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Abstract
Pesticide contamination of drinking water is of high concern due to their hazardous effects on ecosystems. Several detec-
tion methods are available which are associated with many drawbacks, e.g. slow response time and laborious procedural 
techniques. This limits their practicability. Therefore, there is a dire need to develop quick, simpler but equally sensitive 
and practical methods for pesticide detection. Herein, we report a highly sensitive assay using fluorescent AuNCs for the 
detection of a pesticide i.e., 2-methyl-4-chlorophenoxyacetic acid (MCPA). For this purpose, three different fluorescent Au 
nanoclusters stabilized by histidine (His-AuNCs), lysozyme (Lys-AuNCs) and RNase (RNase-AuNCs) were systematically 
studied as optical probes for the detection of MCPA using a turn-on assay. The fluorescence of these AuNCs was initially 
quenched with Cu2+ ions followed by the quantitative recovery of their fluorescent signals in the presence of MCPA. The 
sensitivity and selectivity of these clusters for MCPA were in a linear dynamic range, i.e., 110–180 nM, 100–170 nM and 
90–160 nM in case of His-AuNCs, Lys-AuNCs and RNase-AuNCs, respectively. Also, the aforesaid clusters were having 
a different limit of detection (LOD) by each type, i.e., highest by His-AuNCs (21.87), intermediate by Lys-AuNCs (12.97) 
and lowest by RNase-AuNCs (9.26 nM). Hence, the RNase-AuNCs are found to be the most sensitive, whereas His-AuNCs 
are least sensitive for the detection of MCPA. These findings offer a rapid, sensitive and selective assay for MCPA detection 
and have potential implications for the on-site, real-time monitoring of noxious pollutants.

Keywords  Fluorescence restoration · Quenching · Gold nanoclusters · Fluorescent sensing · Pesticide · 2-Methyl-4-
chlorophenoxyacetic acid

Introduction

Pesticides are one of the several ubiquitous classes of 
organic compounds, which have widely been used by farm-
ers to eliminate the threat of common pests and to increase 
the yield of crops. However, their use has been of serious 
concern due to their unwanted persistence in the environ-
ment and suspected toxicity to the aquatic and terrestrial life 
(Zhao 2017). Among various classes of pesticides, organ-
ochlorine pesticides (OCPs) have always been of serious 
concern in this context (Eto 2018). In spite of their effective 
pest-control role, OCPs are known for their unusual long 
residual action and persistence in the environment without 
losing their toxicity (Carvalho 2017). These factors favor 
their environmental bio-accumulation, causing long-term 
damage to both terrestrial and aquatic life (Katagi 2010). 
Among all the OCPs, phenoxyacetic herbicides are the 
most widely used to eliminate broadleaf weeds. Due to 
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their selective effect on broadleaf weeds, this subclass is 
highly preferred to protect grain crops throughout the world 
(Skiba et al. 1987). This group of pesticides and its metabo-
lites have been found to have adverse health effects such 
as cancer, neurological damage, birth deformities and dam-
age to the human nervous system (Damalas and Elefthero-
horinos 2011). Generally, the use of pesticides is compara-
tively higher in South Asian and African countries such as 
Pakistan, India, Bangladesh, and Algeria. This is due to the 
climatic conditions as high temperature and humidity are 
very favorable for the pest growth (Jayaraj et al. 2016). In 
general, an upsurge of ~ 25% per year is observed for such 
pesticides in Pakistan (Kalwar et al. (2015)). There is, there-
fore, a dire need to develop a simple, efficient but equally 
economical protocols for the monitoring and quantification 
of such compounds to cater for the environmental security 
and food hygiene.

