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a b s t r a c t

Sensors for pesticides with high sensitivity have been urgently required to control food safety, protect
ecosystem and prevent disease. In this review, we provide an overview of recent advances and new
trends in optical sensors for the detection of pesticide based on fluorescence, colorimetric and surface
enhanced Raman scattering, surface plasmon resonance and chemiluminescent strategies. These
methods will be classified by the types of recognition elements, including enzyme, antibody,
molecularly-imprinted polymers, aptamer and host-guest reaction. This review explores the basic fea-
tures of established strategies through assessment of their performance. In addition, we provide brief
summary of the entire review, the drawbacks of present sensor and future prospects, as well as the
ongoing efforts to pesticide optical sensors.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Pesticide are primarily used to prevent, control, or eliminate
pests and weeds for boosting agricultural productivity in modern
agricultural practices [1,2]. According to the literatures [3,4], the
use of pesticides helps in securing almost one-third of crop pro-
duction globally. However, the residue of pesticide even at trace
levels not only seriously cause food contamination, but also
severely breakdown the ecosystem, posing a great danger to peo-
ple's daily life [5e7]. As a result, pesticide pollution has attracted
more and more concern and become one of the most alarming
challenges. For proper management of pesticide, Governments
have set lots of policies for guiding pesticide use and have regulated
maximum residue levels on foods and agricultural commodities
[2,8,9]. Although most pesticide were detected to be within rec-
ommended limits, the bioaccumulation effect and continuous
exposure can rise safety risks to human health [10]. In addition,
some new types of pesticides with highly effective activity, whose
toxic mechanism have not clear understood, are being continuously
brought into market [11]. Therefore, the analysis of pesticide resi-
dues is an urgent demand to ensure food quality and safety,
jlu.edu.cn (X. Su).
safeguard the ecosystem and protect human health from possible
hazards.

Pesticide detection have traditionally been carried out by
employing conventional chromatographic techniques, including
high-performance liquid chromatography (HPLC) [12e14], gas
chromatography (GC) [15e17] and mass spectrometry (MS)
[18e20]. Although these techniques offer powerful trace analysis
with excellent sensitivity and high reproducibility, many draw-
backs, such as sophisticated equipment, time consuming, tedious
sample preparation and purification steps, obviously limited their
on-site and real-time application, particularly emergency cases.
Thus, vast endeavors have been devoted to investigating alternative
strategies for realizing pesticide in a facile, speedy, sensitive, se-
lective, accurate and user-friendly manner. In fact, significant
attention has been drawn to the fabrication of optical sensors for
pesticide detection. For pesticide analysis, myriad optical strategies
have been established utilizing recognition elements, such as
enzyme, antibody, molecularly-imprinted polymers, aptamer and
host-guest recognizer, which employed to directly capture and
identify the target pesticide. Moreover, the integration of recogni-
tion elements and nanomaterials possess high sensitivity and
excellent selectivity in terms of real-time analysis, which is in high
demand for pesticide detection.

This Review focuses on the recent development of sensitive
pesticide optical sensor, with a particular emphasis on the fluo-
rescence (FL), colorimetric (CL), surface-enhanced Raman
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scattering (SERS), and other strategies including surface plasmon
resonance (SPR) sensor and chemiluminescence strategy (Fig. 1),
which provide comprehensive coverage of current standings of
pesticide detection. Rather than summarizing either enzyme-based
sensors [1,2,21,22] or nanomaterials-based strategies [4,11,23e26]
as performed in other excellent reviews, we highlight the latest
achievements in pesticide optical sensor and provided readers with
a high-impact recent advances in the developing field from our
point of view. Enzyme, antibody, and host-guest chemistry as
recognizer have been frequently employed in pesticide optical
sensor to achieve high sensitivity and good selectivity, which
exhibited great superiority. Additionally, new advances in the
application of aptamer and molecularly-imprinted polymers have
been reviewed herein. Beyond a discussion of the recent develop-
ment of emerging pesticide optical sensors, we also address exist-
ing deficiencies and current challenges, as well as the future
perspectives that might impact in commercialization opportunities
and point-of-care detection. Because of the explosion of scientific
researches in the field of pesticide analysis, we sincerely apologize
to authors for overlooking their important contributions. We will
endeavor to picture major research efforts in the field and to review
the wide and varied section of the relevant literature.

2. Typical optical sensing strategies

Optical sensor provides a facile, rapid and low-cost approach for
sensitive detection of pesticide based on FL, UVevis, Raman, SPR or
chemiluminescence signal variations. Generally, an optical sensor
contains recognition unit that can interact specially with desired
target pesticide and transducer component that is employed for
signaling the binding event. Recognition elements including
enzyme, antibody, molecularly-imprinted polymers, aptamer, and
host-guest recognizer, draw increasing attention of scientific
researcher to improve analytical performance of sensor. By
combining the recognition units-assisted target response, the cur-
rent well-established optical probes can be divided into four broad
categories based on signal output formats: FL, CL, SERS, SPR and
chemiluminescence sensor. In the following section, we will high-
light the optical sensor for pesticide detection based on various
optical detection modes.

2.1. Fluorescence sensing strategy

With high sensitivity and simplification, fluorescence-based
sensors as one of the most commonly used sensing candidate,
have been widely applied in broad fascinating fields, ranging from
biomedical diagnosis [27e30] to environmental monitoring
Fig. 1. Schematic illustration for various optical sensors in the detection of pesticide
based on different recognition elements.
[31e33], food safety and quality control [34,35], as the signal
change can be collected vis spectrofluorophotometer and observed
by naked eye on-site [36e38]. As the development of advancing
technologies, various kinds of materials have been widely
employed for the fabrication of FL sensing platform, including
fluorescent dyes [39], semiconductors nanomaterials [40], metal
nanomaterials [41,42], carbon materials [43], and rare earth ma-
terials [44]. Meanwhile, it is very critical to choose and design a
proper recognition unit that combined with FL probe for
responding the fluorescent “turn off”, “turn on”, or “ratiometric”
signal. Nsibande and Forbes reviewed the development of quantum
dots-based FL probe for pesticide detection in terms of enzyme,
molecularly-imprinted polymers (MIPs) and host-guest recognizer
[11]. On the basis of the application of recognition elements, FL
sensing strategies can be typically classified into several types:
enzyme-mediated methods, antibody-assisted methods, MIPs-
based methods, aptamer-based methods, host-guest complexes
probe and other approach.

2.1.1. Enzyme-mediated methods
The enzymatic FL sensors, as popular emerging tools, have been

greatly possess excellent sensitivity and promising selectivity for
detecting target analyte [45e47]. In the case of enzyme-mediated
sensors, pesticide was employed as inhibitor that can suppress
the activity of enzyme or served as substrate that play an important
role in enzymatic reaction, indirectly inducing the responds of FL
signal. As expected, by incorporating the specificity of enzyme,
great success was made in fabricating facile and cost-effective FL
sensors for the highly accurate detection of pesticide. As one of the
most popular enzyme, acetylcholinesterase (AChE) has been
exploited extensively for the enzymatic detection of pesticides. In
the AChE-based platforms, acetylthiocholine (ATCh) can catalyti-
cally hydrolyzed to produce thiocholine containing the chemically
reactive group thiol which specifically react with metal cations
[48,49], fluorophore [50e52] and nanomaterials [53e55]. Tang's
group fabricated nanostructured multilayers of the enzyme AChE
and CdTe quantum dots (QDs) vis the layer-by-layer assembly
technique [56]. Organophosphorus pesticides (OPs) are well-
known inhibitors that can significantly suppress the catalytic ac-
tivity of AChE and prevent the generation of enzymatic hydrolyzate
(thiocholine), thus accompanying the FL signal response of the
system, which results in the sensitive analysis of OPs. Our group
designed a label-free system for sensitive detection of OPs based on
AChE-controlled the hydrolysis of ATCh and thiocholine-triggered
the quenching of FL emission of carbon dots (CDs) [57]. On the
basis of the behavior of thiocholine, Yu's group developed AChE-
based fluorometric assay toward OPs with a detection limit of
5.0 pg mL�1 [58]. In the designed platform, squaraine dye can be
bleached by thiocholine, showing obviously FL quenching (Fig. 2A).
Owing to the inhibition effect of OPs, the enzymatic capacity was
blocked, preventing the decomposition of squaraine derivative and
resulting in strong FL intensity. In another study, Chang et al. re-
ported a simple FL sensor for rapid naked-eye monitoring of OPs
based on the aggregation-induced emission enhancement property
between tetraphenylethylene dye and thiocholine [59]. Liao et al.
described a FL “turn-on” approach for the sensitive sensing of 3-
hydroxycarbofuran based on positively charged perylene probe
[60]. Positively charged metal coordination polymer which formed
through the interaction between thiocholine and Ag(I) can induce
the aggregation of polyanion, resulting in the release of the free
perylene probe with strong FL signal. The proposed protocol with
“turn-on” mode is quite simple and convenient, which could
considerably reduce the false-positive signals.

The combination of fluorophore and novel functional nano-
materials significantly attracted increasing attention in the



Fig. 2. (A) Description of the signal-on fluorometric strategy for acetylcholinesterase inhibitors (reproduced from Ref. [58] with permission). (B) Design of the dual-readout
(colorimetric and fluorometric) assay for pesticides (reproduced from Ref. http://www.sciencedirect.com/science/article/pii/S0165993617301516 [62] with permission). (C) Sche-
matic illustration of GQD-ATC/AuNPs fluorometric detection of AChE and its inhibitors (reproduced from Ref. http://www.sciencedirect.com/science/article/pii/S0165993617301516
[68] with permission). (D) Illustration of the fluorescent detection of OPs through the inner-filter effect of gold nanoparticles on RF-QDs (reproduced from Ref. http://www.
sciencedirect.com/science/article/pii/S0165993617301516 [72] with permission).
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construction of ideal sensors. By virtue of the F€orster resonance
energy transfer (FRET) between CDs and manganese dioxide
(MnO2) nanosheets, our group established fluorometric platform
for accurate quantitative of OPs [61]. In this process, enzymatic
hydrolyzate (thiocholine) can efficiently induce the decomposition
of MnO2 nanosheets, causing the recovery of FL emission of CDs.
OPs as enzyme inhibitors can block the generation of thiocholine
and the decomposition of MnO2 nanosheets, accompanying the FL
“turn-off” of the system. Gold nanoparticles (AuNPs) with distinct
physical and optical properties have also been employed for
developing pesticide sensor. As depicted in Fig. 2B, Liu et al. syn-
thesized rhodamine B-functionalized gold nanoparticles (RB-
AuNPs) to fabricate a highly sensitive probe for monitoring carba-
mate pesticides and OPs [62]. RB was applied as an FL reporter to
adsorb onto the surface of AuNPs through electrostatic interactions,
which results in the FL quenching. Due to its active thiol group,
thiocholine show stronger binding interaction with AuNPs, leading
to recover the FL of RB. In the presence of carbamate pesticides or
OPs, the activity of AChE was inhibited, preventing the generation
of thiocholine and resulting in the quenching of RB. The strategy
showed good sensitivity for the sensing of carbaryl and malathion
with low detection limit of 0.1 and 0.3 mg L�1, respectively.
Enlightened by the above strategy, Lin's group combined CDs with
AuNPs for the sensitive analysis of OPs [63]. This sensing strategy
contains FRET process between CDs (donor) and AuNPs (acceptor),
the catalytic hydrolysis event of AChE and the inhibition procedure
caused by pesticide. Under the optimal conditions, the proposed
platform showed excellent linearity for paraoxon in the range of
0.05e50 mg L�1. Many other FL nanomaterials have been employed
for the fabrication of AuNPs-based enzyme platforms, such as QDs
[64], upconversion nanoparticle [65], graphitic carbon nitride [66],
and fluorophore dye [67].

