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ABSTRACT: A conjugated system was synthesized from reduced
graphene quantum dot (rGQD) and hemin for the selective
detection of favipiravir (Fav), an antiviral drug that has come into
much attention during the year 2020 for its use as a drug against
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).
The required rGQD was prepared from soot particles using
Hummers’ method followed by the amino-hydrothermal process.
At the first step, its fluorescence was quenched by preparing the
conjugate with hemin. Interestingly, the fluorescence intensity
gradually increases (turn-on) with increasing concentration of Fav,
and develops 9-fold higher fluorescence at 15.6 nM of Fav. The
fluorescence enhancement is selective, and the limit of detection
(LOD) was calculated to be about 1.96 nM. The fluorescence turn-
on is governed by aggregation-induced emission (AIE), which originates from electrostatic interactions between the sensor−analyte
systems. A similar fluorescence turn-on was observed for Fav in human blood plasma (BP) as well as in artificial urine (AU), which
indicates that the sensor is viable in real-sample analysis. In addition to Fav, its 1:1 cocrystals with theophylline (Theo) and ferulic
acid (FRA) also enhance the fluorescence in real samples with an LOD of 3.47 and 12.2 nM, respectively. Therefore, the cocrystals
remain intact in biological medium and the sensor interacts with cocrystals too. The detection of Fav and its cocrystals, and the
development of cocrystals as alternatives in the pharmaceutical industry, is essential considering the current COVID-19 pandemic
worldwide. Therefore, the findings of this work will certainly help in developing fluorescence sensors for quantitative determination
of active pharmaceutical ingredients (APIs) in real samples.
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■ INTRODUCTION

6-Fluoro-3-hydroxypyrazine-2-carboxamide, commonly known
as favipiravir (Fav), is a new broad-spectrum antiviral drug
manufactured by Toyama Chemicals in Japan during 2014 as
an anti-influenza agent. According to the reports, it inhibits a
total of 53 different types of influenza viruses1 and was used as
one of the potential drugs for the treatment of patients during
the 2014 Ebola virus outbreak.2 In addition, Fav has also been
widely used in cell culture and mouse models of arenavirus,
bunyavirus, filovirus, etc.3 In recent years, Fav came into much
attention due to its use in treating patients suffering from
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2). According to the report by Vaidyanathan, more rigorous
studies are necessary to understand the effectiveness of Fav or
similar repurposed drugs for treating COVID-19.4 There are
also some reported side effects of using Fav as a drug. For
example, teratogenicity and hyperuricemia are two major side
effects as reported earlier.5 Fav can cause abnormalities in the
hematological parameters of COVID-19 patients. The
hematological parameters include leukocyte series, erythrocyte

series, platelets, and the entire blood clotting mechanisms.6

Considering the extensive use of this drug in various diseases
and also the potential side effects, it is important to develop
materials and methods for its selective detection in real
samples. Therefore, in this work, the prime focus is to design
materials that can selectively detect Fav and/or its
pharmaceutical cocrystals with theophylline (Fav•Theo) and
ferulic acid (Fav•FRA) not only in aqueous solution but also
in real samples. To achieve this goal, we have synthesized a
conjugated system from reduced graphene quantum dots
(rGQDs) and hemin.
Literature survey reveals that graphene oxide (GO),

graphene quantum dots (GQDs), and rGQDs have been
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extensively used in recent times for designing various
biosensors and drug detection processes worldwide. Recently,
Maheshwaran et al. developed a GO-warped tetragonal t-
lanthanum nanocomposite for sensing antifungal and anti-
protozoal drugs.7 Qian et al. developed a GO-based electro-
chemical sensor for the active pharmaceutical ingredient (API)
naproxen.8 Chihava et al. synthesized a GQD composite with
nickel−cobalt sulfide for electrochemical determination of
antiretroviral drugs.9 Bharathi et al. used GQDs for ratiometric
determination of the HE4 ovarian cancer biomarker.10 Zhang
et al. worked on GQD-based nanocomposites to diagnose the
cancer biomarker APE1 in living cells.11 In the past, there have
been reports dedicated to the detection of various antiviral
drugs such as acyclovir,12,13 heptodin,14 oseltamivir,15

oseltamivir phosphate, and carboxylate,16 etc. However, no
such reports are available for the detection of Fav or any
pharmaceutical cocrystal in real samples till date. As the
regulatory opinion regarding pharmaceutical cocrystals has
changed in the eyes of the Food and Drug Administration
(FDA) and they are considered as a drug product intermediate,
along with API, detection of pharmaceutical cocrystals in real
samples is also necessary for solid-state drug development.17