Despite their high sensitivity, conventional detection 
approaches such as chromatographic (Dias 2015), electro-
chemical (Anirudhan and Alexander 2015) and enzyme-
linked immunosorbent assays (ELISA) (Heys 2017) are not 
considered much feasible due to the associated complicities, 
tedious sample preparation steps and uneconomic nature 
(Kumar et al. 2015). Conversely, the fluorescent detection 
methods are known for their simplicity, easy approach, and 
cost-effective nature. The key feature of the fluorescent 
methods is their rapid response time as compared to all 
other related analytical techniques. In this regard, a num-
ber of smart fluorescent materials have been reported to 
detect various contaminants (Kumar et al. 2015; Gao et al. 
2017). However, the choice of fluorescent materials is highly 
influenced by the nature of analyte under investigation. In 
addition, despite all other merits of fluorescent methods, 
these methods are not as sensitive as other sophisticated 
techniques such as HPLC and spectrometry. Therefore, the 
exploration of more sensitive fluorescent materials, with the 
capability to transform minute detection of chemical changes 
into robust fluorescent signals, is highly desired. The use 
of fluorescent dyes (Walton 2012; Markechová et al. 2013) 
and quantum dots (Li 2018) has been reported as a promis-
ing approach, but the associated photo-bleaching problems 
(Wang et al. 2015; Zheng 2014) and toxic nature of heavy-
metal-based quantum dots (Wang 2013; Tsoi 2013) limit the 
widely-accepted applications of such probing agents.

Metal nanoclusters (MNCs) have promising optical char-
acteristics based on their ultra-small size, good biocompat-
ibility and tunable bright fluorescence (Goswami 2016; Li 
et al. 2014). These MNCs have been used for the sensitive 
and selective detection of various analytes and are now consid-
ered suitable alternatives to the conventional probing agents. 
Among the common MNCs, gold nanoclusters (AuNCs) are 
very interesting due to their embellished characteristics com-
pared to other competitors (Lu et al. 2017; Lin 2009). The 

gold core of the clusters is usually stabilized in solution by 
the ligand shell e.g. proteins, polymers, DNA and even small 
molecules. This ligand shell-metal core structure of gold nano-
clusters endows them more stability and sensitivity as both 
metalcore and ligand shell interact with the target compounds 
to increase the overall reaction sensitivity. The AuNCs have 
been signified for the sensitive detection of neurotransmit-
ters (Zhang, et al. (2017)), enzymes (Luo 2016), urea (Deng 
2016), glucose (Lai 2017), drugs (Jiang et al. 2016), biomark-
ers (Ramesh 2016) and reactive oxygen species (Zhou et al. 
2016). Nonetheless, their applications for effective detection 
of pesticide is still quite less-explored. Very recently, Su et al., 
reported an electrochemical pesticide detection method using 
tyrosinase enzyme quenched fluorescence of gold nanoclus-
ters stabilized on the egg membrane (Yan 2017). The authors 
indirectly determined the organophosphate pesticide by first 
inhibiting the fluorescence of AuNCs by dopaminechrome, an 
oxidation product of tyrosinase. Upon the addition of organo-
phosphate, the fluorescence of gold nanoclusters was restored. 
The method is sensitive enough but it is a bit complicated 
and involves expensive reagents. To the best of our knowl-
edge, there is no direct assay available for the detection of OCs 
while using MNCs. Herein, we report a direct fluorescence 
restoration approach for the sensitive and selective detection 
of an organochlorine pesticide i.e., 2-methyl-4-chlorophenoxy-
acetic acid (MCPA). In addition to presenting the first report 
on gold nanoclusters based direct assay for pesticide detec-
tion, the unique point of this study is that the findings of this 
assay were validated using three different types of fluorescent 
probes i.e., histidine coated AuNCs (His-AuNCs), lysozyme 
coated gold nanoclusters (Lys-AuNCs) and RNase coated gold 
nanoclusters (RNase-AuNCs). The corresponding fluorescence 
signals of all these nanoprobes were quenched in the presence 
of Cu2+ ions and fluorescence restoration was achieved with 
the addition of MCPA. The fluorescence restoration, caused 
by the relatively high affinity between Cu2+ and the carboxyl 
group of MCPA, led to the sensor development with linear 
dynamic range and sensitivity reaching down to ~ 90 nM for 
MCPA (using RNase-AuNCs). The concentration of MCPA 
was quantified according to the respective shift in fluorescence 
intensity, and the obtained results were validated by calcu-
lating Rr (restoration constant) via concentration-dependent 
restoration curves for MCPA detection, determined separately 
for each type of fluorescent nanoclusters.