Enzymatic modulation of the in-situ generation of AuNPs, which
can address the drawback of background signal in analytical sys-
tems, opens new vistas in the field of biosensor. Li et al. constructed
a ‘mix-and-detect’ fluorometric sensor for sensitive detection of
pesticide based on graphene quantum dots (GQDs) [68]. As shown
in Fig. 2C, the authors successfully synthesized ATCh-modified
GQDs through electrostatic interaction. With the assistance of
AChE, the enzymatic hydrolyzate (thiocholine) with thiol group can
potently reduce Au3þ ions to generate AuNPs that can efficiently
quench the FL of GQDs by FRET effect. In addition, the free thio-
choline also can link with neighboring GQDs through AueS cova-
lent bonding, causing aggregation of GQDs and further PL
quenching. Subsequently, the FL could be recovered again by the
addition of OPs that can inhibit the activity of AChE.

Tyrosinase (TYR), a typical polyphenol oxidase, can efficiently
catalyze phenolic substrates to yield catechol derivatives, and then
oxidized to produce orthoquinone. Compared with AChE-based
biosensor, TYR-mediated strategies possess a better tolerance for
high temperatures and organic solvents, as well as the faster
operation. Inspired by the advantage of TYR biosensor, Hou et al.,
investigated a facile and sensitive FL strategy for OPs based on L-
tyrosine methyl ester modified carbon dots (Tyr-CDs) [69]. In this
sensing format, due to its oxidization activity, TYR catalyze the
oxidation of tyrosine methyl ester on the surface of CDs to corre-
sponding quinone units that can obviously quench the FL of CDs.
Presence of the pesticide results in the FL restore of CDs because the
activity of TYR is inhibited, thereby parathion-methyl (PM, as a
model of OPs) was detected. This proposed system was further
successfully used for real samples detection (cabbage, milk and
fruit juice). Our group prepared a dual-emission ratiometric FL
probe via hybridizing two differently colored QDs for the analysis of
pesticide with a detection limit of 0.45 ng L�1 [70]. The ratiometric
FL probe was fabricated by embedding red-emissive QDs in the
silica nanoparticle as reference signal and covalently linking green-
emissive QDs to the surface of silica nanoparticle as report signal.
Subsequently, dopamine was conjugated to ratiometric FL probe
surface through a simple covalent bonding. In the presence of TYR,
dopamine was oxidized to produce dopamine quinine that trig-
gered electron transfer process between dopamine quinine
(acceptor) and ratiometric probe (donor), leading to the variation of
system FL intensity ratio. Owing to the inhibition effect OPs, the
established platform possessed good performance for the
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quantitative assessment of PM in the range from 0.001 to
10 mg mL�1. In another design, a fluorimetric system was con-
structed for OPs detection based on TYR-controlled quenching of
chicken egg white-encapsulated gold nanoclusters (AuNCs) [71].
Utilizing the proposed FL platform, a detection limit was achieved
down to 0.1 ng mL�1. Significantly, AuNCs have been successfully
employed to construct cost-effective and rapid response test strips
for visual detection of paraoxon, offering a promising potential on-
site application toward pesticide monitoring.

A fewother enzymes have been applied to fabricate biosensor for
pesticide detection. Trypsin that can catalyze the hydrolysis of some
proteins into small pieces was employed to develop FL probe for
pesticide detection. Recently, our group integrated trypsin-based
enzyme reaction and inner-filter effect between AuNPs and ratio-
metric probe to efficiently estimate the concentration of PM [72]. As
revealed in Fig. 2D, the FL of ratiometric probe could be quenched by
AuNPs through inner-filter effect (IFE). Protamine induce the ag-
gregation of AuNPs via electrostatic attraction and weaken the IFE,
accompanying the recovery of system FL. Trypsin specifically cata-
lyzes the hydrolysis of protamine to small protein fragments,
causing sufficient quenchingoffluorescent signal. Subsequently, the
FL could be recovered again by the addition of PM which can block
the activity of trypsin. By collecting the FL ratio of probe, the con-
centrationof PMwas evaluated.Under theoptimized conditions, the
ratiometric sensor exhibited a wide dynamic working range from
0.04 to 400 ng mL�1, with a low detection limit of 0.018 ng mL�1.
Compared with conventional technologies, the proposed FL probe
based on ratiometric QDs possess a built-in correction which can
eliminate false signals emanating from environmental effects,
obviously improving sensitivity and accuracy of sensor. Thanks to
the catalytic activity of enzyme and pesticide-induced inhibition of
the enzyme, acid phosphatase (ACP) was successfully applied to
establish biosensor for the analysis of pesticide. Enlightened by the
characteristic of ACP, our group reported a convenient and label-free
FL sensing system for sensitive detection OPs [73]. In this work,
cysteamine-capped CdTe QDs, as an FL reporter, can form both
electrostatic and hydrogen bonding with adenosine triphosphate,
causing significant FL enhancement of QDs. ACP specially catalyze
the hydrolysis of adenosine triphosphate to adenosine and phos-
phate fragments under acidic environment. As a typical inhibitor,
PM can reduce the ACP activity and recover the FL intensity of QDs.
The proposed ACP-based sensor was successfully applied to detect
OPs with a detection limit of 0.5 ng mL�1.

The above inhibition sensors based on AChE, TYR, trypsin and
ACP are not selective to one kinds of pesticide, for example, the
activity of AChE can inhibit by carbamates pesticide and OPs.
Furthermore, enzyme inhibition in these systems is irreversible
which cannot be utilized for repetitive detection. Differing from
these enzymes, organophosphorus hydrolase (OPH) display special
capability of hydrolysis OPs to produce low-toxicity compounds.
Thus, OPH-based sensor with high selectivity and fast response
time have drawn increasing attention in OPs detection [23,74e77].
Ji et al. conjugated (CdSe)ZnS QDs and OPH through electrostatic
interaction for the detection of paraoxon [78]. The FL intensity was
directly quenched in the presence of paraoxon by influencing the
degree of surface passivation of OPH/QDs bioconjugate. The change
of FL can be used to analyze paraoxon with a detection limit of
10�8 mol L�1. On the basis of a similar scheme, our group reported
sensitive and facile OPH sensor for PM detection based on ET effect
between QDs and the hydrolyzate of PM (p-nitrophenol) [79]. PM
can be hydrolyzed by OPH to yield p-nitrophenol, which can absorb
on the surface of cetyltrimethylammonium bromide (CTAB)-deco-
rated QDs based on the strong hydrophobic interaction between
the long alkyl chain of CTAB and aromatic ring of p-nitrophenol.
Due to its strong electron-withdrawing effect, p-nitrophenol can
efficiently quenched the FL of QDs through ET mechanism, thereby
indirectly reflected PM concentration. For the hydrolyzate of PM
(di-methylthiophosphoricacid, DMPA), we fabricated a label-free FL
sensor based on CuInS2 QDs and lead ions [80]. The FL intensity of
CuInS2 QDs was quenched in the presence of lead ions. Subse-
quently, DMPA with a P]S bond exhibited strong coordinative
interactionwith lead ions, resulting in the FL recovery of the CuInS2
QDs system. The established strategy had been successfully used
for monitoring PM residues in water, banana and rice samples with
satisfactory results.

Bi-enzyme systems with the advantages of multi-signal ampli-
fication have been generally considered as sensitive and selective
technique for the construction of biosensors. Tang's group inge-
niously designed bi-enzyme of AChE and choline oxidase (ChOx)
assembly multilayers for optical detection of OPs [81]. AChE can
hydrolyze acetylcholine to form choline that is in turn catalytically
oxidized by choline oxidase (ChOx) to generate hydrogen peroxide,
which can quench the FL of QDs. OPs can interact with AChE and
suppress the enzyme activity, leading to the decrease of quenching
rate. By measuring the quenching rate, the concentration of OPs
was evaluated. On the basis of bi-enzyme format, a series of nano-
matrixes, Mn-doped ZnSe dot [82], CdTe QDs [83], silicon quantum
dots [84], CDs [85] and fluorescent dye [86], were considered as FL
reporter to construct sensing platform for quantitative detection of
pesticide.

Despite the high sensitivity and selectivity of enzyme-based
sensor, some serious drawbacks still limited their widely utiliza-
tion. For example, enzyme possess poor stability under high tem-
perature and strong acidic/alkaline conditions. In addition, enzyme
as a biomaterial need tedious production and time-consuming
purification.

