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This paper reports a novel nanosensor for organophosphorus pesticides based on the fluorescence re-
sonance energy transfer (FRET) between NaYF4:Yb,Er upconversion nanoparticles (UCNPs) and gold
nanoparticles (AuNPs). The detection mechanism is based on the facts that AuNPs quench the fluores-
cence of UCNPs and organophosphorus pesticides (OPs) inhibit the activity of acetylcholinesterase
(AChE) which catalyzes the hydrolysis of acetylthiocholine (ATC) into thiocholine. Under the optimized
conditions, the logarithm of the pesticides concentration was proportional to the inhibition efficiency.
The detection limits of parathion-methyl, monocrotophos and dimethoate reached 0.67, 23, and 67 ng/L,
respectively. Meanwhile, the biosensor shows good sensitivity, stability, and could be successfully applied
to detection of OPs in real food samples, suggesting the biosensor has potentially extensive application
clinic diagnoses assays.

& 2014 Elsevier B.V. All rights reserved.
1. Introduction

Organophosphorus pesticides (OPs) are widely used in agri-
culture due to their relatively low persistence under natural con-
ditions, easy synthesis, low cost and high effectiveness for insect
eradication, which comes to ensure the high production of crops
(Zheng et al., 2011a, 2011b; Liu et al., 2012; Li et al., 2014). How-
ever, the wide use of pesticides have resulted in the widespread
contamination of water, atmosphere, soil and agricultural products
(Yi et al., 2013) and eventually lead to food safety issues (Liu et al.,
2012; Guo et al., 2013). The most widely-used insecticides ex-
hibited acute toxicity on human health even at very low levels.
According to the World Health Organization, 1.5 billion cases of
diarrhea in children (leading to more than 3 million deaths) are
caused by contaminated food each year (Yi et al., 2013). The high
toxicity of organophosphorus pesticides is attributed to the their
ability to irreversibly inhibit the activity of acetylcholinesterase
(AChE) (Liu et al., 2012). AChE is a key enzyme in the central and
peripheral nervous system, which possesses extraordinarily high
catalytic activity to break down the acetylcholine (a neuro-
transmitter) at cholinergic synapses through rapid hydrolysis of
acetylcholine into choline and acetate (Jia et al., 2013; Liao et al.,
2013; Yi et al., 2013). Organophosphorus pesticides inhibit the
activity of acetylcholinesterase (AChE) and allow acetylcholine to
).
remain active in the synapse which can lead to deadly con-
sequences such as cause muscarinic, nicotinic and central nervous
system symptoms, and even coma and respiratory failure and
death for severe patients (Yi et al., 2013). Therefore, development
of an efficient, reliable assay and simple method for monitoring
and quantifying organophosphorus pesticides in complex samples
is important to improve food safety.

In the past decade, great effort has been made to develop
various efficient methods to determine pesticides in food or water.
Among the numerous analytical methods, electrochemical analysis
(Liu and Lin, 2005; Viswanathan et al., 2009; Chauhan and Pundir,
2011; Du et al., 2011; Tian et al., 2011; Yong et al., 2011; Yang et al.,
2014), liquid/gas chromatography-mass spectrometry (Payá et al.,
2007; Buonasera et al., 2009; Lee and Lee, 2011; Seebunrueng
et al., 2014; Zhu et al., 2014), enzyme-linked immunosorbent as-
says (ELISAs) (Gabaldón et al., 2007; Qian et al., 2009; Jiang et al.,
2011), colorimetric assay (Liang et al., 2012; Liu et al., 2012; Fu
et al., 2013) and fluorescence assay (Peng et al., 2009; Zhang et al.,
2010; Zhao et al., 2011; Zheng et al., 2011a, 2011b; Guo et al., 2013;
Yi et al., 2013) are widely used. Although these methods men-
tioned above are of high selectivity and sensitivity, many of them
involved laborious synthetic procedures, tedious pretreatment of
samples, time-consume immobilizing processes and sophisticated
instrumentation. Optical methods, especially fluorescence meth-
ods, have many advantages such as reliable, simple instruments,
easiness for operation and high sensitivity. But they are still lim-
ited because of the difficulty to eliminate the background inter-
ference in complex sample matrices. Therefore, it is imperative to
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develop simple, highly sensitive and inexpensive fluorescence
methods for the rapid detection of pesticides without auto-
fluorescence interference and photobleaching.

