" concentration. The fluorescence at 558 nm from DAP gradually increased with
the increase of the Ag™ concentrations. When the Ag* concentration was 700 umol/L,
the DAP fluorescence enhancement at 558 nm reached saturation. Therefore, the final
concentration of Ag*”was chosen to be 700 umol/L for the optimal detection of acephate

in the subsequent experiments.
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Figure 4. Optimization of the concentrations of Ag™. (a) Fluorescence spectra caused by different
concentrations of Ag*. (b) The fluorescence intensity at 558 nm with the change of the Ag*
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concentration. When the concentration of Ag* wasd 700 umol/L, the fluorescence enhancement of
the DAP was saturated.

3.4 Quantitative detection of acephate based on enzyme inhibition combined with
IFE effects

After condition optimization, we have tested various concentrations of acephate using
the biosensor based on enzyme inhibition and CQDs-mediated fluorescence internal
filtration effect. Figure 5(a) shows the fluorescence spectra measured by a fluorescence
spectrometer under excitation of 360 nm, with different concentrations of acephate
ranging from 0 to 100 ng/mL. It can be seen that with the increase in the concentration
of acephate, the fluorescence intensity (460 nm) of CQDs gradually weakened, while
the fluorescence intensity (558 nm) of DAP gradually increased. A good linear
relationship (R?=0.981) between the ratiometric response (I555/1459) and the logarithm
of the concentration of acephate was obtained over the range from 0 to 100 ng/mL in
Figure 5(b). The regression equation was y = 0.3098 (30.0225) log;oX + 0.7677 (%
0.0320), where X was the concentration of acephate and y was the fluorescent
ratiometric signal /s55¢/1,59. According to the 3o principle (signal-to-noise ratio of 3), the
detection limit of this detection method was calculated to be 0.052 ppb. Compared with
other OPs detection methods, as listed in Table 1, our detection system has a much
lower detection limit and wider linear range (Table 1). Our LOD is at least 40 times

lower than (compared to 2 ppb) those of other methods.

500 1.5
a = 0 ng/mL |
400 - ( ) — Spg/mL 14 (b)
e ’ 10 ng/mL 1.3 =
= ” \) —— 20 ng/mL
E 300 4 / —— 50 ng/mL 2 1.2 1
5 N — -+
Q i 100 ng/mL :w 11 -
@ v,
E 200 4 - 1.0 -
E 0.9
= 100 )
0.8 1
U ] L] L] 1 0-7 1 L} L 1 L]
400 500 600 700 800 0.0 0.5 1.0 1.5 2.0
Wavelength (nm) Log ( [Acephate] (ng/mL) )

Figure 5. (a) Fluorescence spectra of concentrations of acephate (0, 5, 10, 20, 50 and 100 ng/mL)
measured by the biosensor based on enzyme inhibition combined with IFE effects. (b) Linear plot
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of ratiometric response I55g/I,459 versus the logarithm of the concentration of acephate.

Table 1. Comparison with other detection methods for OPs.

Sensing Method Liner Range LOD Ref.
Colorimetric Enzymatic
Inhibition 10-500 nM 10 nM [17]
Electrochemical 2-20 ppb 2 ppb [13]
Fluorescence 0.015-1.5 mM 24.7 ng/mL [26]
Surface-Enhanced Raman 0.5-100.2 mg/L 0.5 mg/L [20]

GC-MS/MS 16-100 ppb 5 ppb [34]

IFE Fluorescence 0-100 ng/mL 0.052 ppb This work

3.5 Acephate detection in real samples

From the perspective of real applications, it is crucial to evaluate the method by testing
acephate residues in food products and environmental samples. In this work, the
application of this detection method was demonstrated by testing spiked acephate in tap

water and pear samples.

Tap water was spiked with different concentrations of acephate (20, 50, 100 and 200
ng/mL) using the standard addition method. Figure 6 (a) shows the fluorescence
spectrum under the 360 nm excitation after adding 20, 50, 100, and 200 ng/mL acephate
to tap water. To study the accuracy of the detection system, we conducted a recovery
test using the standard addition method. As shown in Table 2, the recovery rates of
acephate with known spiked samples were measured in the range of 95~106.65% for
tap water samples, and a relative standard deviation (RSD) of less than 1.28% was

obtained, indicating good accuracy and high reproducibility of our method.

The method was further validated by testing pear samples. Pear samples were prepared
according to the “Real samples preparation” section, in which the spiked concentrations
were 0, 23.33, 46.67, 70.00, and 93.33 ng/mL. Figure 6 (b) shows the fluorescence
spectra of different concentrations of spiked acephate in pear samples. As listed in

Table 3, the recoveries for the known spiked pear samples of acephate were determined



oNOYTULT D WN =

Analyst

to be in the range of 93.51~111.15%, which met the criterion on quality control of

laboratories-chemical testing of food.

500 500
(a) — 20 ng/mL (b) 0 ng/mL
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- ~
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Figure 6. (a) Fluorescence spectra of the system by spiking varied concentrations of acephate in tap
water (20, 50, 100 and 200 ng/mL). (b) Fluorescence spectra of the system by spiking varied
concentrations of acephate in pear (0, 23.33, 46.67, and 93.33 ng/mL).

Table 2. Determination of Acephate in Tap water Samples.

Sample Added Value Found Recovery RSD
(ng/mL) (ng/mL) (n=3, %) (n=3, %)

0 / / /

20 21.33 106.65 1.28

Tap Water 50 47.89 95.78 1.03

100 106.09 106.09 0.98

200 202.30 101.15 1.17

Table 3. Determination Results of Acephate in Pear Samples.

Sample Added Value Found Recovery RSD
(ng/mL) (ng/mL) (n=3, %) (n=3, %)
0 / / /
23.33 25.93 111.15 4.17
Pear
46.67 43.64 93.51 3.87
93.33 98.60 105.64 4.23

3.6 Selectivity of the detection system
To evaluate the selectivity of the detection system, 1000 ng/mL of other interfering

substances (acetamiprid, thiram, sulfa antibiotics (SDM), and Ca*") were chosen to

12
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investigate the anti-interference ability of our method, while the concentration of
acephate was kept at 100 ng/mL. As shown in Figure 7, the signal intensity ratio Issg/I4s0
of acephate was the highest, reaching 1.43, whereas the ratiometric signals Iss5s/1460 of
other interfering substances were similar to the blank and much lower than the signal
caused by acephate, though high concentrations of interfering substances were used.
These results indicated that the detection system has high selectivity for

organophosphorus pesticides.

1.6
1.4
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- 1.2 4
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[
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o ,‘\‘\t‘:w ﬁ\@(‘ [ Cﬁp‘ct?“‘a

P,C
Figure 7. Selectivity investigation. Acephate, 100 ng/mL; other interfering agents, 1000 ng/mL.

4. Conclusion

In summary, a new enzyme inhibition method combined with the IFE effect has been
developed for the sensitive quantitative detection of acephate. The dual effects from the
CQDs emitted fluorescence and the inhibitory effect from DAP (i.e., IFE) that was
correlated to the concentration of OPs form the ratiometric fluorescence response,
which was used for quantitative detection of OPs. The detection limit of this method is
0.052 ppb, which is far lower than the standards for acephate from China and EU in
food safety administration (e.g., 0.02 ppm for China). Compared with traditional
enzyme inhibition methods, this method exhibits much higher detection sensitivity.
Leveraging a portable fluorescence detector and an integrated microfluidic device to be
developed [33-38]) this method will have great potential for rapid and ultrasensitive
screening of trace pesticide residues on site, and broad application in food safety testing,

environmental pollution monitoring, and poisoning estimation.
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