2.1.2. Antibody-assisted methods
Antibody, as biorecognition element, brings new tools in the

fabrication of immunosensor in the biochemical, clinical and
environmental fields [87e89]. Due to its extremely high equilib-
rium association constants, antibody can sensitively and selectively
recognize its corresponding antigen. Currently, antibody has been
widely applied in pesticide immunoassay that have become
potentially alternative methods for routine analysis [90]. With the
development of nanomaterials and nanotechnology, new oppor-
tunities have been brought for the development of advanced FL
immunosensor. Shen's group successfully combined QDs with
secondary antibody as FL label in the construction of indirect
competitive FL-activated immunosensor for sensitive sensing of
sulfamethazine in chicken muscle tissue [91]. Enlighten by the
above strategy, Vinayaka et al. presented a competitive fluo-
roimmunoassay based biosensor for rapid and sensitive detection
of 2,4-dichlorophenoxyacetic acid (2,4-D) [92]. In this sensing
system, mercaptopropionic acid capped CdTe QDs and 2,4-D
molecule were orderly conjugated with alkaline phosphatase
(ALP) to form 2,4-D-ALP-CdTe composite as a competitor of analyte.
The analyzing of 2,4-D was carried out by utilizing competitive
binding between 2,4-D-ALP-CdTe composite and free 2,4-D in an
antibody immobilized immunoreactor column. In addition, many
other antibodies have been labeled with nanomaterials as signal
reporter for the quantitative analysis of pesticide, such as chlor-
pyrifos [93], glyphosate [94] and parathion [95]. The miniaturiza-
tion of immunosensor can not only overcome the requirement for
large volumes of reagents and the consumption of long analysis
times, but also provide a promising idea for point-of-care tools.
Lin's group proposed a portable immunochromatographic test strip
for rapid analysis of an organophosphorus pesticide metabolite
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(3,5,6-trichloropyridinol, TCP) [96]. On the basis of an antigen-
based antibody capture strategy and QDs-served signal vehicles,
the competitive immunochromatographic test strip performed
good selectivity and sensitivity for the monitoring of TCP with a
detection limit of 1.0 ng mL�1, which was finished within 15 min.
Poly (dimethylsiloxane) sheet as an outstanding solid support have
been introduced to eliminate the fluorescence interference,
concentrate trace analyte and enhance the detection sensitivity for
the fabrication of immunosensor. Zhou et al. synthesized a fluo-
rescent immunoassay probe to develop in-situ visual and semi
quantitative analysis strategy of phosmet on the poly (dimethylsi-
loxane) sheet [97]. The polymer dots-antibody probe can recognize
phosmet as detector and output fluorescent signal as reporter.
Interestingly, the probe can be directly used for visual detection of
phosmet residue on apple surfaces.

Incorporating nanomaterials with antibody have paved the way
for the fabrication of sensitive and selective immunoassays with
excellent performance. Nevertheless, there are several significant
challenges to the utilization offluoroimmunoassay. Inparticular, the
biocompatibility of nanoprobes, uniformity of synthesize nano-
materials and the linking efficiency between antibodyandmaterials
should be improved for the establishment of immunoassay.

2.1.3. Molecularly-imprinted polymers (MIPs)-based methods
Molecularly-imprinted polymers (MIPs), called plastic anti-

bodies, with specific recognition capacity are easily prepared by in-
situ co-polymerization of functional monomers around a template
molecule. Owing to its high stability and remarkable mechanical
properties, MIPs can be widely applied to improve the separation
efficacy and enhance the detection sensitivity in sensor develop-
ment, especially they were reusable in different applications.
Moreover, in case of biological recognizers (enzyme and antibody)
are not available, MIPs have great potential to be employed as tailor
made polymers in the fabrication of biosensor. Based on the above-
mentioned advantages, MIPs are gaining popularity in biosensor
development, separation, environmental remediation, and drug
delivery [98e100]. In this section, we would like to review the
recent development of pesticide sensor based on MIPs as artificial
receptor.

For the easiest way, the MIPs nanoparticles were directly
employed as alternate of antibody for the construction of enzyme-
linked immunosorbent assay. In the study of Xiao et al., MIP layer
was capped to the surface of QDs to fabricate MIP-QDs composite
that were served as sensing nanomaterials in preparing enzyme-
linked immunosorbent assay-like method for the specific detec-
tion of cypermethrin [101]. Typically, by constructing a suitably
tailored MIPs on the surface of fluorophore, FL sensing platforms
with the advantages of high selectivity of MIPs and good sensitivity
of fluorophore were established for target pesticides detection in a
target concentration-dependent manner. Li et al. grafted silica
nanospheres embedded CdSe QDs with MIPs layer via surface
molecular imprinting process [102]. The molecularly imprinted
silica nanospheres as a sensitive optical probe was applied to
analyze trace l-cyhalothrin residues and eliminate interferences by
coexisting substances in environmental samples. Hollow-particle
imprinted polymers which possess high binding capacity and site
accessibility were employed to shorten the response time and
improve the chemical stability. Wang et al. engineered a fluorescent
polymeric hollow nanoparticle for rapid FL detection of pyrethroid
pesticides [103]. The analyte-imprinted fluorescent hollow nano-
sensor exhibit excellent sensitivity, appreciable selectivity and
rapid detection rate, as well as attractive regeneration ability. Thus,
hollow-particle imprinted polymers can be performed in good
binding kinetics and capacity manner form overcoming slow
response and poor chemical stability.
The above-mentioned strategies require several steps and usu-
ally a huge amount of reaction compounds. Ultrasonication-
assisted encapsulation method which demonstrated short syn-
thesis time, and few number of reaction reagents has been utilized
to synthesize QDs-MIPs fluorescent composites byWang's group in
2012 [104]. They introduced poly-styrene-co-methacrylic acid
copolymer and QDs into imprinted pesticide solution to form QDs-
MIPs fluorescent nanospheres within 6 min (Fig. 3A). Relying on
van der Waals forces and hydrophobic forces, the nanospheres
demonstrated fast adsorption and desorption ability to target
pesticides (diazinon) with the recognition cavities. On the base of
energy transfer (ET) from QDs (donor) to diazinon (acceptor), the
QDs-MIPs fluorescent composites were successfully applied to the
direct FL quantification of diazinon with the detection limit down
to 38.6 ng mL�1. Besides diazinon, MIP-coated single fluorophore
composite had also been developed for sensitive detection of
paraquat [105], cyphenothrin [106], l-cyhalothrin [107], carbaryl
[108], sulfamethazine [109], and 2,4-D [110].

Combining MIPs with two or more nanomaterials in multi-
function format is considered to be attractive protocol for pesti-
cide sensing. Yang et al. ingeniously fabricated an imprinted silica
matrix loaded with Fe3O4 nanoparticles and QDs, which performed
superparamagnetic property and bright FL characteristic [111].
They introduced Fe3O4 nanoparticles as separator to selectively
extract analyte under complex sample matrix and encapsulated
QDs as an output signal to sensitively monitor the amount of
pentachlorophenol. Thus, the MIPs composite nanomaterials
possess tri-functions as recognition unit, separation channel and
signal tag for pentachlorophenol detection. In general, MIPs based
single-FL sensing platform only can display the change of FL
brightness by “turn-on” or “turn-off” toward analytes, easily
influencing by false signals and greatly limiting their quantitative
capability. To overcome such drawbacks, ratiometric scheme con-
tains two or more kinds of fluorophore were proposed to perform
precise measurement based on their self-referencing capability
[112]. Inspired by preceding work, Chen's group applied the ratio-
metric FL probe for the construction of MIPs dual-emission sensor
through a facile sol-gel polymerization (Fig. 3B) [113]. The ratio-
metric FL probe by hybridizing two differently colored fluo-
rophores, the red emissive QDs were loaded in silica nanoparticles
as reference while the green emissive nitrobenzoxadiazole (NBD)
served as a signal report unit. The detection mechanism was based
on ET process between NBD and the amine groups of functional
monomers. In the presence of 2,4-D, the amine groups of MIPs
composite could bind 2,4-D via hydrogen bond, which blocked the
ET process, consequently resulting in dramatic FL recovery of NBD
and continuous changes of ratiometric FL intensity. The as-
proposed MIPs dual-emission sensor possessed high sensitivity
with the detection limit of 0.14 mmol L�1. Moreover, the variations
of the two FL intensity ratios display gradual FL color changes from
orange-red to green upon response to different concentration of
2,4-D. A similar approach was used by Amjadi et al. for sensitive
ratiometric detection of diniconazole [114]. In such a system, they
prepared mesoporous molecularly imprinted polymer containing
CDs and QDs. CDs-doped silica as an internal reference unit pro-
vided a built-in self-calibration for correction of environmental
effects and increased sensor accuracy. And QDs were encapsulated
in the pores of mesoporous silica and possessed signal report unit.
The ratiometric FL probe was highly reactive toward diniconazole,
which obviously quenched the FL of the green QDs, accompanying a
visual green-to-blue color switch.

Although MIPs nanoparticles are widely applicable and ideally
suitable for integration in practical applications, some challenges
including poor reproducibility, lack understand of binding mecha-
nism and complex extraction of template molecules from the



Fig. 3. (A) The preparation of QDs-MIP nanospheres and the FL quenching detection of analytes upon specific recognition (reproduced from Ref. http://www.sciencedirect.com/
science/article/pii/S0165993617301516 [104] with permission). (B) The molecular imprinting-based turn-on ratiometric fluorescence sensor for detection of 2,4-D (reproduced
from Ref. http://www.sciencedirect.com/science/article/pii/S0165993617301516 [113] with permission). (C) The UCNPs-AuNPs fluorescence aptamer-based nanosensor for the
detection of acetamiprid (reproduced from Ref. http://www.sciencedirect.com/science/article/pii/S0165993617301516 [124] with permission). (D) Ligand replacement-induced FL
switch of QDs for ultrasensitive detection of chlorpyrifos (reproduced from Ref. http://www.sciencedirect.com/science/article/pii/S0165993617301516 [146] with permission).
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polymers have limited their application. Overcoming those draw-
backs is crucial to design efficiency sensor and pave the way for
further practical application.