Experimental

Reagents

Hydrogen tetrachloroaurate (III) hydrate (HAuCl4∙4H2O), 
lysozyme, ribonuclease (RNase), histidine, MCPA, chloride 
salts of metals including; Na+, K+, Mg2+, Ca2+, Ba2+, Co2+, 
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Ni2+, Zn2+, Mn2+, Cu2+, Cd2+, Al3+, Cr3+ and Pb2+ were 
of all analytical grade and purchased from Sigma Aldrich. 
Milli-Q water produced by Millipore water purification sys-
tem (18.2 MΩ cm−1) was used throughout this work.

Instrumentation

The hand-held UV lamp was purchased from Herolab. 
UV–Vis and Nanoseries Zetasizer (Malvern Instruments) 
was used for the determination of surface charge of the clus-
ters. Alpha FTIR was purchased from Bruker Corporation. 
Heto PowerDry LL 1500 Freeze Dryer was acquired from 
Thermo Electron Corporation. 2300-001 M EnSpire® Multi-
mode Plate Reader was purchased from Perkin Elmer. Shak-
ing incubator was procured from Kuhner Instruments. All 
the glassware was oven (Fisher Scientific) dried before use. 
For homogenizing the solutions, a sonicator obtained from 
Elma was used. pH measurements were performed using a 
pH meter (InoLab).

Synthesis of gold nanoclusters

Histidine protected AuNCs were prepared as per the previ-
ously reported method (Yang 2011). Briefly, 1 mL of 0.01 M 
aqueous solution of HAuCl4 was added to 3 mL aqueous 
solution of 0.5 M histidine and incubated (37 °C) for about 
30 h. The lysozyme-stabilized AuNCs (Lys-AuNCs) were 
also synthesized according to a previously reported method 
with slight modification (Chen et al. 2010). For this pur-
pose, 2 mL of 5 mM aqueous HAuCl4 solution was added 
to 32.4 mg/mL aqueous solution of lysozyme followed by 
the addition of 160 µL of 1 M sodium hydroxide solution. 
The mixture was incubated at 37 °C for about 30 h. The 
RNase-coated AuNCs were also prepared using the previ-
ously reported procedure (Kong 2013), and the optimized 
recipe in this regard was obtained. Briefly, 1 mL of HAuCl4 
(5 mM aqueous solution) was added to 100 mg/mL aqueous 
solution of RNase-A. Then 100 µL of 1 M sodium hydroxide 
solution was added to the mixture and incubated at 37 °C 
for ~ 30 h. After the completion of approximate incubation, 
the fluorescence of all nanoclusters was examined under 
UV light at an excitation wavelength of 365 nm. Red fluo-
rescence was observed for lysozyme and RNase-coated 
AuNCs whereas a bluish-green fluorescence was observed 
for His-AuNCs. RNase-AuNCs and Lys-AuNCs were dia-
lyzed against ultrapure water for 24 h using a 20 kDa dialysis 
membrane for purification whereas His-AuNCs were puri-
fied using syringe filtration (0.45 µm) owing to the smaller 
size of the capping amino acid, i.e., histidine (155.15 g/mol) 
(Yang 2011). After purification, the fluorescence intensity 
increased by 9%, 8.9% and 7.8% in the case of RNase-
AuNCs, Lys-AuNCs and His-AuNCs, respectively (Fig. 
S-1 A, B, C). Purified AuNCs were then concentrated by 

freeze-drying under vacuum. All the fluorescence studies 
were performed using a multimode plate reader while plac-
ing the samples in a 96-well microplate.

