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Abstract: Heavy metal ions and pesticides are extremely dangerous for human health and environ-
ment and an accurate detection is an essential step to monitor their levels in water. The standard 
and most used methods for detecting these pollutants are sophisticated and expensive analytical 
techniques. However, recent technological advancements have allowed the development of alter-
native techniques based on optical properties of noble metal nanomaterials, which provide many 
advantages such as ultrasensitive detection, fast turnover, simple protocols, in situ sampling, on-
site capability and reduced cost. This paper provides a review of the most common photo-physical 
effects impact on the fluorescence of metal nanomaterials and how these processes can be exploited 
for the detection of pollutant species. The final aim is to provide readers with an updated guide on 
fluorescent metallic nano-systems used as optical sensors of heavy metal ions and pesticides in wa-
ter. 

Keywords: noble metal nanomaterials; engineered nanomaterials; fluorometric sensors; water pol-
lutants; heavy metals detection; pesticides detection; water monitoring 
 

1. Introduction 
Industrial human activities and technological advancements are increasingly bur-

dening the environment with the release of large quantities of hazardous waste, such as 
heavy metals, metalloids and organic pollutants. This pollution has inflicted serious dam-
age on ecosystems [1]. The build-up of heavy metal content in soils and waters continues 
to induce serious problems for global health, as these pollutants cannot be degraded into 
non-toxic forms but they accumulate in the ecosystem [2,3] also reaching the food chain 
[4]. 

The use of pesticides in commercial agriculture has led to an increase in farm produc-
tivity [5]. Sure, they are designed to be toxic to parasites but unfortunately, by their very 
nature, they pose risks to humans, wildlife and the environment. 

Table 1 shows the guidelines for the maximum tolerated concentration of the main 
pesticides in drinking water for some countries, while Table 2 shows those for metal ions 
in water. In both cases, there is no homogeneity of values among countries. It seems note-
worthy that the European Union (EU) has the strictest limits for both types of pollutants. 

In order to monitor the amount of heavy metal ions and pesticides accumulated in 
nature, a wide range of sample types, such as soil, water, air, food, beverage, plant and 
animal-derived products, needs to be tested routinely. The most widely used analytical 
methods to detect the presence of contaminants in real samples are: atomic absorption 
spectroscopy (AAS) [6,7], atomic emission spectroscopy (AES) [8,9], mass spectroscopy 
(MS) [10,11] and chromatography methods [12,13]. All of them have excellent sensitivity 
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and reproducibility, however, their protocols for sample preparation are time-consuming 
[14–18] and they require very expensive and sophisticated apparatuses, handled by well-
trained personnel. For these reasons, it is worth exploring possible easier and lower-cost 
alternatives. In this context, optical detection techniques based on nanomaterials with pe-
culiar optical properties seem a very promising cheaper and easier method. Indeed, they 
have faster detection times, simple protocols and they allow in situ sampling and porta-
bility. In addition, the optical methods exploit the ability of specific materials to change 
their optical properties such as reflectance/transmittance, absorbance and fluorescence in 
presence of contaminants and these changes can be investigated by simple apparatuses 
such as spectrophotometers or fluorimeters. 

An analysis of publication data from the Scopus website highlights that the scientific 
interest on the fluorescent nanomaterials for sensor applications increased in the last 
twenty years (1999–2019), as reported in Figure 1a. The number of publications (contain-
ing keywords: nanoparticles, fluorescent and sensor) jumped from 3 in 1999 to 285 in 2019. 
While the Figure 1b shows the published manuscripts in the same time range divided by 
subject areas, the main fields are chemistry and materials science, with 24.7% and 17.1% 
of the total of manuscripts, respectively. The number of papers in the environmental sci-
ence area passed from 0% of publication in the 1999 to 8% in the 2019, showing the in-
creased interest of this research field. 

Nanosensors are sensors used to detect the presence of chemical species on the na-
noscale. Fluorescent nanomaterials such as inorganic quantum dots (QDs) [19–21] perov-
skite quantum dots (PQDs) [22–24], graphene quantum dots (GQDs) [25–28] are em-
ployed as nanosensors for environmental monitoring. Moreover, other nanostructures are 
used as fluorescent probes for pollutant detection such as noble metal nanoclusters 
(MNCs) [29–32] or functionalized nanoparticles [33–35]. In the case of noble metal 
nanoclusters, the fluorescence is an intrinsic property of the material itself and it is con-
nected with the small dimensions that induce a quantization of the energy levels; in other 
cases and with specific functionalization, luminescent species or molecules are bond di-
rectly to the nanoparticles that do not show intrinsic fluorescence [36–38]. When such 
nano-systems interact with contaminants, the fluorescence properties such as intensity, 
peak position and band shape undergo a modification. Clearly, the interaction mecha-
nisms depend on the nature of the analyte and on the specific nanosensor considered. In 
general, interactions occur directly on the surface of the metal nano-systems. Alterna-
tively, the molecules that surround the nanostructures mediate these interactions by their 
functional groups. 

This review aims to describe the most common photo-physical effects involved in the 
fluorescence of the noble metal nanostructures and their modifications induced by the 
presence of pollutant species, such as heavy metal ions and pesticides, which are the wid-
est diffused and harmful water and environmental contaminants. Photoinduced electron 
transfer (PET) and photoinduced charge transfer (PCT) processes, fluorescence resonance 
energy transfer (FRET) mechanism, aggregation-induced emission (AIE) effect and the 
inner-filter effect (IFE) are the kind of photo-physical effects commonly exploited in na-
nosensing. Moreover, we discuss a number of recent and promising systems used for de-
tection of heavy metal ions and pesticides, highlighting their performances in terms of 
linear range, selectivity and limit of detection (LOD). 
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Table 1. Comparison between different guideline values for pesticides in drinking water [39]. For 
EU the Drinking Water Directive (DWD) sets a concentration limit of 0.1 μg/L for individual pesti-
cides and of 0.5 μg/L for the total sum of pesticides [40]. Values are expressed in μg/L, N. a. = not 
approved. 

Pesticide * WHO ** USA New Zeeland Australia Canada *** EU 
Alachlor 20 2 20 - - N. a. 
Aldicarb 10 7 10 1 9 N. a. 

Aldicarb sulfone - 7 - - - N. a. 
Aldicarb sulfoxide - 7 - - - N. a. 

Aldrin/diedrin 0.03 - 0.03 0.01 0.7 N. a. 
Atrazine 2 3 2 0.5 5 N. a. 

Bentazone 300 - 4 2 - 0.1 
Carbaryl - - - 5 90 N. a. 

Carbofuran 7 40 8 5 90 N. a. 
Chlordane 0.2 2 0.2 0.01 - N. a. 
Cyanazine 0.6  0.7 - 10 N. a. 

2,4-D 30 70 40 0.1 100 0.1 
DDT 2 - - - - N. a. 

Diazinon - - 10 1 20 0.1 
1,2-Dibromo-3-chloro-

propane 1 0.2 1 - - N. a. 

Diquat 10 20 10 0.5 70 0.1 
EDB 0.4–15 0.05 - 1 - N. a. 

Fenoprop(2,4,5-TP) 9 50 10 - - N. a. 
Glyphosate - 700 - 10 280 0.1 
Heptachlor - 0.4 - - - 0.1 

Heptachlor epoxide - 0.2 - - - N. a. 
Hexachlorobenzene 1 1 1 - - 0.1 

Lindane 2 0.2 2 0.05 - 0.1 
Malathion - - - 50 190 0.1 

Methoxychlor 20 40 20 0.2 900 0.1 
Pentachlorophenol 9 1 10 0.01 60 0.1 

Picloram - 500 20 - 190 0.1 
Propazine - - 70 0.5 - 0.1 
Simazine 2 4 2 0.5 10 0.1 

2,4,5-T 9 - 10 0.05 - N. a. 
Trifluralin 20 - 30 0.1 45 0.1 

* WHO = World Health Organization; ** USA = United State of America; *** EU = Europe. 
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Table 2. European limit values [41] for heavy metal concentration in comparison with WHO [42] 
and EPA* [43] values (all expressed in mg/l). 

Metal Ions EU WHO EPA 
Iron (Fe) 0.2 0.3 0.3 

Manganese (Mn) 0.05 0.05 0.05 
Copper (Cu) 1 1 1.3 

Zinc (Zn) 0.1 5 5 
Silver (Ag) 0.01 - - 

Arsenic (As) 0.05 0.01 0.01 
Cadmium (Cd) 0.005 0.005 0.005 
Chromium (Cr) 0.05 0.05 0.1 
Mercury (Hg) 0.001 0.001 0.002 

Nickel (Ni) 0.05 - 0.1 
Lead (Pb) 0.05 0.015 0.005 

* EPA = Environmental Protection Agency. 

 
Figure 1. Analysis on the published manuscripts in the time range from 1999 to 2019: documents 
by year (a) and by subject area (b), respectively. Source: www.scopus.com. 

2. Physical Aspects Behind Fluorescence Response to Environmental Pollutants 
The nature of the metal nanomaterials and the pollutant species is the key element to 

determine the type of interaction and the effect on the fluorescent emission band. In this 
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section, the most important interaction mechanisms between the probe system and the 
pollutants will be discussed. 

2.1. Photoinduced Electron Transfer and Photoinduced Charge Transfer Processes 
Photoinduced electron transfer (PET) sensors are based on molecules having a fluor-

ophore moiety, responsible for the light emission and an ionophore part, involved in the 
interaction with the heavy metal ion (see Scheme 1a). When the system is free from con-
taminant, after optical excitation, the emission intensity is weak, due to an electron trans-
fer from the ionophore energy level to the excited fluorophore level that inhibits the radi-
ative transition between the two states of the fluorophore moiety. During the contamina-
tion with metal cations, the probability of radiative transition is enhanced [44,45], caused 
by the inhibition of the electron transfer from the ionophore to the fluorophore, since the 
binding with the cation stabilizes the energy level of the ionophore (see Scheme 1b). Other 
mechanisms causing an enhancement or quenching of the fluorescence intensity are che-
lation-enhanced fluorescence (CHEF) and chelating quenching fluorescence (CHQF) [46–
48]. Moreover, heavy metal ions can induce aggregation of the emitting units and, if the 
aggregation is strong enough, complete vanishing of the emitted light may occur. These 
interaction mechanisms explain the signal increasing/decreasing of some systems in liter-
ature [47,49–54]. More complex is the case of photoinduced charge transfer (PCT) based 
sensors. In this case, a different behavior occurs if the ionophore moiety is an electron 
acceptor or electron donor species. When a fluorophore contains an electron-donating ion-
ophore conjugated to an electron-accepting group, an intramolecular charge transfer from 
the donor to the acceptor occurs upon excitation by light. When an electron donor group 
within the fluorophore interacts with a cation, a blue shift of the absorption and emission 
spectra is expected. In fact, the metal cation reduces the electron-donating character of this 
group, strongly destabilizing the excited state with respect to the ground state. A sche-
matic representation is reported in the Scheme 2a. 

Conversely, a cation interacting with an acceptor group enhances the electron-attrac-
tion character of this group; consequently, the cation stabilizes more efficiently the excited 
state rather than the ground state, causing a red shift of the absorption and emission spec-
tra (see Scheme 2b) [44]. 

 
Scheme 1. Energy levels and electrons involved in the transitions before (a) and after (b) the inter-
action with the metal cation, in the photoinduced electron transfer (PET) mechanism. 
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Scheme 2. Energy levels involved in the transitions before and after the interaction with metal cations in the donor iono-
phore case (a) and in the acceptor ionophore case (b), for the photoinduced charge transfer (PCT) mechanism. 

2.2. Fluorescence Resonance Energy Transfer Mechanism 
Fluorescence (or Föster) resonance energy transfer (FRET) is a non-radiative process, 

which occurs among fluorescent molecules. This phenomenon is based on long-range di-
pole-dipole interaction between a donor fluorophore (D) in its excited state and a proximal 
ground state of an acceptor fluorophore (A) [55]. Two main conditions must be satisfied, 
in order for the FRET process to occur. First, the donor and acceptor must be located in a 
close proximity up to a maximum distance of 10 nm. Second, the overlapping area of the 
emission spectrum of donor and the absorption spectrum of acceptor must be large 
enough. On the contrary, if these conditions are not fulfilled, FRET does not occur and in 
the case of donor excitation, donor relaxes to its ground state by radiative emission [56,57]. 
The relaxation mechanisms that can occur once the donor compound is in its excited state, 
is shown in the Scheme 3, where the distance d between donor and acceptor dipoles is 
represented in abscissa. An electromagnetic wave of appropriate wavelength excites the 
donor (process ①). Two relaxation mechanisms for the donor can occur following excita-
tion. The first one is through radiative emission (process ②, if the distance d > 10 nm 
and/or overlapping of bands is not satisfied). The second one is through FRET, where the 
de-excitation process ③ occurs and the excess of energy (represented by horizontal violet 
arrow) is transferred to the acceptor moiety, exciting the acceptor itself (process ④). Fi-
nally, the acceptor loses the excess of energy returning to the fundamental state by radia-
tive or non-radiative emission (process ⑤) [55,58]. 