2.1.4. Sensor based on aptamer
Aptamer, as typical molecular recognition element, are single-

stranded nucleic acids molecules that can be generated via sys-
tematic evolution of ligands by exponential enrichment (SELEX)
approach from a sequence library. Unlike natural antibodies,
aptamers with low molecular weight are generally facile and low-
cost to synthesize, and possess good stability, sustainable to repe-
titious denaturation and renaturation [115]. In particular, aptamers
can be controllably decorated with various fluorophore by fine-
tuning the functionalization processes, which would not influ-
ence their affinity [116]. Furthermore, aptamers directly recognize
and bind to corresponding targets as “lock-and-key” by molecular
shape complementarities, stacking of aromatic rings, electrostatic
and van der Waals interactions as well as hydrogen bonding, which
holds their detection much more efficiency and convenient [117].
Recently, Crivianu-Gaita et al. systematically compared antibody
and aptamers in aspect of synthesis/engineering, immobilization
techniques and application, suggesting that aptamers hold higher
affinity, stronger stability and well regenerability [118]. Given these
properties, aptamers have been considered as promising recogni-
tion elements for sensing strategies from biomedical diagnosis to
environmental monitoring [119,120]. For pesticide recognition,
Liu's group firstly applied SELEX strategy to select aptamer
response to acetamiprid from single-stranded DNA library in 2011
[121]. Subsequently, aptamers against OPs were isolated from an
immobilized random single-stranded DNA library, possessing high
affinities and specificities to the four OPs [122]. Thus, the utilization
of aptamers in establishment of pesticide sensor aroused signifi-
cant investigative attention from researcher [123]. The mechanism
of designed platform was mainly based on physical adsorption of
aptamers on nanomaterials and excellent quenching efficiency of
nanomaterials to fluorophore. Based on the above-mentioned
mechanism, Hu et al. rationally established aptamer-based nano-
sensor for the detection of acetamiprid through FRET between
NH2eNaYF4:Yb, Ho@SiO2 upconversion nanoparticles (UCNPs) and
AuNPs [124]. As displayed in Fig. 3C, acetamiprid binding aptamer
can adsorb on the surface of AuNPs through coordination interac-
tion, which protect AuNPs from salt-induced aggregation, boosting
efficient FRET process between UCNPs and AuNPs. As aptamer hold
high affinity toward acetamiprid to form hairpin structure, the
uncovered AuNPs were low tolerance to salt and showed aggre-
gative state in the salty solution, so the FRET-weakened FL of UCNPs
was regenerated with the presence of acetamiprid. The FL
enhancement efficiency was driven by acetamiprid concentration.
Similar to AuNPs, carbon nanotubes are also an outstanding FRET
acceptor. On the basis of a similar scheme, Lin et al. constructed a
turn-off-on sensor for quantification and imaging of acetamiprid
using aptamer-modified QDs and multi-walled carbon nanotubes
(MWCNTs) [125]. Due to strong p-p stacking interaction, aptamer-
modified QDs were close to MWCNTs, triggering the FRET possess
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and FL quenching of probe. In the presence of acetamiprid, the
binding of aptamer-pesticide made the two materials stay away
from each other and blocked the FRET effect. This sensing protocol
could achieve a detection limit of 0.7 nmol L�1 for acetamiprid. In
addition, Dou et al. prepared a gold-based nanobeacon probe as a
signal indicator for the analysis of OPs based on the affinity of
aptamer and the FL switch of fluorophore [126]. Abnous et al.
applied three kinds of materials, including fluorophore, AuNPs and
carbon nanotubes, for the fabrication of acetamiprid sensor with
high selectivity [127].

In these strategies, the aptamer governs the specificity and
sensitivity of sensing system. Even though great achievements have
been made in current pesticide detection, there are still some
important challenges and obstacles. For example, due to the diffi-
culty of aptamer screening, aptamer-based nanosensor could only
recognize several kinds of pesticide, which limited their wide
application. Additionally, the detection mode was mainly based on
the interaction between nanomaterials and fluorophore, thus the
stability of nanomaterials directly affects the performance of
sensor. AuNPswere often susceptible to be influenced by chemicals,
such as cyanide and melamine, which maybe caused false positive
results.

2.1.5. Sensor based on host-guest interaction
Host-guest recognition chemistry, as the branch of supramolec-

ular chemistry, refers to the formation of inclusion complexes be-
tween macrocyclic hosts and suitable guests in a highly-controlled
and cooperative manner. Typically, a host is a macrocyclic molecule
that holds high cavity volume such as crown ethers, cucurbiturils,
cyclodextrins, calixarenes, and pillararenes. Guests with comple-
mentary shape can selectivity interact with host via various non-
covalent interactions. The interaction between host and gust endue
these polymers with good selectivity and convenient enviro-
responsiveness. Therefore, host-guest chemistry can provide new
perspective into multifunctional biointerfaces, heterocatalysis,
electronics, gas storage as well as fluorescence sensing [128e131].
Combined with FL signal tag, guest-host system as recognition ele-
ments can be utilized for pesticide detection. Li's group successful
coatedQDs-silica sphereswith Calix [4]arene to formC [4]/SiO2/QDs
nanoparticles via the sol-gel technique [132]. The as-synthesized
nanocomposites with high FL intensity and good stability can
serve as sensing probe for sensitive determination ofmethomyl. The
intercalation of methomyl suppress the calixarene-cavity distort,
forming an ordered orientation and uniform arrangement. Such
change of calixarene-group shell structure blocked the quenching
path via effective core protection, thereby increasing the FL in-
tensity. Enhancement of the FL intensity emitted by the nano-
composites afford the selective detection of methomyl as low as
0.08 mmol L�1. Subsequently, the authors utilized p-sulfonatocalix
[4]arene doped QDs for sensitive response to acetamiprid [133]. The
p-sulfonatocalixarene cavities showed high affinity with ionized
state of acetamiprid to form supramolecular complex, which effec-
tively protect the core of composite and increased the FL intensity.
Very recently, the same group adopted naphthol-appended calix [4]
arene to selective recognition of metolcarb [134]. Motivated by
previous study, Sun et al. introduced methylene blue (MB) and
cucurbit [8]uril (CB [8]) as host-gust pairs to construct paraquat
sensor [135]. MB with a single positive charge easily formed a head
to tail dimer within the CB [8] cavity, inducing the FL quenching of
MB. In the presence of paraquat, MB were replaced by paraquat
immediatelydue to the twopositive chargesof paraquat, leading toa
strong FL enhancement. Meanwhile, the 2MB@CB [8] based sensor
also occurred in living cells for in-situ monitoring paraquat.

By transferring host-guest chemistry into pesticide sensing,
many detection nanosensors were successfully achieved with high
selectivity. However, the fully understand molecular recognition in
sensing and markedly improve anti-interference ability of host-
gust system should be tackle in fabrication sensor.

2.1.6. Other approaches
With the achievements of recognition units, FL sensing strate-

gies have performed outstanding sensitivity and selectivity for
pesticide detection. Apart from the above recognition elements-
based sensor, some novel FL detection strategies and technologies
based on the direct utilization of fluorophore as recognition and
response elements have been skillfully exploited for pesticide
detection, which simplified the detection steps, saved the reaction
time and avoided the modification process. Chow et al. designed a
new bimetallic complex (Re(I)-NCS-Pt(II)) for directly quantitative
detection of pesticides with aliphatic mercapto functionality [136].
Owing to the bridging linkage between the Re(I) and Pt(II) centers,
the bimetallic complex demonstrated high selectivity to phorate,
demeton, and aldicarb. Guan et al. purified protein-protected
AuNCs via co-precipitation separation process for the fabrication
of pesticides nanosensor [137]. Based on the quenching ability of
pesticide, the FL color of AuNCs evidently changed with the addi-
tion of dithizone, 2,4-dichlorophenoxyacetic acid, paraoxon and
fenitrothion, which allows a visual perception of pesticide. Similar
to the direct-response manner of FL assays, our group conveniently
synthesized CdS QDs for directly response to paraquat [138]. More
importantly, the total time of analysis preparation of QDs and
fluorescent measurement was only of 20 min. Furthermore, OPs
[139,140], sulfonylurea herbicides [141] and bi-pyridine herbicides
[142,143] were also determined by the directly reaction with QDs.

On the base of development of bioengineering technology,
living organisms and its secretions are also used for pesticide
monitoring. Yin et al. extracted and purified pyoverdine with bright
FL from Pseudomonas aeruginosa strain PA1 [144]. The FL intensity
of pyoverdine could be efficiently quenched by furazolidone based
on ET mechanism. Interestingly, the fluorescent biosensor with
good sensitivity completed within few seconds, which provided a
potential candidate for real-time and on-site application. Tahirbegi
et al. incubated metabolism/photosynthesis of chlamydomonas
reinhardtii algal cells in microfluidic device for in-situ analysis of
pesticide [145]. In the initial state, algal with bright FL grown in
glass based microfluidic chip. Pesticides damage the integrity of the
photosystems and inhibit photosynthesis, therefore affecting the FL
intensity emitted from algae. This optical sensor could be used for
fast quantification of atrazine, diuron and simazine in less than
10 min.

It is worth mentioning that ligand-replacement system has also
been explored for sensitive pesticide analysis in “turn-off-on”
mode. Zhang's group presented a facile and on-site method for OPs
detection based on coordination-originated FRET [146]. Dithizone
ligands were employed to modify QDs in basic media, which
strongly quench emission FL of QDs by FRET process. In the pres-
ence of OPs, the ligands on the QDs surface were replaced by the
hydrolyzate of OPs, immediately inducing the enhancement of
probe (Fig. 3D). Importantly, the FRET based nanosensor can
directly analyze chlorpyrifos in apple samples with a limit of
5.5 mg L�1. Latterly, the authors proposed an ratiometric FL response
platform on the basis of ET process between fluorophore and
dopamine dithiocarbamate using intrinsic dual-emitting QDs as
signal reporter [147]. The ET pathway from QDs to ligands could be
suppressed upon addition of diethylphosphorothioate due to its
strongly coordinative interaction, resulting in continuous color
changes from blue to red.

The specific coordination property between pesticide andmetal,
which improved the selectivity of recognition, brought new sight
for the development of pesticide detection system. Mei et al.
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conjugated Cu2þ on the surface of polymer-coated UCNPs via
electrical attraction as a signal probe, which can generate specific
coordination property to thiram [148]. After forming thiram-Cu2þ

coordination complex, the blue luminescence of UCNPs can be
quenched through luminescence resonance energy transfer
mechanism. The coordination-induced recognition strategy that
uses UCNPs as a FL reporter possesses excellent performance for
thiram with a detection limit of 0.1 mmol L�1. Enlightened by the
above method, Fang et al. synthesized fluorescent ligand-Hg2þ

complex for facile determination of OPswith satisfactory sensitivity
[149]. Latterly, a “switch off” protocol with octahedral nickel
complexes was presented by Raj et al. for the detection of phosmet
and chlorpyrifos [150].

In addition to the mentioned sensor, the introduction of metal
nanomaterials as recognition unit and nanoquencher has been
demonstrated to be an attractive approach to enhance the analyt-
ical performance of pesticide detection. Our group designed dual-
output optical (fluorometric and colorimetric) scheme that com-
bined ratiometric fluorescent QDs as a FL sensor and AuNPs as
capture material, nanoquencher and colorimetric reporter in the
development of acetamiprid sensor [151]. In the initial state, the FL
of ratiometric fluorescent QDs could be quenched by AuNPs via IFE.
Acetamiprid with cyano group can specifically adsorb on the sur-
face of AuNPs, which induced the aggregation of AuNPs, accom-
panying the weakened IFE and enhancement of FL. Thus, the
presence of acetamiprid can qualitative screening via color change
and quantitative assessment by FL sensor. On the base of the affinity
between metal nanoparticles and pesticide, a series of dual-signal
probe were fabricated for the monitoring of pesticide, such as
fenamithion [152], glyphosate [153,154] and cyanazine [155].

