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Among diverse nanomaterials, graphene oxide (GO) and reduced graphene oxide (rGO)-based
nanomaterials have encountered generous attention because of their ubiquitous advantages such as
photo-stability, nontoxicity, water-solubility, bio-compatibility, eco-friendliness, and cost-effectiveness.
Unfortunately, the inadequacy of functional groups in graphene-based nanomaterials seriously obstructs
the complexing ability with regard to analytes in the field of fluorescent chemosensors. Therefore,
graphene oxide and reduced graphene oxide-based materials were functionalized/modified using
organic fluorophores, organic acids, polymers, organic dyes, inorganic nanoparticles, macrocyclic
compounds, rotaxanes, DNA, metal oxides, chemodosimeter molecules, etc. They find extensive
applications in the field of fluorescence sensing as chemosensors, wherein they either perform as
fluorophores or quenchers. The functionalization is typically supported by covalent and noncovalent
interactions including electrostatic forces, m—mn interaction, and hydrogen bonding to furnish effective
photophysical properties for fluorescent chemosensor applications. In this mini review, we critically
discuss the sensitive and selective recognition of biologically and environmentally important metal ions,
anions, neutral molecules, and small biological scaffolds via divergent signalling phenomena such as
photoinduced electron transfer (PET), fluorescence resonance energy transfer (FRET), intramolecular
charge transfer (ICT), energy transfer (ET), excited state intramolecular proton transfer (ESIPT), aggregation
induced emission (AIE), and displacement approach. Most of the discussed functionalized graphene oxide
materials show high sensitivity toward various analytes compared to other potential fluorescent
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onsight and quick detection with a low limit of detection for
analytes. Hence, a chemical intercessor element (responsible
for the analyte detection) and a transducer (responsible for

1. Introduction

1.1. Fluorescent chemosensors

The chemical species enriched with fluorescent characteristics
that enable interaction with the analyte and signalling through
easily measurable properties, including electrical, electronic,
thermal, magnetic, and, in particular, optical changes, are
named as fluorescent chemosensors."™ In general, optical
signalling chemosensors are designed based on the photo-
physical changes upon the detection of various kinds of
analytes, such as metal cations, anions, neutral molecules,
and small biological scaffolds via the supramolecular host-
guest chemistry’® Moreover, fluorescent chemosensors have
acquired considerable attention on account of their promising
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measurable signal conversion) are two major functional units
required for producing signals upon the binding of various
analytes to prove its presence by the way of photophysical
property changes (absorption, fluorescence, relaxivity, etc.)."*™**

Basically, analyte detection is achieved by observing the
photophysical process of the fluorescent chemosensors
employing the binding and signalling approach, in particular,
PET, FRET, ICT, ET, ESIPT, AIE mechanisms, and displacement
approach.*>* In recent times, fluorescent chemosensors have
gradually become a pace-setter compared to other traditional
analytical techniques (e.g., atomic emission spectrometry,
neutron activation analysis, inductively coupled plasma spectro-
metry, mass spectrometry, Raman scattering, electrothermal
atomic absorption spectrometry, atomic absorption spectro-
metry, and voltammetry) because of their advantages such as
high sensitivity and selectivity, a low concentration of analyte,
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Fig. 1 The working principle of fluorescent chemosensor.

effective, economical, trouble-free process, and naked-eye
detection.****

However, the design of fluorescent chemosensor for the
most common binding and signalling approach required some
of the crucial chemical components, which are predominantly
obtained based on supramolecular chemistry principles for
specific recognition in different media. Basically, the construction
of a chemosensor involves the fusion of three basic units. They
are the binding ionophore element, the signalling fluorophore
element, and the linker or spacer for binding and signalling
elements association, collectively called as “The Fluoroionophore
or The Chemosensor”, which detect several analytes such as metal
cations, anions, neutral molecules, and small biological
scaffolds.>*® The design and the working principle of the
fluorescent chemosensor is shown in Fig. 1.

1.2. GO/rGO as fluorescent chemosensors

The two-dimensional (2D) atomic crystals with sp> hybridized
carbons organized in a hexagonal framework are known as
graphene nanomaterials and their family includes GO, rGO,
and graphene quantum dots (GQD).*’*° In principle, the
existence of oxygen-comprising functional groups displays
visible and near-IR fluorescence characteristics to GO and
rGO owing to the presence of a wide optical band gap by the
implanted sp” domains in the sp® carbons rather than naked
graphene with zero optical band gap, which exhibits no
fluorescence.®** The optical properties including fluorescence
emission and wavelength of the GO-based chemical sensors
can be regulated by restraining the size of GO within few a
nanometers and the chemical constitution. The electronic
transitions between antibonding and bonding molecular
orbitals such as ¢* - n, n* — n, and ©* — w are the reason
for the fluorescence in functionalized GO materials.***

The chemical reduction of oxygen-loaded functional groups
such as carboxyls, alcohols, carbonyls, epoxides, and hydroxyls
in GO appreciably accelerates the formation of electrically and
thermally conductive rGO materials.*®*® These graphene-based
nanomaterials as fluorescent chemosensors are being invented
for the quick and sensitive recognition of the various types of
analytes based on the strength of their remarkable characteristics,
such as inexpensiveness, water-solubility, greater stability, high
specific surface areas, biocompatibility, lower cytotoxicity, high
electron mobilities, and extraordinarily low electronic noise.***
The chemically modulated and conjugated GO-based nano-
materials manifest efficient noncovalent interactions with the
adsorbed molecules via supramolecular interactions such as
hydrogen bonding, intramolecular - interaction, and electro-
static attraction. Therefore, the tunable and intrinsic qualities of
GO-based materials attract manifold applications in the discipline
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of fluorescent chemosensors as an outstanding fluorophore as
well as a potential dual nature fluorescence quencher via charge
transfer or resonance energy transfer processes.**%>477