When a metal nanoparticle replaces one of the two fluorophores involved in the 
FRET phenomenon, the energy transfer no longer occurs between the two dipoles but ra-
ther among the excited dipole and the conduction band electrons of the metal nanoparti-
cle. This phenomenon is known as nanometal surface energy transfer (NSET). Further-
more, the NSET mechanism can occur at a longer distance than the FRET, up to about 20 
nm [59]. The energy levels representation is still valid also in the case of NSET, considering 
the due replacements. 
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Scheme 3. Schematic representation of processes involved between two fluorophores, a donor and an acceptor in the 
fluorescence resonance energy transfer (FRET) mechanism. 

This phenomenon involving metal nanoparticles functionalized to a fluorophore can 
be exploited to detect environmental pollutions [60–65]. It is possible to identify two sen-
sor classes. In the first type, the presence of the pollutant promotes NSET phenomenon, 
the donor fluorophores transfer the energy to the acceptor nanoparticles and thus a 
quenching of photoluminescence (PL) emission occurs. In the second type, a fluorescence 
“turn-on” effect occurs, for the contaminant inhibits the energy transfer from donor to 
acceptor (often due to an aggregation of the particles) and the fluorophores far from the 
metal structures can emit radiatively. 

2.3. Aggregation-Induced Emission Effect 
The aggregation-induced emission (AIE) effect is a photo-physical property of those 

molecules with an electronic structure extensively conjugated [66]. The AIE effect is the 
ability of these species to increase their PL emission when they are in an aggregate status. 
This macroscopic effect is mainly caused by the restriction of intramolecular rotation (RIR) 
in the aggregates, since the intramolecular rotation converts photon energy into heat and 
it deactivates the excited states via non-radiative processes. In the aggregates, the intra-
molecular rotation is restricted and the non-radiative relaxation channel is reduced [66]. 
Metal nanomaterials sensors based on the AIE effect have been applied to water monitor-
ing in several cases, where the presence of water pollutants induces the aggregation of the 
fluorescent probes and subsequently, the increase of the emission [67–69]. 

2.4. Inner-Filter Effect 
The inner-filter effect (IFE) is another photo-physical phenomenon, which can be ex-

ploited in the field of environmental monitoring. When a fluorescent compound is in a 
concentrated solution and excited by light, the fluorescence originates only from the solu-
tion surface, inasmuch fluorophore molecules absorb all the excitation energy in the first 
layers of the solution. The penetration power of the light decreases, increasing the distance 
from the surface, thus the light is absorbed and cannot excite the innermost molecules. 
Therefore, there is a non-linear relationship between the observed fluorescence intensity 
and the concentration of emitters [70,71]. 
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A sensor based on IFE is composed of two optical units, that is, an absorber (metal 
NPs) and an emitter (fluorophore). In order to synthesize a good IFE sensor, the absorp-
tion spectrum of the absorber should possess a sufficient overlap region with the excita-
tion and/or emission spectrum of the emitter, as result the fluorescence emission is tuned 
by the absorber and the fluorescence should not be quenched by the absorber [72]. 

The Scheme 4 shows the three strategies for the design of the IFE based fluorescent 
sensing systems. The first strategy consists in the fluorescence “turn-off,” that is, the ab-
sorption of the metal NPs is enhanced with the increase of analyte concentration giving 
rise to a decrease of the fluorescence of the system due to IFE. The IFE-based sensors in a 
“turn-on” mode represents the second strategy, where the NPs turns off the fluorescence 
first and then the analyte restores the emission intensity mostly by the aggregation of 
metal NPs [73]. The third strategy is ratiometric fluorescence assay in which the analyte 
concentrations are determined by measuring the ratios of the emission at two wavelengths 
(represented in the Scheme 4 by green and red lightnings). Here the pollutant affects one 
of the two emission and as a result the emission color changes [74,75]. 

 
Scheme 4. Strategies of inner-filter effect (IFE) based sensors. 

3. Recent Developments on the Heavy Metal Ions Detection 
3.1. Silver 

Silver is used in many different fields, mostly to exploit its antibacterial and antibiotic 
activity and for this reason it is present in high quantities in the environment. At certain 
levels, it can destroy the activity of enzymes and for this reason, it is important to have 
systems able to detect it in water even at low concentration. For example, fluorescence 
polarization sensors are used for Ag(I) detection in aqueous solution. Thiol-DNA-func-
tionalized gold nanoparticles (AuNPs) [33,76] were recently used because Ag(I) ions in-
teract with a cytosine–cytosine (C–C) mismatch in DNA duplexes to form stable metal-
mediated cytosine–Ag(I)–cytosine (C–Ag(I)–C) base pairs. The formation of this complex 
causes a variation in the molecular volume and fluorescence polarization signal. After 
testing the system with 12 different cations, the authors found a LOD of 9.5 nM for silver 
ions in water and good results with interfering ions were obtained. 

A common Ag(I) detection technique in water was obtained using fluorescent copper 
nanoparticles synthesized by using glucose (Glc) as a reducing agent and fluorescent 
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probe (Glc-CuNPs). Silver ions interact with Glc-CuNPs quenching the fluorescence sig-
nal [77]. 18 different metal ions were tested in this system and a LOD of 100 µmol/L was 
attained. 

Another system based on fluorescence quenching to detect Ag(I) ions in water con-
sists of fluorescent carbon-doped silicon nanoparticles (SiNPs) [78]. The fluorescence sig-
nal of SiNPs was quenched in the case of Ag(I) ions and Hg(II) ions, with detection limits 
of 0.457 μM and 2.676 μM, respectively. The system was tested in the presence of 15 dif-
ferent metal ions but only in the presence of Ag(I) and Hg(II) ions there was a quenching 
effect. Furthermore, the interference between different metal ions was tested but there 
were no influences in the fluorescent intensity of the system. 

A different sensing mechanism is based on fluorescence enhancement in the presence 
of Ag(I) ions. Gold nanoclusters (AuNCs) covered with glutathione were synthesized to 
detect silver ions in water. In this case, the enhancement of the luminescence was due to 
aggregation-induced emission of the functionalized gold nanoclusters [79]. The system 
was tested with 13 different metal ions but a luminescence enhancement with red-shift of 
the emission peak was measured only when Ag(I) ions were present in water. The authors 
suggested that Ag(I) influenced the ligand-to metal charge transfer (LMCT) or ligand-to 
metal–metal charge transfer (LMMCT) of AuNCs and they found a limit of detection of 
0.2 nM. 

3.2. Chromium 
Chromium, in aqueous solutions, can be found in two different oxidation states, 

Cr(III) and Cr(VI). The former has low toxicity, while the latter is a human carcinogen. 
Fluorescent silicon nanoparticles were reported to be a good sensor for Cr(VI) since the 
signal is quenched in presence of this ion through the inner filter effect [80] with a LOD 
of 28 nM. The system was tested with 17 different ions and the interference of these ions 
with Cr(VI) showed no influence. After the interaction with Cr(VI) the fluorescence of the 
system can be recovered by adding H2S due to the redox reaction between Cr(VI) and H2S, 
so this on-off-on sensor is also able to detect H2S in water. 

In another work, bovine serum albumin (BSA)-AuNCs and carbon dots CDs (BSA-
AuNCs-CDs) systems were synthesized to detect Cr(VI) (LOD 5.34 nM) and also Hg(II) 
(LOD 1.85 nM) [81]. In this work, 13 different metal ions were tested. As shown in the 
schematic illustration of Figure 2, the red fluorescence of BSA-AuNCs and the blue fluo-
rescence of CDs are combined giving a pink fluorescence signal. In the presence of mer-
cury or chromium ions there was a change in the fluorescence emission color which allows 
to detect the specific ion. 

The quenching of CDs fluorescence upon addition of Cr(VI) may be attributed to the 
inner filter effect and the detection of Hg(II) is based on the high-affinity metallophilic 
Hg(II)–Au(I) interactions, which quenches the fluorescence of AuNCs. An interesting sys-
tem based on glutathione-stabilized gold nanoclusters (GSH-AuNCs) was tested with 10 
different cations and shows a selective detection of both Cr(III) and Cr(VI) in environmen-
tal water samples by fluorescence quenching depending on the pH [82]. At pH 6.5, a se-
lective quenching effect was found for Cr(III) with a LOD of 2.5 µg/L. In these conditions, 
Cr(III) ions can form complexes with glutathione (AuNCs-GSH-Cr(III)-GSH-AuNCs) re-
sulting in the aggregation of AuNCs. Moreover, the system presented a selective quench-
ing effect (LOD of 0.5 µg/L) for pH values between 3.5–1, caused by the redox interaction 
between Cr(VI) and GSH that determines an instability of AuNCs with aggregation. 
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Figure 2. The schematic illustration of the synthetic procedure of BSA-AuNCs-CDs and detection 
of metal ions by BSA-AuNCs-CDs. (Reprinted from reference [81] with permission from Elsevier). 

3.3. Cadmium 
Cadmium is a dangerous heavy metal ion for human health because it can bind with 

different amino acids that play important metabolic functions and inhibit them. 
There are different ways to use metal nanoparticles for Cd(II) detection. A common 

detection mechanism for Cd(II) ions is based on fluorescent enhancement mechanisms as 
shown in Figure 3. For example, orange-emitting fluorescence AuNCs with methionine as 
a stabilizer, was synthesized to detect Cd(II) ions in water by a fluorescent enhancement 
mechanism with a LOD of 12.25 nM. In this case 10 cations and 11 anions were tested but 
only the presence of Cd(II) in solution causes the AuNCs aggregation due to the link be-
tween Cd(II) and Au via chelating bonds with a carboxyl group or an amino group in 
methionine adsorbed on the Au nanoclusters [83]. 

Orange red-emitting AuNCs derived from Curcuma longa root extract (CE) and 11- 
mercaptoundecanoic acid (11-MUA) (CE/11-MUA-AuNCs) as reducing and capping lig-
ands were tested with 12 different metal ions and was used for the detection of Cd(II), 
Zn(II) (with an increasing of fluorescence intensity) and Cu(II) (with a decreasing of fluo-
rescence intensity) in aqueous solution. In this case the lowest LOD was 0.012 µM for 
Cd(II) ions, for the other two ions the LOD was for Zn(II) 0.016 µM and for Cu(II) 0.026 
μM, respectively [67]. In addition, in this case there is no interference between different 
ions. The fluorescence enhancement was due to CHEF and to AIE processes. 

 
Figure 3. Fluorescence emission response of CE/11-MUA-AuNCs upon addition of Cd(II) in the 
range 0.01–100 μM. (Adapted from reference [67] with permission from Elsevier). 

An alternative process which produces an increase of fluorescence signal in the pres-
ence of Cd(II) ions is PET as reported for AuNCs-BSA (Bovine serum albumin) systems 
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[84]. In this case, 9 different cations were tested but only cadmium ions can be detected in 
the range 5–165 ng/mL. 

On the other side, quenching mechanisms are also used for cadmium detection. One 
example is represented by carbon quantum dots/gold nanoclusters (CQDs/AuNCs) in 
which 12 cations were tested. These nanohybrids were used to detect Cd(II) ions in water 
by fluorescent quenching mechanism with a LOD of 0.105 µM [74]. 

Another system, tested with 11 different cations, is based on OMRTH (octamethoxy 
resorcin arene tetrahydrazide)-AgNPs [85] in which quenching mechanism in the pres-
ence of Cd(II) ions was attributed to nanoparticle aggregation induced by the complexa-
tion between OMRTH and Cd(II). A LOD of 10−8 M was attained in this case. 

3.4. Copper 
Copper is an important element for human beings and its deficiency can result in 

anemia, neutropenia and bone abnormalities. However, an excessive exposure of copper 
has deleterious effects on human’s health and causes diseases such as vomiting, cramps, 
kidney and liver damage or even death for very high ingestion. 

Sensitive sensors for its detection are very important and many studies were recently 
reported. For instance, L-tyrosine capped silver nanoparticles have been synthesized with 
a new procedure that allows to bind a fluorescent chromophore (the un-oxidized tyro-
sine), directly on the nanoparticles surface. The use of silver colloids, offers a great ad-
vantage since Ag exhibits a very high efficiency of plasmon excitation, resulting in in-
creased sensitivity. The selectivity was not investigated and the same system give re-
sponse also for Co(II) ions. A sensitivity of about 40 ppb has been reached which is com-
parable to that of traditional methods based on UV-Vis spectroscopy [86]. 