2.2. Colorimetric sensing strategy

Owing to its convenience and simplicity, colorimetric (CL)
sensing strategy has proven to be a powerful analytical approach
for the analysis of variety of analyte, including ions [156], chemical
warfare agents [157], small organicmolecules [158] and biomarkers
[159]. A prominent merit of CL sensing is that their direct visuali-
zation output makes them promising candidates for point-of-care
assays. Therefore, the key challenge for fabricating CL platform is
transforming response behavior into visual color change. Reviewed
the remarkable achievements of nanomaterials, AuNPs as fascinate
signal transducer have beenwidely utilized to design CL sensors for
pesticide detection. Xu et al. developed AuNPs-based probe for the
directly monitoring of acetamiprid based on the strong affinity
between cyano group and gold [160]. The sensing mechanism was
based on the state change of AuNPs from dispersion to aggregation.
The concentration of acetamiprid can be qualitatively estimated
from the color change (red to blue). The color change during
nanoparticle aggregation is highly dependent on their distance and
concentration. Shen et al. used citrate-stabilized AuNPs for the
rapid detection of terbuthylazine and dimethoate by visualizing the
color change [161]. This AuNPs-based CL sensor showed high
selectivity and good sensitivity for pesticide detection in real
environment samples. Recently, a CL sensor array was constructed
for identifying five OPs based on the dispersion-aggregation
behavior of AuNPs by Fahimi-Kashani and Hormozi-Nezhad [162].
Apart from unmodified AuNPs, functionalized AuNPs have been
utilized to improve selectivity for CL detection of pesticide as well.
Sun et al. displayed p-amino benzenesulfonic acid functionalized
AuNPs as signal reporter for detecting carbaryl [163]. Based on the
similar protocol, Kim et al. introduced imidazole into AuNPs-based
probe to improve the sensitivity and shorten the detection time for
quantitative analysis of diazinon [164]. In addition, melamine [165],
p-nitroaniline dithiocarbamate [166] and guanidine acetic acid
[167] were also served as ligand to decorate AuNPs for selective CL
detection of pesticide. Despite many advantages of those aggregate
sensors including easy-to-use and cost-effective, more endeavors
are still needed to improve the sensitivity and selectivity. The
combination of recognition elements is preferred as they address
the above limitations. Thus, numerous efforts have been devoted to
integrating the specific affinity of recognition units with the optical
properties of metal nanoparticles for realizing pesticide analysis in
a sensitive, selective and accurate manner. From perspective of
recognition elements, CL sensing strategies can be typically sum-
marized as four types: enzyme strategies, antibody assays,
aptamer-based methods and other approaches.

2.2.1. Sensor based on enzyme
Enzyme-based sensors take advantage of selectively catalytic

behavior of enzyme and outstandingly optical properties of nano-
materials, which are the most common high-efficiency strategies in
the CL field of pesticide detection. The application of enzyme-
mediated signal amplification has been indicated by employing
the enzymatic hydrolyzate as an initiator to trigger the aggregation
or self-assembly of metal nanoparticle, which can assist in signal
transformation and amplification. Thanks to the binding affinity
toward pesticide, AChE act as one of the most widely used enzyme
for CL detection of pesticide. For example, lipoic acid-capped AuNPs
as the colorimetric reporter have been prepared by Sun et al. to
devise a sensitive sensor for OPs with the participation of AChE-
induced catalytic reaction [168]. TCh can efficiently trigger the
aggregation of lipoic acid functionalized AuNPs to produce clearly
color change. When OPs exist as enzyme inhibitor, the activity of
AChE can be blocked, which consequently diminished the genera-
tion of TCh, inducing the color change of probe. The proposed
platform was successfully applied for spiked fruit sample with
satisfactory results, thus representing great potential for on-site
screening without more technical demand. To improve the sensor
performance, Xia's group described an ultrahigh sensitively CL
strategy for the sensing of OPs based on end-to-end (EE) assembly
modulation of gold nanorods (AuNRs) by enzymatic reaction [169].
As shown in Fig. 4A, the two-point electrostatic interaction be-
tween cysteine molecules assisted the EE assembly of AuNRs,
which resulted in the formation of one-dimensional superstruc-
ture. TCh preoccupied on the AuNRs binding sites via SeAu
conjunction, preventing the EE self-assembly. In the presence of
OPs, the enzymatic activity is suppressed, correspondingly
observing the cysteine-induced AuNRs assembly again. The detec-
tion limit was estimated to be 0.039 pmol L�1 with a linear range of
0.12e40 pmol L�1. In combination with copper catalyzed click
chemistry, Jiang's group developed AChE-assisted CL procedure for
monitoring OPs by using azide- and alkyne-functionalized AuNPs
[170]. In this sensing system, Cu (I) as the catalyst to trigger
cycloaddition click chemistry and aggregation of AuNPs was
released from CuO nanoparticles in the presence of enzymic hy-
drolyzate (acetic acid) and reductant (sodium ascorbate). OPs could
control the production of acetic acid through inhibited AChE ac-
tivity, thus influencing the click chemistry and aggregation of
AuNPs. The involvement of Cu (I)-catalyzed click chemistry as
signal amplification process greatly enhanced the sensitivity.
Furthermore, horseradish peroxidases (HRP) [171], OPH [172], ALP
[173], plant-esterase [174] and dual enzyme of AChE and HRP [175]
are also worked as potential candidates for pesticide detection.

Owing to its single or multiple enzyme-like catalytic properties,
nanozyme (artificial enzymes) attracts significant investigative in-
terest as the alternative of natural enzyme. Yan's group firstly
discovered HRP-like activities of Fe3O4 magnetic nanoparticles to
catalyze different enzyme substrates in 2007 [176]. After this pio-
neering work, a significant number of materials such as hemin-



Fig. 4. (A) Schematic illustration of colorimetry for the assays of OPs based on the modulation of AuNRs EE self-assembly (reproduced from Ref. http://www.sciencedirect.com/
science/article/pii/S0165993617301516 [169] with permission). (B) The principle of Pd@AuNR nanozyme assay for malathion (reproduced from Ref. http://www.sciencedirect.
com/science/article/pii/S0165993617301516 [184] with permission). (C) Schematic of colorimetric platform for OPs detection based on MnO2-TMB probe (reproduced from
Ref. http://www.sciencedirect.com/science/article/pii/S0165993617301516 [187] with permission). (D) Schematic representation of the reversible inhibition of the nanozyme ac-
tivity of AuNPs using an acetamiprid-specific aptamer (reproduced from Ref. http://www.sciencedirect.com/science/article/pii/S0165993617301516 [217] with permission).
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graphene hybrid nanosheets [177], gold nanoclusters [178], gra-
phene oxide nanoparticles [179], Prussian blue nanoparticles [180],
CDs [181], AuNPs [182] and nanoceria [183], have investigated to
hold similar activities as different enzymes. As peroxidase mimic,
palladium-gold bimetallic nanozyme is proposed response to
malathion in the presence of hydrogen peroxide and o-phenyl-
enediamine by Singh et al. (Fig. 4B) [184]. Palladium-gold bimetallic
nanozyme with excellent peroxidase mimetic activity can catalytic
o-phenylenediamine to form yellow-color oxidation product in the
presence of hydrogen peroxide. It is interesting to discover that the
addition of malathion could selectively inhibited the enzymemimic
activity of nanomaterials. Furthermore, the author also studied gold
nanorods with peroxidase mimic activity for developing a simple
CL inhibition assay in the monitoring of malathion [185].

In addition to the above designs, the joint application of nano-
materials and natural enzyme as “dual-/tri-enzyme” has been
proved to be a fascinating approach for amplifying the response
signal of the CL sensor. An “tri-enzyme” strategy designed for OPs
recognition was presented by Liang et al., which make use of the
peroxidase mimic property of Fe3O4 nanoparticles and the catalysis
activity of AChE/ChOx [186]. In this study, with the consumption of
acetylcholine, AChE and ChOx were utilized to generate hydrogen
peroxide, which activates Fe3O4 nanoparticles to oxidase sub-
strates, accompanying color change. After incubation with OPs,
AChE activity was blocked, causing a decreased color intensity. As
shown above, the developed enzyme sensor was convenient to
implement and rapidly monitored acephate with the detection
limit of 5 nmol L�1. Based on this principle, our group constructed a
novel CL sensing platform for quantitative analysis of OPs by
monitoring the absorption of manganese dioxide nanosheets/
3,30,5,50-tetramethylbenzidine (MnO2/TMB) probe [187]. As
revealed in Fig. 4C, we prepared dual-function of ultrathin MnO2

nanosheets to serve as enzyme with oxidase-mimicking activity
which can directly oxidize TMB into blue-colored oxTMB in the
absence of hydrogen peroxide, and to employ as recognizer for
distinguishing the enzymic hydrolyzate of AChE. Thanks to the
inhibition effect of OPs, the enzymatic activity of AChEwas blocked,
then reducing the formation of TCh and resulting in the absorbance
increase of MnO2/TMB probe in a concentration-dependent
manner. The integration of MnO2 nanosheets and AChE not only
improved the selectivity and sensitivity of the CL strategies but also
introduced a novel insight for OPs detection. Likewise, enzyme-
based CL assays were carried out by using cerium oxide nano-
particles whose oxidase mimic activity was rationally modulated
via proton or TCh producing for the detection of OPs [188,189].

Apart from the above aggregation-based approach and mimic
enzyme-assisted methods, nanoparticle morphology-mediated
tool (change in nanoparticle size) is a promising strategy for
designing CL sensors. The signal generation of the morphology
transition of nanoparticles was depend on enzymatic control of
AuNPs growth [190]. For instance, a CL sensing mechanism based
on AChE catalytic growth of the AuNPs was utilized for ultrasen-
sitive detection of OPs [191]. In this approach, the enzyme hydro-
lyzate (TCh) stimulated the catalytically reductive enlargement of
gold seeds with the participation of AuCl4�, that is, enzyme can
modulate the growth of the AuNPs. The target molecule can block
the activity of AChE and subsequently decrease the production of
TCh, resulting in the color change. The generation of colored solu-
tions with characteristic property is responded to detect OPs with
naked eye. Based on this principle, Pavlov's group introduced
ascorbic acid to reduce Agþ on the surface of gold seeds, promoting
the catalytic growth of AueAg bimetallic nanoparticles with char-
acteristical absorbance peaks at 400 nm [192]. Owing to the affinity
between eSH and Au, TCh can bind to the surface of the gold seeds,
hindering the deposition of silver (Ag0) in the presence of ascorbic
acid and AgNO3 (Agþ). Inhibition of AChE by paraoxon produces
lower yields of TCh, consequently triggering the growth of AueAg
nanoparticles. Recently, coupling of enzymes to the biocatalytic
growth of AuNPs, a simple CL sensor was established for OPs
detection in Au3þ-cetyltrimethylammonium bromide environment

http://www.sciencedirect.com/science/article/pii/S0165993617301516
http://www.sciencedirect.com/science/article/pii/S0165993617301516
http://www.sciencedirect.com/science/article/pii/S0165993617301516
http://www.sciencedirect.com/science/article/pii/S0165993617301516
http://www.sciencedirect.com/science/article/pii/S0165993617301516
http://www.sciencedirect.com/science/article/pii/S0165993617301516


X. Yan et al. / Trends in Analytical Chemistry 103 (2018) 1e2010
[193]. Interestingly, the author fabricated a CL test paper for visual
detecting OPs by naked eyes within 20 min.