Fluorescence quantum yield calculation

For RNase and Lys-AuNCs, the quantum yield was calcu-
lated using Fluorescein isothiocyanate (FITC) as a refer-
ence with a standard quantum yield of 92%. For His-AuNCs, 
tryptophan was used as a reference with a standard quantum 
yield of 20% (Fig. S-2 A, B). For spectral measurements, 
reference and AuNCs were diluted with deionized water to 
yield an absorbance of ~ 0.1 at 480 nm and following equa-
tion (Ibrahim et al. 2017) was used for the calculation:

where ∅R = Quantum yield of the reference, ∅X = Quantum 
yield of the analyte, GradR = Gradient from the plot of inte-
grated fluorescence intensity vs absorbance of the reference, 
GradX = Gradient from the plot of integrated fluorescence 
intensity vs absorbance of the analyte, �R = Refractive index 
of the reference, �X = Refractive index of the analyte.

Fluorescence turn‑on studies for MCPA detection

The fluorescence restoration experiments were carried out 
using a series of dilutions of MCPA. The fluorescence of the 
AuNCs was first quenched by Cu2+ ions, which was subse-
quently restored by adding MCPA. The AuNCs were tested 
for various operational parameters followed by interference 
studies for other pesticides such as malathion, 2,4-dichloro-
phenoxyacetic acid (2,4-D) and metribuzin as well as ani-
onic species such as Br1−, I1−, Cl1−, F1−, OH1−, NO3

1− and 
PO4

3−. The limit of detection for the fluorescence restoration 
was determined for each of the three types of AuNCs.

Data analysis

To determine and interpret the relationship between the 
fluorescence restoration and comparative sensitivity of the 
AuNCs, a restoration equation was used (Rr = ((Fo/F[Q]) 
− 1)/[Q]) and a linear correlation model was developed by 
plotting the ratio of Fo and F against the respective con-
centrations of MCPA added to each type of AuNCs. The 
values of dF (F0 − F) were calculated as a response function 
to evaluate the fluorescence restoration. The Rr (restoration 
constant) values for all the nanoclusters were calculated 
from the slope of the linear correlation plot. Moreover, the 
linear regression correlation coefficient was also determined 
to examine the significance of correlation parameters. Limit 
of detection (LOD), limit of quantification (LOQ) and signal 

�X = �R
Gradx

GradR

�
2
X

�
2
R

,
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to noise S/N values were also determined for each type of 
cluster.

Results and discussion

All nanoclusters i.e. His-AuNCs Lys-AuNCs and RNase 
Au-NCs were synthesized as per previously reported meth-
ods, their quantum yields were calculated separately, which 
were found to be ~ 18% for RNase-AuNCs, ~ 12% for Lys-
AuNCs and ~ 6% for His-AuNCs (Fig. S-3 A, B & C) and is 
in accordance with the literature (Li et al. 2014; Yang 2011; 
Chen et al. 2010; Shamsipur 2015). Quantum yield of nano-
clusters is usually dependent on the ligand–metal core inter-
action. RNase is a smaller protein (13.7 kDa), which may 
facilitate efficient penetration of gold ions to interact with 
the functional group of proteins (Kong 2013). The protein 
gold interaction can be observed by the FTIR scan of both 
RNase-AuNCs and Lys-AuNCs.

In both cases (RNase and Lys-AuNCs), the gold surface 
is not much saturated with Au–S bonds (Yan 2017). Gold 
ions might have bound to amino groups in the protein. This 
supposition can be proved by FTIR studies (Fig. 1a–c) where 

a redshift in amide I (mainly C=O stretching) and amide II 
(N–H bending coupled with C–N stretching) bands can be 
assigned to Au–N bond.

It suggests that most of the electron density on the sur-
face of clusters is due to the protein functional groups other 
than Au–S bond (Guével 2011). Lysozyme protein has a 
comparatively larger size (14.3 kDa), which may limit the 
number of gold ions to interact with the functional groups 
of proteins. This may be the limiting factor for the efficient 
interaction of gold with protein core which may result in a 
relatively less quantum yield (Chen, et al. 2010). These may 
be the contributing factors for the relatively higher quantum 
yield of RNase-AuNCs as compared to that of Lys-AuNCs. 
FTIR spectrum of His-AuNCs shows the bonding of Au 
clusters with imidazole ring, which is evident by a red shift 
in N–H bending and C–N stretching (Shamsipur 2015). The 
absorbance behavior of all three AuNCs can be observed by 
their UV–visible spectra (Fig. 1d).