In recent years, lanthanide-doped near-infrared (NIR)-to-visi-
ble upconversion nanoparticles (UCNPs) are capable of emitting
strong visible luminescence with the excitation of NIR light (ty-
pically 980 nm) (Wu et al., 2014) via a two-photon or multiphoton
mechanism (Chen et al., 2013a, 2013b; Ma et al., 2014). Compared
with the traditional organic fluorophores, UCNPs as fluorescent
biolabels, possess several unique qualities, such as attractive op-
tical and chemical features, low cytotoxicity, large Stokes shifts,
greater tissue penetration, long lifetimes, high resistance to pho-
tobleaching, blinking and photochemical degradation (Liu et al.,
2011; Chen et al., 2013a, 2013b; Liu et al., 2013; Zhou et al., 2014).
More importantly, compared with organic fluorophores and QDs,
the excitation light of UCNPs (NIR light) can not be absorbed by
biological samples (Liu et al., 2011), which could eliminate the
autofluorescence by biological samples, thus providing an en-
larged signal-to-background ratio and improved sensitivities (Liu
et al., 2011; Wang et al., 2012; Li and Wang 2013; Liu et al. 2013;
Zhou et al., 2014). To the best of our knowledge, there is no study
associated with enzyme-catalyzed events by using UCNPs. There-
fore, the development of new method by using UCNPs has great
significance in investigation of complicated enzyme-catalyzed
system.

In this work, we designed a new UC-FRET-based optical bio-
sensor by means of an assembly of UCNPs and AuNPs for the de-
tection of organophosphorus pesticides. The proposed novel
strategy for pesticide detection is shown in Scheme 1. An efficient
fluorescence resonance energy transfer (FRET) would occur be-
tween UCNPs and AuNPs, with UCNPs acting as the donors and
AuNPs as the acceptors. The fluorescence of UCNPs can be sig-
nificantly quenched by AuNPs attached to the surface of UCNPs
through electrostatic interaction. Acetylthiocholine (ATC) is an
analog of acetylcholine, a substrate of AChE, and it can be easily
hydrolyzed to generate thiocholine. The electrostatic interactions
and gold–thiols interaction between thiocholine and AuNPs re-
sulted the disintegration of the AuNPs/UCNPs assembly and the
aggregation of AuNPs. In the presence of pesticides, the activity of
AChE is inhibited by pesticides, which preventing the generation
of thiocholine and the FRET system formed, thus the fluorescence
of UCNPs is quenched.
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Scheme 1. Schematic illustration of the UCNPs–AuNPs
2. Experimental sections