Furthermore, to the best of our knowledge, preparation of
rGQDs from soot particles via the amino-hydrothermal
process and its conjugate with porphyrins as a chemosensor
has not been reported earlier. Production of soot particles is
cheap and easy, and they can be a good alternative to
commercially available graphite. Soot particles primarily
comprise amorphous graphitic carbon with organic and
inorganic materials. Therefore, they can be subjected to
Hummers’ method to prepare GO.18 Post processing of GO
can lead to various other materials based on the desired
applications. Also, there are some advantages of using carbon-
based quantum dots, such as their outstanding accessibility,
stability, and biocompatibility. Preparation of GQDs is cost
effective; their toxicity is low, and they possess a large specific
surface area and outstanding photoelectric properties com-
pared to the conventional quantum dots.19

It is well known that fluorescence turn-on-based sensing is
superior to that of fluorescence turn-off-based sensing, which is
attributed to a higher degree of selectivity, resolution, and
lower potential errors for the former.20 Also, fluorescence
measurement-based sensing is straightforward and cost
effective compared to other techniques such as high-perform-
ance liquid chromatography,21 flow injection chemilumines-
cence,22 radioimmunoassay,23 micellar electrokinetic chroma-

tography,24 high-performance capillary electrophoresis,25 etc.
Therefore, the main goal of this work is to achieve
fluorescence-based sensing of API and its pharmaceutical
cocrystals using a fluorescence turn-on mechanism. One of the
main reasons for fluorescence turn-on is aggregation-induced
emission (AIE), where intramolecular rotation of the
individual substances is restricted due to aggregation, which
increases the photoluminescence (PL) intensity by deactivat-
ing the nonradiative emission.26 AIE was first observed by
Tang et al. in silole molecules in the year 2001,27 and since
then research efforts have been made to provide theoretical
and experimental explanations for AIE. Different factors, such
as structural rigidity, viscosity, temperature, and presence of
chromophores in rigid matrices, can influence the aggregation
and hence the fluorescence emission.28 Due to its superior
performance, many AIE molecular probes and nanomaterials
have been developed for sensing, imaging, and theranostic
applications.29

rGQDs exhibit excellent fluorescence properties, and hence
different biosensors and chemosensors have already been
developed earlier.30,31 We found that, in the case of its
conjugation with hemin, the fluorescence intensity of rGQDs is
quenched. But, on introduction to Fav or its cocrystals, the
sensor−analyte system remarkably enhances the fluorescence
emission. Therefore, it would be interesting to investigate the
efficacy and mechanistic details of the fluorescence turn-on
process. A pictorial representation of the strategy applied for
the selective detection of Fav and its cocrystals is given in
Scheme 1.

■ EXPERIMENTAL SECTION
Material Development. All of the materials required for the

synthesis were commercially available: Hemin (Himedia), human
blood plasma (BP) (Sigma), ammonia 25% (Merck), H2O2 (Fischer
Scientific), KMnO4 (Rankem), H2SO4 (Merck), Theo (Sisco
Research Laboratory, India), and FRA (Alfa Aesar). Fav is a gift
from Cipla Pharmaceutical Division, Mumbai, India. All of the
chemicals were used as received and without further purification.