An interesting alternative for the synthesis of fluorescent silver nanoparticles based 
on a green protein R-phycoerythrin (R-PE) extracted from marine Porphyra yezoensis 
used both as stabilizer and reducer has been proposed [87]. Such a system presented a 
good response to Cu(II) ions based on the aggregation of the R-PE-AgNPs and a conse-
quent fluorescence quenching. The system was tested with 15 different heavy metal ions 
showing a very high selectivity for copper ions. The system was also tested in tap and lake 
water samples giving very good results with low interference between the presence of 
different ions and with a LOD of 0.0190 μM. 

Recently, a fluorescent and colorimetric sensor for Cu(II) ion based on formaldehyde 
modified hyperbranched polyethylenimine capped gold nanoparticles (F-hPEI AuNPs) 
has been proposed by Wang et al. [88]. The possible fluorescence intensity quenching 
mechanism for the Cu(II) sensor is based on the energy transfer from F-hPEI to Cu(II) ions 
chelated with the amine groups. The mechanism is shown in Figure 4, where the recover-
ing process based on ethylenediaminetetraacetic acid disodium salt (EDTA) is also re-
ported. The recovery mechanism is explained considering that the EDTA binding with 
Cu(II) ions leads to a separation of the Cu(II) ions from the amine groups. Interference 
study was carried on showing that the presence of other contaminants does not affect the 
copper ions sensitivity. Such system was tested also in real water samples showing good 
and precise determination of Cu(II) ions. 

Another method improving the selectivity of gold nanoclusters toward copper and 
mercury ions was developed [89]. In this case, gold nanoclusters are stabilized with bo-
vine serum albumin and responded to Cu(II) and Hg(II) ions through fluorescence 
quenching. EDTA and sodium borohydride have the function of ‘‘masking’’ reagents, 
where EDTA complexed with Cu(II) and borohydride reduced Hg(II) into Hg(0). Both 
these reactions inhibited the ions interaction with the Au nanoclusters and eliminated 
quenching effect, allowing the detection of the other ions. The selectivity using different 
cations was also tested and the response was positive only for copper and mercury ions. 
LOD for Cu(II) was estimated to be about 300 nM and 8 nM for Hg(II). 



Nanomaterials 2021, 11, 276 12 of 27 
 

 

 
Figure 4. Proposed (a) reaction mechanism and (b) fluorescence quenched and recovered mecha-
nism for the Cu (II) ion sensor based on F-hPEI capped AuNPs. (Reprinted from reference [88] 
with permission of Elsevier). 

3.5. Mercury 
Mercury is one of the most dangerous heavy metal ions for humans and the environ-

ment. The most common metal nanoparticles (or nanoclusters) used for the detection of 
this heavy metal ion are those based on silver and gold. 

Fluorescent silver nanoclusters (AgNCs) synthesized with denatured bovine serum 
albumin (dBSA) as stabilizing agents, were used to detect Hg(II) ions with a LOD of 10 
nM exploiting fluorescence quenching effect. In this case 10 different cations were tested. 
The effect was due to the specific 5d10(Hg(II))-4d10(Ag(I)) metallophilic interaction be-
tween Hg(II) and Ag(I) onto the dBSA coated Ag clusters [90]. 

In another work [91], AgNCs were synthesized with dihydrolipoic acid as a stabiliz-
ing agent. The authors explain the quenching effect in the presence of Hg(II) ions in two 
different ways. A quenching effect occurs due to aggregation between Hg(II) ions and 
AgNCs but the fluorescence quenching can also be due to the donation of electrons from 
the AgNCs to the Hg(II) ions, which causes a partial Ag oxidation and an amalgam for-
mation and as consequence AgNCs goes to a nonfluorescent form. In this case, the LOD 
was about 10−10 M. This effect does not occur in the presence of the other 12 different metal 
ions that were tested and no interference occurs between the ions. 

Fluorescent gold nanoclusters (AuNCs) in aqueous media can be used to detect 
Hg(II) ions thanks to the high-affinity metallophilic Hg(II)–Au(I) interactions, which 
quenches the fluorescence of AuNCs [92]; in this case 15 different cations were tested and 
the quenching effect occurred in the presence of Hg(II) with a LOD of 0.5 nM. This NCs 
can be functionalized in different ways, for example luminescent AuNCs were synthe-
sized by using keratin as template followed by a simple modification with silver(I) ions 
(AuNCs-Ag@Keratin). The authors found that in the presence of Hg(II) ions (LOD of 2.31 
nM) a quenching effect takes place due to the oxidation of Ag(0) to Ag(I) by reduction 
process of Hg(II) ions, subsequently was re-oxidized by sulfhydryl groups in keratin [93]. 
The system was tested with 11 different cations and no effect of interference has been 
detected. 

In another example, fluorescent AuNPs were functionalized with 11-mer-
captoundecanoic acid (11-MUA) (11-MUA-AuNPs) to detect Hg(II) ions based on aggre-
gation-induced quenching process [34]. In this case, the LOD of the system was 5 nM. The 
aggregation was due to the interaction between the carboxylate groups present on the 
surfaces of the 11-MUA-AuNPs and the Hg(II) ions by a chelation process. The system 
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with 18 different cations was tested and in addition to Hg(II), also in the presence of Pb(II) 
and Cd(II) there was a variation of fluorescence intensity. 

In some cases, non-fluorescent nanoparticles can be used as fluorescence systems af-
ter a functionalization with a specific dye to detect mercury ions by a quenching process. 
An example is represented by gold nanoparticles functionalized with a mercury specific 
DNA (MSD), that is rich in thymine (T) and can form the configuration T–Hg(II)–T in the 
presence of Hg(II) ions. The MSD was labelled on one side with a dye, that could be a 
fluorescein (FAM) [65,94] or a QD [64] and on the other side with a thiol group linked to 
an AuNPs. In the presence of Hg(II) ions, there was the formation of the T–Hg(II)–T con-
figuration, that causes a change in the MSD conformation from random coil to hairpin-
link structure. As a result, dye and AuNPs will be in close contact and the fluorescence 
resonance energy transfer process between the energy donor (dye) and the energy accep-
tor was exploited. 

Another important method to detect Hg(II) is the “turn-on” fluorescence method. In 
this case, the system was tested in presence of 8 metal ions. In the presence of Hg(II) there 
was a fluorescence enhancement, as in the case of gold nanoparticles (AuNPs)/rhodamine 
B (RB)/hexanedithiol (HDT) nanocomposites system [95]. According to the authors Hg(II) 
ions can bind with AuNPs or thiol terminated AuNPs/RB/HDT causing the displacement 
of the RB molecules into the solution, in this case the LOD was 0.5 ppb. 

As shown in Figure 5, fluorescent nanoparticles can be used in membranes and not 
only in water solution. In this case, 7 different ions were used to test the system. Poly-
caprolactone (PCL) nanofibers decorated with AuNCs (AuNCs-PLC) were used for the 
real-time detection of Hg(II) ions in water [96]. The AuNCs can bind the nanofiber surface 
thanks to the presence of carbonyl groups in the PCL and the carboxylic acid groups 
capped on the surface of the AuNCs. This system can detect Hg(II) ions with a LOD of 50 
ppt thanks to the enhanced interaction between gold and mercury, as a consequence of a 
rapid adsorption and a formation of Au-Hg amalgam. 

 
Figure 5. Selective sensing performance of AuNCs-PCL single nanofiber and AuNCs-PCL nanofibers matrix. Confocal 
laser scanning microscopy image presents the fluorescence response of AuNCs-PCL single nanofiber (a) and AuNCs-PCL 
nanofibers matrix (b) to various metal ions (indicated in each image) at a concentration of 10 ppm. Scale bar figure a 2 μm 
and b 5 μm. (Adapted from reference [96]). 

3.6. Manganese 
Manganese ions are important for human health and are essential for biological sys-

tems, however high Mn(II) ions accumulation can cause serious problems such as Parkin-
son disease and neuronal defects in biological systems. For these reasons, it is important 
to have sensors sensitive to this specific contaminant. 

A system based on water-soluble silicon nanoparticles (SiNPs) having a strong blue 
luminescence has been developed by Meng et al. [97]. The system presents a quenching 
of the fluorescence as a function of the Mn(II) ions due to the SiNPs aggregation (“turn-
off”). A linear behavior with a detection limit of 1.1 μM was found. Moreover, the fluo-
rescence quenching can be restored in the presence of EDTA because the EDTA can grab 
Mn(II) from the aggregated SiNPs-Mn(II) system owing to its strong chelating ability 
(“turn-on”). The system shows a high selectivity for manganese ions and in addition the 
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interference study shows a low interference only with Cu(II) and Fe(III) ions. Moreover, 
the system was validated also in real water samples showing its feasibility for Mn(II) ions 
detection in practical applications. 

Rich-thymine (T) single-strand DNAs have been employed as a template to synthe-
size water-soluble copper nanoclusters (CuNCs@T) for the first time [98]. The as-prepared 
CuNCs@T exhibited yellow photoluminescence. Such CuNCs@T can used as practical 
sensor for “turn-on” luminescence with red-shifted emission detection for Mn(II) in water 
solution with a high selectivity (between 14 different metal cations), a LOD of 10 μM and 
a linear response as a function of the ions concentration in the range from 100 μM to 250 
μM. The system was also tested in real water samples with good sensitivity results. 

3.7. Lead 
Lead ions are between the most toxic heavy metal ions. They have severe risks and 

causes adverse health effects on different organs such as liver, kidney, brain and central 
nervous system, high blood pressure and even delayed physical and mental development 
in children. The possibility to check its presence in drinking water even in very small 
amounts is therefore highly desirable. 

A “turn-on” fluorescent biosensor based on silver nanoclusters using an aptamer 
DNA as stabilizer was recently reported [99]. The fluorescence intensity of DNA-AgNCs 
enhances significantly in the presence of Pb(II) ions, due to the special interaction between 
Pb(II) and its aptamer DNA. Pb(II) ions can be detected up to 3.0 nM within a good linear 
range from 5 to 50 nM. The selectivity of the system was tested for different metal ions 
showing a very high selectivity to lead ions. Moreover, tests in real water samples demon-
strates the reliability of this sensor. 

Another type of Pb(II) ions sensor has been proposed by Niu et al. [100]. In this case, 
they proposed a “turn-on” fluorescence sensor for Pb(II) detection based on graphene 
quantum dots and gold nanoparticles. Detection is based on FRET between GQDs and 
AuNPs. The detection mechanism is due to the fluorescence recovery from the separation 
of GQDs and AuNPs induced by adding Pb(II) as illustrated in Figure 6. GQDs were im-
mobilized with amine modified combined strand by 1-Ethyl-3-(3-dimethyl-aminopropyl) 
carbodiimide (EDC). Then the AuNPs were modified with catalytic strand by sulfhydryl 
groups. GQDs and AuNPs are connected by catalytic strand (DNAzyme) and combined 
strand, which was single oligopeptide and modified on GQDs and AuNPs. The sensing 
system was highly sensitive and selective (evaluated against 11 metal ions) for the deter-
mination of Pb(II) with a LOD of 16.7 nM and a detection range from 50 nM to 4 µM. 

 
Figure 6. (a) Schematic illustration of Pb(II) detection based on energy transfer between graphene 
quantum dots (GQDs) and nanoparticles (NPs). (b) Structure formula of combined GQDs and 
AuNPs. (c) Scheme of catalytically cleave of the DNA molecule (reprinted from [100] with permis-
sion from Elsevier). 



Nanomaterials 2021, 11, 276 15 of 27 
 

 

An alternative method for Pb(II) ions detection based on the suppression of the sur-
face energy transfer between acridine orange (AO) and AuNPs has been reported by 
Wang et al. [101]. In this case, the enhancement of fluorescence intensity is related to the 
concentration of Pb(II) in the 44 nM–4.8 μM range, with a LOD of 13 nM. The authors 
suggest that the interaction of AO with AuNPs causes a fluorescence quenching due to 
the gold nanoparticles surface energy transfer (SET). Pb(II) ions can also bind to AuNPs 
thanks to their strong aurophilic interactions, that can occupy the partial binding sites of 
AO on AuNPs along with the increase of free AO in the solution. As a result, the fluores-
cence of the system increases with the Pb(II) concentration. The system shows a good se-
lectivity to lead ions in the nanomolar range, moreover this nanosensor is responsive to 
Mg(II) and Ca(II) but in very high concentrations range (millimolar). These interferences 
can be eliminated in real water samples by boiling and filtering the samples before the 
real analysis. 