2.1. Materials and apparatus

Rare earth oxides, including Y2O3, Yb2O3, Er2O3, were pur-
chased from China National Pharmaceutical Group Corporation
(Shanghai, China). acetylcholinesterase (AChE) (from electro-
phorus electricus) and Acetylthiocholine (ATC) were obtained
from Sigma-Aldrich (Shanghai, China). Dimethoate, mono-
crotophos and parathion-methyl were from Huaerbo Chemical
Reagent Co. NaCl, KCl, FeCl3, MgCl2, AlCl3, CaCl2, Na2SO4, Na2CO3,
ZnCl2, Na3PO4, NaHCO3, GdCl2, glucose, fructose, 2-nitrophenol,
proline, histidine, arginine and vitamin C were purchased from
Beijing Chemical Corp. All the other chemicals (99%, Merck) used
in this work were of analytical grade and Millipore Milli-Q ultra-
pure water was used throughout the experiments. The UV-245
spectrophotometer (Shimadzu Co., Japan) was used to collect the
absorption spectra of AuNPs. The fluorescent emission spectra of
UCNPs were recorded by the F-4500 fluorescence spectro-
photometer (Hitachi Co., Japan). Transmission electron microscopy
(TEM) images were collected by the JEOL-1230 transmission
electron microscope (JEM-3010 Joel, Japan). The ζ potential mea-
surement was performed by the Nano-ZS Zetzsozer ZEN3600
(Malvern Instruments Ltd., UK). High-performance liquid chro-
matography (HPLC; Agilent 1200, USA) analysis was performed on
a Zorbax SB-C18 column (150 mm�4.6 mm i.d., 4 μm).
2.2. Experimental procedure for the fluorescence detection of
pesticides

Various amounts of pesticides were added to same AChE so-
lution (10 mU/mL), which were then kept in the dark for 30 min.
UCNPs (30 μL, 0.06 mg mL�1), AuNPs (0.2 mL, 1.28 nM), PBS
(10 mM, pH¼8.0) were then added into each mixture and finally
aliquots of ATC (10 μM) were added into the mixtures. The re-
sulting mixtures were kept in the dark for 20 min (the final vo-
lume is 500 μL), and the fluorescence emission spectra were
measured with excitation wavelength at 980 nm. The relationships
between the percentage enzyme inhibition and the concentrations
of pesticides were plotted into calibration curves.
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fluorescence assay for the detection of pesticides.
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3. Results and discussion

3.1. Characteristics of UCNPs and AuNPs

The morphology, structure and optical properties of UCNPs
were characterized by TEM, XRD, FTIR and fluorescence spectra,
and the results are shown in Figs. 1 and S1–3. The TEM results
(Fig. 1A) suggested that the as-prepared UCNPs are spherical in
shape and fairly uniform in size (average size: 30 nm). The typical
XRD patterns of the as-prepared UCNPs are presented in Fig. S1.
The peak positions are in good agreement with the standard va-
lues for cubic (JCPDS no. 77-2042), indicating the highly crystalline
nature possessed the synthesized material. As shown in Fig. S2
(curve 2), two strong absorption bands at 2934 cm�1 and
2865 cm�1 are assigned to the C–H (�CH3 and �CH2�) stretch
and a weak absorption near 1480 cm�1 is attributed to the sym-
metric deformation mode of the amine group, which were con-
sistent with pure CTAB, seen Fig. S2 (curve 1). Due to CTAB capped
onto the surface of UCNPs, the UCNPs could be well-dispersed in
water and could directly form a colloidal solution without any
surface modification. At the same time, UCNPs are very stable in
the aqueous solution and the fluorescence intensity remained
unchanged within 60 min as shown in Fig. S3A. Upon further in-
vestigation, we found that the fluorescence intensity of UCNPs was
not affected by pH (Fig. S3B). Fig. 1C (curve 1) represen the
fluorescence spectra of UCNPs upon excitation with a 980 nm la-
ser, and three characteristic peaks at 530, 550, and 665 nm were
observed, which were assigned to transitions from the 2H11/2, 4S3/2,
and 4F9/2 excited states to the 4I15/2 ground state, respectively
(Chen et al., 2013a, 2013b).