1.3. Functionalizing materials

Small molecules/nanoparticles-conjugated GO/rGO both by cova-
lent and noncovalent interactions as nanocomposites have been
demonstrated to be productive fluorescent chemical sensors for
the detection of various target molecules. The molecules utilized
for the functionalization of GO/rGO are organic fluorophores,
organic acids, polymers, organic dyes, inorganic nanoparticles,
macrocyclic compounds, rotaxanes, DNA, metal oxides, chemo-
dosimeter molecules, etc. In this review, we discuss extremely
powerful functionalizing organic compounds and other materials
with respect to BODIPY, coumarin, fluorescein, dextran-
fluorescein, 1,8-diaminenaphthalene, resorcinol, 8-hydroxy-
quinoline, pyrene, amino pyrene, terpyridine, 2-bis((pyridine-2-
ylmethyl)Jamino)ethan-1-ol, tris(2-aminoethyl)amine, bis-(pththali-
midoethyl}-amine, y-aminobutyric acid, azobenzoic acid,
phenylboronic acid, oligo(p-phenylene ethynylene), labeled com-
plementary oligonucleotides or aptamers, (polyvinylpyrrolidone)/
pyrene/APTS, polyethyleneimine, acridine orange, methylene
blue, rhodamine B, alizarin red, endonuclease, silver-specific
cytosine rich oligonucleotide, mesoporous silica nanoparticles,
carboxylated pillar{5]arene macrocycle, hematoporphyrin, RhBPy
[2]rotaxane, molecular beacon, glycosyl, Ag-In-Zn-S (AIZS)
quantum dots, DNAzymes, thymine, FAM, FAM-ssDNA, NiO,
TiO,, and fluorescent chemodosimeter molecules.

These highly efficient GO/rGO-based hybrid fluorescent
conjugates are synthesized by conventional methods such as
grafting, electrospinning, solvothermal, covalent functionalization,
chemical reflux, esterification, and reductive amination
processes.”®™® The synthesized sensor conjugates are the most
attractive and can be employed for the recognition of several target
molecules and ions on account of their favorable characteristics,
such as simplicity and specificity, sharp absorption and fluores-
cence emission, high fluorescence quantum yields, low toxicity,
highly stability, cost-effective, and good water solubility.**~>*>¢>7

To the best of our knowledge, this is the first and foremost
review report discussing the fluorescent-functionalized GO/rGO
nanomaterials for the detection of multifarious analytes. This
review covers the general properties, synthesis, and utilization
of GO/rGO-based fluorescent chemosensor conjugates for the
sensitive and specific detection of various analytes such as
metal cations (Ag*, Ce®*, Cu®', Fe**, Fe’*, Hg**, Ni*', Pb*",
Zn**, and Zr""), anions (F~ and I"), amino acids (adenosine,
cysteine, and lysine), carbohydrates (glucose), explosives (2,4,6-
trinitrotoluene and 2,4-dinitrotoluene), organic pollutants
(bisphenol A, 1-naphthol, phenol, and picric acid), organic dyes
(rhodamine 6G and neutral red), antibiotics (doxorubicin), RNA
(miRNA), lectins, and viruses (Ebola) (Fig. 2). These nanosensor
conjugates as host molecules express discriminative recognition
and significant sensitivity toward various guest analytes
with substantial selectivity and some even down to nanomolar
level detection limits. In addition, this work highlights the
challenges in GO/rGO-based fluorescent chemosensors and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The schematic representation of GO/rGO derivatives in fluores-
cent analyte detection.

various potential applications in the wide spectrum of upcoming
research areas.

2. Fluorescence sensing strategy and
mechanisms

2.1. Displacement strategy

The nonfluorescent receptor-indicator system coordinated by
noncovalent interactions separates into two components as the
receptor-analyte framework upon the addition of a strong
chelating analyte, which ultimately displace the indicator.
Eventually, a significant transfiguration in the fluorescent
signal was observed during the indicator displacement, leading
to the formation of a noncoordinated state. The advantages
of the displacement strategy are exchangeable indicators,
independent analyte structure, easily tunable selectivity, reversibility,
and specificity. These properties can be obtained because of the
high flexibility rendered by the noncovalent linkage in the
system. In this review, the displacement approach for
the binding of different analytes with the functionalized
GO/rGO nanomaterials has been discussed. The working
principle of the displacement strategy is demonstrated in
Fig. 3.

2.2. Photoinduced electron transfer (PET)

In the PET mechanistic process, generally, the ionophore unit
is an electron donor and the fluorophore unit performs the role
of an electron acceptor that are syndicated through the linker
or the spacer moiety, which can be tuned. The fluorescence
binding approach usually occurs between the electron donor

Receptor-Analyte

Anal\u

*

Receptor-Indicator Indicator

Fluorescence Off Fluorescence On

Fig. 3 The working principle of displacement strategy.
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Fig. 4 The schematic illustration of the PET process.

and acceptor moieties, resulting in excited-state nonradiative
radiation upon van der Waals interactions, revealing weak
fluorescence. In the PET-On state, the excitation of the electron
takes place from the highest occupied molecular orbital
(HOMO) of the free receptor (ionophore) unit to the HOMO
of the fluorophore unit, which can cause the quenching of
fluorescence. The PET process is inhibited upon analyte
binding due to interaction between the bound receptor and
the analyte such that the electron transfer occurred from
the lowest unoccupied molecular orbital (LUMO) to the
HOMO in the fluorophore unit. In the course of binding, the
redox potential of the free receptor HOMO is revived
(lower energy) compared to the HOMO of the fluorophore unit;
simultaneously, fluorescence enhancement is triggered and
shows the PET-Off state. The schematic representation is shown
in Fig. 4.

2.3. Fluorescence resonance energy transfer (FRET or ET)

The donor-fluorophore (DF) and acceptor-chromophore (AC)
molecules are involved in distance-depeneant nonradiative
energy transfer via the long-range dipole-dipole coupling
mechanism. Upon electronic excitation, the donor can transfer
its energy to a neighboring acceptor chromophore, leading to
what is termed as the FRET process.

DF + hv — DF*
DF* + AC —» DF + AC*

AC* - AC +

where £ is known as Planck’s constant and v is the radiation
frequency.

During the process, there will be a decrease in the emission
intensity of the donor fluorophore and an increase in the case of
the acceptor chromophore, resulting in ratiometric fluorescence
signals with an “isoemissive point”. On the other hand,
there will be null photonic emission perceived during the
electronic excitation process of the system encompassing
both the donor and acceptor molecules close to the emission
maximum of the chromophore molecule. In FRET, the
resonance energy of the acceptor is almost equivalent to the
vibronic transitions of the donor and the Stokes’ shift is
increased artificially by the molecules. Nevertheless, spectral
overlap is quite essential between acceptor absorption and

Mater. Adv,, 2021, 2, 6197-6212 | 6199
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Fig. 5 The schematic illustration of the FRET process through a Jablonski
diagram.

donor emission to achieve an efficient FRET process. The
transitions involved in the FRET system are represented
in Fig. 5.