Another method was reported by Zhang et al. [102]. In this case the authors describe 
the synthesis of a fluorescent nanoprobe for sensitive fluorometric “turn-on” detection of 
Pb(II) based on AIE of the Au(I)-glutathione (GSH) complex. When Pb(II) ions are present 
in solution, the interaction with GSH causes the Au(I)-SG complexes to come in close prox-
imity and as a consequence a strong fluorescence can be detected. This behavior can be 
used to design a method to quantify the amount of Pb(II) in solution. The sensitivity is 
strongly enhanced in the presence of ethanol due to the formation of dense Au(I)-SG na-
noparticles. This system presents a good response in the range 2.0 to 350 μM and has a 
limit of detection of 0.1 μM together with a satisfactory selectivity. 

A totally different approach was developed very recently by Singh et al. [103]. They 
employed an optical technique combining Rayleigh scattering of UV light (365 nm) and 
post-sample fluorescence detection from colloidal Ag nanoparticles having an SPR band 
at 420 nm. The light scattering from the AgNPs solution contaminated with Pb(II) ions 
saturate the light sensor even for very low concentration (ppm-order). It has to be noted 
that the pollutant is not detected at low concentrations at this wavelength. Instead, the 
fluorescence of a high-pass filter (cut off at 400 nm) at 520 nm was applied to detect pol-
lutant in water in the high concentration range (up to several hundreds of ppm). The se-
lectivity of the presented system is not described but it is referenced to another paper [104] 
where it is reported to be very high. 

The Table 3 summarizes some of the most recently developed systems based on Au 
and Ag nanostructures used for heavy metal ions detection. In the table the sensing mech-
anism, the type of water pollutant and the LOD for each nano-system are reported. 
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Table 3. List of noble metal nanomaterials used for heavy metal ions detection and their limit of 
detection (LOD). 

Sensing Mechanism Analyte LOD Ref. 
Thiol-DNA-functionalized gold nanoparticles (AuNPs) quenched 

by a formation of a complex induced by Ag(I) 
Ag(I) 9.5 nM [33] 

Glc-CuNPs quenched by aggregation induced by Ag(I) Ag(I) 100 µM [77] 

SiNPs quenched by aggregation induced by Ag(I) 
Ag(I) 0.457 µM 

[78] 
Hg(II) 2.676 µM 

AuNCs covered with glutathione enhanced the luminescence due 
to aggregation-induced emission of the functionalized gold 

nanoclusters by LMCT or LMMCT 
Ag(I) 0.2 nM [79] 

AgNCs-dBSA quenched by Hg-Ag metallophilic interaction Hg(II) 10 nM [90] 
AgNCs-DHLA quenched by aggregation induced by Hg(II) Hg(II) 10−10 M [91] 

AuNCs quenched by Hg-Au metallophilic interaction Hg(II) 0.5 nM [92] 
AuNCs-Ag@Keratin quenched by Hg-Au and Hg-Ag metallophilic 

interactions 
Hg(II) 2.31 nM [93] 

AuNPs-MUA aggregation-induced fluorescence quenching by 
Hg(II) 

Hg(II) 5 nM [34] 

AuNPs–MSD-FAM sensor based on NSET Hg(II) 16 nM [94] 
AuNPs-DNA-FAM sensor based on FRET Hg(II) 8 nM [65] 

AuNPs-QDs sensor based on time-gated FRET Hg(II) 0.87 nM [64] 
AuNPs-RB-HDT nanocomposites system, the FRET effect from RB 

to AuNPs, Hg(II) ions induce AuNPs aggregation as a conse-
quence the RB is not quenched anymore 

Hg(II) 0.5 ppb [95] 

AuNCs -PCL nanofibers quenched by Au-Hg amalgam formation Hg(II) 50 ppt [96] 
SiNPs sensor based on IFE Cr(VI) 28 n M [80] 

AuNCs-BSA and CDs, IFE mechanism for Cr(VI) and Au-Hg inter-
action for Hg(II) 

Cr(VI) 
Hg(II) 

5.34 nM 
1.85 nM 

[81] 

AuNCs-GSH Cr(III) ions may induce aggregation or superficial 
imperfections of NCs 

Cr(III) 2.5 µg/l [82] 

AuNCs-GSH redox interaction between Cr(VI) and GSH Cr(VI) 0.5 µg/l [82] 
Orange-emitting fluorescence AuNCs with methitione sensor 

based on AIE 
Cd(II) 12.25 nM [83] 

AuNCs-MUA-CE sensor based on CHEF or AIE in cases of Cd(II) 
and Zn(II), while Cu(II) ions induce a not fluorescent aggregation 

of NCs 

Cd(II) 
Zn(II) 
Cu(II) 

12 nM 
16 nM 
26 nM 

[67] 

AuNCs-BSA, Co(II) ions induce intersystem crossing, while Cd(II) 
induce FRET on the system 

Cd(II) 
Co(II) 

- 
- 

[84] 

AuNCs-CQDs ratiometric-based sensor, Cd(II) induces an electro-
static interaction with AgNCs ligands, quenching the PL emission 

only of the AgNCs 
Cd(II) 105 nM [74] 

OMRTH-AgNPs, Cd(II) induces aggregation of NPs Cd(II) 10−8 M [85] 
R-PE-AgNPs, Cu(II) induces aggregation of NPs Cu(II) 19 nM [87] 

AuNCs-BSA, Cu(II) ions reversible interact with BSA ligands, 
while Hg(II) ions irreversible interact with Au on the NCs surface 

Cu(II) 
Hg(II) 

300 nM 
8 nM 

[89] 

SiNPs, Mn(II) induces aggregation of NPs Mn(II) 1.1 µM [97] 
CuNCs-Thymine, Mn(II) induces AIE on the system Mn(II) 10 µM [98] 

DNA-AgNCs, Pb(II) ions interact with DNA strands, giving rise to 
more stable molecular conformation, PL emission is enhanced 

Pb(II) 0.3 nM [99] 

GQDs-AuNPs, Pb(II) ions induce the separation of GQDs and 
AuNPS, restoring the GQDs emission 

Pb(II) 16.7 nM [100] 

AuNPs-AO, Pb(II) ions inhibit the SET between AO and AuNPs Pb(II) 44 nM [101] 
Au(I)-SG complexes, Pb(II) ions promote the AIE on Au(I) com-

plexes 
Pb(II) 0.1 µM [102] 
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4. Recent Developments on Pesticides Detection 
The need to control insects, weeds and diseases has made pesticides a part of global 

agricultural production for millennia. The US Environmental Protection Agency (EPA) 
defines the term “pesticide” as “any substance or mixture of substances intended for (1) 
preventing, destroying, repelling or mitigating any pest, (2) use as a plant regulator, de-
foliant or desiccant or (3) use as a nitrogen stabilizer” [105]. Many pesticides persist in the 
environment and accumulate in the food chain, as occurs with organochlorine compounds 
such as dichloro-diphenyl-trichloroethane (DDT), the best known and historically the first 
pesticide to be used worldwide, which has been recognized to be a serious threat for the 
global health. 

As such, the demand for highly sensitive pesticide sensors is pressing in order to 
control food safety, protect ecosystem and prevent disease. Accurate detection systems of 
these contaminants are available as chemical sensors, biosensors and electronical sensors 
[106,107]. However, besides high sensitivity and selectivity offered by those systems, the 
need for easy manipulation, rapid detection, disposability makes optical sensors for pes-
ticides a good solution for on-field analysis and screening. In this section, we review some 
recent advances and new trends in optical sensors based on metal NPs for the detection 
of pesticide. 

Generally, the sensor is constituted by an optical transducer component, which indi-
cates the binding event of a target pesticide on a specific recognition unit (host-guest rec-
ognizer, molecularly imprinted polymers, antibody, aptamer and enzyme). The optical 
transduction can operate on the fluorescence intensity (fluorimetric) or on the absorption 
band position (colorimetric). 

The great variety of pesticide sensors can be represented in three groups according 
to the different contaminant response mechanism: by direct modulation of the metal NP 
effect on the emission of some fluorophore; by the mediation of aptamers produced to 
specifically interact with particular pesticides; by the use of various biological molecules, 
(antibodies, nucleic acids, amino acids) directly conjugated with AuNPs which interact 
with the contaminants. 

A simple biosensor based on AuNPs has been proposed for detection of organophos-
phorus (OP) compounds, including diazinon, iprobenfos and edifenphos [108]. The addi-
tion of imidazole to AuNPs suspended in water which contains OP compounds, causes 
the aggregation of AuNPs and changes the color of the suspension to purple. Indeed, a 
new peak at 660–670 nm appears within approximately 30 s. That constitutes a straight-
forward method for multiple OP sensing at ppb concentrations. In a similar way, a color-
imetric sensor for the pesticide pymetrozine (PYM) was developed which measures the 
analyte-induced aggregation of melamine-modified gold nanoparticles. The system has a 
detection limit of 10 nM in a standard UV-Vis spectroscopic set-up [109]. 

Many transducer components operate by modulating the quenching role of metal 
NPs with respect to fluorophores active in the spectral region of the Au [61,63,110,111] or 
Au-Ag plasmon resonance [112]. A fluorescent sensor for the detection of thiodicarb has 
been constructed using Rhodamine B (RB) functionalized AuNPs. Following the adsorp-
tion of RB molecules on the surface of AuNPs, a fluorescence quenching occurs via FRET. 
The addition of thiodicarb to RB-AuNPs produced the recovery of the fluorescence since 
thiodicarb competitively adsorbs on the surface of AuNPs releasing RB molecules with 
restored radiative emission efficiency [35]. 

B,N-doped carbon quantum dots (CQDs) have been used to detect carbaryl pesticide. 
The sensing mechanism was based on the quenching of the 490 nm CQDs-fluorescence 
induced by AuNPs by inner filter effect. Such quenching can be suppressed and CQDs 
fluorescence recovered using thiocholine (TC) which induces the aggregation of AuNPs 
and, consequently, a drop in the absorption at 520 nm responsible of the inner filter effect. 
The specific action of carbaryl is to inhibit the acetylcholinesterase activity which catalyzes 
the hydrolysis of acetylthiocholine to TC. Therefore, a double signal assay method for the 
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detection of carbaryl was established by measuring the fluorescence of CQDs and the ab-
sorbance of AuNPs [110]. 

Similarly, the fluorescence resonance energy transfer between up-conversion nano-
particles (UCNPs) and gold nanoparticles has been used to detect cyano-containing pes-
ticides in herbal medicines (see Figure 7) [111]. Inhibitors of acetylcholinesterase (AChE) 
activity have been detected by a biosensing platform based on the FRET between boron 
nitride quantum dots (BNQDs) and AuNPs produced by the reduction of chloroauric acid 
into AuNPs by thiocholine from hydrolyzed acetylthiocholine (ATCh). The fluorescence 
quenching of BNQDs was weakened by an organophosphorus pesticide, paraoxon, used 
to lower the activity of AChE and hinder the enzymatic hydrolysis reaction [61]. 

 
Figure 7. Schematic interpretation of the FRET method for the detection of cyano-containing pesti-
cides. (Reprinted from reference [111] with permission from Elsevier). 

The use of aptamers that can be chosen to bind specifically to some molecules, allows 
the development of optosensors highly selective to a particular target pesticide. Specific 
aptamers have been used to monitor malathion contents in adulterated tap water [62]. The 
aptamers bind to cationic polymer through electrostatic interactions. However, the cap-
ture of the organophosphorus pesticide hinders such electrostatic bond to the cationic pol-
ymer leaving the latter free to encapsulate gold nanoparticles which interact efficiently 
with negatively charged up-conversion fluorescent nanoparticles (UCNPs) producing flu-
orescence resonance energy transfer (see Figure 8). Therefore, the combination results in 
UCNP fluorescence quenching and the degree of quenching is correlated with the concen-
tration of malathion. Aptamer were also used to modify up-conversion nanoparticles 
(Apt-UCNPs) that were conjugated with graphene oxide (GO) through π-π interaction. 
Due to the FRET between UCNPs and GO, the fluorescence is quenched. However, the 
aptamer preferentially binds with diazinon. Therefore the addition of OP pesticides 
causes the separation of GO and, consequently, the enhancement of fluorescent signal 
[113]. 
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Figure 8. Schematic illustration of the aptasensor for malathion detection based on FRET between NaYF4:Yb,Er and gold 
nanoparticles (GNPs). (Reprinted from reference [62] with permission from Elsevier). 