The characteristic protein absorbance peak at 280 nm 
due to tryptophan residue is visible in the absorption spec-
tra of both Lysozyme and RNase clusters but missing in 
His-AuNCs. Moreover, the characteristic SPR band for 
gold nanoparticles is absent (500–600 nm), which shows 

Fig. 1   FTIR spectra of RNase and RNase-AuNCs (a), Lysozyme and Lysozyme-AuNCs (b), and Histidine and Histidine-AuNCs (c), UV–Vis-
ible spectra of Histidine-AuNCs, Lysozyme-AuNCs and RNase-AuNCs (d)
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the absence of nanoparticles (> 2 nm) and the presence of 
smaller gold nanoclusters. When excited at 365 nm, His-
AuNCs exhibited bluish-green fluorescence having maxi-
mum emission at 483 nm (Fig. S-3 A), whereas, AuNCs 
coated with Lysozyme and RNase showed red fluorescence 
with a maximum emission at 643 nm and 647 nm, respec-
tively (Fig. S-4 B & C).

Colloidal stability of each cluster was determined by 
recording the Zeta potential of each type of AuNCs (Fig. S-5 
A, B & C), which was found to be − 43 mV, − 36 mV and 
− 33 mV for RNase-AuNCs, Lys-AuNCs and His-AuNCs 
respectively showing excellent colloidal stability all these 
Au NCs (Abtahi et al. 2018).

Taking advantage of fluorescence and the high quantum 
yield of these AuNCs, we set out to develop a direct fluores-
cent assay for MCPA detection. In this regard, we evaluated 
the fluorescence quenching of all these AuNCs initially. It 
is well-known that the paramagnetic ions such as Fe2+ and 
Cu2+ have a strong affinity to quench the fluorescence of 
different probes by intersystem crossing (ISC) (Oh 2016). 
This quenching may be due to the interaction of quencher 
species with the surrounding protein shell or any other func-
tional groups residing over the AuNCs. The quenching effect 
has a robust relation with the concentration of quencher. 
In this work, copper ions were used as a potential fluores-
cence quencher (Tao 2015). It is interesting to note that the 
quenched fluorescence can be restored by adding some com-
petitive analyte. A possible scheme of fluorescence quench-
ing of MNCs with copper ions and restoration with MCPA 
is demonstrated in Fig. 2.

After adding 10 μM of copper, significant aggregation of 
proteins protected AuNCs was observed, which is attributed 
to the Cu2+ interaction with proteins or histidine shells on 

AuNCs. A concentration of ~ 1.5 μM of Cu2+ ions was used 
to quench the fluorescence intensity. The quenched fluores-
cence intensity was gradually restored by adding MCPA. 
This restoration is due to the affinity of the carboxyl group 
(-COO−) present in MCPA to the Cu2+ ions (Fig. 3). The 
carboxyl group of MCPA is thought to be responsible for 
its long retention time in soil (Kah et al. 2007; Davies and 
Jabeen 2002). The interaction of Cu2+ with COO− group 
present in many drugs has also been used to demonstrate 
AuNCs based fluorescence restoration assays (Chen 2012). 
We also validated the detection of copper ions as a fluo-
rescence quencher using these three clusters. Copper is an 
important analyte that has a certain biological and environ-
mental impact. Copper ions can react with molecular oxy-
gen to form reactive oxygen species (ROS), which have the 
potential to damage proteins, nucleic acid and lipids, which 
may lead to certain neurodegenerative disorders and organ 
dysfunction. Its detection in water is also of high importance 
due to its toxic nature (Durgadas et al. 2011). The respective 

Fig. 2   The quenching and 
restoration scheme of fluores-
cent clusters against copper 
ions and pesticide molecules, 
respectively

Fig. 3   The schematic illustration of the interaction between MCPA 
and copper
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results are given in the supporting information (Fig. S-6, 
A–F).