Some important chromogenic substrates, such as Ellman's agent
and indophenyl acetate, are also utilized as signal reporter for
pesticide detection [194e196]. Ellman's agent, 5,5-dithiobis (2-
nitrobenzoic acid) (DTNB), specially reacted with thiol groups to
produce yellow-colored product, which provides a practical means
of designing CL sensors for AChE and its inhibitors (pesticide).
Hossain et al. fabricated a paper-based CL strips by sandwiching the
AChE within two layers of sol gel-derived silica on detection zone,
which triggered the Ellman's test [197]. The bioactive test strip can
be applied for the quantitative detection of OPs by monitoring the
residual activity of enzyme. Latterly, the author employed indo-
phenyl acetate as AChE hydrolysis of the substrate that can be
catalyzed to yield blue-colored indigo for screening andmonitoring
enzyme inhibitor [198]. This CL strategy can detect pesticide with
rapid response times of 5 min. From a sensing perspective, those
strategies with rapid analysis capability do not need complex
synthesis and modification of nanomaterials, suggesting that the
convenient strategy could serve as an attractive protocol for the
point-of-care detection of pesticide.

2.2.2. Sensor based on antibody
By combining antibody with CL strategy, enzyme-linked im-

munoassays (EIA) have been developed for pesticide detection
[199e201], which become potentially attractive approaches for
routine analysis. In the traditional immunoassay, HRP or alkaline
phosphatase labeled detection antibody as signal reporter can
specifically recognize the target for screening pesticides. For
instance, our group developed a bi-enzyme tracer competitive EIA
for the analysis of thiacloprid and imidaclothiz [202]. We directly
coated two kinds of antibody on analysis plate, which can capture
enzyme-functionalized tracers for pesticide detection based on
competitive format. This detection format held excellent superi-
ority in saving detection time and workload. Latterly, we also
offered mini reviews of multi-pesticide detection based on immu-
noassays in 2014 [203]. Nanomaterials bring exciting opportunities
for the establishment of advanced CL immunoassay for pesticide
[204,205]. To achieve this goal, Wang et al. presented a lateral flow
immunoassay for the monitoring of three kinds of pesticide based
on AuNPs-labeled monoclonal antibody [206]. The performance of
assay in cabbage and soil samples was satisfactory, particular in
detection time within 7 min. To obtain high-throughput applica-
tion, a nitrocellulose membrane-based CL immunochip assay for
simultaneous detection of seven pesticides by using seven kinds of
AuNPs-labeled antibodies [207]. Xu's group employed Fe3O4
nanoparticle aggregates as color reagents for fabricating lateral
flow immunochromatographic assay [208]. Poly-(ethylene glycol)
coated Fe3O4 nanoparticle were firstly modified with poly-L-lysine,
then coupled with anti-PM polyclonal antibody, which can serve as
color reagents for analyzing pesticide residue. The signal amplifi-
cation strategy endowed by the controlled aggregation of Fe3O4
nanoparticles were recorded by absorption intensity analysis,
greatly improving visual detection limit. In addition to their func-
tion as signal reporter, nanomaterials have been extensively used as
nanocarriers to load enzyme and antibody. Du et al. designed a
competitive CL triazophos immunoassay by employing Fe3O4
nanoparticles and multi-labeled AuNPs [209]. In this platform,
AuNPs were utilized to conjugate anti-triazophos antibody and
enzyme, which was served as signal amplifier when the immuno-
reaction occurred. Meanwhile, Fe3O4 microparticle modified with
ovalbumin-hapten complex to competitively bind antibody on the
surface of AuNPs, further separated from reaction solution using a
magnet. The quantitative detection of pesticide was depended on
the enzyme-catalyzed color reaction.
2.2.3. Sensor based on aptamer
Attributed to design flexibility, cost-effectiveness, and prom-

ising stability under extreme experimental, nucleic acid aptamers
have attracted tremendous concern in the fields of bioanalysis and
biomedical applications [210e212]. From perspective of pesticide
analysis, aptamers cooperated with nanomaterials as signal unit or
catalysis element accomplish the transduction of recognition event
with suitable affinity and selectivity toward pesticide [213,214]. By
employing an “artificial antibody” aptamer, Shi et al. adapted
AuNPs aggregation-based methods for sensitive recognition of
acetamiprid, taking advantages of the selective target-induced co-
lor response [215]. Aptamer with random coil structure could be
absorbed on the surface of AuNPs through coordination bonds,
making AuNPs more stable against salt medium. Aptamer specif-
ically bind with acetamiprid to form aptamer-target complexes,
which induced the conformation changes of aptamer. The unpro-
tected AuNPs would aggregate under proper amount of salt,
accompanying the color change from red to purple blue. This CL
strategy was realized for monitoring the natural degradation pro-
cess of acetamiprid in soil. Motivated by this platform, Bala et al.
employed unmodified AuNPs and aptamer for OPs detection based
on pesticide-controlled aggregation of AuNPs [216]. By monitoring
the signal change in the absorbance, the aptasensor showed a wide
linear range from 0.5 to 1000 pmol L�1 toward malathion with a
detection limit of 0.06 pmol L�1.

Nanomaterial served as peroxidase-mimicking catalyst has also
been introduced into aptasensor for improving analysis perfor-
mance. Combining peroxidase-like nanozyme activity of AuNPs,
Weerathunge et al. demonstrated a facile CL sensor for acetamiprid
detection in a specific and sensitive manner (Fig. 4D) [217]. In this
design, the nanozyme activity of AuNPs can be suppressed via
surface passivation with aptamer molecules. In the presence of
target pesticide, the aptamer undergoes structural changes fol-
lowed by desorption from the AuNPs surface to participate in an
aptamer-target binding event, subsequently reactivating nanozyme
activity of AuNPs. The residue of pesticide can either be directly
visualized recognition on the base of color change or be quantified
detection using UVevisible absorbance spectroscopy. Latterly, the
well-dispersed hemin-functionalized reduced graphene oxide
(hemin-rGO) composites possessed both peroxidase-like activity to
catalyze reaction substrate and physical adsorption property to
capture aptamer, which were used to fabricate CL aptasensor for
acetamiprid detection [218]. The adsorbed aptamer on hemin-rGO
composites can increase individual hemin-rGO electrostatic
repulsion, making the composites coagulate vanish. Once aptamers
were specifically bind with acetamiprid, the conformation changes
of aptamers desorpted from the surface of hemin-rGO, accordingly
losing the ability to protect composites in salt medium. As a
consequence, the nanozyme activity was blocked, which produced
low absorbance in the presence of TMB and hydrogen peroxide.

2.2.4. Other approaches
Other recognition unit, such as MIP and host-gust interaction,

also open attractive window for pesticide analysis. It is well-known
that MIP, as a fantastic recognition molecule, can be skillfully
exploited to decorate sensing probes for fabrication of the high-
performance CL sensor [219,220]. Wu et al. prepared MIPs with
the special hierarchical porous structure for rapid recognition of
atrazine, then they directly transformed recognition events into a
readable color changes [221]. The MIP-based sensor exhibited good
sensitivity (10�8 ng mL�1) with a response time that was less than
30 s. Host-guest interactions also possess excellent recognition
function for pesticide detection. As an example, Rohit et al. made
use of dithiocarbamate-p-tertbutylcalix [4]arene capped AuNPs
(DTC-PTBCA-AuNPs) as a capture material for the detection of
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metsulfuron-methyl herbicide based on pesticide-assisted state
change of AuNPs [222]. In this sensing strategy, DTC-PTBCA con-
tains calixarene ring cavities that can selectively capture
metsulfuron-methyl via host-guest interactions and p-p stacking,
inducing a red-shift of absorption peak of AuNPs. The detection
performance in a target concentration-dependent manner can be
visual recognition by the naked-eye.

Microbial cells expressing enzyme, which are inspired by na-
ture, offer a favorable chance for fabrication of sensor. Mishra et al.
integrated polyethyleneimine functional silica nanoparticles with
Sphingomonas sp. cell to synthesize a stable biohybrid material that
express OPH enzyme activity to hydrolyze OPs [223]. By directly
measuring the absorption intensity of PM hydrolyzate (p-nitro-
phenol), the optical biosensor can achieve PM detection in the
range of 0.1e1.0 mg L�1. In this platform, the utilization of silica
nanoparticles not only save the cost of sensor, also enhance the
storage stability of biohybrid.

2.3. Surface enhanced Raman scattering strategies

Raman spectroscopy can identify the chemical content of
different molecular species via the collection of molecular vibra-
tions, that is, Raman spectroscopy possess the capability of mo-
lecular “fingerprint” recognition for distinct molecule/analyte.
Surface enhanced Raman scattering strategy (SERS) essentially in-
tegrated the molecular specificity of Raman spectroscopy with
optical properties of plasmonic nanostructures [224]. Owing to
optical resonance properties of coinage-metal nanostructures, the
local electromagnetic field can be significantly enhanced, accom-
panying the improvement of the SERS signal. Taking advantages of
ultrafast analysis capabilities, label-free, high stability and non-
destructive characterization, the application of SERS received
numerous concern in the field from biomedical diagnosis to envi-
ronmental monitoring [225e227]. By means of coinage-metal
nanostructures, SERS can even achieve an ultra-sensitivity down
to the single-molecule level, which offered new opportunities to-
ward obtaining single molecule recognition [228,229]. Recently, He
et al. reviewed the development of SERS technique for pesticide
detection in the aspect of sensitivity, reproducibility, selectivity and
portability [230]. The following are recent achievements in pesti-
cide SERS strategy as a powerful analytical tool that have focused on
the development of metal nanostructures-enhanced amplification.
In this section, according to the coinage metal nanoparticles-based
solid substrates, SERS nanoprobes are typically designed as gold
substrate, silver substrate and Au@Ag bimetallic substrate.