The proposed nanosensor showed an efficient, specific and simple approach for the 
detection of diazinon in food, with a high potential for food safety and quality control. 

A fluorescent aptasensor in aqueous solution was proposed for the detection of car-
bendazim (CBZ), a widely used, systemic, broad-spectrum benzimidazole fungicide; it 
used CBZ-specific aptamer as sensing probe and AuNPs/RB as indicator, respectively 
[114]. The naked aptamer wraps AuNPs and maintains the nanoparticles dispersed in 
NaCl solution. On the other hand, when the aptamer specifically combines with CBZ it 
forms a stable complex that leaves AuNPs exposed to the aggregating effect of the NaCl 
solution. The dispersed AuNPs efficiently quench the RB fluorescence, while after aggre-
gation loose the capability to impair the fluorescent indicator. 

A colorimetric and fluorometric method using AuNPs, up-conversion nanoparticles 
(UCNPs) and an acetamiprid-binding aptamer (ABA) has been proposed for ultrasensi-
tive and selective detection of the neonicotinoid pesticide acetamiprid [115]. The ABA is 
configured into a duplex with a complementary DNA covalently attached to AuNPs. The 
resulting double-stranded DNA-functionalized AuNP probe aggregates in 0.15 M NaCl 
solution. In the presence of acetamiprid, the ABA undergoes a structural switch from a 
DNA duplex to an aptamer-acetamiprid complex and consequently dissociates from the 
AuNPs that again turn stable against salt-induced aggregation. Acetamiprid in the 0.025–
10 μM concentration range can tune the ratio of AuNP probe absorbance at 524 nm (red) 
and 650 nm (purple blue). The colorimetric method is accompanied by a fluorimetric de-
tection obtained by the introduction of DNA-modified carboxylated UCNPs (silica-coated 
NaYF4:Yb,Er) which display red and green fluorescence under 980 nm excitation. An in-
ner filter effect occurs between DNA-modified UCNPs and double-stranded DNA-modi-
fied AuNPs. A 0.36 nM detection limit was reached by this coupled technique. 

Alternatively, the inner filter effect of AuNPs with respect to fluorescence of carbon 
dots has been modulated by S-18 aptamer depending on the presence of acetamiprid [73]. 

Various biological molecules, such as antibodies [116,117], nucleic acids [118–120], 
amino acids [121,122] can be used for direct conjugation with AuNPs. Fluorescence-based 
immune assay techniques have been used to detect different type of pesticides [123–125]. 
Zhang et al. [123] used fluorescently labelled oligonucleotide and AuNP signal amplifica-
tion technology to develop a multi-analyte fluorescence immunoassay for detection of 
three organophosphate pesticides (triazophos, parathion and chlorpyrifos) in various 
agro-products (rice, wheat, cucumber, cabbage and apple). 
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The simultaneous modification of the corresponding antibodies and fluorescently la-
belled oligonucleotides on the probe surface achieved the goal to realize a multi-labelled 
AuNP probes for the three tested pesticides (see Figure 9). The three selected fluorophores 
(6-FAM, Cy3 and Texas red) show high fluorescence intensity and little overlap of excita-
tion/emission wavelengths. The AuNP probes for the three analytes were prepared by 
simultaneously modifying the corresponding oligonucleotides (fluorescent labelled) and 
monoclonal antibodies (mAbs) on the surface of colloidal gold. 

 
Figure 9. Scheme of the fluorescence immunoassay based on oligonucleotide signal amplification. (Reprinted from refer-
ence [123] with permission of Elsevier). 

Table 4 summarizes some of the most recently developed systems used for pesticides 
detection. The limit of detection, the kind of pesticide and the detection technique in-
volved for each nanosensors are reported. The nanostructures are also subdivided accord-
ing to the three different contaminant response mechanism. 

  



Nanomaterials 2021, 11, 276 21 of 27 
 

 

Table 4. List of metal nanomaterials for pesticides detection with the interaction mechanisms and 
the LOD values. 

Detection Technique Analyte LOD Ref. 
Direct Metal-NP 

FRET between BNQDs and AuNPs Paraoxon 33 ng/l [61] 
NSET of AuNPs on the fluorescence of fluo-

rescein 
Fenitrothion 9.41 nM [63] 

Recovery of luminescence of B,N-doped 
CQDs quenched by Au-NP + thiocoline Carbaryl 0.06 µg/l [110] 

Modulation of luminescence resonance en-
ergy transfer (LRET) between UCNPs and 

AuNPs 

Acetamiprid 15 ng/l 
[111] Fenpropathrin 240 ng/l 

Chlorothalonil 11 ng/l 
RB-Ag/AuNPs turn-on effect due to interac-
tion between pesticide and RB-Ag/AuNPs 

Parathion methyl 1.8 pg/mL [112] 

Competitive adsorption between RB and thi-
odicarb on the surface of AuNPs Thiodicarb 0.08 ppm [35] 

Aptasensors 
Negatively charged UCNPs and cationic-
polymer encapsulated GNPs exploit the 

FRET mechanism between malathion and 
UCNPs-GNPs  

Malathion 1.42 nM [62] 

Fluorescent aptasensor by modulation of IFE 
on CDs fluorescence Acetamiprid 1.08 μg/l [73] 

Aptamer-modified UCNPs based on FRET Diazinon 23 ng/l [113] 
Fluorescence quenching of specific aptamer 

by AuNPs 
Carbendazim 2.33 nM [114] 

Colorimetric method with Acetamiprid-
binding aptamer functionalized with AuNPs  

Acetamiprid 0.36 nM [115] 

Antibodies, nucleic acids, amino acids 
Adenosine Triphosphate-Modified AuNPs 

by colorimetric method Ethoprophos 37.0 nM [118] 

Colorimetric aptasensors based on DNA and 
AuNPs 

Tobramycin 23.3 nM [119] 

Fluorescent polarization immunoassay using 
a broad-specificity monoclonal antibody 

Organophosphate 
pesticides 10 ng/mL [120] 

Fluorescence quenching-based recombinant 
fluorescent-peptide tracer Imidaclothiz 

8.00 ng/mL 
(sensitivity) [122] 

AuNP functionalized with fluorescently la-
belled oligonucleotide 

Triazophos 0.007 μg/L 
[123] Patathion 0.009 μg/L 

Chlorpyrifos 0.087 μg/L 
Immunochromatographic strip Fenitrothion-IgG 5 mg/mL [124] 

Fluorescence-based immunoassay based on 
the quenching effects of functionalized 

AuNCs 
Imidacloprid 1.3 ng/mL (IC50) [125] 

5. Conclusions 
Fluorescent probes based on noble metal nanomaterials represent a multi-versatile 

detection tool that has excellent sensitivity for the detection of a wide range of pesticides 
or heavy metal ions. These capabilities combined with other advantages, such as faster 
detection times, simpler protocols, in situ sampling, portability and reduced cost, promote 
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these materials as valid alternatives with respect to the most common analytical tech-
niques. 

We have reviewed the most recent achievements in the field of metal nanostructures 
for environmental pollutant detection based on fluorescence. We have discussed the most 
common photo-physical effects acting on the fluorescence of the noble metal nanomateri-
als and the effects induced by the presence of pollutant species. More in detail, we have 
described photoinduced electron transfer and photoinduced charge transfer processes, 
fluorescence resonance energy transfer mechanism, aggregation-induced emission effect 
and the inner-filter effect. In conclusion, we have presented a list of recent and promising 
systems used for detection of heavy metal ions and pesticides, highlighting the perfor-
mances in terms of sensitivity, linear range, selectivity and limit of detection. 

Author Contributions: Conceptualization, original draft preparation, review and editing: L.B., E.C., 
F.D.M. and P.P.; supervision, F.D.M. and P.P. All authors have read and agreed to the published 
version of the manuscript. 

Funding: This research was funded by Regione Lazio, through Progetto di ricerca 85-2017-15125, 
according to L.R.13/08. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is 
not applicable to this article. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. Wu, Y.; Pang, H.; Liu, Y.; Wang, X.; Yu, S.; Fu, D.; Chen, J.; Wang, X. Environmental remediation of heavy metal ions by novel-

nanomaterials: A review. Environ. Pollut. 2019, 246, 608–620, doi:10.1016/j.envpol.2018.12.076. 
2. Demirbas, A. Heavy metal adsorption onto agro-based waste materials: A review. J. Hazard. Mater. 2008, 157, 220–229, 

doi:10.1016/j.jhazmat.2008.01.024. 
3. Ayangbenro, A.S.; Babalola, O.O. A new strategy for heavy metal polluted environments: A review of microbial biosorbents. 

Int. J. Environ. Res. Public Health 2017, 14, 94, doi:10.3390/ijerph14010094. 
4. Bolan, N.; Kunhikrishnan, A.; Thangarajan, R.; Kumpiene, J.; Park, J.; Makino, T.; Kirkham, M.B.; Scheckel, K. Remediation of 

heavy metal(loid)s contaminated soils-To mobilize or to immobilize? J. Hazard. Mater. 2014, 266, 141–166, 
doi:10.1016/j.jhazmat.2013.12.018. 

5. Pretty, J. Agricultural sustainability: Concepts, principles and evidence. Philos. Trans. R. Soc. B Biol. Sci. 2008, 363, 447–465, 
doi:10.1098/rstb.2007.2163. 

6. Tsade, H. Atomic Absorption Spectroscopic Determination of Heavy Metal Concentrations in Kulufo River, Arbaminch, Gamo 
Gofa, Ethiopia. J. Environ. Anal. Chem. 2016, 3, 1–3, doi:10.4172/2380-2391.1000177. 

7. Zounr, R.A.; Tuzen, M.; Khuhawar, M.Y. A simple and green deep eutectic solvent based air assisted liquid phase 
microextraction for separation, preconcentration and determination of lead in water and food samples by graphite furnace 
atomic absorption spectrometry. J. Mol. Liq. 2018, 259, 220–226, doi:10.1016/j.molliq.2018.03.034. 

8. Azimi, S.; Es’haghi, Z. A Magnetized Nanoparticle Based Solid-Phase Extraction Procedure Followed by Inductively Coupled 
Plasma Atomic Emission Spectrometry to Determine Arsenic, Lead and Cadmium in Water, Milk, Indian Rice and Red Tea. 
Bull. Environ. Contam. Toxicol. 2017, 98, 830–836, doi:10.1007/s00128-017-2068-8. 

9. Samarina, T.O.; Volkov, D.S.; Mikheev, I.V.; Proskurnin, M.A. High-Sensitivity and High-Performance Determination of Trace 
Aluminum in Water for Pharmaceutical Purposes by Microwave Plasma and Inductively Coupled Plasma–Atomic Emission 
Spectrometry. Anal. Lett. 2018, 51, 659–672, doi:10.1080/00032719.2017.1348510. 

10. Hernández, F.; Sancho, J.V.; Pozo, O.J. Critical review of the application of liquid chromatography/mass spectrometry to the 
determination of pesticide residues in biological samples. Anal. Bioanal. Chem. 2005, 382, 934–946, doi:10.1007/s00216-005-3185-
5. 

11. Su, S.; Chen, B.; He, M.; Hu, B. Graphene oxide–silica composite coating hollow fiber solid phase microextraction online coupled 
with inductively coupled plasma mass spectrometry for the determination of trace heavy metals in environmental water 
samples. Talanta 2014, 123, 1–9, doi:10.1016/j.talanta.2014.01.061. 

12. Aulakh, J.S.; Malik, A.K.; Kaur, V.; Schmitt-Kopplin, P. A Review on Solid Phase Micro Extraction—High Performance Liquid 
Chromatography (SPME-HPLC) Analysis of Pesticides. Crit. Rev. Anal. Chem. 2005, 35, 71–85, doi:10.1080/10408340590947952. 

13. Sherma, J. Review of advances in the thin layer chromatography of pesticides: 2010–2012. J. Environ. Sci. Health Part B 2013, 48, 
417–430, doi:10.1080/03601234.2012.761526. 



Nanomaterials 2021, 11, 276 23 of 27 
 

 

14. Farrukh, M.A. Atomic Absorption Spectroscopy, 1st ed.; Akhyar Farrukh, M., Ed.; InTech: London, UK, 2012; ISBN 978-953-307-
817-5. 

15. Ezoddin, M.; Shemirani, F.; Abdi, K.; Saghezchi, M.K.; Jamali, M.R. Application of modified nano-alumina as a solid phase 
extraction sorbent for the preconcentration of Cd and Pb in water and herbal samples prior to flame atomic absorption 
spectrometry determination. J. Hazard. Mater. 2010, 178, 900–905, doi:10.1016/j.jhazmat.2010.02.023. 