AuNPs were also characterized by TEM and UV–vis spectroscopy
and the results were shown in Fig. 1. It can be seen that the as-
prepared AuNPs are spherical in shape, highly monodisperse and
fairly uniform in size (average size: 25 nm) (Fig. 1B). Fig. 1C (curve
2) showed the absorption spectrum of AuNPs. AuNPs have a char-
acteristic surface plasmon resonance (SPR) peak located at 526 nm.
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Fig. 1. TEM images of NaYF4:Yb,Er UCNPs (A) and free AuNPs (B). (C) Emission
spectrum of NaYF4:Yb,Er UCNPs (1) and absorption spectrum of AuNPs (2).
3.2. FRET between UCNPs and AuNPs

AuNPs were prepared by the citrate reduction method in this
work (Ji et al., 2007) which is stabilized against aggregation due to
the negative capping agent's electrostatic repulsion against van
der Waals attraction between AuNPs in aqueous solution (Chen
et al., 2013a, 2013b). UCNPs carried with positive charge because
the CTAB surfactant formed a positively charged layer on the
surface of UCNPs (Chen et al., 2013a, 2013b). The zeta potential of
AuNPs and UCNPs were presented in Fig. S4. The experimental
results showed the zeta potentials of dispersed AuNPs and the
CTAB-stabilized UCNPs were �19.8 mV and þ23.1 mV, respec-
tively. Therefore, the negatively charged AuNPs and the positively
charged UCNPs can interact through electrostatic force. Fig. 1C
shows the absorption spectrum of AuNPs and emission spectra of
UCNPs. The maximum emission peak of UCNPs was located at
550 nm (curve 1). The characteristic surface plasmon resonance
(SPR) peak of AuNPs (curve 2) was located at 526 nm. The ab-
sorption spectrum of AuNPs largely overlapped the emission
spectrum of UCNPs, which indicted that efficient FRET between
UCNPs and AuNPs occurred. We investigated the influence of the
concentration of AuNPs on the FRET efficiency. As shown in Fig.
S5A, with the increasing in the concentration of AuNPs (acceptor),
the emission intensity of UCNPs (donor) decreases gradually. The
data were analyzed by using the Stern–Volmer equation (Zhao
et al., 2013)

I I Ksv Q/ [ ] 1 (1)0 = × +

I0 and I are the fluorescent intensity of UCNPs in the absence and
presence of AuNPs, respectively. [Q] is the concentration of AuNPs
and the unit is nM. The relationship between I0/I and the con-
centration of AuNPs was shown in Fig. S5B. According to the
Stern–Volmer quenching plot

I I Q R/ 2.4 [ ] 1( 0.96) (2)0
2= × + =

The quenching constant (Ksv) was estimated to be
2.4�109 M�1. This large quenching constant suggested that
AuNPs could efficiently quench the fluorescence of UCNPs.