2.4. Intramolecular charge transfer (ICT)

The wavelength-dependent absorption and emission color
changes during the charge transfer process between the donor
and acceptor moieties of the molecule is known as the photo-
physical process of ICT. The dipoles are formed when the
charge transfer process takes place upon excitation from the
donor to the acceptor of the system having almost equal
electron densities. Thereby, the blue shift is distinguished in
the spectrum on interaction of the electron donating moiety
with an analyte, resulting in a decrease in electron donating
character of the sensor. In contrast, while the electron acceptor
moiety binds with an analyte, the electron accepting nature
of the sensor increases, causing a red shift in the
spectrum. Therefore, it is clear that the dipole strength varies
upon analyte binding, which accounts for the photophysical
changes in the system. The charge transfer process is
also determined by the energy of transition and the type of
solvent. The mechanism of the ICT process is illustrated in
Fig. 6.

Analyte interaction with donor

Analyte

—

1 = Blue shift
il .

Analyte interaction with acceptor

J e & ¢

Acceptor Donor Acceptor Donor.

. I -
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Fig. 6 The pictorial illustration of the ICT process.
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2.5. Excited state intramolecular proton transfer (ESIPT)

The design of a fluorescent chemosensor via the ESIPT
mechanism has absolute priority because of its distinctive
photophysical properties and excellent sensitivity. As such, the
ESIPT process prevails between the proton donating (amino or
hydroxyl) and withdrawing groups (imine or carbonyl) upon
excitation of a molecule via intramolecular hydrogen bond
formation. The unusual keto-enol tautomeric transformation
of the system from E to K via E* and K* will be affected on the
interaction of the analyte, which radically diminishes the photo-
chemical reactivity and enhances the photostability as well. The
excited keto (K*) formation from the excited enol (E*) and stable
keto (K) to stable enol (E) transformation were induced at higher
and lower emission wavelengths with larger Stokes’ shift.
The schematic representation of the ESIPT process is given in
Fig. 7.

2.6. Aggregation induced emission (AIE)

An aggregated and highly photostable fluorescent solid posses-
sing micro or nanochemical structures with luminescent prop-
erty in aqueous media is more commonly known as an AIE
active molecule. An AIE-based sensor is made up of a freely
rotatable unit chained with a rigid core in the body, which
emits weak fluorescence upon excitation. Nevertheless, it pro-
duces strong fluorescence emission upon aggregation by
means of various interactions such as restriction of intra-
molecular vibration (RIV), n-n stacking, restriction of intra-
molecular motion (RIM), twisted intramolecular charge
transfer (TICT), and restriction of intramolecular rotation
(RIR). Typically, the AIE phenomenon has been used for the
characteristic understanding of AIE such as structural rotat-
ability, planarity, intermolecular interactions, and intra-
molecular restrictions. Hence, the efficiency of the
fluorescent aggregates in the presence of various analytes is
largely ascribed to the restriction of intramolecular motion
(RIM) and the restriction of intramolecular rotation (RIR)
mechanisms. The graphical illustration of the AIE phenom-
enon is shown in Fig. 8.
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WOISSIW [ouy]
UOISSIWd 0)dY]
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Fig. 7 The graphical representation of the ESIPT process.
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Fig. 8 The schematic illustration of the AIE phenomenon.

3. Functionalized graphene oxide (GO)
and reduced graphene oxide (rGO)-
based fluorescent chemosensors for
various analytes’ detection

3.1. Metal cations

He et al. utilized a chemically modified GO derivative 1 (Fig. 9)
for the specific detection of Hg>" ion. It was synthesized using
4,4-difluoro-8-(4-isothiocyanatophenyl)-1,3,5,7-tetramethyl-
4-bora-3a,4a-diaza-s-indacene (BODIPY1) and characterized by
FT-IR and atomic force microscopy (AFM).®* The synthesized
organic-inorganic hybrid complex exhibited selective fluores-
cent turn-on response toward Hg”" ion among various other
heavy metal ions. The possible binding mechanism of 1 + Hg”"
was explained based on the suppression of two possible
competitive processes, namely, PET and ET, due to the strong
thiophilic affinity of the Hg*" ion.

A highly selective and sensitive thymine-conjugated rGO
chemosensor 2 was introduced by Abdelhamid’s research
group for the recognition of Hg>" ion.®* The constructed system
binds the Hg>" ion with the thymine moiety through T-Hg>"-T
formation due to the electrostatic and n-n interactions on the
planar surface of rGO. Upon the addition of Hg>", a drastic

NH-R

NH-R

Fig. 9 The structure of chemosensor 1.
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Fig. 10 The schematic representation of Hg?" binding with the rGO
conjugate.

fluorescence quenching was obtained compared to various
other metal cations. This approach has produced a good
detection limit of 5 nM toward Hg>" ion (Fig. 10).

Huang et al. demonstrated the bifunctional rGO-organic
dye-based reversible fluorescence nanoswitch 3 for the sensitive
and selective recognition of Hg>* ions.®®> Upon the binding of
Hg>" with receptor 3, the organic dye acridine orange (AO)
showed a remarkable fluorescence enhancement due to the
adsorption of Hg>" onto the rGO nanosheets, resulting in the
removal of AO from the surface of rGO. The reformation of
the rGO-AO nanocomplex caused the re-quenching of dye
fluorescence upon the complexation of Cys-Hg>". Based on
the selective binding and reversible property of receptor 3,
the INHIBIT logical operation was carried out (Fig. 11).

An ultrasensitive fluorescent chemosensor 4 based on
rhodamine B-associated Ag/rGO nanocomposite was developed
by Sahu et al. in aqueous media and the structural properties of
this receptor were investigated by UV-Vis, FTIR, XRD, TEM,
and SEM analyses.®® The presented system showed weak
fluorescence through m-m and dispersive interactions. Upon
the interaction of Hg>" ions with the rGO nanocomposite via
soft-soft and n-metal interactions, high fluorescence emission
was obtained. Therefore, it is clearly understood that the low-
fluorescence material was broken into a highly fluorescent one
upon the binding of Hg>* and the displacement of rhodamine B
from the Ag/rGO nanoparticles was confirmed. The limit of
detection of Hg”" in aqueous solution was determined to be
2 nM and the detection system was totally interference free
from other co-existing metal ions (Fig. 12).