2.3.1. Sensor based on gold nanomaterial
Thanks to the enhancement of the electric field, gold nano-

material as one of the widely used SERS substrates, can absorb
target analyte, obviously strengthening SERS intensity. The Raman
scattering amplification phenomenon are mainly dependent on the
size, shape, orientation, and aggregation of nanomaterials, which
can greatly influence the electromagnetic and chemical enhance-
ment effects. Thus, vast endeavors have been undertaken to syn-
thesis different morphology of gold nanomaterial or modify/coat
recognition unit on the surface of gold nanomaterial [231e234].
Guo's group presented SERS strategy for directly extracting and
rapidly detecting of target pesticides by using AuNPs as substrate
and adhesive tape as nanocarrier (Fig. 5A) [235]. Thanks to the
interaction between AuNPs and pesticide, the SERS strategy ach-
ieved the qualitative detection of PM, thiram, and chlorpyrifos in
various sample as a practical application. Khlebtsov et al. fabricate
centimeter-scale gold nanoisland films with strong electromag-
netic coupling as substrate to improve SERS sensitivity and repro-
ducibility by using wet-chemical approach [236]. A point-of-care
application of the proposed SERS sensor is exemplified by thiram
analysis in the linear range of 5e250 ng mL�1. Especially, this SERS
technology can recognize thiram down to level of 5 ng cm�2 on
apple peel. For improving the selectivity of approach, modification
of gold material received researcher's interests. Wang et al. per-
formed trace SERS sensor by decorating AuNPs with mono-6-thio-
b-cyclodextrin as substrate to efficiently capture PM [237]. Incor-
porating host-guest reaction between the hybridized cavity and
pesticide, the Raman approach for identifying PM can be observed
at picomolar level with high selectivity. To overcome roughened
surfaces caused by aggregation or formation of nanoparticles and
weak signal of tips area, Tian's group reported shell-isolated
nanoparticle-enhanced Raman spectroscopy (SHINERS) whose
signal amplification was provided by silica/alumina-coated AuNPs
(Fig. 5B) [238]. In their design, AuNPs were capped with ultrathin
shell of silica or alumina as “smart dust” to spread over the target
surface, and thenmeasured in-situ for inspecting pesticide residues
on real-life sample, demonstrating that SHINERS can be employed
as a simple-to-use and field-portable analyzer for pesticide
screening.

2.3.2. Sensor based on silver nanomaterial
Compared with solid gold, solid silver shows simpler prepara-

tion process and stronger plasmon resonance property, which
created more “hot spots” to achieve higher Raman enhancement,
commonly fabricating of SERS platform [239]. Taking advantage of
the silver nanoparticles (AgNPs)-induced enhancement of Raman
signal, a “surface spray” SERS approach was introduced to achieve
the sensitive monitoring of pesticide residues on sample skins
[240]. The author sprayed the AgNPs to cover the surface of pear or
apple skin, which showed interaction with paraquat molecules,
followed by detecting via SERS signal. On the basis of the above
principle, a high sensitivity for paraquat was reached the order of
magnitude of 10�9 mol L�1. Owing to its controllable of optical
spectra, silver nanoshells (NSs) that consist of dielectric silica
nanoparticles coated with a silver shell were utilized as SERS-active
nanostructures for quantitative determination of thiram residue
(Fig. 5C) [241]. In this study, under the reduction of octylamine at
room temperature, a uniform layer of silver shells directly grown on
the surface of silica nanoparticles without predeposition of seed
metals. Through strongly enhanced Raman signals, this label-free
approach successfully recognized thiram down to 38 ng cm�2 in a
rapid and sensitive manner on apple peel.

In addition to the focus on the morphology of nanomaterials,
significant effort has been devoted to the modification of material
in order to overcome the inherent drawback of low affinity.
Kubackova et al. carried out the 1,8-octanedithiol functionalized
AgNPs not only to create a specific nanogap which was suitable for
assembly, also to induce interparticle junctions where sensitive hot
spots were presented to attach the pesticide [242]. By means of
SERS technique, organochlorine pesticides (aldrin, a-endosulfan,
dieldrin, and lindane) can be sensitively detected because they are
inserted in dithiol multilayer to induce signal change.

On account of their easy-to-cut or conformal surfaces, flexible
substrates can be wrapped onto curved surfaces for the efficient
extraction of target molecules, exhibiting impressive merits in
sampling and rapid analysis with excellent efficiency. Kumar et al.
fabricated large area SERS-active and flexible substrate for rapid
tracing pesticide residues by embedding silver nanorods (AgNRs)
into polydimethylsiloxane polymer [243]. The AgNRs arrays were
deposited on Si wafer, followed by embedding in low index poly-
dimethylsiloxane polymer, which enhanced portability and me-
chanical stability of substrate. The in-situ SERS measurements on
flexible substrates were performed by directly extracting trace
amount of thiram on fruit peels. Fan et al. used sandpaper as



Fig. 5. (A) Schematic illustration of the fabrication of SERS tape and extraction of targets from fruit peel surface (apple) for SERS analysis (reproduced from Ref. http://www.
sciencedirect.com/science/article/pii/S0165993617301516 [235] with permission). (B) In-situ inspection of pesticide residues on food/fruit based on SHINERS spectrum (repro-
duced from Ref. http://www.sciencedirect.com/science/article/pii/S0165993617301516 [238] with permission). (C) On-site detection of thiram on an apple peels using AgNSs
(reproduced from Ref. http://www.sciencedirect.com/science/article/pii/S0165993617301516 [241] with permission). (D) Schematic demonstration of preparation of SERS substrate
and SERS measurement for pesticide (reproduced from Ref. http://www.sciencedirect.com/science/article/pii/S0165993617301516 [250] with permission).
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template for deposition of silver for constructing flexible SERS
substrate [244]. By swabbing real-life sample surfaces, the pro-
posed SERS sensor with low-cost (less than 10 cents) is suitable for
rapid screening triazophos.

2.3.3. Sensor based on bimetallic nanomaterial
It has been confirmed that key nanomaterial structural com-

positions play a significant role in determining SERS performance
[245]. Compared to single-element nanomaterials, bimetallic ma-
terials possess the richer combination of material-dependent and
size/shape-dependent manner to get more plasmonic modes. In
particular, silver-coated gold nanoparticles (Au@Ag NPs) were
synthesized for fabricating SERS sensor in the detection of thiram
residues [246]. The proposed sandwich nanostructure with good
uniformity was fabricated by composing of graphene oxide nano-
sheets and Au@Ag NPs via a simple self-assembly process, which
employed as SERS-active substrate for producing highly enhanced
Raman signals. On account of plenty of hot spots and unique
structure of sandwich nanomaterial, the SERS platform can be
exploited to determine thiram in grape juice with a detection limit
down to 0.1 mmol L�1. This approach opened an attractive avenue
for utilizing core-shell particle in the identification and detection of
pesticide residues. Motivated by above strategy, Guo et al. prepared
monodisperse Au@Ag nanocubes (NCs) and Au@Ag nanocuboids
(NBs) inwell controlled sizes and shapesmanner as SERS substrates
for thiram detection [247]. With the optimized particle size, the
sensing method achieved a detection limit of 80 pmol L�1 for
thiram in the utilization of NBs substrates.

Most of SERS substrates are two dimensions (2D) planar sys-
tems, which are limited SERS active area to a single Cartesian plane.
Meanwhile, Laser confocal volume is a 3D space for measurement,
demonstrating that excitation source needs to be closely concen-
trated on the correct location (plane) and 2D SERS substrates are
under-utilizing confocal volume [248]. 3D nanostructures, which
can overcome low sampling efficiency on complex surface, were
also introduced in the construction of SERS approach [249]. A
gecko-inspired nanotentacle SERS strategy is proposed for the
monitoring of pesticide via “press and peeled-off” approach, as
shown in Fig. 5D [250]. The flexible 3D “tentacle” array was con-
structed by absorbing AuNPs and seeding deposition of AgNPs on
high density of 3D poly(dimethylsiloxane) nanotentacle, which can
freely approach the microarea and achieve efficient pesticide
recognition and collection, making it suitable for directly in-situ
enrichment and sampling from cucumber, apple and grape sur-
faces. More importantly, the sensing platform which hold unique
molecular “fingerprint” is proposed for simultaneous analysis of
three kinds of pesticides (thiram, PM and malachite green) in a
complex system.

2.4. Other detection strategies

Other detection techniques, such as surface plasmon resonance
(SPR) strategy and chemiluminescence strategy, have also gained
strong driving forces in the detection of pesticide due to their
convenient manipulation and high efficiency. By taking advantage
of the outstanding distinguish ability provided by recognition unit,
SPR and chemiluminescence strategy possessed excellent sensi-
tivity and selectivity for real-time monitoring. Here, we focus on
some of the attractive research on SPR and chemiluminescence
strategy.

http://www.sciencedirect.com/science/article/pii/S0165993617301516
http://www.sciencedirect.com/science/article/pii/S0165993617301516
http://www.sciencedirect.com/science/article/pii/S0165993617301516
http://www.sciencedirect.com/science/article/pii/S0165993617301516
http://www.sciencedirect.com/science/article/pii/S0165993617301516
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2.4.1. Surface plasmon resonance sensor
Surface Plasmon Resonance (SPR) strategy as a label-free tool

have received significant attention due to their ability to detect
target compounds in sensitivity, automation and real-time manner
[251]. The SPR sensor with outstanding reutilization performance
and excellent reproducibility has become increasingly popular in
drug discovery, food safety and environmental monitoring, espe-
cially for point-of-care diagnostics [252]. Commonly, SPR sensors
employ antibodies as receptors to capture its corresponding target
due to their superior performance. For example, Mauriz et al. pre-
sented a useful portable analytical method based on SPR strategy
by combining competitive immunoassay format for on-line moni-
toring of carbaryl [253]. In this platform, alkanethiol self-assembled
monolayer was formed on the surface of gold substrate to improve
the reusability of sensor, followed by immobilizing hapten-carrier
protein conjugate to capture antibody. In the presence of carbaryl,
a competitive immunoassay was immediately performed within
10 min, which reflected mass change on the transducer surface and
finally converted to a digital signal output by multielement
photodiode. On the basis of above principle, a SPR-based indirect
competitive immunoassay has been fabricated for thiabendazole
analysis in whole orange sample based on specific monoclonal
antibodies [254]. Under the optimal conditions, the detection limit
of SPR-based immunosensor was able to reach 0.16 mg L�1 by
monitoring mass variation.