Preparation of Reduced Graphene Quantum Dots (rGQDs).
Soot particles were used as the starting material for the preparation of
rGQDs. The required soot particles were collected from a kerosene oil
lamp and stored in a desiccator over calcium chloride (CaCl2). In the
first stage, graphene oxide (GO) and graphene quantum dots
(GQDs) were synthesized from soot particles via the well-known
Hummers’ method.32 Soot particles of weight 0.10 g were mixed with
15 mL of ice-cold H2SO4 (98%) and stirred for 1 h (speed: 280 rpm),
followed by slow addition of 0.3 g of crystalline KMnO4. The material
was stirred again for another 3 h. To this solution, 25 mL of deionized

Scheme 1. Pictorial Representation of the Sensing of Favipiravir and Its Cocrystals from rGQD-Hemin Conjugate via
Fluorescence Turn-On Process
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water was added slowly and heated up to 40 °C. The solution was
further diluted with 25 mL of deionized water. To remove the excess
KMnO4, 3 mL of 30% H2O2 was added to the solution and filtered
through a Whatman no. 42 filter paper. The residue that contained
GO was washed with distilled water several times to remove the
excess ions, dried in an oven at 60 °C, and stored in a desiccator over
CaCl2.
In the second stage, rGQDs were prepared using a high-

temperature amino-hydrothermal process33 as shown in Scheme 2a.
Briefly, GO solution was prepared by dispersing 10 mg of GO in 10
mL of distilled water followed by sonication. 10 mL of distilled water
and 8 mL of ammonia solution were added to it and stirred further for

30 min. The solution was then sonicated for another 30 min,
transferred to a Teflon-lined autoclave, and digested at 150 °C for 5 h
by hydrothermal treatment. The autoclave digester was allowed to
cool to room temperature and finally, the resultant solution was
filtered through the Whatman no. 42 filter paper. The filtrate was
centrifuged at 8000 rpm to remove the larger particles and then used
in the later stage to synthesize the conjugate with hemin.

Preparation of rGQD-Hemin (rGQD-Hm) Conjugate (2). The
rGQD-Hm conjugate was essentially synthesized by performing an
acetylation reaction of hemin in the first step. The simple protocol of
the reaction involves the conversion of the −COOH groups of hemin
to −COCl groups as shown in Scheme 2b. Here, 0.1 g of hemin was

Scheme 2. Schematic Representation of (a) Synthesis of GO and GQDs from Soot Particles by Hummers’Method Followed by
Amino-Hydrothermal/Hydrothermal Cutting to Produce rGO and rGQDs and (b) Synthesis of rGQD-Hm Conjugate Via
Acetylation Reaction
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dissolved in 10 mL of dichloromethane (DCM) at 60 °C. 2 mL of
thionyl chloride (SOCl2) was then added to the prepared hemin
solution, and the solvent was evaporated. This produces the acid
chloride derivative of hemin (i.e., hemin-COCl), designated as (1). At
the final step, the rGQD-Hm conjugate was synthesized by stirring
the mixture of the 10 mL rGQD solution with hemin-COCl at room
temperature. As shown in Scheme 2b, the reaction between the
−COCl group of (1) and the −NH2 groups of the rGQD solution
results in the final product. The resulting brown-colored solution was
centrifuged at 8000 rpm to remove the unreacted compound (1). The
remaining solution of the rGQD-Hm conjugate, designated as (2),
was stored in a refrigerator for all photophysical measurements and
electrical characterizations.
Material Characterization. Structural characterization of the

materials was performed using the Fourier transform infrared
spectroscopic technique (PerkinElmer FT-IR spectrophotometer)
by preparing pellets with KBr. The measurements were performed in
transmittance mode over 32 scans. Electronic transitions of the
samples in aqueous media were recorded at room temperature using a
UH5300 Hitachi Spectrophotometer. Steady-state fluorescence

measurements were performed using a Hitachi F-7000 fluorescence
spectrophotometer with 5 nm excitation and emission slit width, and
at 400 V operating voltage. The fluorescence decay profiles of the
samples were recorded using Fluorolog-3 (Horiba Instruments) at
700 mV operating voltage. The powder X-ray diffraction (PXRD)
measurements were performed on a Rigaku Ultima IV powder X-ray
diffractometer by operating a Cu Kα X-ray source equipped with an
Ni filter to suppress Kβ emission and a D/teX Ultra high-speed
position-sensitive detector, and measurements were performed at
room temperature, with a scan range 2θ = 5−80°, step size of 0.02°,
and a scan rate of 10°/min. Dynamic light scattering (DLS)
measurements were performed to determine the zeta potential (ξ)-
and particle size of the system using Malvern NanoZS90. The samples
present in aqueous media were put in a quartz cuvette having a square
aperture with a zeta dip cell electrode at room temperature. The
average size of the rGQDs was determined from the transmission
electron microscope (TEM) images collected using JEOL TEM-2100
model. The aqueous sample was drop-casted on a 3 mm copper grid
covered with a carbon film and dried under the infrared lamp.