16. Cadorim, H.R.; Schneider, M.; Hinz, J.; Luvizon, F.; Dias, A.N.; Carasek, E.; Welz, B. Effective and High-Throughput Analytical 
Methodology for the Determination of Lead and Cadmium in Water Samples by Disposable Pipette Extraction Coupled with 
High-Resolution Continuum Source Graphite Furnace Atomic Absorption Spectrometry (HR-CS GF AAS). Anal. Lett. 2019, 52, 
2133–2149, doi:10.1080/00032719.2019.1596117. 

17. Yavuz, E.; Tokalıoğlu, Ş.; Patat, Ş. Magnetic dispersive solid phase extraction with graphene/ZnFe2O4 nanocomposite adsorbent 
for the sensitive determination of mercury in water and fish samples by cold vapor atomic absorption spectrometry. Microchem. 
J. 2018, 142, 85–93, doi:10.1016/j.microc.2018.06.019. 

18. Arslan, Y.; Kabak, B.; Trak, D.; Kendüzler, E. Separation and Preconcentration of Nickel(II) from Drinking, Spring, and Lake 
Water Samples with Amberlite CG-120 Resin and Determination by Flame Atomic Absorption Spectrometry. Anal. Sci. 2018, 
34, 1143–1147, doi:10.2116/analsci.18P086. 

19. Sharma, P.; Mehata, M.S. Rapid sensing of lead metal ions in an aqueous medium by MoS2 quantum dots fluorescence turn-
off. Mater. Res. Bull. 2020, 131, 110978, doi:10.1016/j.materresbull.2020.110978. 

20. Bala Subramaniyan, S.; Veerappan, A. Water soluble cadmium selenide quantum dots for ultrasensitive detection of organic, 
inorganic and elemental mercury in biological fluids and live cells. RSC Adv. 2019, 9, 22274–22281, doi:10.1039/C9RA04753K. 

21. Fahimi-Kashani, N.; Rashti, A.; Hormozi-Nezhad, M.R.; Mahdavi, V. MoS2 quantum-dots as a label-free fluorescent nanoprobe 
for the highly selective detection of methyl parathion pesticide. Anal. Methods 2017, 9, 716–723, doi:10.1039/C6AY03147A. 

22. Huang, S.; Guo, M.; Tan, J.; Geng, Y.; Wu, J.; Tang, Y.; Su, C.; Lin, C.C.; Liang, Y. Novel Fluorescence Sensor Based on All-
Inorganic Perovskite Quantum Dots Coated with Molecularly Imprinted Polymers for Highly Selective and Sensitive Detection 
of Omethoate. ACS Appl. Mater. Interfaces 2018, 10, 39056–39063, doi:10.1021/acsami.8b14472. 

23. Tan, L.; Guo, M.; Tan, J.; Geng, Y.; Huang, S.; Tang, Y.; Su, C.; Lin, C.; Liang, Y. Development of high-luminescence perovskite 
quantum dots coated with molecularly imprinted polymers for pesticide detection by slowly hydrolysing the organosilicon 
monomers in situ. Sens. Actuators B Chem. 2019, 291, 226–234, doi:10.1016/j.snb.2019.04.079. 

24. Liu, Y.; Tang, X.; Zhu, T.; Deng, M.; Ikechukwu, I.P.; Huang, W.; Yin, G.; Bai, Y.; Qu, D.; Huang, X.; et al. All-inorganic CsPbBr 
3 perovskite quantum dots as a photoluminescent probe for ultrasensitive Cu 2+ detection. J. Mater. Chem. C 2018, 6, 4793–4799, 
doi:10.1039/C8TC00249E. 

25. Chakraborti, H.; Sinha, S.; Ghosh, S.; Pal, S.K. Interfacing water soluble nanomaterials with fluorescence chemosensing: 
Graphene quantum dot to detect Hg2+ in 100% aqueous solution. Mater. Lett. 2013, 97, 78–80, doi:10.1016/j.matlet.2013.01.094. 

26. Raj, S.K.; Yadav, V.; Bhadu, G.R.; Patidar, R.; Kumar, M.; Kulshrestha, V. Synthesis of highly fluorescent and water soluble 
graphene quantum dots for detection of heavy metal ions in aqueous media. Environ. Sci. Pollut. Res. 2020, doi:10.1007/s11356-
020-07891-5. 

27. Gao, L.; Ju, L.; Cui, H. Chemiluminescent and fluorescent dual-signal graphene quantum dots and their application in pesticide 
sensing arrays. J. Mater. Chem. C 2017, 5, 7753–7758, doi:10.1039/C7TC01658A. 

28. Ciotta, E.; Paoloni, S.; Richetta, M.; Prosposito, P.; Tagliatesta, P.; Lorecchio, C.; Venditti, I.; Fratoddi, I.; Casciardi, S.; 
Pizzoferrato, R. Sensitivity to heavy-metal ions of unfolded fullerene quantum dots. Sensors 2017, 17, 2614, 
doi:10.3390/s17112614. 

29. Zhang, Q.F.; Williard, P.G.; Wang, L.S. Polymorphism of phosphine-protected gold nanoclusters: synthesis and characterization 
of a new 22-Gold-Atom cluster. Small 2016, 12, 2518–2525, doi:10.1002/smll.201600407. 

30. Burratti, L.; Bolli, E.; Casalboni, M.; de Matteis, F.; Mochi, F.; Francini, R.; Casciardi, S.; Prosposito, P. Synthesis of fluorescent 
ag nanoclusters for sensing and imaging applications. Mater. Sci. Forum 2018, 941, 2243–2248, 
doi:10.4028/www.scientific.net/MSF.941.2243. 

31. Burratti, L.; Ciotta, E.; Bolli, E.; Kaciulis, S.; Casalboni, M.; De Matteis, F.; Garzón-Manjón, A.; Scheu, C.; Pizzoferrato, R.; 
Prosposito, P. Fluorescence enhancement induced by the interaction of silver nanoclusters with lead ions in water. Colloids Surf. 
A Physicochem. Eng. Asp. 2019, 579, 123634, doi:10.1016/j.colsurfa.2019.123634. 

32. Sokołowska, K.; Malola, S.; Lahtinen, M.; Saarnio, V.; Permi, P.; Koskinen, K.; Jalasvuori, M.; Häkkinen, H.; Lehtovaara, L.; 
Lahtinen, T. Towards Controlled Synthesis of Water-Soluble Gold Nanoclusters: Synthesis and Analysis. J. Phys. Chem. C 2019, 
123, 2602–2612, doi:10.1021/acs.jpcc.8b11056. 

33. Wang, G.; Wang, S.; Yan, C.; Bai, G.; Liu, Y. DNA-functionalized gold nanoparticle-based fluorescence polarization for the 
sensitive detection of silver ions. Colloids Surf. B Biointerfaces 2018, 167, 150–155, doi:10.1016/j.colsurfb.2018.04.004. 

34. Huang, C.C.; Yang, Z.; Lee, K.H.; Chang, H.T. Synthesis of highly fluorescent gold nanoparticles for sensing mercury(II). Angew. 
Chem. Int. Ed. 2007, 46, 6824–6828, doi:10.1002/anie.200700803. 

35. Tseng, M.H.; Hu, C.C.; Chiu, T.C. A fluorescence turn-on probe for sensing thiodicarb using rhodamine B functionalized gold 
nanoparticles. Dye. Pigment. 2019, 171, 107674, doi:10.1016/j.dyepig.2019.107674. 

36. Roy, B.; Bairi, P.; Nandi, A.K. Selective colorimetric sensing of mercury(ii) using turn off–turn on mechanism from riboflavin 
stabilized silver nanoparticles in aqueous medium. Analyst 2011, 136, 3605, doi:10.1039/c1an15459a. 



Nanomaterials 2021, 11, 276 24 of 27 
 

 

37. Fernández-Lodeiro, J.; Núñez, C.; Oliveira, E.; Capelo, J.L.; Lodeiro, C. 1D chain fluorescein-functionalized gold and silver 
nanoparticles as new optical mercury chemosensor in aqueous media. J. Nanoparticle Res. 2013, 15, 1828, doi:10.1007/s11051-013-
1828-6. 

38. Fratoddi, I.; Cartoni, A.; Venditti, I.; Catone, D.; O’Keeffe, P.; Paladini, A.; Toschi, F.; Turchini, S.; Sciubba, F.; Testa, G.; et al. 
Gold nanoparticles functionalized by rhodamine B isothiocyanate: A new tool to control plasmonic effects. J. Colloid Interface 
Sci. 2018, 513, 10–19, doi:10.1016/j.jcis.2017.11.010. 

39. Hamilton, D.J.; Ambrus, Á.; Dieterle, R.M.; Felsot, A.S.; Harris, C.A.; Holland, P.T.; Katayama, A.; Kurihara, N.; Linders, J.; 
Unsworth, J.; Wong, S.-S. Regulatory limits for pesticide residues in water (IUPAC Technical Report). Pure Appl. Chem. 2003, 75, 
1123–1155, doi:10.1351/pac200375081123. 

40. European Environment Agency, Consultation on pesticides in surface waters and groundwater report, Available online: 
https://forum.eionet.europa.eu/nrc-eionet-freshwater/library/pesticides-water/consultation-on-on-pesticides-in-surface-
waters-and-groundwater-report (accessed on 2 July 2020). 

41. Council of European Communities. Relating to the Quality of Water Intended for Human Consumption; Council Directive of 15 July 
1980 80/778/EEC; Official Journal of European Communities:, Brussels (Belgium), 1980; No. 299/11-29. 

42. WHO. Chemical aspects. In Guideline for Drinking Water, 4th ed.; World Health Organization: Geneva, Switzerland, 2017; pp. 
155–201. 

43. United States Environmental Protection Agency Ground Water and Drinking Water Available online: 
https://www.epa.gov/ground-water-and-drinking-water/national-primary-drinking-water-regulation-table (accessed on 2 July 
2020). 

44. Valeur, B. Design principles of fluorescent molecular sensors for cation recognition. Coord. Chem. Rev. 2000, 205, 3–40, 
doi:10.1016/S0010-8545(00)00246-0. 

45. Mishra, D. Resorcinarene-Embedded Stable Silver Nanoparticles: A Fluorescent Nanoprobe for Pb(II) in Water. Int. J. Res. Appl. 
Sci. Eng. Technol. 2018, 6, 1360–1370, doi:10.22214/ijraset.2018.1205. 

46. Afaneh, A.T.; Schreckenbach, G. Fluorescence enhancement/quenching based on metal orbital control: computational studies 
of a 6-thienyllumazine-based mercury sensor. J. Phys. Chem. A 2015, 119, 8106–8116, doi:10.1021/acs.jpca.5b04691. 

47. Rasheed, T.; Bilal, M.; Nabeel, F.; Iqbal, H.M.N.; Li, C.; Zhou, Y. Fluorescent sensor based models for the detection of 
environmentally-related toxic heavy metals. Sci. Total Environ. 2018, 615, 476–485, doi:10.1016/j.scitotenv.2017.09.126. 

48. Ganguly, M.; Jana, J.; Pal, A.; Pal, T. Synergism of gold and silver invites enhanced fluorescence for practical applications. RSC 
Adv. 2016, 6, 17683–17703, doi:10.1039/C5RA26430H. 

49. Mahajan, P.G.; Bhopate, D.P.; Kolekar, G.B.; Patil, S.R. N-methyl isatin nanoparticles as a novel probe for selective detection of 
Cd2+ ion in aqueous medium based on chelation enhanced fluorescence and application to environmental sample. Sens. 
Actuators B Chem. 2015, 220, 864–872, doi:10.1016/j.snb.2015.05.119. 

50. Guo, Z.; Niu, Q.; Li, T.; Sun, T.; Chi, H. A fast, highly selective and sensitive colorimetric and fluorescent sensor for Cu 2+ and 
its application in real water and food samples. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2019, 213, 97–103, 
doi:10.1016/j.saa.2019.01.044. 

51. Ciotta, E.; Prosposito, P.; Tagliatesta, P.; Lorecchio, C.; Stella, L.; Kaciulis, S.; Soltani, P.; Placidi, E.; Pizzoferrato, R. 
Discriminating between different heavy metal ions with fullerene-derived nanoparticles. Sensors 2018, 18, 1496, 
doi:10.3390/s18051496. 

52. Bhatt, K.D.; Vyas, D.J.; Makwana, B.A.; Darjee, S.M.; Jain, V.K.; Shah, H. Turn-on fluorescence probe for selective detection of 
Hg(II) by calixpyrrole hydrazide reduced silver nanoparticle: Application to real water sample. Chin. Chem. Lett. 2016, 27, 731–
737, doi:10.1016/j.cclet.2016.01.012. 