MIPs represent a new class of materials that hold high stability
and outstanding mechanical properties. By combining MIPs with
sensor transducers, Dong et al. designed SERS sensor for quanti-
tatively detecting profenofos in sensitive and selective manner
[255]. The author synthesized MIP ultrathin films on the surface of
11-mercaptoundecanoic acid-functionalized SPR gold chips via
surface-initiated thermal polymerization, which worked as sensing
material for recognizing profenofos. On the basis of target-induced
mass change, the MIP-modified SPR sensor showed good linearity
in the range of 1.0 � 10�4 -1.0 mg mL�1 for detecting profenofos. For
the signal output of sensor, in most cases, the physical response
(mass variation) on the surface of metal substrates caused by
binding a target analyte often led to relatively low sensitivity [256].
To overcome this drawback, Qiu et al. introduced SPR angle shift-
based output into sensing platform by integrating MIPs recogni-
tion property with magnetic separation ability for amplifying SPR
response [257]. As shown in Fig. 6A, the obtained magnetic MIPs
Fig. 6. (A) SPR sensor based on magnetic MIPs nanosphere for pesticide recognition (repro
[257] with permission). (B) Schematic illustration of the CL Strategy for PM and imidaclop
S0165993617301516 [262] with permission).
nanosphere possess excellent magnetic properties to directly cap-
ture, concentrate, and separated of pesticide in complex samples in
virtue of an external magnetic field. In sensing strategy, the mag-
netic MIPs nanoparticles with template-imprinting sites were in-
tegrated on a SPR chip via the specific interactions between the
immobilized AChE and chlorpyrifos rebound in the recognition
cavities, resulting in a significant signal amplification due to the
high molecular weights, high refractive indices and excellent
imprinted effect. The biosensor obtained good sensitivity and
acceptable selectivity for chlorpyrifos with a dynamic linear range
from 0.001 to 10 mmol L�1 and a detection limit of 0.76 nmol L�1.
2.4.2. Chemiluminescence strategy
Chemiluminescence strategy has grown into a well-established

luminometry assay, which not require light excitation, greatly
improving signal-to-noise ratio because of the reduction or elimi-
nation of background signal [258,259]. Chemiluminescence
approach as an attractive technique possess inherent merits, such
as simplicity of operation, cost-effectiveness, rapid response and
superior sensitivity, that make them excellent scaffolds for the
construction of optical probes in various scientific fields range from
food analysis to diagnosis of disease [260,261]. In the light of these
advantages, chemiluminescence techniques have been successfully
applied to the determination of pesticide by combining with
recognition elements. Fu's group designed a chemiluminescence
assaywith high sensitivity for PM and imidacloprid detection based
on a bi-enzyme competitive immunoreaction in the utilization of
bispecific monoclonal antibody (BsMcAb) [262]. In this platform,
BsMcAb as the unique recognition unit that can specially capture
PM and imidacloprid in complex samples was produced by a hybrid
hybridomas approach, which were coated on the surface of
microplate. As displayed in Fig. 6B, enzyme (HRP and ALP) tagged
haptens of the two pesticides can competitively bound to the
BsMcAb, simultaneously triggering the chemical reaction by adding
the chemiluminescence co-reactants. By collecting the chem-
iluminescence signal at 0.6 s (for PM detection) and 1000 s (for
imidacloprid detection), good linear ranges were obtained in the
range of 1.0e500 ng mL�1 for both PM and imidacloprid. Compared
to time-resolved fluorescent assay, the proposed chem-
iluminescence immunoassay were easy-manipulation which
collected signals at much wider time windows. Very recently, the
same group constructedmultiplexed immunochromatographic test
duced from Ref. http://www.sciencedirect.com/science/article/pii/S0165993617301516
rid detection (reproduced from Ref. http://www.sciencedirect.com/science/article/pii/

http://www.sciencedirect.com/science/article/pii/S0165993617301516
http://www.sciencedirect.com/science/article/pii/S0165993617301516
http://www.sciencedirect.com/science/article/pii/S0165993617301516
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strip by using BsMcAb-based chemiluminescence probe for
simultaneously detection PM and imidacloprid [263]. The assay
exhibited low-cost and user-friendliness with analysis time that
was less than 22 min.

Recent developments in mimicking enzyme have approved new
sight in the establishment of chemiluminescence sensor. By taking
advantage of peroxidase-like activity of AuNPs, Khajvand et al.
presented a chemiluminescence procedure for the detection of
hexythiazox residues with the luminol-H2O2 system [264]. The
bare AuNPs with intrinsic peroxidase-like activity can catalyze
luminol and H2O2 to produce hydroxy-hydroperoxide, leading to
enhancement of chemiluminescence intensity. The slight change of
AuNPs state, such as aggregation, can cause the significant change
of catalytic properties. Hydrolyzate of hexythiazox can trigger the
aggregation of AuNPs, which reducedmimicking enzyme activity of
AuNPs in the luminol-H2O2 system. According to the chem-
iluminescence signal, hexythiazox can be analyzed in the range of
0.017e0.42 mg mL�1. Inspired by preceding work, Lin's group syn-
thesized graphitic carbon nitride/bismuth ferrite nanocomposites
(g-C3N4/BiFeO3 NCs) as a peroxidase-like catalyst in the construc-
tion of chemiluminescent immunochromatographic assay for
detection of chlorpyrifos and carbaryl [265]. By coupling with high
binding affinity of pesticide aptamer, an amplified chem-
iluminescence strategy was reported for ultrasensitive and selec-
tive detection of acetamiprid by Qi et al. [266]. The conformational
change of aptamers can significantly influence the state of AuNPs
(from dispersed state to aggregated state) in salt solution, further
inducing the catalytic capability of AuNPs in luminol-H2O2 chem-
iluminescence reaction. On the base of specific affinity of aptamer
and catalytic property of AuNPs, the aptamer-based chem-
iluminescence sensing system revealed good performance for
acetamiprid detection with a detection limit of 62 pmol L�1.

Another approach to nanoparticle-based chemiluminescence
assay is direct synthesis of luminol-functionalized material in
chemiluminescence sensing. He et al. prepared luminol-modified
AgNPs (Lum-AgNPs) for fabricating chemiluminescence sensor
array with triple-channel properties for recognizing and discrimi-
nating of OPs and carbamate pesticides [267]. Luminol as a
reducing agent can reduce silver nitrate to form Lum-AgNPs which
can react with H2O2 to produce a chemiluminescence emission.
Owing to the different affinity of AuNPs for pesticide, distinct
chemiluminescence responses could obtain with the addition of
different pesticides. Based on this phenomenon, this sensor array
has well distinguished dimethoate, dipterex, carbaryl, chlorpyrifos,
and carbofuran, thereby greatly simplifying the operation proced-
ure. This sensing array opens a new avenue for pesticide identifi-
cation in simple, facile and high-throughput manner.

3. Conclusions and perspectives

Continuous concerns over pesticide residues have provide a
long-driven force to develop novel techniques. In the past decade
years, thousands of research literatures have been published for the
routine and convenient monitoring of pesticide to meet increasing
market and social requirements. Herein, we have reviewed various
kinds of optical strategy that were ingeniously designed and suc-
cessfully applied for the detection of pesticide, with a specific focus
on the fluorescence, colorimetric and surface-enhanced Raman
scattering sensing strategies. With the emergence of high affinity of
recognition elements, as well as various novel signal transduction
approaches, optical assay reveal good performance to quantify
pesticide residues in complex environment and food matrices,
especially in the simplification and visualization design, making
them ideally suitable for on-site application.
On the basis of the discussed research, the stability, accuracy,
sensitivity and selectivity of optical sensor can be improved as
follows: (1) the development of recognition units with excellent
distinguish capacity to offer selectivity and sensitivity toward tar-
geted analytes. For example, bi-enzyme cascade catalytic format
has the merit of multi-signal amplification, greatly improving the
sensitivity. (2) the utilization of novel nanomaterials that employ as
signal reporters, substrates and catalysts. Ratiometric probe with
dual-emission can provide built-in correction to eliminate envi-
ronmental effects, exhibiting advantage in terms of enhanced
sensitivity and accuracy. Nanozymes possess lower cost, higher
stability, and excellent recyclability in comparison with natural
enzymes, which improved the stability of sensor. Furthermore, the
integration of optical strategy into paper-based analytical devices
can be constructed in simplicity and miniaturization, further pro-
moting the commercialization of devices.

Even though optical sensor has a promising future in pesticide
determination, there are sustainable challenges to be addressed in
the field. Particularly, most optical sensors still retain at laboratory
level of testing and verifying proof-of-concept, which have not
been exploited in practical applications. In the aspect of recognition
events, the stability of recognition units (such as enzymes, antibody
and aptamer) can be easily influenced by environmental condi-
tions, such as temperature and pH. Furthermore, the integration of
recognition event into the analytical system is a vital step in the
fabrication of a successful sensor. The conjugation between
recognition elements and functionalized nanomaterials will inevi-
tably increase the complexity, cost and time of optical sensor,
especially suppress the distinguish ability of recognition elements.
From the perspective of nanomaterials, nanomaterials-based
analytical platforms are in the starting stage of development. The
specificity and catalytic activity of current nanozymes are lower
than that of natural enzymes, in turn impeding the use of nano-
zymes. The synthesis of functional materials/nanomaterials with
relatively narrow size distribution will seriously influence the
performance of sensor because inhomogeneous distribution of
nanoprobe can reduce analysis accuracy. Thus, future endeavors
should directly focus on addressing above obstacles.

While remarkable progress has been made toward the design
of optical sensor for pesticide detection, tremendous opportu-
nities and new trends are emerging. Coupling newly developed
recognition elements (nanobodies, peptide aptamers and so on)
with functional materials/nanomaterials will afford exciting op-
portunities for the monitoring of pesticide, which can improve
the performance of sensor. On the other hands, the integration of
field-deployable devices with optical sensor perform promising
on-site applications, with the aid of 3D printing technologies,
improving the reproducibility and stability of sensor. By taking
advantage of miniaturized device and wire-less networking, the
recognition event of pesticide can be transformed into a
measurable digital signal by hand-held devices, such as smart-
phone, then the detection results can deliver to the servers. Thus,
the portable detecting platforms can be carried out outside of
laboratory setting with minimal user involvement, paving the
way for a new generation of analytical devices in real-time
detection. We envision that, therefore, optical sensors will
assuredly act significant roles in future on-site monitoring of
pesticide.
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