Figure 1. (a) FT-IR spectra of GQDs and rGQDs; (b) PXRD pattern of GQDs and rGQDs. TEM image of (c) GO prepared from kerosene soot
using Hummers’ method, and (d) rGQDs prepared using the amino-hydrothermal process.
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Sensing Experiments. Fluorescence Sensing. A stock solution of
Fav with 0.1 mM concentration was prepared in water and used for all
of the sensing experiments. 2 mL of the conjugate (2) was poured in a
quartz cuvette with (4 × 1 × 1) cm area, and its emission spectra were
recorded at 360 nm excitation wavelength (λex). To it, Fav was
gradually added by maintaining the concentrations at 55, 108.9, 162.8,
and 215.6 nM. The emission spectra of phase-pure Fav were recorded
at 215.6 nM concentration without the presence of the conjugate (2).
The same protocol was followed for the sensing study of the
respective cocrystals of Fav (Fav•Theo and Fav•FRA). For the real-
sample analysis, the fluorescence sensing experiments were carried out
in a 1:3 (V/V) mixture of the sample with blood plasma (BP) and
artificial urine (AU).

■ RESULTS AND DISCUSSION
Material Characterization. As described earlier, GO and

GQDs were synthesized from soot particles by subjecting them
to the well-known Hummers’ method, followed by amino-
hydrothermal reaction of GO to produce rGQDs. Though GO
and GQDs were not the materials of interest in this work, their
characterization is essential for the structural confirmation of
rGQDs and to determine the change in the surface
functionalities after their formation. Here, the synthesized
GQDs and rGQDs were characterized using various
spectroscopic techniques, such as UV−visible, FT-IR, PL
spectroscopy, and PXRD. The UV−vis spectra of GQDs and
rGQDs possess sharp peaks at ca. 226 and 229 nm,
respectively, as shown in Figure S1a,b. These peaks correspond
to the π−π* transition, the characteristics of GQDs and their
reduced form.34 The optical band gaps calculated based on the
UV−vis spectra of the respective GQDs and rGQDs using
Tauc plot35 were found to be 4.67 and 4.88 eV. Both GQDs
and rGQDs show excitation wavelength (λex)-dependent
emission spectra as shown in Figure S1c,d. It is evident that,
with increasing λex, the position of the emission spectra
undergoes a red shift along with a gradual decrease in spectral

intensity. This indicates that there is a strong dependence of
fluorescence on the excitation wavelength. This process is
commonly known as the “giant red-edge effect”, exhibited by
materials such as GO, GQDs, and carbon dots.36

Structural characterization of GQDs and rGQDs was carried
out using FT-IR spectra as shown in Figure 1a. Due to the
presence of a broad peak at ∼3500 cm−1 corresponding to O−
H stretching, it is difficult to identify the N−H functional in
the rGQDs. The appearance of a new peak at 1217 cm−1 w.r.t.
the FT-IR spectrum of the GQDs confirms the presence of an
aromatic amine37 in the rGQDs. Moreover, the shift in the
CO stretching peak from 1713 cm−1 (corresponding to the
COOH group)38 of GQDs to 1649 cm−1 (corresponding to
the CONH2 group)39 confirms the formation of rGQDs.
Reduction of GQDs could also be confirmed from the relative
intensities of the peaks corresponding to the C−O frequencies
of the epoxide linkages at 1004 cm−1 for GQDs and 1054 cm−1

