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Extensive use of pesticides in agriculture can lead to environ-
mental pollution and potentially adverse health effects. A
fluorescence Turn-On molecular switch, derived from naturally
occurring α-mangostin (MN), isolated from the pericarp of
mangosteen fruit and Graphene Quantum Dots (GQDs) synthe-
sized from honey, was developed for the detection of
carbofuran-an organic toxic carbamate pesticide. GQDs derived

from honey shows a strong fluorescence emission centered at
430 nm, which was efficiently quenched by the addition of MN.
The quenching of fluorescence of GQDs by the addition of MN
(OFF state) and the regaining of quenched fluorescence of
GQDs-MN system (ON state) upon the addition of the pesticide
carbofuran was utilized as a detection strategy for the toxic
pesticide carbofuran.

Introduction

The ever increasing demand for food products to meet the
world population growth is a challenging concern, which has
led to a widespread utilization of pesticides and herbicides in
agricultural area to control various pests and weeds. They also
help to reduce the loss of crops by decreasing the growth of
weeds and eradicating pests.[1] However, the consistent and
large use of pesticides not only affect the eco system but also
pose detrimental issues on mankind.[2] This includes several
metabolic disorders and problems to reproductive and immune
system.[3] The US Environmental Protection Agency (USEPA) has
classified pesticides into various groups which include organo-
phosphates, pyrethroids, organochlorines, and carbamates.[4]

Among the different pesticides available, carbamates are one
type of pesticides whose mode of action is similar to that of
organo phosphates.[5] Carbofuran (marketed under the trade
name Furadan)- a carbamate pesticide, has been classified as a
harmful substance whose uptake results in severe abnormal-
ities including blurring of vision, breathing difficulty, hyper
tension and contact burns to the skin or eyes and fatalities in
humans.[6] The ubiquitous usage, high mobility in soil and
environmental persistence, results in the contamination of
groundwater systems and water bodies.[7] The excessive
application of carbofuran has resulted in serious environmental
issues of which wildlife poisoning is a major concern.[8] A

worldwide ban is enacted and a time bound monitoring of
these pesticides is crucial in the present scenario.

Diverse approaches available for the detection of pesticides,
include various chromatographic,[9–10] electroanalytical,[11]

spectroscopic,[12] and biological-enzyme-linked
immunosorbent[13] techniques.[14] Among the various detection
strategies, fluorescence based analytical techniques are emerg-
ing as a dynamic tool for the detection of pesticides owing to
its high sensitivity, simplicity, rapidness, specificity and
accessibility.[15–16] Herein, we have developed a fluorescence
Turn-On molecular switch derived from naturally occurring α-
mangostin (MN), isolated from the pericarp of mangosteen fruit
and Graphene Quantum Dots (GQDs) synthesized from honey
for the detection of a toxic pesticide. Development of a
sustainable method which is based on the usage of waste
material is advantageous instead of using a more severe
environmentally hazard synthetic material for the detection of
hazardous carbofuran.

Mangosteen (Garcinia mangostana Linn) is a tropical tree
mainly found in countries like India, Myanmar, Malaysia,
Philippines, Sri Lanka, and Thailand, and the fruit is commonly
known as queen of fruits. The pericarp of mangosteen fruit
contains a variety of secondary metabolites such as prenylated
and oxygenated xanthones.[17] Among various xanthone deriva-
tives, α-mangostin (MN) is the major one possessing a wide
range of biological properties.[18] Even though several reports
are available on the biological (pharmacological) applications
of MN, its optoelectronic properties are less explored. In this
paper, we have exploited the fluorescence quenching inter-
action of GQDs with MN as a tool for the detection of
carbofuran.

GQDs have emerged as promising optical nanomaterials for
sensing applications due to their excellent thermal, chemical
and photo-stability, biocompatibility and low toxicity.[19] Several
methods have been reported to synthesize GQDs, which fall
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under two main categories namely, top-down and bottom-up
approaches. The top-down method involves the cutting of
carbonaceous materials into nano-dimensional structures
through physical or chemical processes such as oxidation,
treatment with acids, electrochemical methods etc. The
bottom-up method deals with the synthesis of GQDs from
components largely of organic origin through processes like
carbonization. In the present work, we have used honey as a
sustainable and renewable source- for the synthesis of GQDs
following an emulsion-templated carbonization route.[20] From
TEM analysis the average diameter of the synthesised GQDs
was around 2.4 nm. The lattice parameter of 0.31 nm, the d
spacing between graphene layers, corresponds well with that
of basal plane distance of bulk graphite i. e. 0.335 nm. (Fig-
ure S1, ESI†). GQDs display high surface area and the benzene
moieties makes them an excellent candidate to be complexed
with several compounds. The change in fluorescence properties
of a binary system derived by the combination of GQDs and

MN is explored for the selective detection of the harmful
pesticide-carbofuran.