A facile FRET-based mesoporous silica nanoparticles
functionalized with graphene oxide as the fluorescent chemo-
sensor 5 was prepared by Zhang et al. for the detection of Hg**
ions in aqueous solution.” The receptor 5 was synthesized by
grafting amine-modified fluorescent hybrid mesoporous silica
nanoparticles containing poly(p-phenylenevinylene) and lactam

Fig. 11 The binding process of receptor 3 with Hg>* ions.

Mater. Adv., 2021, 2, 6197-6212 | 6201
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Fig. 12 Schematic representation of the binding process of Hg?* ions
with receptor 4.

of rhodamine 6G with GO. This hybrid fluorescent receptor 5
exhibited strong green fluorescence and in the presence of
Hg”", the color changed to light orange and showed simultaneous
ratiometric enhancement and quenching at 550 nm and 494 nm,
respectively. This selective detection was ascribed to the FRET
process from the poly(p-phenylenevinylene) moiety to rhodamine,
which was triggered upon the binding of Hg”" ions with a
detection limit of 7.1 x 10~® M (Fig. 13).

Dinda et al. designed a new fluorescent turn off-on chemo-
sensor 6 based on thymine-functionalized GO for the simultaneous
recognition of Hg>" and I ions in aqueous medium.®” The mercury
ion selectively quenched the receptor’s fluorescence, which is
ascribed to the PET process and upon the addition of I" ions,
the fluorescence was recovered and a stable Hgl, complex
was formed due to the blocking of PET from the electron-rich
fluorophore to the electron-deficient Hg>" ions. These specific
detections are free of interference from other co-existing
metal ions at nanomolar concentrations. The quenching and
enhancement mechanisms were studied in detail using density
functional theory (DFT) calculations.

A novel coumarin-rGO-based fluorescent turn-on receptor 7
was proposed by Akhila et al. for the selective detection of Cu®*
ions in aqueous solution over other competing metal ions.®®
The fluorescence intensity of receptor 7 was restored upon
the addition of Cu®" with outstanding sensitivity and selectivity.
In addition, the complexation was clearly verified using
the strong chelating agent EDTA, which also confirmed a very
low limit of detection (2 fM) toward copper ions compared with
several previously reported complexing systems (Fig. 14).

Awad et al. reported a highly sensitive and selective Cu®" ion
fluorescent chemosensor 8 based on hematoporphyrin-
functionalized GO synthesized via the esterification reaction
and confirmed by the FTIR, XRD, SEM, UV-Vis, TEM, XPS, and

5+Hg?*

o/ He* @ sRheG

Fig. 13 The selective binding of receptor 5 with Hg®" ions through the
FRET process.
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Fig. 14 The proposed sensing mechanism of fluorescent sensor 7 for
Cu?* detection.

Raman spectroscopic techniques.®® The receptor 8 exhibited
high selectivity toward Cu** ion over other metal ions due to the
presence of the aza macrocyclic ring on the surface, which has
high binding affinity with copper ions. The receptor 8 showed a
detection limit of 54 nM, which is lower than that in many
other reported studies (Fig. 15).

Huang et al. used a turn-on fluorescent strategy for the
recognition of Cu®>" ions by a molecular beacon and GO-based
fluorescent biosensor 9 in the Tris-HCI buffer solution at pH
8.0.7% GO acts as a fluorescence quencher upon the adsorption
of the recognition unit molecular beacon (MB) and the system
is highly sensitive toward cations. In the presence of Cu®" ions,
the MBs were cleaved into pieces from the GO surface and
produced strong fluorescence signals with the detection limit
of 53.3 nM. The recognition quality of the receptor was not
affected by the other interfering metal ions. Furthermore,
sensor 9 was utilized in real sample analysis for the detection
of Cu®" ions with satisfactory results (Fig. 16).

Li et al. prepared a fluorescent nanoprobe 10 by grafting
v-aminobutyric acid (GABA) on GO and characterized it by XPS,
FTIR, and UV-Vis analyses. The synthesized fluorescent nanop-
robe 10 was used as a highly sensitive and specific GO-based
fluorescent sensor for the relay recognition of Cu** ions and
cysteine.”! Sensor 10 produced static fluorescence quenching
selectively upon the addition of Cu®" ions and sequentially
recognized cysteine (Cys) with strong fluorescence enhancement.
Sensor 10 showed a detection limit of 15 nM for Cu®>* ions and
38 nM for Cys. In addition, low cytotoxicity was obtained for the

[ co N

Fig. 15 The structure of receptor 8.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 The sensing process of receptor 9 toward Cu?* ions.

receptor and was applied successfully in LLC-PK1 cells for Cu®*
and Cys relay recognition.

GO-modified Ag-In-Zn-S (AIZS) quantum dots as fluorescent
receptor 11 was designed by Liu et al. for the specific detection of
Cu®" ions.”” Upon the addition of Cu®", the carboxylate-copper
complex was formed in the form of R-COO-(Cu*)-OOC-R,
which exhibits quenching of fluorescence and was characterized
by TEM and FTIR analyses. Specific Cu>* sensing was not further
influenced by any other metal ions at pH 7.4. The limit of
detection was calculated to be 0.18 pM and R* = 0.99. The results
revealed that sensor 11 could be serve as an effective probe in the
determination of Cu®" ion in drinking water samples.

The research group of Cheng introduced a simple highly
selective and sensitive GO-1,8-DAN (1,8-diaminenaphthalene)
conjugate-based fluorescent receptor 12 for the detection of Ag"
ions.”* Based on the well-established method of EDC/NHS
coupling chemistry, the sensor was synthesized by incorporating
1,8-DAN on the surface of GO (Fig. 17). The synthesized receptor
12 showed low fluorescence emission due to the PET process
and subsequently exhibited dual-output of enhanced fluorescent
signal at 589 nm and quenched the fluorescent signal at 392 nm,
which was attributed to the second order scattering (SOS)
process upon binding with Ag" ions.

Goldooz et al. described a highly specific Ag" ion chemo-
sensor 13 based on 8-hydroxyquinoline-functionalized GO-
silica nanocomposite (Fig. 18) in aqueous media.”* The nano-
composite fluorescent receptor was synthesized by grafting the

Fig. 17 The structure of receptor 12.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 The structure of receptor 13.

aminopropyl group using APTES on the graphene-mesoporous
silica composite and then the surface was reacted with
8-hydroxyquinoline-SO,Cl to obtain receptor 13. Surprisingly,
the receptor exhibited appreciable second-order scattering
signals specifically for Ag" ions at 720 nm and 483 nm in the
presence of various metal ions. The limit of detection of
receptor 13 for Ag" was determined to be 6.57 x 107 °® M and
the obtained spectral results were used for the construction of a
combinatorial logic circuit.