53. Cheng, Z.; Li, G.; Liu, M. Metal-enhanced fluorescence effect of Ag and Au nanoparticles modified with rhodamine derivative 
in detecting Hg2+. Sens. Actuators B Chem. 2015, 212, 495–504, doi:10.1016/j.snb.2015.02.050. 

54. Gu, Y.; Li, N.; Gao, M.; Wang, Z.; Xiao, D.; Li, Y.; Jia, H.; He, H. Microwave-assisted synthesis of BSA-modified silver 
nanoparticles as a selective fluorescent probe for detection and cellular imaging of cadmium(II). Microchim. Acta 2015, 182, 1255–
1261, doi:10.1007/s00604-014-1438-8. 

55. Kuscu, M.; Akan, O.B. A physical channel model and analysis for nanoscale molecular communications with frster resonance 
energy transfer (FRET). IEEE Trans. Nanotechnol. 2012, 11, 200–207, doi:10.1109/TNANO.2011.2170705. 

56. Chen, G.; Song, F.; Xiong, X.; Peng, X. Fluorescent nanosensors based on Fluorescence Resonance Energy Transfer (FRET). Ind. 
Eng. Chem. Res. 2013, 52, 11228–11245, doi:10.1021/ie303485n. 

57. Sapsford, K.E.; Berti, L.; Medintz, I.L. Materials for Fluorescence Resonance Energy Transfer Analysis: Beyond Traditional 
Donor–Acceptor Combinations. Angew. Chem. Int. Ed. 2006, 45, 4562–4589, doi:10.1002/anie.200503873. 

58. Clapp, A.R.; Medintz, I.L.; Mattoussi, H. Förster resonance energy transfer investigations using quantum-dot fluorophores. 
ChemPhysChem 2006, 7, 47–57, doi:10.1002/cphc.200500217. 

59. Reinhard, B.M.; Siu, M.; Agarwal, H.; Alivisatos, A.P.; Liphardt, J. Calibration of Dynamic Molecular Rulers Based on Plasmon 
Coupling between Gold Nanoparticles. Nano Lett. 2005, 5, 2246–2252, doi:10.1021/nl051592s. 

60. Long, Q.; Li, H.; Zhang, Y.; Yao, S. Upconversion nanoparticle-based fluorescence resonance energy transfer assay for 
organophosphorus pesticides. Biosens. Bioelectron. 2015, 68, 168–174, doi:10.1016/j.bios.2014.12.046. 



Nanomaterials 2021, 11, 276 25 of 27 
 

 

61. Zhan, Y.; Yang, J.; Guo, L.; Luo, F.; Qiu, B.; Hong, G.; Lin, Z. Targets regulated formation of boron nitride quantum dots–Gold 
nanoparticles nanocomposites for ultrasensitive detection of acetylcholinesterase activity and its inhibitors. Sens. Actuators B 
Chem. 2019, 279, 61–68, doi:10.1016/j.snb.2018.09.097. 

62. Chen, Q.; Sheng, R.; Wang, P.; Ouyang, Q.; Wang, A.; Ali, S.; Zareef, M.; Hassan, M.M. Ultra-sensitive detection of malathion 
residues using FRET-based upconversion fluorescence sensor in food. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2020, 
118654, doi:10.1016/j.saa.2020.118654. 

63. Nebu, J.; Anjali Devi, J.S.; Aparna, R.S.; Aswathy, B.; Lekha, G.M.; Sony, G. Fluorescence turn-on detection of fenitrothion using 
gold nanoparticle quenched fluorescein and its separation using superparamagnetic iron oxide nanoparticle. Sens. Actuators B 
Chem. 2018, 277, 271–280, doi:10.1016/j.snb.2018.08.153. 

64. Huang, D.; Niu, C.; Ruan, M.; Wang, X.; Zeng, G.; Deng, C. Highly sensitive strategy for Hg2+ detection in environmental water 
samples using long lifetime fluorescence quantum dots and gold nanoparticles. Environ. Sci. Technol. 2013, 47, 4392–4398, 
doi:10.1021/es302967n. 

65. Wang, G.; Lu, Y.; Lu, Y.; Yan, C. DNA-functionalization gold nanoparticles based fluorescence sensor for sensitive detection of 
Hg2+ in aqueous solution. Sens. Actuators B Chem. 2015, 211, 1–6, doi:10.1016/j.snb.2015.01.051. 

66. Hong, Y.; Lam, J.W.Y.; Tang, B.Z. Aggregation-induced emission: Phenomenon, mechanism and applications. Chem. Commun. 
2009, 4332–4353, doi:10.1039/b904665h. 

67. Desai, M.L.; Basu, H.; Saha, S.; Singhal, R.K.; Kailasa, S.K. One pot synthesis of fluorescent gold nanoclusters from Curcuma 
longa extract for independent detection of Cd2+, Zn2+ and Cu2+ ions with high sensitivity. J. Mol. Liq. 2020, 304, 112697, 
doi:10.1016/j.molliq.2020.112697. 

68. Zhao, X.; Kong, D.; Jin, R.; Li, H.; Yan, X.; Liu, F.; Sun, P.; Gao, Y.; Lu, G. On-site monitoring of thiram via aggregation-induced 
emission enhancement of gold nanoclusters based on electronic-eye platform. Sens. Actuators B Chem. 2019, 296, 126641, 
doi:10.1016/j.snb.2019.126641. 

69. Cai, Y.; Qiu, Z.; Lin, X.; Zeng, W.; Cao, Y.; Liu, W.; Liu, Y. Self-Assembled Nanomaterials Based on Aggregation-Induced 
Emission of AuNCs: Fluorescence and Colorimetric Dual-Mode Biosensing of Organophosphorus Pesticides. Sens. Actuators B 
Chem. 2020, 321, 128481, doi:10.1016/j.snb.2020.128481. 

70. Fonin, A.V.; Sulatskaya, A.I.; Kuznetsova, I.M.; Turoverov, K.K. Fluorescence of dyes in solutions with high absorbance. Inner 
filter effect correction. PLoS ONE 2014, 9, doi:10.1371/journal.pone.0103878. 

71. Kubista, M.; Sjöback, R.; Eriksson, S.; Albinsson, B. Experimental correction for the inner-filter effect in fluorescence spectra. 
Analyst 1994, 119, 417–419, doi:10.1039/AN9941900417. 

72. Chen, S.; Yu, Y.L.; Wang, J.H. Inner filter effect-based fluorescent sensing systems: A review. Anal. Chim. Acta 2018, 999, 13–26, 
doi:10.1016/j.aca.2017.10.026. 

73. Wang, J.; Wu, Y.; Zhou, P.; Yang, W.; Tao, H.; Qiu, S.; Feng, C. A novel fluorescent aptasensor for ultrasensitive and selective 
detection of acetamiprid pesticide based on the inner filter effect between gold nanoparticles and carbon dots. Analyst 2018, 143, 
5151–5160, doi:10.1039/c8an01166d. 

74. Niu, W.J.; Shan, D.; Zhu, R.H.; Deng, S.Y.; Cosnier, S.; Zhang, X.J. Dumbbell-shaped carbon quantum dots/AuNCs nanohybrid 
as an efficient ratiometric fluorescent probe for sensing cadmium (II) ions and l-ascorbic acid. Carbon N. Y. 2016, 96, 1034–1042, 
doi:10.1016/j.carbon.2015.10.051. 

75. Yan, X.; Li, H.; Han, X.; Su, X. A ratiometric fluorescent quantum dots based biosensor for organophosphorus pesticides 
detection by inner-filter effect. Biosens. Bioelectron. 2015, 74, 277–283, doi:10.1016/j.bios.2015.06.020. 

76. Wang, G.; Shao, C.; Yan, C.; Li, D.; Liu, Y. Fluorescence polarization sensor platform based on gold nanoparticles for the efficient 
detection of Ag (І). J. Lumin. 2019, 210, 21–27, doi:10.1016/j.jlumin.2018.12.015. 

77. Wang, N.; Ga, L.; Jia, M.; Ai, J. Synthesis of fluorescent copper nanoparticles and ultrasensitive free label detection of Ag+. J. 
Nanomater. 2019, 2019, doi:10.1155/2019/4089731. 

78. Zhu, B.; Ren, G.; Tang, M.; Chai, F.; Qu, F.; Wang, C.; Su, Z. Fluorescent silicon nanoparticles for sensing Hg2+ and Ag+ as well 
visualization of latent fingerprints. Dye. Pigment. 2018, 149, 686–695, doi:10.1016/j.dyepig.2017.11.041. 

79. Li, B.; Wang, X.; Shen, X.; Zhu, W.; Xu, L.; Zhou, X. Aggregation-induced emission from gold nanoclusters for use as a 
luminescence-enhanced nanosensor to detect trace amounts of silver ions. J. Colloid Interface Sci. 2016, 467, 90–96, 
doi:10.1016/j.jcis.2016.01.002. 

80. Zhu, L.; Peng, X.; Li, H.; Zhang, Y.; Yao, S. On–off–on fluorescent silicon nanoparticles for recognition of chromium(VI) and 
hydrogen sulfide based on the inner filter effect. Sens. Actuators B Chem. 2017, 238, 196–203, doi:10.1016/j.snb.2016.07.029. 

81. Yu, L.; Zhang, L.; Ren, G.; Li, S.; Zhu, B.; Chai, F.; Qu, F.; Wang, C.; Su, Z. Multicolorful fluorescent-nanoprobe composed of Au 
nanocluster and carbon dots for colorimetric and fluorescent sensing Hg2+ and Cr6+. Sens. Actuators B Chem. 2018, 262, 678–686, 
doi:10.1016/j.snb.2018.01.192. 

82. Zhang, H.; Liu, Q.; Wang, T.; Yun, Z.; Li, G.; Liu, J.; Jiang, G. Facile preparation of glutathione-stabilized gold nanoclusters for 
selective determination of chromium (III) and chromium (VI) in environmental water samples. Anal. Chim. Acta 2013, 770, 140–
146, doi:10.1016/j.aca.2013.01.042. 

83. Peng, Y.; Wang, M.; Wu, X.; Wang, F.; Liu, L. Methionine-capped gold nanoclusters as a fluorescence-enhanced probe for 
cadmium(II) sensing. Sensors 2018, 18, 658, doi:10.3390/s18020658. 

84. Akshath, U.S.; Bhatt, P.; Singh, S.A. Differential Interaction of Metal Ions with Gold Nanoclusters and Application in Detection 
of Cobalt and Cadmium. J. Fluoresc. 2020, 30, 537–545, doi:10.1007/s10895-020-02509-y. 



Nanomaterials 2021, 11, 276 26 of 27 
 

 

85. Makwana, B.A.; Vyas, D.J.; Bhatt, K.D.; Darji, S.; Jain, V.K. Novel fluorescent silver nanoparticles: Sensitive and selective turn 
off sensor for cadmium ions. Appl. Nanosci. 2016, 6, 555–566, doi:10.1007/s13204-015-0459-x. 

86. Contino, A.; Maccarrone, G.; Zimbone, M.; Reitano, R.; Musumeci, P.; Calcagno, L.; Oliveri, I. Pietro Tyrosine capped silver 
nanoparticles: A new fluorescent sensor for the quantitative determination of copper(II) and cobalt(II) ions. J. Colloid Interface 
Sci. 2016, 462, 216–222, doi:10.1016/j.jcis.2015.10.008. 

87. Xu, Y.; Hou, Y.; Wang, Y.; Wang, Y.; Li, T.; Song, C.; Wei, N.; Wang, Q. Sensitive and selective detection of Cu2+ ions based on 
fluorescent Ag nanoparticles synthesized by R-phycoerythrin from marine algae Porphyra yezoensis. Ecotoxicol. Environ. Saf. 
2019, 168, 356–362, doi:10.1016/j.ecoenv.2018.10.102. 

88. Wang, N.; Liu, Y.; Li, Y.; Liu, Q.; Xie, M. Fluorescent and colorimetric sensor for Cu2+ ion based on formaldehyde modified 
hyperbranched polyethylenimine capped gold nanoparticles. Sens. Actuators B Chem. 2018, 255, 78–86, 
doi:10.1016/j.snb.2017.08.035. 

89. Cao, D.; Fan, J.; Qiu, J.; Tu, Y.; Yan, J. Masking method for improving selectivity of gold nanoclusters in fluorescence 
determination of mercury and copper ions. Biosens. Bioelectron. 2013, 42, 47–50, doi:10.1016/j.bios.2012.10.084. 