By gradual addition of MCPA, we observed a gradual 
restoration of fluorescence in all three types of AuNCs. This 
fluorescence restoration was found to be linearly depend-
ent on the concentration of MCPA (Fig. 4). The reversible 
change of fluorescence suggested the stronger interaction of 
Cu2+ with carboxylic groups of MCPA. There was, however, 
no effect on the fluorescence of all three types of clusters by 
the direct addition of MCPA. Nevertheless, MCPA induced 
the aggregation of AuNCs at a higher concentration i.e., 
5 μM, due to the protein hydrolyzing effect of MCPA. All 
these clusters exhibited an excellent response for the detec-
tion of MCPA, showing a linear correlation between the 
expression F/Fo and the concentration of MCPA (Fig. 4d–f).

RNase-AuNCs were, however, found to be the most sensi-
tive with a fluorescence restoration response at even 90 nM 
of MCPA (R2 = 0.992), while, Lys-AuNCs showed restora-
tion response at 100 nM (R2 = 0.995) and His-AuNCs were 
found to be least sensitive, as this probe started to show 
response at 110 nM with R2 value of 0.985.

Fluorescence restoration LODs and LOQs were calcu-
lated via linear regression model for each type of AuNCs 

(Table 1), wherein ‘σ’ is the standard deviation and ‘S’ is 
the slope of linear regression curve. Moreover, background 
noise and signal to noise ratio had also been assessed and 
the estimated values tend to validate the data trend presented 
here.

To justify the sensitivity order of these probes, we 
first have to look at their binding affinity for copper ions 
because MCPA is detected due to its binding with copper 
ions. According to the suggested mechanism, Cu2+ ions 
are known to have high affinity with the histidine and other 
electron-rich species (such as –NH2 and –COOH) on the 
protein surface (Durgadas et al. 2011). Due to the varying 

Fig. 4   MCPA induced recovery 
of the Cu2+ mediated AuNCs 
quenching, His-AuNCs (a), Lys-
AuNCs (b) RNase-AuNCs (c). 
MCPA dependent linear rela-
tionship of relative fluorescence 
intensity (d–f)

Table 1   LODs and LOQs for His-AuNCs, Lys-AuNCs and RNase-
AuNCs based on their respective linear regression model

RMS root mean square

AuNCs LOD = 3σ/S 
(nM)

LOQ = 10σ/S 
(nM)

NoiseRMS Signal/noise

His-AuNCs 21.87 72.89 10.15 31.03
Lys-AuNCs 12.97 43.23 7.7 69.48
RNase-

AuNCs
9.26 30.86 6.65 91.72
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composition of the stabilizing agent used for the respective 
AuNCs, different number of copper ions bind to a specific 
type of gold nanoclusters. For example, due to the smaller 
size of RNase protein (13.7 kDa) as compared to that of 
lysozyme (14.3 kDa), Cu2+ ions may effectively penetrate 
to interact with electron-rich groups of RNase and gold 
core. Conversely, more MCPA molecules can be detected 
on the basis of their interaction with the mineralized cop-
per ions. For this reason, RNase-AuNCs have more pro-
nounced fluorescence quenching and restoration response 
as compared to lysozyme and histidine coated gold nano-
clusters. Moreover, as His-AuNCs have less quantum yield 
as compared to other AuNCs used in this study, therefore 
its sensitivity for MCPA detection is also lower than that 
of the other two nanoprobes. The MCPA detection limit 
of 90 nM (with RNase-AuNCs) is significantly lower than 
that of previously reported fluorescent assays for the detec-
tion of organochlorine pesticides (Discenza 2016, 2017).