Bhuvanesh and his co-workers developed a chemosensor by
the hydrothermal method, and rGO-functionalized with
organic compound (S)-1 was used as fluorescent chemosensor
14 for the selective detection of Ag" ions in the aqueous
solution at the physiological pH range.””> The synthesized
fluorescent nanocomposite was characterized by various
techniques such as spectroscopic, microscopic, and analytical
techniques. Interestingly, sensor 14 shows significant enhancement
of Ag" with no observable interference from other common metal
ions at room temperature (Fig. 19).

Wen et al. reported a graphene oxide and silver-specific
cytosine-rich oligonucleotide (SSO)-based mix and detect
fluorescent nanoreceptor 15 for the selective detection of silver
ions.”® The interaction between the target-induced conformational
change of unbound SSO with GO causes the quenching effects.
Upon the addition of silver ions, the fluorescence was retained and
a quantitative readout was obtained. Therefore, the results clearly
demonstrate the simple DNA-based strategy for the detection of
various and multiple targets (Fig. 20).

A reversible probe-GO based fluorescent chemosensor 16
was prepared by Lv et al. for the recognition of Ag" and I~
ions.”” By mixing FAM-ssDNA with GO, the receptor was
synthesized. FAM-ssDNA was brought into close proximity with
the surface of the GO sheet due to the n-stacking interactions.
The free receptor 16 showed weak fluorescence and upon the

14+Ag*

Fig. 19 The binding phenomena of receptor 14 with Ag* ions.
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Fig. 20 The mix and detect strategy for the detection of Ag™ ions using
receptor 15.

addition of Ag' ions, fluorescence emission was recovered.
Consequently, on the continuous addition of iodide into the
above system, Agl was formed and fluorescence was regained.
This off-on-off multifunctional analysis upon the sequential
addition of Ag" and I was used to construct the INHIBIT logic
gate based on the reversible probe-GO receptor. The detection
limits were determined to be 10 nM and 50 nM for Ag" and I~
ions, respectively. In addition, the sensing studies were carried
out in water and human urine samples with satisfactory results
(Fig. 21).

Pandiyarajan’s group demonstrated a TiO,-decorated GO-
based nanocomposite as the fluorescent chemosensor 17
for the discriminative recognition of Ag" ions in THF-H,O
(1:1, v/v) solution.”® Receptor 17 was synthesized by the
chemical reflux method and characterized using SEM,
XRD, and UV-Vis analyses. The resulting nanocomposite 17
specifically recognized Ag" ions in the physiological pH range
without the interference of other potentially interfering metal
ions. Upon the addition of Ag" ion with receptor 17, the strong
fluorescence monitored was attributed to the inhibition of the
PET process.

A new hybrid GO-resorcinol composite as the reversible
fluorescent chemosensor 18 was developed by Dmonte et al.
capable of specifically recognizing Ce** ions in the THF-H,O
(1:1 v/v) solution with no interference of other co-existing
metal ions.”” The sensor was synthesized using modified
Hummers’ method and characterized by SEM, XRD, FT-IR,
and UV-Vis analyses. The sensor produced weak fluorescence
initially and exhibited significantly stronger fluorescence upon
the addition of Ce*" ions with a red shift from 306 nm to
351 nm. The plausible sensing mechanism of the fluorescence
“off-on” approach is the reason behind the occurrence of PET
and ICT processes (Fig. 22).

Recently, Dmonte et al. introduced a hybrid nanomaterial
using reduced graphene oxide and resorcinol (rGO-R) for the
specific recognition of cerium ions.*® The synthesized nano-
composite was confirmed by XRD and SEM, and their optical
properties were examined through UV-visible spectroscopy and

16+Ag*

Fig. 21 The fluorescent binding response of receptor 16 with Ag* and I~
ions.
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N/ Resorcinol

Fig. 22 The proposed binding mechanism of receptor 18 with Ce®* ions.

photoluminescence studies. The fluorescent recognition
process was carried out in THF-H,O solution at a physiological
pH of 7.4. The selective detection of cerium ions by the receptor
rGO-R is attributed to the arrest of the PET process and ICT
process, which eventually led to a noteworthy bathochromic
shift to 351 nm from 306 nm.

Elsie et al. used covalently modified GO as a reversible
fluorescent chemosensor 19 for the detection of Ce** ion.*'
The sensor was synthesized using the covalent functionalization
of tris(2-aminoethyl)amine on the surface of graphene oxide by
the ring opening of epoxide with primary amine moieties. This
intercalated material was characterized by IR, XPS, SEM, XRD, and
UV-Vis spectral analyses. Receptor 19 showed significant fluores-
cent enhancement upon the addition of Ce®" ion, indicating the
possible PET and ICT processes between GO and intercalated
amine. Furthermore, receptor 19 could be effectively retained
from its Ce*" complex by the addition of the strong complexing
agent EDTA in THF-H,O (1:1, v/v) solution (Fig. 23).

Shi et al investigated an amino pyrene (AP)-grafted
graphene-based gold nanoparticles as fluorescent receptor 20
for the recognition of Pb>" ions with fluorescence “turn-on”
response.’” The system exhibited the quenching of fluores-
cence in the presence of GO with AP due to the n-m stacking
interactions. The obtained stronger fluorescence showed the
effective binding of Pb** ion in the presence of thiosulfate with
receptor 20 by the mix and detect method. Under the optimal
conditions, the sensing system showed a low detection limit of
0.1 nM within the analytical time of about 15 min. In addition,
receptor 20 showed satisfactory recovery results for real water
samples over other possible interferants (Fig. 24).

A novel fluorescent chemosensor 21 based on DNAzymes-
coupled multi-cycle strand displacement amplification (M-SDA)
and GO (Fig. 25) was presented by Chen et al. for the ultra-
sensitive recognition of lead (Pb*") ions.®* Sensor 21 showed

19+Ce3*

\o/ Tren

Fig. 23 The schematic illustration of the binding process of Ce* with
receptor 19.
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Fig. 24 The pictorial representation of the binding of Pb** ions with
receptor 20.

high amplification efficiency and outstanding specificity
toward the metal ions owing to the high selectivity of DNA-
zymes. Under the optimal experimental conditions, fluorescent
sensing studies were carried out with various metal ions, which
revealed that the sensor specifically showed strong fluorescence
of the Pb>" ions among other interfering metal ions. The sensor
21 achieved good linearity (R* = 0.99714) toward Pb>" ion with
the detection limit of 6.7 pM.