3.3. Detection strategy of pesticides

The basic principle of the UCNPs-based pesticide sensor in-
cludes the hydrolysis of ATC catalyzed by AChE, the inhibition of
enzyme activity by pesticides and the fluorescent quenching of
UCNPs by the AuNPs. Primarily, as shown in Fig. 2D, UCNPs solu-
tion exhibits a maximum fluorescent signal at 550 nm (curve 1).
Compared to other signal source, UCNPs has been broadly applied
in biosensor due to its high photoluminescence intensity, narrow
emission band, good chemical stability, low damage to analytes
and photostability. The UCNPs-based biosensor can eliminate the
autofluorescence from biological macromolecules due to its visible
emission under low-energy NIR excitation (normally 980 nm),
which provides an enlarged signal-to-background ratio and in-
creased sensitivities. The fluorescence emission of UCNPs can be
effectively quenched by AuNPs when UCNPs was mixed with
AuNPs through the FRET (curve 4). Secondly, AuNPs adsorbed on
the surface of UCNPs can be released by introducing ATC and
AChE. AChE catalyze the hydrolysis of ATC into thiocholine which
can induce the aggregation of AuNPs and thus resulting in the
recovery of fluorescence of UCNPs (curve 2). Ultimately, when the
parathion-methyl was added to the sensing system, the activity of
AChE was inhibited and then prevent the generation of thiocho-
line. The fluorescence recovery degree of the FRET system was
decreased (curve 3). These phenomena are attributed to the fact
that parathion-methyl is capable of inhibiting AChE activity, thus
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Fig. 2. TEM images of UCNPs in the presence of AuNPs (A), UCNPs–AuNPs after adding AChE and ATC (B) and UCNPs–AuNPs by pretreating AChE with parathion-methyl (C).
(D) Fluorescence spectra of NaYF4:Yb,Er UCNPs (1), UCNPs and AuNPs (4), the mixture of UCNPs–AuNPs AChE and ATC (2) and UCNPs–AuNPs incubated with parathion-
methyl (3). [UCNPs]: 0.06 mg/mL, [AuNPs]: 1.28 nmol/L, [parathion-methyl]: 2.0�10�7 g/L. (For interpretation of the references to color in this figure the reader is referred
to the web version of this article.)
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preventing the generation of thiolcholine arising from the AChE-
catalyzed hydrolysis of ATC (Liang et al., 2012; Yi et al., 2013). In
order to evaluate the feasibility of this assay for parathion-methyl,
we investigated the effects of the related factors. As shown in Fig.
S6, the label-free UCNPs were individually incubated with AChE,
ATC or parathion-methyl under the same condition, it is observed
that there was almost no change and the fluorescent intensity was
identical to that of UCNPs. In addition, the fluorescent spectrum of
UCNPs–AuNPs has no significant change when UCNPs–AuNPs
mixture individually incubated with AChE, ATC or parathion-me-
thyl under the same conditions. The results indicated that the
factors mentioned above should not affect the experimental re-
sults. The TEM images of UCNPs and the color changes of the test
solution were also recorded at different stages, which proved the
interaction among UCNPs, parathion-methyl, ATC, AChE and
AuNPs (Fig. 2). As shown in Fig. 2A, AuNPs were retained in a
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Fig. 3. (A) Fluorescent spectra of UCNPs–AuNPs–AChE-ATC mixed solution with various
top to bottom) are 0, 2.0�10�9, 7.0�10�9, 2.0�10�8, 7.0�10�8, 2.0�10�7, 7.0�10�7

inhibition efficiency vs. concentrations of parathion-methyl.
dispersed state and the solution kept the red color in the presence
of UCNPs. Fig. 2B shows a rapid red-to-blue color change of the
solution and AuNPs when the ATC was added into the solution of
UCNPs–AuNPs–AChE mixture, suggesting that AuNPs obviously
aggregated. While the parathion-methyl added into the test sys-
tem, the solution retained in a dispersed state and the solution
kept the deep red color (Fig. 2C). Consequently, all these results
successfully indicated the sensing principle of the detection of
parathion-methyl, which ensures that the quantification of pesti-
cides can be achieved.

3.4. Influence of UCNPs on enzyme activity

It is important and necessary to evaluate the effect of the label-
free UCNPs on the enzyme activity. The method for evaluating
enzyme activity proposed by Ministry of Health (Determination
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Standard of the AChE and ChOx, WS/T66-1996) (Kramer and
Gamson, 1958) was selected for monitoring the activity of the used
enzyme in the presence and absence of UCNPs. Fig. S7 shows the
absorbance spectra and color changes of variable concentrations of
ACh upon the interaction with AChE, ChOx, and alkaline hydro-
xylamine. The results have no significant differences in the pre-
sence (Fig. S7A and S7C) and absence (Fig. S7B and S7D) of UCNPs,
indicating that the UCNPs have no influence on enzyme activity.