Results and Discussion

The MN isolated from the pericarp of mangosteen fruit is found
to be analytically pure as shown by HRMS, and NMR analysis.
The 1H NMR, 13C NMR, FTIR and HRMS, spectra are shown in
Figure S2–S5, ESI†

The absorption spectra of GQDs, MN and GQDs-MN
complex in methanol are shown in Figure 1. The spectrum of
GQDs (Figure 1a) is characterized by a strong absorption peak
at 267 nm with a shoulder peak at 340 nm. The absorption
peak at 267 nm is due to π-π* transition of C=C and the
absorption at 340 nm corresponds to n-π* transition of the
C=O bond which is a characteristic feature of GQDs. The
absorption spectrum of MN (Figure 1b) shows a sharp peak at
312 nm with a broad shoulder peak at 353 nm, which may be
attributed to n-π* absorption of the carbonyl group. Up on the
addition of GQDs to MN, the UV spectrum showed remarkable
changes indicating a ground state interaction between GQDs
and MN (Figure 1c). A shift was observed for MN from 353 to
362 nm and 312 to 330 nm and a shift from 267 to 271 nm was
observed for GQDs.

Upon excitation at 340 nm, GQDs exhibited a broad
emission band with a maximum at 435 nm (Figure 2-i) and a
green luminescence under UV light (inset, Figure 2-i) with a
quantum yield of 3.6% (Figure S6, ESI†). MN displayed an
absorption spectrum in the range of 300 nm to 400 nm where
as a solution of MN in methanol is non-emissive (Figure 2-ii).
Upon adding different concentrations (0 to 4 μM) of MN in
methanol to the GQDs solution, there is a quenching in the
intensity of the emission of GQDs without any shift in its
emission wavelength (Figure 3-i). However, there is no overlap
between the emission spectrum of the GQDs and the
absorption spectrum of MN, eliminating the possibility ofFigure 1. UV-visible spectra of a) GQDs (1 mg/mL); b) MN (4 μM) and c) GQD-

MN complex in methanol.

Figure 2. i) Emission spectra of GQDs(1 mg/mL) in methanol and inset shows the image of GQDs solution in methanol under UV light; ii) Emission spectra of
MN (1 μM) in methanol and inset shows the image of its methanol solution observed under UV light.
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fluorescence quenching by fluorescence resonance energy
transfer (FRET) (Figure S7, ESI†). Hence the possible mecha-
nisms of quenching may be electron transfer assisted by static
interactions through hydrogen bonding or π-π interactions
between GQDs and MN. GQDs are acting as good electron
acceptor[21] and MN acts as electron donor. The existence of
enolic O,O ligand, methoxy and hydroxyl groups are mainly
responsible for the electron donating property of MN.[22]

Similarly the rigid xanthone moiety in MN can involve in π-π
stacking interactions with GQDs.[23] The surface of GQDs
possess large number of hydroxyl functional groups, which
allow strong hydrogen bonding interaction with MN there by
contributing to the quenching of fluorescence intensity. The
structures of GQDs and of MN are represented in Figure S8,
ESI†.

The excited state quenching mechanism of GQDs was
investigated via fluorescence lifetime (τ) measurements. The
fluorescence lifetimes of GQDs and GQD-MN were analyzed
using time resolved photoluminescence measurements using
340 nm LED source (Figure 3-ii). The decay curve is best fitted
with multi exponential function which indicates the presence
of multiple radiative species in the samples. Hence, it is
preferable to consider the average lifetimes of the decaying
species present in the molecules.[24] The average lifetime of the
GQDs and GQDs-MN are found to be 6.2 and 3.8 ns
respectively. The decrease in the average lifetime of GQDs-MN
demonstrates that the quenching may be dynamic in nature
indicating the involvement of PET with in the complex.[25]

The fluorescence quenching behavior was then analyzed
using Stern–Volmer (S–V) relation[26–27] [1],

I0=I ¼ 1þ KSV ½Q� (1)

where, I0 is the fluorescence intensity of GQDs solution without
adding MN, I is that after adding MN, KSV is Stern Volmer
constant and [Q] is the final concentration of MN. Figure S9, ESI
represents the S–V plot and a good linearity is observed with a
correlation coefficient of 0.99 for the initial concentrations and
a slight deviation at higher concentration. This linear Stern–
Volmer plot indicates the involvement of a dynamic quenching
phenomenon.[28] For GQD-MN system even though there is a
possibility for the occurrence of quenching through dynamic

mode, a slight deviation in the S–V plot shows the possibility of
static quenching.[29] The KSV value of 2.78×104 M� 1 clearly
indicates high quenching efficiency of fluorescence of GQDs by
MN.