90. Guo, C.; Irudayaraj, J. Fluorescent Ag clusters via a protein-directed approach as a Hg(II) ion sensor. Anal. Chem. 2011, 83, 2883–
2889, doi:10.1021/ac1032403. 

91. Adhikari, B.; Banerjee, A. Facile synthesis of water-soluble fluorescent silver nanoclusters and HgII sensing. Chem. Mater. 2010, 
22, 4364–4371, doi:10.1021/cm1001253. 

92. Xie, J.; Zheng, Y.; Ying, J.Y. Highly selective and ultrasensitive detection of Hg2+ based on fluorescence quenching of Au 
nanoclusters by Hg2+-Au+ interactions. Chem. Commun. 2010, 46, 961–963, doi:10.1039/b920748a. 

93. Wang, J.; Ma, S.; Ren, J.; Yang, J.; Qu, Y.; Ding, D.; Zhang, M.; Yang, G. Fluorescence enhancement of cysteine-rich protein-
templated gold nanoclusters using silver(I) ions and its sensing application for mercury(II). Sens. Actuators B Chem. 2018, 267, 
342–350, doi:10.1016/j.snb.2018.04.034. 

94. Tan, D.; He, Y.; Xing, X.; Zhao, Y.; Tang, H.; Pang, D. Aptamer functionalized gold nanoparticles based fluorescent probe for 
the detection of mercury (II) ion in aqueous solution. Talanta 2013, 113, 26–30, doi:10.1016/j.talanta.2013.03.055. 

95. Daware, K.; Shinde, R.; Kalubarme, R.S.; Kasture, M.; Pandey, A.; Terashima, C.; Gosavi, S.W. Development of optical sensing 
probe for Hg(II) ions detection in ground water using Au, Hexanedithiol and Rhodamine B nanocomposite system. Sens. 
Actuators B Chem. 2018, 265, 547–555, doi:10.1016/j.snb.2018.03.095. 

96. Senthamizhan, A.; Celebioglu, A.; Uyar, T. Real-time selective visual monitoring of Hg 2+ detection at ppt level: An approach 
to lighting electrospun nanofibers using gold nanoclusters. Sci. Rep. 2015, 5, 1–12, doi:10.1038/srep10403. 

97. Meng, L.; Yuan, Y.; Pu, G.; Xu, N. An “on-off-on” fluorescence assay based on silicon nanoparticles for selective detection of 
manganese(II). Anal. Methods 2017, 9, 2553–2560, doi:10.1039/c7ay00514h. 

98. Han, B.; Xiang, R.; Hou, X.; Yu, M.; Peng, T.; Li, Y.; He, G. One-step rapid synthesis of single thymine-templated fluorescent 
copper nanoclusters for “turn on” detection of Mn2+. Anal. Methods 2017, 9, 2590–2595, doi:10.1039/c7ay00625j. 

99. Zhang, B.; Wei, C. Highly sensitive and selective detection of Pb2+ using a turn-on fluorescent aptamer DNA silver nanoclusters 
sensor. Talanta 2018, 182, 125–130, doi:10.1016/j.talanta.2018.01.061. 

100. Niu, X.; Zhong, Y.; Chen, R.; Wang, F.; Liu, Y.; Luo, D. A “turn-on” fluorescence sensor for Pb2+ detection based on graphene 
quantum dots and gold nanoparticles. Sens. Actuators B Chem. 2018, 255, 1577–1581, doi:10.1016/j.snb.2017.08.167. 

101. Wang, X.F.; Xiang, L.P.; Wang, Y.S.; Xue, J.H.; Zhu, Y.F.; Huang, Y.Q.; Chen, S.H.; Tang, X. A “turn-on” fluorescence assay for 
lead(II) based on the suppression of the surface energy transfer between acridine orange and gold nanoparticles. Microchim. 
Acta 2016, 183, 1333–1339, doi:10.1007/s00604-015-1738-7. 

102. Zhang, H.; Wang, S.; Chen, Z.; Ge, P.; Jia, R.; Xiao, E.; Zeng, W. A turn-on fluorescent nanoprobe for lead(II) based on the 
aggregation of weakly associated gold(I)-glutathione nanoparticles. Microchim. Acta 2017, 184, 4209–4215, doi:10.1007/s00604-
017-2406-x. 

103. Singh, S.; Halder, A.; Sinha, O.; Sarkar, P.K.; Singh, P.; Banerjee, A.; Ahmed, S.A.; Alharbi, A.; Obaid, R.J.; Ghosh, S.K.; et al. 
Nanoparticle-based “turn-on” scattering and post-sample fluorescence for ultrasensitive detection of water pollution in wider 
window. PLoS ONE 2020, 15, doi:10.1371/journal.pone.0227584. 

104. Sarkar, P.K.; Polley, N.; Chakrabarti, S.; Lemmens, P.; Pal, S.K. Nanosurface Energy Transfer Based Highly Selective and 
Ultrasensitive “Turn on” Fluorescence Mercury Sensor. ACS Sens. 2016, 1, 789–797, doi:10.1021/acssensors.6b00153. 

105. Schierow, L.J. Pesticide Law: A Summary of the Statutes; Congressional Research Service: Washington, DC, USA, 2011. 
106. Xiang, H.; Cai, Q.; Li, Y.; Zhang, Z.; Cao, L.; Li, K.; Yang, H. Sensors Applied for the Detection of Pesticides and Heavy Metals 

in Freshwaters. J. Sens. 2020, 2020, 1–22, doi:10.1155/2020/8503491. 
107. Zamora-Sequeira, R.; Starbird-Pérez, R.; Rojas-Carillo, O.; Vargas-Villalobos, S. What are the Main Sensor Methods for 

Quantifying Pesticides in Agricultural Activities? A Review. Molecules 2019, 24, 2659, doi:10.3390/molecules24142659. 
108. Kim, M.S.; Kim, G.W.; Park, T.J. A facile and sensitive detection of organophosphorus chemicals by rapid aggregation of gold 

nanoparticles using organic compounds. Biosens. Bioelectron. 2015, 67, 408–412, doi:10.1016/j.bios.2014.08.073. 
109. Kang, J.; Zhang, Y.; Li, X.; Dong, C.; Liu, H.; Miao, L.; Low, P.J.; Gao, Z.; Hosmane, N.S.; Wu, A. Rapid and sensitive colorimetric 

sensing of the insecticide pymetrozine using melamine-modified gold nanoparticles. Anal. Methods 2018, 10, 417–421, 
doi:10.1039/C7AY02658G. 

110. Chen, Y.; Qin, X.; Yuan, C.; Shi, R.; Wang, Y. Double responsive analysis of carbaryl pesticide based on carbon quantum dots 
and Au nanoparticles. Dye. Pigment. 2020, 181, 108529, doi:10.1016/j.dyepig.2020.108529. 



Nanomaterials 2021, 11, 276 27 of 27 
 

 

111. Liu, M.; Zhang, L.; Jiang, S.; Fu, Z. A facile luminescence resonance energy transfer method for detecting cyano-containing 
pesticides in herbal medicines. Microchem. J. 2020, 152, 104451, doi:10.1016/j.microc.2019.104451. 

112. Luo, Q.; Lai, J.; Qiu, P.; Wang, X. An ultrasensitive fluorescent sensor for organophosphorus pesticides detection based on RB-
Ag/Au bimetallic nanoparticles. Sens. Actuators B Chem. 2018, 263, 517–523, doi:10.1016/j.snb.2018.02.101. 

113. Rong, Y.; Li, H.; Ouyang, Q.; Ali, S.; Chen, Q. Rapid and sensitive detection of diazinon in food based on the FRET between 
rare-earth doped upconversion nanoparticles and graphene oxide. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2020, 239, 
118500, doi:10.1016/j.saa.2020.118500. 

114. Su, L.; Wang, S.; Wang, L.; Yan, Z.; Yi, H.; Zhang, D.; Shen, G.; Ma, Y. Fluorescent aptasensor for carbendazim detection in 
aqueous samples based on gold nanoparticles quenching Rhodamine B. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2020, 
225, 117511, doi:10.1016/j.saa.2019.117511. 

115. Yang, L.; Sun, H.; Wang, X.; Yao, W.; Zhang, W.; Jiang, L. An aptamer based aggregation assay for the neonicotinoid insecticide 
acetamiprid using fluorescent upconversion nanoparticles and DNA functionalized gold nanoparticles. Microchim. Acta 2019, 
186, doi:10.1007/s00604-019-3422-9. 

116. Hu, T.; Lu, S.; Chen, C.; Sun, J.; Yang, X. Colorimetric sandwich immunosensor for Aβ(1-42) based on dual antibody-modified 
gold nanoparticles. Sens. Actuators B Chem. 2017, 243, 792–799, doi:10.1016/j.snb.2016.12.052. 

117. Lin, H.; Liu, Y.; Huo, J.; Zhang, A.; Pan, Y.; Bai, H.; Jiao, Z.; Fang, T.; Wang, X.; Cai, Y.; et al. Modified enzyme-linked 
immunosorbent assay strategy using graphene oxide sheets and gold nanoparticles functionalized with different antibody 
types. Anal. Chem. 2013, 85, 6228–6232, doi:10.1021/ac401075u. 

118. Li, X.; Cui, H.; Zeng, Z. A simple colorimetric and fluorescent sensor to detect organophosphate pesticides based on adenosine 
triphosphate-modified gold nanoparticles. Sensors 2018, 18, 4302, doi:10.3390/s18124302. 

119. Ma, Q.; Wang, Y.; Jia, J.; Xiang, Y. Colorimetric aptasensors for determination of tobramycin in milk and chicken eggs based on 
DNA and gold nanoparticles. Food Chem. 2018, 249, 98–103, doi:10.1016/j.foodchem.2018.01.022. 

120. Xu, Z.-L.; Wang, Q.; Lei, H.-T.; Eremin, S.A.; Shen, Y.-D.; Wang, H.; Beier, R.C.; Yang, J.-Y.; Maksimova, K.A.; Sun, Y.-M. A 
simple, rapid and high-throughput fluorescence polarization immunoassay for simultaneous detection of organophosphorus 
pesticides in vegetable and environmental water samples. Anal. Chim. Acta 2011, 708, 123–129, doi:10.1016/j.aca.2011.09.040. 

121. Shao, Q.; Hall, C.K. Binding Preferences of Amino Acids for Gold Nanoparticles: A Molecular Simulation Study. Langmuir 2016, 
32, 7888–7896, doi:10.1021/acs.langmuir.6b01693. 

122. Ding, Y.; Hua, X.; Chen, H.; Gonzalez-Sapienza, G.; Barnych, B.; Liu, F.; Wang, M.; Hammock, B.D. A dual signal 
immunochromatographic strip for the detection of imidaclothiz using a recombinant fluorescent-peptide tracer and gold 
nanoparticles. Sens. Actuators B Chem. 2019, 297, 126714, doi:10.1016/j.snb.2019.126714. 

123. Zhang, C.; Jiang, Z.; Jin, M.; Du, P.; Chen, G.; Cui, X.; Zhang, Y.; Qin, G.; Yan, F.; Abd El-Aty, A.M.; et al. Fluorescence 
immunoassay for multiplex detection of organophosphate pesticides in agro-products based on signal amplification of gold 
nanoparticles and oligonucleotides. Food Chem. 2020, 326, 126813, doi:10.1016/j.foodchem.2020.126813. 

124. Yu, J.; Guo, T.; Zhang, W.; Li, B.; Liu, L.; Hua, R. Green upconversion nanoparticles for 2,4-dichlorophenoxyacetic acid and 
fenitrothion detection. J. Alloys Compd. 2019, 771, 187–194, doi:10.1016/j.jallcom.2018.08.202. 

125. Li, H.; Jin, R.; Kong, D.; Zhao, X.; Liu, F.; Yan, X.; Lin, Y.; Lu, G. Switchable fluorescence immunoassay using gold nanoclusters 
anchored cobalt oxyhydroxide composite for sensitive detection of imidacloprid. Sens. Actuators B Chem. 2019, 283, 207–214, 
doi:10.1016/j.snb.2018.12.026. 


	1. Introduction
	2. Physical Aspects Behind Fluorescence Response to Environmental Pollutants
	2.1. Photoinduced Electron Transfer and Photoinduced Charge Transfer Processes
	2.2. Fluorescence Resonance Energy Transfer Mechanism
	2.3. Aggregation-Induced Emission Effect
	2.4. Inner-Filter Effect

	3. Recent Developments on the Heavy Metal Ions Detection
	3.1. Silver
	3.2. Chromium
	3.3. Cadmium
	3.4. Copper
	3.5. Mercury
	3.6. Manganese
	3.7. Lead

	4. Recent Developments on Pesticides Detection
	5. Conclusions
	References