3.5. Sensitive detection of pesticides

Fig. 3A displays the fluorescent spectra of UCNPs–AuNPs–AChE
in the presence of 10 μM ATC with variable concentrations of
parathion-methyl. The fluorescent intensity of UCNPs–AuNPs–
AChE-ATC mixture decreased (from top to bottom) with the in-
crease of the parathion-methyl concentration. A good linearity
between the inhibition efficiency and the logarithm of the para-
thion-methyl concentration was observed, ranging from
2�10�9 g/L to 2�10�5 g/L and a linear regression equation was
IE (inhibition efficiency, %)¼25.1714 log[pesticides] (g/L)þ223.5070
with the correlation coefficient (R2) of 0.99 as shown in Fig 3B.
Where inhibition efficiency was estimated as follows (Yi, et al.,
2013):

Inhibition efficiency F F F

F

/

100% (3)

inhibitor no inhibitor

no inhibitor

0= −

− ×

in which Finhibitor and Fno inhibitor refer to the fluorescence in-
tensities at 550 nm of the UCNPs–AuNPs–AChE-ATC mixture in the
presence of different concentrations of parathion-methyl and ab-
sence of parathion-methyl, respectively. F0 refers to the fluores-
cence intensity of the UCNPs–AuNPs at 550 nm in the absence of
AChE and inhibitor. The limit of detection for parathion-methyl
was calculated to be 0.67 ng/L (S/N¼3).

We also analyzed two other conventional pesticides: mono-
crotophos and dimethoate with the devolved method for de-
monstrating that the sensing platform was effective not only for
parathion-methyl but also for other pesticides. The experimental
procedures were the same for the detection of parathion-methyl.
As shown in Fig. S10 (A) and (C), the fluorescent intensity of
UCNPs–AuNPs–AChE-ATC mixture decreased (from top to bottom)
with concentrations of monocrotophos (A) and dimethoate (C).
Fig. S10 (B) and (D) shows the relationship between inhibition
efficiency and the monocrotophos (B) and dimethoate
(D) concentration which exhibited a similar trend to that of
parathion-methyl. The detection limit for monocrotophos and di-
methoate are 2.3�10�8 and 6.7�10�6 g/L, respectively, which
are much lower than those of the reported methods (Karamfilov
et al., 1996; Chauhan and Pundir, 2011; Liang et al., 2012; Yi et al.,
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Fig. 4. (A) Effects of possible interference species in analytes ( 1.0�10�3 g/L) on the in
system. (B) The inhibition efficiency of UCNPs–AuNPs–AChE system mixture with para
MgCl2(d), AlCl3(e), CaCl2(f), Na2SO4(g), Na2CO3(h), ZnCl2(i), Na3PO4(j), NaHCO3(k), GdC
vitamin C(s) and control (t) respectively.
2013; Ben Oujji et al., 2014). A comparison between this method
and other previously reported methods for pesticides determina-
tion is summarized in Table S1.

3.6. Anti-interference capability of the nanosensor

Anti-interference capability is a very important parameter in
estimating the performance of a sensor. In order to evaluate the
specificity of the biosensor for the detection of pesticide residues,
two control experiments were conducted. First, the influences of
some potentially common existing substances in food samples,
including NaCl, KCl, FeCl3, MgCl2, AlCl3, CaCl2, Na2SO4, Na2CO3,
ZnCl2, Na3PO4, NaHCO3, GdCl2, glucose, fructose, 2-nitrophenol,
proline, histidine, arginine and vitamin C, were examined. As
shown in Fig. 4A, pesticide and other disruptors were mixed to-
gether to form a mixture solution as a sample for anti-interference
capability testing. The inhibition efficiency of pesticide was iden-
tical to that of the mixture of pesticide and other disruptors, which
indicated there was no obviously influence. Second, the inhibition
efficiency of the UCNPs–AuNPs–ATC-AChE mixed solution in the
presence of disruptors of parathion-methyl. The results demon-
strated that only parathion-methyl caused significant inhibition
efficiencies of the biosensing system (Fig. 4B). And the typical
metal ions, organic acids, amine acids and other substances do not
exert great interference in parathion-methyl determination. The
fluorescent intensity of UCNPs–AuNPs–AChE-ATC mixed solution
with various disruptors is shown in Fig. S11. Consequently, all
these results have clearly illustrated that the UCNPs based fluor-
escence biosensor provided excellent specificity and anti-inter-
ference capability in pesticide detection.