for rGQDs.37 PXRD analysis (Figure 1b) showed a broad
hump at ∼20−35° 2θ, corresponding to the amorphous nature
of the synthesized rGQDs.
Apart from the change in surface functional groups, the most

important criterion for the formation of rGQDs is a reduction
in the size of GO after the amino-hydrothermal reaction, which
is characterized using TEM. The 2D-sheet-like structure of GO
(Figure 1c) obtained from kerosene soot particles using
Hummers’ method showed a characteristic change, with a
reduction in particle size to nearly about 5 nm average
corresponding to rGQDs. Moreover, Figure 1d shows a
uniform distribution of the spherical-shaped particles of
rGQDs compared to GO. The high-resolution TEM
(HRTEM) image of the rGQDs is presented in Figure S2.
Photophysical and structural characterization of the conjugate
(2) was carried out using UV−vis, PL, and FT-IR analysis as
described in the following section.

Figure 2. (a) Fluorescence spectra of conjugate (2) with increasing concentration of Fav (λex = 360 nm) at pH 7. The red-colored curve represents
the emission spectra of Fav alone in aqueous media. (b) Calibration plot obtained from the emission spectra at different concentrations of Fav to
determine the limit of detection. Fluorescence decay profiles of (c) conjugate (2), and (d) conjugate (2) + 55 nM of Fav.
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From the UV−vis spectral analysis, we found that the
conjugate possesses a strong absorption in the range of 200−
300 nm, and the corresponding optical band gap calculated
from the Tauc plot was found to be ∼2.9 eV (Figure S3a). On
the other hand, the conjugate (2) possesses interesting
fluorescence property. As shown in Figure S3b, the intensity
of the emission spectra of the conjugate is very poor compared
to the rGQDs in aqueous media, and undergoes a red shift
with increasing excitation wavelength from 300 to 360 nm,
which is the characteristic property of rGQDs. The formation
of the acid chloride of hemin (1) and the conjugate (2) has
been confirmed with the help of their respective FT-IR spectra.
Crystalline hemin possesses a distinct peak at 1700 cm−1

corresponding to carboxylic acid CO stretching (Figure
S3c). After the reaction of the −COOH groups with SOCl2,
the shifting of the peak to 1732 cm−1 in compound (1)
confirms the formation of the acid chloride functional. The
shifting of the peak again to 1713 cm−1 in (2) might be due to
the presence of unreacted COOH groups. Another character-
istic peak of (1) at ∼800 cm−1 corresponding to the C−Cl
stretching vibration confirms the presence of the acid chloride
functional, which is absent in conjugate (2). Moreover,
conjugate (2) contains three new peaks at 1657, 1560, and
660 cm−1 corresponding to the CO stretching of the amide
groups, NH bending of the secondary amide, and NH out-of-
plan bending, which are absent in the FT-IR spectrum of
compound (1).37

Sensing Studies Via Fluorescence Measurements.
Fluorescence turn-on sensing is generally achieved via
quenching the fluorescence of rGQDs at the first step followed
by addition of the analyte. It was observed that with the
gradual increase in the concentration of the analyte, Fav, the
emission of conjugate (2) drastically increases, and at a
maximum concentration of 215.6 nM, the system attains a 9-

fold enhancement in fluorescence intensity compared to the
fluorescence of Fav alone with the same concentration.
Therefore, the system essentially follows a fluorescence
“turn-on” pathway in the sensing process. rGQDs alone also
show fluorescence turn-on in the presence of Fav (see Figure
S4), but the extent of fluorescence enhancement is not as
efficient as that of the conjugate. This is presumably due to the
extensive interaction between the analyte and conjugate (2)
with a larger chemical structure. The addition of Fav into
conjugate (2) leads to a bright fluorescence under UV light at
265 nm monochromatic light as shown in the inset of Figure
2a. From the calibration curve for varying concentrations of
Fav, the limit of detection (LOD) was calculated using the
formula LOD = 3.3 σ/S, where S is the slope of the plot and σ
is the relative standard deviation (RSD). In this system, the
LOD was calculated to be about 1.96 nM using a calibration
plot.40 For all concentrations of Fav, the fluorescence turn-on
is instantaneous and no further increase in the intensity was
observed. The increase in fluorescence intensity of conjugate
(2) with increasing concentration of Fav follows a linear trend
with a regression coefficient of 0.99, as is evident from the
calibration curve (Figure 2b).
Considering the possible chemical structure of the conjugate