The first step in this pesticide detection assay involves 
the binding of copper ions with Au NCs as a switch off 
step and second step involves selective fluorescence 
restoration with MCPA. In this regard, the binding effi-
ciency of each probe with copper ions may be different. 
The affinity of each probe with copper ions may depend 
on the orientation of functional groups on each AuNC. 
Similarly, fluorescence restoration can be correlated with 
the accessibility of MCPA molecules to the copper ions 
bound at different points on the probe. Moreover, how effi-
ciently these changes can be sensed by the optical probe is 
strongly dependent on its quantum yield. To gain further 
insight into the sensing mechanism of these three fluores-
cent probes, we determined the off–on efficiency (Eon-off) 
for each cluster as follows:

while

and

Eon − off = Eq × Er,

Eq =
Fo − Fq

Fo

,

where Fo = Fluorescence intensity in the absence of Cu, 
Fq = Fluorescence intensity in the presence of Cu, Fr = Fluo-
rescence intensity when MCPA is present.

For His-AuNCs, Eon–off value was found to be 44% while 
for Lys-AuNCs and RNase-AuNCs, it was found to be 47.7% 
and 64%, respectively. As RNase-AuNCs have compara-
tively higher quantum yield and due to the unsaturated gold 
surface, it seems more sensitive to the slight changes in its 
microenvironment. This data is also in accordance with the 
high quenching response of RNase-AuNCs when all the 
AuNCs were compared for the copper ions detection (Fig. 
S-6, A–F) in these studies.

Generally, the fluorescent methods are not much sensi-
tive in comparison to chromatographic and mass spectro-
metric techniques. On the other hand, fluorescent assays are 
far more promising to offer rapid response, convenient and 
user-friendly detection methods and can also be used for 
high throughput assays. To compare the efficiency of our 
developed methods, an overview of the latest fluorescent 
methods developed for organochlorine pesticides is given 
in Table 2.

It is evident from the LOD values for organochlorine her-
bicides/pesticide, that our detection method is much more 
sensitive than most of the reported fluorescence-based 
nanoprobes. Moreover, as compared to quantum dots and 
transition metal complexes, gold nanoclusters offer a much 
greener approach for such analysis because of their biocom-
patibility and non-toxic nature.

In addition to the sensitivity, the selectivity of a detection 
system is also highly desired. Therefore, we evaluated the 
effect of -COOH (2,4-dichlorophenoxyacetic acid) and -NH2 
containing (metribuzin) pesticides during MCPA detection 
for the corresponding fluorescence restoration studies. The 
results showed negligible interference in the presence of 
other tested pesticides, depicting the remarkable selectiv-
ity of this detection method. Moreover, malathion, which 
is an organophosphorus pesticide and does not contain 
carboxyl or amine group, was also tested for interference 
studies, demonstrating negligible interference with MCPA 

Er =
Fr − Fq

Fo

,

Table 2   A comparison of 
fluorescent detection methods 
for organochlorine pesticides

Probe Sensing mode LOD (nM) References

Conjugated polymer NPs Fluorescence turn-on detection  ~ 5 × 103 Talbert (2016)
Europium (III) based complex Fluorescence Decay  ~ 4 Azab et al. (2015)
Fluorescent dye (squairaine) Fluorescence turn on detection  ~ 96 × 103 Tu et al. (2015)
Cadmium sulfide QDs Fluorescence Enhancement  ~ 150 Walia and Acharya (2014)
BIODIPY Fluorescence Enhancement  ~ 540 DiScenza (2017)
BIODIPY Fluorescence Enhancement  ~ 31 × 103 Discenza (2016)
AuNCs Fluorescence Restoration  ~ 9 This study
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signal and thus almost 100% signal was obtained (Fig. 5). 
The difference in molecular weight, water solubility and 
varying nucleophilicity of interfering vs target molecule 
may be among different contributing factors for the differ-
ence of response. MCPA has the smallest molecular weight 
of 200.62 g/mol which is 221.04 g/mol, 214.29 g/mol and 
330.358 g/mol in the case of 2,4-D, metribuzin and mala-
thion, respectively. Substantially, MCPA has higher water 
solubility (825 ppm) and more nucleophilicity as compared 
to other interfering pesticides carrying nucleophilic oxygen, 
i.e., 2,4-D (677 ppm) and malathion (143 ppm). However, 
metribuzin is likely to show interference because of its 

higher water solubility (1200) but it interacts with copper 
via its amine group which is less electronegative in compari-
son to carboxylic group of 2,4-D (Gimeno 2014; Yalkowsky 
et al. 2016; Taghavi et al. 2016; K’Owino et al. 2018).