Senol et al. utilized fluorescein and polyethyleneimine (PEI)-
functionalized rGO-based fluorescent receptor 22 for the turn
off-on detection of Fe’" ions in aqueous medium.?* The
nanocomposite receptor was synthesized by a facile and
controllable method. Afterward, it was characterized by XRD,
FTIR, UV-Vis, DLS, Raman spectroscopy, and zeta potential
measurements. The fluorescence responses reveal that the
system exhibits high sensitivity toward Fe*" ions with the
detection limit of 1.12 pM and the receptor was reversible upon
the addition of the strong chelating agent EDTA. This turn off-
on fluorescent response of the system provides promising
characteristics such as quick response, nontoxicity, and low
cost compared to other detection systems (Fig. 26).

Belinda Asha et al constructed a covalent-modified
GO-based carbonaceous material as the highly fluorescent
chemosensor 23 for the specific recognition of Zr** ions in
aqueous solution.®® The sensor was prepared by functionalizing
GO with 2-bis((pyridine-2-ylmethyl)amino)ethan-1-ol (PAE) and
characterized by various analytical techniques. Covalent bond
formation between GO and PAE through the ester linkage was
supported by all the characterization techniques. The fluorescence
response of receptor 23 upon testing with a series of metal
ions showed that Zr** ion selectively binds with receptor 23 and
delivered the turn-on response via the FRET mechanism. The
system offered a low limit of detection for Zr*" of 27 ng mL ™" in
the aqueous medium (Fig. 27).

Fig. 25 The structure of receptor 21.
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Fig. 26 The process of Fe®* detection by receptor 22.

Fig. 27 The complexation strategy of receptor 23 with Zr**.

The nonosensor 24 was synthesized by Eftekhari-Sis and
co-workers based on 8-hydroxyquinoline-functionalized GO
(Fig. 28) in aqueous media for the selective detection of Zn**
ions.®® The nanosheet structure of receptor 24 was confirmed by
FT-IR, UV-Vis, SEM, TEM, XRD, and EDX analyses. In the fluores-
cence spectra, receptor 24 showed weak fluorescence emission due
to the ESIPT process in the 8-hydroxyquinoline molecule and upon
chelating with Zn>*, the ESIPT process was prohibited and the
fluorescence become stronger. In addition, the competitive experi-
mental results revealed that the receptor shows good binding
ability toward Zn>" ions in the presence of most other metal ions.

Eftekhari-Sis et al. described GO and terpyridine conjugate
as a highly specific fluorescent nano-chemosensor 25 (Fig. 29)
for the recognition of Fe” ions in aqueous medium.?” The
synthesized receptor 25 was characterized by FTIR, SEM, TEM,
and UV-vis analyses. Surprisingly, the receptor displayed

24

Fig. 28 The structure of receptor 24.
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Fig. 29 The structure of receptor 25.

colorimetric turn-on and fluorometric turn-off responses
toward Fe** ions at 568 nm and 473 nm, respectively. The
naked-eye color changes were observed from light pink to deep
magenta for Fe*" ions via paper strip analysis.

Bis(pththalimidoethyl)-amine-functionalized GO as a highly
efficient fluorescent chemosensor 26 was presented by the group
of Ramesh for the recognition of Ni*" ion in aqueous solution in
the neutral pH range.®® The sensor was prepared using the
masked triethylamine derivative as an intercalating agent on
the surface of GO and was characterized by XRD, XPS, FTIR,
TGA, Raman spectroscopy, and TEM analyses. In fluorescence
spectroscopy, the nanocomposite exhibited selective response
toward Ni** ion compared to other commonly interfering metal
ions in aqueous solution at room temperature (Fig. 30).

3.2. Anions

A GO-assisted fluorescent chemodosimeter 27 was performed by
Wang et al. for the efficient detection of fluoride (F~) ions.*® The
GO-assisted fluorescent chemodosimeter 27 showed excellent
sensitivity toward F~ ions with 5-fold higher reaction rate constant
compared to the simple fluorescent chemodosimeter molecule.
Owing to the nanocarrier function of GO, receptor 27 showed
better bioimaging results on the addition of F~ ions. Furthermore,
the detection response of receptor 27 toward F~ ions was applied
successfully in real water sample analysis (Fig. 31).

3.3. Amino acids and carbohydrates

Adachi’s group investigated an oligo(p-phenylene ethynylene-
OPE)-GO composite 28 (Fig. 32) for the purpose of selective

26+Ni*

Fig. 30 The complexation strategy of receptor 26 with Ni®* ions.
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Fig. 31 The fluorescent sensing performance of receptor 27 with F~ ions.

CeHq30 C,H50,C
= — = )—CN
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CO,C,Hs OCgH1s
OPE

Fig. 32 The structure of OPE.

recognition of cysteine (Cys) in THF-H,O (1:1, v/v) medium.*®
The organic group (OPE) was synthesized with the help of
Sonogashira coupling reaction and Knoevenagel condensation.
Both the chemosensors, the simple organic moiety (OPE) with
cyanoacrylate terminal groups and OPE-GO 28, show selective
recognition toward cysteine (Cys) by exhibiting fluorescence
turn-off and turn-on responses, respectively. The binding of
cysteine is attributed to the blocking of the PET mechanism.

Bai et al. designed a simple mix-and-detect fluorescent turn-
on aptasensor 29 for the recognition of adenosine molecule.’®
The GO-aptamer sensor was designed based on the target-
induced two-split aptamer sequences (ABA1-FAM: 5'-FAM-ACC
TGG GGG AGT AT-3’ and ABA2: 5'-TGC GGA GGA AGG T-3') and
forms stable complexes in the aqueous solution due to the n-n
stacking interactions between the GO honeycomb lattices and
the nucleotide bases. The prominent advantages of sensor 29 are
simple and cost-effective detection and fluorescent background
quenching upon the binding of the fluorophore with GO, which
eventually creates a new universal platform for specific recogni-
tion by means of split aptamer engineering technology.

Blessy Pricilla et al. prepared the GO/NiO nanocomposite as
fluorescent receptor 30 for the potential detection of r-leucine
molecule without the interference of other competing amino
acids in aqueous media.”® Receptor 30 was synthesized using
the solvothermal method and it showed very weak fluorescence
at 410 nm; however, upon the addition of i-leucine to the
receptor, noticeable fluorescent enhancement was observed
with the turn-on process through the suppression of the PET
mechanistic process. In addition, receptor 30 showed better
antibacterial properties against methicillin resistant Staphylo-
coccus aureus and A. baumannii (Fig. 33).