with a hemin moiety and the rGQDs, the fluorescence turn-on
in the presence of Fav is presumably due to aggregation of the
sensor−analyte system as discussed in the Introduction. As a
proof of concept, we have determined the fluorescence lifetime
of the system and performed DLS measurements before and
after the sensing experiments. From the fluorescence decay
profiles (Figure 2c,d), the initial fluorescence lifetime of the
conjugate was calculated to be 5.8 ns, which increases to 6.04
ns after the interaction with the conjugate. Such increase in the
fluorescence lifetime is observed in aggregated systems where
the nonradiative pathways are blocked due to the aggregation

Figure 3. Comparison of the (a) emission spectra of conjugate (2) with Fav (108.9 nM) at different pH; (b) fluorescence spectra of conjugate (2)
at 55 nM of Fav with increasing concentration of Na2SO4; fluorescence spectra of conjugate (2) (c) in the presence of RNA, alanine, tyrosine, and
tryptophan in aqueous media, and (d) in the presence of 0.1 mM of KCl, ZnSO4, and Na2SO4.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.1c03235
ACS Appl. Nano Mater. XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c03235/suppl_file/an1c03235_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c03235/suppl_file/an1c03235_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c03235/suppl_file/an1c03235_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c03235/suppl_file/an1c03235_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c03235/suppl_file/an1c03235_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c03235/suppl_file/an1c03235_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c03235?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c03235?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c03235?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c03235?fig=fig3&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.1c03235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and hence the molecules are present in the excited state for a
longer time, thereby increasing the fluorescence lifetime.41

Another important aspect of the sensing process is to
investigate the change in particle size and zeta potential (ζ)-of
the system with the help of DLS measurements to confirm the
sensor−analyte aggregation. It was found that in aqueous
media, the value of ζ of the conjugate (2) is about −23 mV,
which decreases to −16 mV after the introduction of Fav
(Figure S5a,b). Similar ζ values were obtained in repetitive
measurements. This clearly reveals the occurrence of electro-
static interactions in the system similar to that in the earlier
reports;42−44 moreover, a lower negative value of ζ can lead to
particle aggregation in the system.45 This assumption is in
agreement with the results of particle-size measurements. As
evident from Figure S5c,d, the average particle size of the
conjugate drastically increases from 160 to 777 nm after the

interaction with Fav (215.6 nM). This is a significant increase
in terms of particle size that causes the fluorescence turn-on of
the system. Similarly, under TEM, highly aggregated particles
were observed after the interaction of conjugate (2) with Fav
as shown in Figure S6a,b. From these two observations, it can
be concluded that AIE is the underlying mechanism involved
in the enhancement of fluorescence intensity. On the other
hand, the peak positions in the FT-IR spectra of the conjugate
remain the same before and after the interaction with Fav,
which indicates that there is no change in the functionalities of
the conjugate after the sensing (Figure S7).
It was found that the pH of the solution plays a vital role in

the efficiency of the fluorescence enhancement. The maximum
fluorescence enhancement occurs at neutral as well as basic pH
values as shown in Figure 3a. It is important to mention that
hemin is soluble in aqueous media at basic pH.46 Therefore, at