As this study is being proposed for real water samples, 
therefore, fluorescence quenching response of all AuNCs 
for Cu2+ was checked in the presence of other potential co-
existing metal ions such as Na1+, K1+, Ca2+, Mg2+, Ni2+, 
Zn2+, Pb2+ and Fe3+ present in the real water samples under 
the similar conditions. All these universally present ions 
did not show any significant interference with the histidine 
or lysozyme stabilized gold nanoclusters. However, the 
response of nickel and calcium ions showed interference 
with copper ions in the case of RNase-AuNCs, which may 
be due to the protein-Au bonding and also may be due to 
highly sensitive nature of RNase-AuNCs (Fig. 6a). Similarly, 
for restoration studies, the collateral response of different 
anions (PO4

3−, NO3
−, Cl−, F, Br−, I−) was also examined 

with –COO− group but none of these anions showed interfer-
ence with the response of all three types of Au nanoclusters 
(Fig. 6b).

We particularly selected carboxyl containing organic mol-
ecules e.g. 2,4-D. The response of all gold nanoclusters was 
quite selective towards MCPA even in the presence of 2,4-D 
(pesticide with carboxyl moiety). This selectivity might be 
due to the different binding ability of both pesticides with 
copper ions and other potential molecules. Different factors 
including the spatial structure, molecular weight and vari-
ation in solubility index can control the extent of this inter-
molecular binding (Jia 2017). This reason also explains the 
selectivity of our sensor in the presence of different organic 
molecules.

Fig. 5   The selectivity towards MCPA for RNase-AuNCs, Lys-AuNCs 
and His-AuNCs

Fig. 6   The selectivity towards Cu2+ ions and MCPA for His-AuNCs, Lys-AuNCs and RNase-AuNCs
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Optimum pH for the restoration assay was observed to 
be 9, 11 and 7.4 for RNase-AuNCs, Lys-AuNCs and His-
AuNCs, respectively (Fig. S-7 A, B & C). The main reason 
behind this optimum pH trend for all three kinds of AuNCs 
may be due to the different isoelectric points of the pro-
teins coated on the surface of fluorescent nanoclusters, i.e., 
9.6 (Koczera 2016), 11.2 (Koirala and Banuelos 2018) and 
7.59 (Dobson and Winter 2014) for RNase-A, lysozyme 
and histidine, respectively.

To summarize, this study demonstrates the use of fluo-
rescent AuNCs as optical nanoprobes for the selective and 
sensitive determination of MCPA. This assay was vali-
dated using three different types of AuNCs as fluorescent 
probes. Fluorescence of all nanoclusters was quenched by 
Cu2+ while MCPA could effectively remove Cu2+ from the 
surface of fluorescent AuNCs, leading to the fluorescence 
recovery of all AuNCs and thus enabling the sensitive and 
selective detection of MCPA. The response of all three as-
synthesized clusters was found to be in a linear dynamic 
range. The order of sensitivity for copper and MCPA was 
established to be as RNase-AuNCs > Lys-AuNCs > His-
AuNCs. The RNase stabilized gold nanoclusters were 
found to be the most sensitive for MCPA detection owing 
to their high quantum yield. These AuNCs present ultra-
sensitive detection of MCPA (up to ~ 90 nM or 18 μg/L), 
with detection limit much lower than the reported fluo-
rescence-based assays for the detection of organochlo-
rine pesticides and even below the permissible limit of 
100 μg/L. These findings show that our detection method 
is facile, economical, sensitive and selective for the detec-
tion of MCPA and has great potential to broaden the scope 
of AuNCs in environmental, analytical and bioanalytical 
applications.
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