A highly sensitive and remarkably selective fluorescent
nanocomposite based on graphene oxide-copper oxide material
(GO-CuO) was reported by Blessy Pricilla et al. for the detection
of one of the naturally-occurring amino acids, 1-leucine.’®
The fluorescent nanocomposite GO-CuO showed the selective

© 2021 The Author(s). Published by the Royal Society of Chemistry
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30+L-Leucine
v NiO Nanoparticles

© L-Leucine

Fig. 33 The binding strategy of receptor 30 with L-leucine.

detection of i-leucine in the presence of different naturally
occurring r-amino acids without any interferences. The receptor
exhibited “turn-on” fluorescence response upon the addition of r-
leucine due to the inhibition of the PET process. In addition, the
fluorescent property of the sensor was examined by conducting
various studies on the effect of equivalence, time, and pH on the
fluorescence in aqueous medium.

The fluorescent detection of lysine molecule using alizarin
red-aluminium(u) complex-conjugated GO nanomaterial 31
was introduced by Cheng et al. as a turn-on receptor.”* The
free receptor 31 showed weak fluorescence at 512 nm and
significantly exhibited strong fluorescence upon the addition
of lysine through the PET process with the detection limit of
2 mg L' in the pH range of 6.2 to 7.2. The selective binding
strategy was also applied for the bioimaging application in
human retinal pigment epithelium (ARPE-19) cells (Fig. 34).

In 2016, Basiruddin et al. constructed a phenylboronic acid-
functionalized rGO and di-ol-modified fluorescent chemosensor
32 for glucose detection in aqueous medium.”® Chemosensor 32
was synthesized by conjugating 3-aminophenylboronic acid and
the fluorescence molecule (5-(2-amino-ethylamino)-naphthalene-
1-sulphonuc acid) with rGO using the reductive amination
method. Upon the addition of the glucose molecule, the sensor
produces fluorescence from the quenching state because of
the replacement of the di-ol-modified fluorescent probe by the
glucose moiety. Sensor 32 could be potentially used in the
concentration range of 2 mg mL ™' to 75 mg mL " using this
nonenzymatic and cost-effective approach (Fig. 35).

3.4. Explosives

Guo and co-workers presented novel (polyvinylpyrrolidone)/
pyrene/APTS/rGO fluorescent nanonets 33 (Fig. 36) based on

31+Lysine

v Lysine

Fig. 34 The binding strategy of receptor 31 with the lysine molecule.
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Fig. 36 The structure of PVP/pyrene/APTS/rGO fluorescent receptor 33.

the single step electrospinning method for the detection of the
nitroaromatic explosive vapor.”® The receptor showed high
sensing performance toward TNT (2,4,6-trinitrotoluene) and
DNT (dinitrotoluene) compared to other analogues with
quenching efficiencies of 81% and 89%, respectively, at room
temperature within the exposure time of 540 s. The binding was
ascribed to the synergistic effects induced by the fast charge
transfer, adsorption properties, and effective n-n stacking of
rGO and APTS (3-aminopropyltriethoxysilane).

Lee et al. demonstrated the graphene oxide-functionalized
metal-organic fluorescent composite 34 for the chemosensor
application of trinitrotoluene (TNT) molecular recognition.’”
Sensor 34 was synthesized as the metal-organic framework
(MOF) using azobenzoic acid-functionalized with graphene-
oxide hydrogels in the presence of Zn>* ions. The sensing
applicability was experimented in the film state by exposing
to trinitrotoluene (TNT) and dinitrotoluene (DNT) vapors.
Within 10 min of continuous exposure, 98% fluorescence
quenching was observed due to charge transfer interactions.

A water-soluble GO functionalized by amine-modified
mesoporous silica nanoparticles with poly(p-phenylenevinylene)
(PPV) 35 was developed by Zhang and research group for the facile
and sensitive fluorescent recognition of 2,4,6-trinitrotoluene
(TNT) in aqueous solution.”® The receptor showed strong green
fluorescence in aqueous solution and upon the addition of TNT
molecule, the fluorescence emission was strongly suppressed
through the FRET process due to the binding of TNT with the
amine groups of the receptor. The detection limit for the

Mater. Adv., 2021, 2, 6197-6212 | 6207
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Y ppv
Fig. 37 The binding process of receptor 35 with TNT.

quantitative recognition of TNT by receptor 35 was calculated to
be 1.3 x 10”7 M (Fig. 37).

3.5. Organic pollutants and dyes

A dextran-fluorescein-functionalized rGO-based highly reproducible
fluorescent ‘turn-on” sensor 36 was synthesized by Mitra et al
for the sensitive recognition of small organic pollutants.”
The detection system was made using reduced graphene oxide-
polystyrenesulfonate composite loaded with the fluorescent probe
dextran-fluorescein. The sensor produced low fluorescence due to
the ET process between the rGO and dextran-fluorescein. However,
upon the binding of various organic pollutants to receptor 36,
strong m-m interactions was formed, which overcome the weak
noncovalent interactions. This results in the detachment of
dextran-fluorescein from the graphene surface, exhibiting stronger
fluorescence. In this sensitive and reproducible approach, various
organic pollutants such as bisphenol A, 1-napthol, phenol, and
picric acid were detected successfully in a small sample volume
(Fig. 38).

The group of Huang utilized the fast and sensitive detection
of synthetic organic dyes based on the fluorescein/rGO complex
37.1%° The weak competitor (fluorescein) initially showed
low fluorescence with rGO by the FRET process. During the
displacement of the fluorescein moiety from the complex and
upon binding with methylene blue (MB), stronger fluorescence
was induced, which proves the competitive adsorption of the
nanosheet between the synthetic organic dye and the fluores-
cent dye. The binding strategy was compared with the sunset
yellow (SY) analyte with a detection limit of 1.15 ng mL ™'
(Fig. 39).

Zhou et al. presented new rGO nanosheets 38 functionalized
with carboxylated pillar[5]arene macrocycle via covalent bonds
for the detection of organic dye molecules (Rhodamine 6G and

Bisphenol A Phenol
@]

Picricacid  1-napthol

36

Eg Dextran-Fluorescein

Fig. 38 The sensing approach of organic pollutants with receptor 36.
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Fig. 39 The binding strategy of receptor 37 with synthetic organic dyes.

neutral red) and pesticides in aqueous solutions.'*" Sensor 38

exhibits good water dispersibility compared to rGO and causes
drastic fluorescence quenching upon the binding of analytes
such as organic dyes and pesticides in aqueous solutions as a
consequence of FRET or PET process in receptor 38 (Fig. 40).