Figure 4. Hydrogen bond interactions and molecular packing of (a, b) Fav and the respective cocrystals; (c, d) Fav•Theo; and (e-f) Fav•FRA.
Red, green, blue, gray, and white color balls denote oxygen, fluorine, nitrogen, carbon, and hydrogen atoms, respectively.
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acidic pH, conjugate (2) is not fully soluble in water, which
probably leads to a poor interaction with the analyte and hence
no such fluorescence turn-on was observed at pH 1 and 4. The
existing emission at these pH values is due to the presence of
Fav itself in the solution. In neutral and basic pH range, the
fluorescence enhancement is presumably due to the AIE
mechanism resulting from a combined effect of the electro-
static interactions in the sensor−analyte system as well as the
solution-phase fluorescence of Fav. The occurrence of
electrostatic interaction was experimentally confirmed by
performing the well-known “salt-screening effect” experiment.
Here, the fluorescence response for Fav (55 nM) in the
presence of high concentrations of a salt solution (1 and 3 M
of Na2SO4) was observed. According to the literature, the
presence of a highly concentrated salt solution hinders the
electrostatic interaction between the sensor and the analyte
and thereby reduces the fluorescence intensity.42 In our case, it
was observed that the initial fluorescence intensity in the
presence of Fav significantly decreases with the increasing
concentration of the salt solution as shown in Figure 3b.
To investigate the selectivity of the sensor for Fav,

fluorescence measurements were performed for other bio-

logically important compounds such as RNA, alanine, tyrosine,
and tryptophan. As evident from Figure 3c, no significant
enhancement in fluorescence intensity was observed for such
chemicals. Since Fav contains an amide group in its chemical
structure, we also performed sensing experiments for other
amide functional drugs, namely carbamazepine (Carb), 2-
ethoxybenzamide (Etha), and pyrazinamide (Pyr). It was
observed that among them fluorescence turn-on was found
only in the case of Fav (Figure S8). Therefore, it can be stated
that the method is highly selective. On the other hand, since
analytical samples might contain additional ions in low
concentrations, we extended the sensing experiment in the
presence of 0.1 mM concentration of KCl, ZnSO4, and Na2SO4

too. As shown in Figure 3d, the changes in fluorescence
intensities in the presence of these ions were negligible.
In the present sensor−analyte system, the presence of a

fluorophore analyte is essential for the sensing process. In
order to establish our claim, we performed additional sensing
experiments using two cocrystals of Fav along with the
respective coformers as independent analyte systems. Cocrys-
tallization is a useful tool to tune the photophysical properties
of an individual fluorophore. Using the concept of cocrystal-

Figure 5. Real-sample analyses: fluorescence sensing and calibration curves in AU for (a) Fav, (b) Fav•Theo, and (c) Fav•FRA.
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lization, Yan et al. tuned the luminescence properties of
stilbene-type organic solid-state materials.47 As Fav shows
weak solution-phase fluorescence, cocrystals of Fav will
definitely affect its photophysical property. In a very recent
report, we investigated the physicochemical properties of a few
cocrystals of Fav with generally regarded as safe (GRAS)
coformers.48 From the reported cocrystal system, we selected
two Fav cocrystals, viz. 1:1 cocrystals of Fav•Theo and
Fav•FRA, which showed significant changes in fluorescence
intensity (Figure S9). Along with the two cocrystals, we also
investigated the sensing experiment for the respective co-
formers (Theo and FRA). This is to establish whether the
change in the photophysical property of the cocrystal is due to
the presence of individual coformers or structural changes
observed based on cocrystallization. The crystal packing
arrangement of Fav and the respective cocrystals is shown in
Figure 4 along with their possible hydrogen bond interactions.
Theo and FRA do not show any solution-phase

fluorescence; hence, no characteristic fluorescence turn-on
behavior has been observed for their complexes with conjugate
(2) (Figure S9). On the other hand, Fav cocrystals showed the
fluorescence turn-on behavior. In the presence of conjugate
(2), the intensity of the fluorescence emission of the 1:1
Fav•Theo cocrystal is higher than that of the 1:1 Fav•FRA
cocrystal; the same is the case for their respective fluorescence
in aqueous medium. The observed result clearly supports the
existence of cocrystals in the solution phase,49 as well as the
necessity of a fluorophore analyte for sensing activity.
Practical Applicability of the Sensor. After establishing

the underlying mechanism and specificity of the system, we
further investigated the practical applicability of the sensor for
detecting Fav and its cocrystals in biological samples. In
general, biological samples contain additional proteins, salts,
nucleic acids, etc. along with the analyte, which may affect the
sensing activity during the investigation. Therefore, it is always
recommended to perform sensing measurements in real
samples to investigate the practical applicability of the designed
sensor. The fluorescence turn-on-based sensing process, being
selective towards a particular analyte, is more promising in this
regard. As mentioned earlier, to check the sensitivity in real
samples, we performed sensing experiments in the presence of
AU and BP. AU contains components such as urea, uric acid,
creatinine, Na3C6H5O72·H2O, NaCl, etc.;