We have exploited the fluorescence behaviour of GQDs in
the presence of MN to develop a platform for the detection of
the pesticide carbofuran. For this, varying concentrations of
carbofuran was added to a mixture of GQDs and MN. A regular
enhancement in fluorescent intensity was observed, which is
due to the spontaneous release of MN from the complex,
represented in Figure 4-i. Figure 4-ii shows the calibration curve
which is the the plot of fluorescence enhancement efficiency
(FEE) at the maximum emission peak (430 nm) against the
concentration of carbofuran. The plot is linear within a range
from 2 to 5 μM where the calibration equation [2] is used.

FEEcarbofuran ¼ 0:2577 Ccarbofuran þ 0:523 (2)

The enhancement in fluorescence intensity is also evident
from the time resolved fluorescent analysis. When carbofuran
was added to the complex, the average life time was changed
from 3.8 to 5.92 ns. (Fig S10, ESI†.) This enhancement in the
lifetime is due to the dissociation of GQDs-MN complex,
releasing the MN to the solution owing to the higher binding
affinity of carbofuran to GQDs.

The interactions of carbofuran with GQDs and the release
of MN in the GQDs-MN complex were confirmed by conduct-
ing control experiments. For this different concentrations of
carbofuran were added to GQDs solution. The fluorescence
intensity of GQDs was more or less unaffected by the presence
of carbofuran (Figure S12, ESI†). Also the absorption spectra of
MN didn‘t show much change up on the addition of carbofuran
ruling out the possibility of any ground state interaction
between these two compounds (Fig S11, ESI†). Therefore, it is
proposed that the interaction of carbofuran with GQDs-MN
complex releases MN from the complex and regains the
fluorescence of GQDs (Scheme 1).

The stoichiometry for interaction of carbofuran with GQDs-
MN complex and the association constant was determined by
using the Benesi-Hildebrand analysis. In the presence of
carbofuran, 1 :1 stoichiometry (which is confirmed from the
straight line graph) is observed for the complex with an
association constant (Kass) of 4.33 M� 1. (Figure S13 b, R2=

0.99389, ESI†). In a similar manner the binding constant for the

Figure 3. i) Quenching of GQDs(1 mg/mL) emission in methanol by addition
of MN a) 0 μM b) 0.5 μM c) 1 μM d) 1.5 μM e) 2 μM f) 2.5 μM g) 3 μM h)
3.5 μM and i) 4 μM and ii) Decay profile of GQDs (a) and GQDs-MN
complex(b).

Figure 4. i) Fluorescence spectra of GQDs-MN (1 mg/mL) with different
concentration ranging from a) 0 to i) 7 μM of carbofuran in methanol ii)
Calibration plot.
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interaction of MN with GQDs was obtained as 1.0235 M� 1

(Figure S13 a). The detection limit was found to be 0.01 μM (Fig
S14, ESI†). The selectivity of the GQDs-MN system is inves-
tigated by comparing the effect of fluorescence intensity of
different pesticides other than carbofuran on the GQDs-MN
system. It has been noted that among the various pesticides
used-carbaryl (Cl), parathion (PT), thiabendazole (TBZ), cyper-
methrine (CM), and malathion (MT), the GQDs-MN system has
high degree of selectivity for carbofuran. (Figure S15, ESI†).

Conclusion

The fluorescence changes of GQDs in the presence of MN and
carbofuran is exploited to develop a fluorescent sensor for the
toxic pesticide carbofuran with a detection limit of 0.01 μM.
The fluorescence emission of GQDs was efficiently quenched
by MN, which regained up on the addition of carbofuran there
by acting as a Turn-On molecular switch for the detection of
this pesticide.

Experimental Section
Isolation of α-Mangostin (MN): MN was isolated following a
reported procedure[17,30] which was later modified to improve the
yield by subjecting the powdered pericarp to Soxhlet extraction
using ethyl acetate as the solvent. This extract was collected, the
solvent removed under reduced pressure and the residue was
purified by column chromatography on silica gel (60–120 mesh)
with the n-hexane-ethyl acetate as the solvent system to get
analytically pure MN as an yellow crystalline solid in 69% yield with
respect to the crude residue.

Synthesis of Graphene Quantum Dots (GQDs): The GQDs were
synthesized following a previously reported literature procedure.[20]

In this method, aqueous solutions of honey are emulsified in 1-
butanol in which the hydroxyl functional group could stabilize the
emulsions against coalescence. Since each emulsion contains a
limited amount of honey molecule, the formation of undesirable
bulk structures would be prevented. This will act as micro reactors.
The nearly monodispersed GQDs were synthesized via carbon-
ization of honey molecules allocated in water-in-oil emulsions. To
form the emulsions, a 10 wt% honey solution (aq.) was mixed with
1-butanol and the mixture was aged at 80 °C under vigorous
stirring for 1 h. To the mixture a catalytic amount of hexadecyl-
amine was then added and the temperature was elevated to 160 °C
under argon to initiate the carbonization. The as-prepared GQDs
were purified by centrifuging and finally dissolved in methanol.
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