3.6. Antibiotics

Bao et al. proposed a novel and highly selective GO and RhBPy
[2]rotaxane-based nanocomposite as fluorescent chemosensor
39 for the recognition of doxorubicin (antibiotic) in MeOH/H,O
(3:2, v/v) solution.’®® Due to the strong noncovalent inter-
actions via the FRET process, weak fluorescence emission was
observed between GO and RhBPy [2]rotaxane. In the presence
of doxorubicin, strong red fluorescence was obtained with high
sensitivity and specificity among other antibiotics. Surprisingly,
receptor 39 produces sharp response toward doxorubicin
within 40 s and a detection limit of 0.0185 uM (Fig. 41).

3.7. RNA

A novel technique by conjugating GO with the site-specific
cleavage of an endonuclease was introduced by the group of
Tu for the selective and sensitive recognition of microRNA
(miRNA).’®® The fluorescent receptor 40 was synthesized by
assembling the FAM-labeled fluorophore (6-carboxyfluorescein)
on the GO surface showing fluorescence quenching then it
hybridized with the specific target (miR-126) and cleaved by
Rsal endonuclease. After the cleavage of the formed duplex,
strong fluorescence was obtained and readily detectable signals
with a low detection limit of ~3.0 fM (at a signal/noise of 3)
miR-126 with a linear range of 4 orders of magnitude. Also,
this target sequence can be clearly discriminated from the

N/ Carboxylated pillar[5]arene

Fig. 40 Schematic illustration of binding of dye molecules with receptor 38.
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Fig. 41 The binding process of receptor 39 with doxorubicin.

single-base mismatched sequence and other miRNA sequences
(Fig. 42).

3.8. Lectins

GO and glycosyl-based fluorescent probes 41 and 42 with AIE
property were investigated by Jiang et al. for the recognition of
lectin-sugar interactions in the NIR region and targeting in
liver cells."® Both fluorescent probes exhibited remarkable
fluorescent enhancement selectively upon the addition of
lectins with low detection limits of 3.8 x 107% M, 4.6 x
107® M, and 1.4 x 10 ® M for ConA, LcA, and PNA, respectively.
The selective binding of lectins was ascribed to the AIE mechanism,
which was confirmed by scanning electron microscopy
(SEM). Moreover, due to the specific sugarreceptor interactions,
the liver cancer cell line expressing the transmembrane glyco-
protein probe can be specifically targeted by 42 in a fluorescent
manner (Fig. 43).

40+miRNA

07 oH
%’/‘/ FAM-6-carboxyfluorescein

Fig. 42 The binding strategy of receptor 40 with miRNA.

PT-Man

Fig. 43 The structures of fluorescent probes 41 and 42.
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Fig. 44 The schematic representation of the binding of receptor 43 with
the EBOV gene.

3.9. Virus

Recently, Wen et al. reported a simple FAM-labeled GO 43
assisted rolling circle amplification (RCA) platform for the
effective recognition of Ebola virus (EBOV) in aqueous
solution.’® Fluorescence quenching was observed in the
absence of EBOV gene for fluorescein ambidate (FAM)-labeled
probe 43 on the surface of GO. Upon the addition of the EBOV
gene, strong fluorescence was obtained due to the cleavage of
the FAM-labeled probe from the GO surface. The detection limit
was calculated to be 1.4 pM for the selective recognition of
EBOV. Biosensor 43 was also used to determine the EBOV gene
in 1% human serum samples with satisfactory results (Fig. 44).

4. Conclusion

To sum up, this is the first kind of review that explores
functionalized graphene oxide nanomaterials as fluorimetric
probes for the detection of various analytes using supra-
molecular chemistry principles. Discussion has been made
based on the fluorescent sensing approach by the functionalized
GO and rGO materials by various research teams. Comparatively,
GO and rGO nanomaterials have superior characteristics such as
photostability, nontoxicity, bio-compatibility, water solubility,
and cost-efficiency compared to many organic dye compounds
and inorganic materials. However, graphene-based nano-
materials hamper the sensing and complexation applications
by the lack of functional groups in it. The properties of the
materials could be enhanced by the functionalization variety of
organic fluorophores, organic acids, polymers, organic dyes,
inorganic nanoparticles, macrocyclic compounds, rotaxanes,
DNA, metal oxides, and chemodosimeter molecules to yield
modified GO and rGO nanomaterials for variable sensing
applications. In view of the current state-of-the-art, the detection
of various biologically and environmentally significant analytes
has been illustrated based on several sensing mechanisms such
as PET, FRET, ICT, ET, ESIPT, AIE, and displacement approach.

In the future, researchers should start to make headway in
the field of fluorescent chemosensors by functionalizing
graphene-based nanomaterials toward the tuning of photo-
physical properties. As a consequence, the problems in the
prevailing system such as the specific recognition of various
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pollutants in the environment, toxic elements in medical,
hazardous materials in chemicals, and contaminants in biological
fields can be addressed by developing efficient, elegant, and
economic fluorescent probes. Therefore, the specificity and
sensitivity of the materials toward biologically/environmentally
important molecules, metal ions, anions, etc.,, with various
sensing phenomena could be revealed. At present, novel receptors
with excellent photophysical properties are vital to meet the
essential requirements of the monitoring bodies. In general,
organic-based surface-modified graphene nanomaterials have
superior absorption capacities for a wide spectrum of analytes
due to their specific guest binding compared with other conven-
tional adsorbents. In addition, the modification was specifically
driven by the covalent and noncovalent interactions including
electrostatic forces, m-m interaction, and hydrogen bonding
between GO/rGO and the functionalizing material to render
stronger photophysical properties for fluorescent chemosensor
applications. Lastly, the research problems such as the
enhancement of the biocompatibility and the photophysical
properties of the GO/rGO-based functionalized nanomaterials
must be addressed by extensive and dedicated research to expand
the qualitative and quantitative applicability. Hence, we conclude
that this review paves a path in the field of 2D material-based
fluorescent chemosensors, which potentially finds several
important applications in diverse research fields, including the
thrust areas such as Food, Water, Energy, and Healthcare, which
eventually solve the problems of humankind.
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