50 on the other hand,
BP is a pale yellow medium that contains many organic and
inorganic components, amino acids, salts, proteins, etc.51

Despite the presence of various components, the conjugate−
analyte system shows significant enhancement in fluorescence
intensity for Fav as well as its cocrystals both in AU and BP, as
depicted in Figure S10a. Therefore, it can be concluded not
only that the interference of other components towards the
detection of Fav and its cocrystals is negligible, but also that
the sensor system is effective in a real biological medium. After
confirming the applicability of the sensor in AU and BP, the
fluorescence enhancement in AU with increasing concen-
trations of Fav, Fav•Theo, and Fav•FRA was recorded to
measure the LOD. Figure 5a−c shows the fluorescence sensing
and calibration curve of Fav, Fav•Theo, and Fav•FRA,
respectively, in AU. Here, three consecutive measurements
were performed to determine the calibration curves, and the
standard deviation was included as Y-error for every
concentration of Fav. These calibration plots also follow a
linear trend, and the LOD was calculated to be about 3.5, 3.47,
and 12.2 nM, respectively. Here, the fluorescence enhance-

ment in the case of the Fav•FRA cocrystal is not as efficient as
those for Fav and Fav•Theo though the LOD was calculated
to be in the nanomolar range. The sensing study for Fav
cocrystals in AU and BP also suggested the better stability and
existence of pharmaceutical cocrystals in real biological
medium.
To study the stability of the conjugate, the same stock

solution was used for recording the fluorescence spectra after
completing 60 days of the synthesis under identical conditions
and instrumental parameters. The conjugate−analyte complex
showed a similar fluorescence enhancement (Figure S10b).
Based on our observation, we can conclude that the conjugate
was effective and stable for up to a period of 2 months.

■ CONCLUSIONS
In summary, a new conjugate of rGQDs with hemin is
reported. Soot particles were used as the starting material for
the synthesis of rGQDs with the help of Hummers’ method
followed by the amino-hydrothermal process. The conjugate is
an efficient sensing platform for selective detection of Fav and
its cocrystal in aqueous media as well as simulated biological
media. The rGQD is a fluorescent material and its conjugate is
prepared to achieve the non-fluorescent conjugate required for
the sensing of the fluorescent Fav molecule. The sensing is
based on fluorescence turn-on of the conjugate in presence of a
nanomolar concentration of the analyte which is attributed to
AIE that enables the sensor to be applicable in real samples
such as BP and AU. The LOD of the system for Fav in aqueous
media and AU was found to be 1.96 and 3.5 nM respectively.
Similarly, the sensing measurements were performed for
Fav•Theo and Fav•FRA cocrystals in AU and the LOD for
these two analytes were found to be 3.47 and 12.2 nM
respectively. The results are reproducible and selective which
are the primary requisites for developing efficient sensors.
Cocrystal sensing showed better stability of cocrystals in
biological medium and their usefulness as a drug product
intermediate. In continuation to this work, we will focus on
developing electronic device based sensing platform for the
detection of Fav or similar APIs in real samples. Again, since
hemin is an important bio-based material, the initial
fluorescence quenching of rGQDs during the preparation of
the conjugate with hemin acetyl chloride indicates the possible
applicability of rGQDs as a biosensor for hemin. The rGQDs
also showed fluorescence turn-on in the presence of Fav to
some extent. Therefore, extensive study is necessary to
establish the mechanism; however, it is out of the scope of
this present study. Future studies can also be directed towards
the investigation of the efficiency of pharmaceutical cocrystals
as repurpose drugs. From an environmental perspective, it is
well-known that soot particles are carcinogenic and one of the
major contributor towards global warming. Therefore, the
extraction and conversion of soot particles into useful materials
may lead to sustainable product development.
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