3.7. Detection of parathion-methyl residues in the food samples

In order to demonstrate the applicability of the developed
sensor in complex matrixes, the pesticides in spiked fruit sample
such as capsicum, cucumber, and apple were detected. The results
obtained by standard addition method was summarized in Table 1.
The recoveries in the range from 96.00% to 110.00%. were ob-
tained. The experimental results suggested that this senor has the
capability for detection of pesticides in real samples. As we know,
pesticides are easily absorbed on the skins of agricultural products
and their residues may cause fatal consequences. we also eval-
uated whether the sensor we described here could be utilized to
monitor the residues of pesticides in food samples. The con-
centration of parathion-methyl residue in capsicum, cucumber,
and apple was determined by using the biosensor as shown in Fig.
S12 (black). The logarithm of the pesticides concentration had few
changes in real samples, indicating that the parathion-methyl re-
sidues on the skins of real samples were stable for at least 10 days
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Table 1
Recovery ratios of parathion-methyl in fruit samples.

Sample Spiked/μg/L Experimental value (IE %) Average value/μg/L Recovery (%) RSD (%)

Apple 0 8.19
Appleþparathion 0.030 34.01 0.029 96.67 6.63
Appleþparathion 0.400 63.61 0.440 110.00 7.32
Appleþparathion 3.500 85.90 3.420 97.71 5.57
Capsicum 0 6.96
Capsicumþparathion 0.030 33.96 0.029 96.67 8.43
Capsicumþparathion 0.400 62.00 0.384 96.00 7.01
Capsicumþparathion 3.50 86.34 3.554 101.54 4.98
Cucumber 0 4.58
Cucumberþparathion 0.030 34.24 0.032 106.67 6.82
Cucumberþparathion 0.400 62.29 0.394 98.50 4.78
Cucumberþparathion 3.500 86.72 3.572 102.06 5.05
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with negligible degradation. From the experimental results, the
levels of the parathion-methyl residues on the skins of apple,
capsicum and cucumbers were different: the logarithm of the
pesticides concentration values for cucumbers were lower than
those for apple and capsicum, indicating that parathion-methyl
may absorb onto the skins of apple and capsicum more readily
than those of cucumbers. In order to further demonstrate the ac-
curacy of this method, the concentration of pesticides in each
sample was also analyzed by HPLC according to the literature (Liu
et al., 2012; Yi et al., 2013). As shown in Fig. S12 (red), the different
parathion-methyl residues in real samples were clearly confirmed
by HPLC. The experimental results exhibited that they are con-
sistent with those obtained from the proposed assay, indicating
that the proposed method can be used to analyze pesticide re-
sidues in real samples accurately. Compared with the HPLC, the
assay method of this paper, possess several unique qualities, such
as reliable, simple instruments, low cost, easiness for operation,
high resistance to photobleaching and photochemical degradation
and the assay results can be read as soon as the probe-sample
incubation is completed. In particular, low-energy NIR excitation
(normally 980 nm) can overcome the interference from back-
ground fluorescence and scattered light.
4. Conclusion

In summary, we have successfully developed a novel nano-
sensor for organophosphorus pesticides detection based on the
FRET between the UCNPs and AuNPs. It has been experimentally
demonstrated that the label-free UCNPs have no effect on the
enzyme activity. The unique feature of this assay method is that
pesticides concentration can be analyzed by the fluorescence of
UCNPs. And it is found that the inhibitory effect of pesticides on
the enzyme activity was linearly dependent on the logarithm of
the pesticide concentration. This sensing system has many ad-
vantages, such as rapidly, simplicity, highly sensitivity, a wide
linear range, high stability and capability of anti-interference.
More importantly, sensitive detections of pesticide were obtained
by detecting spiked pesticides in complex samples such as food-
stuffs. The convenient assay method has provided a promising
selection for the rapid screening of pesticide residues in agri-
cultural products and clinic diagnnoses assays.
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