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Abstract

In this study, a simple one-step microwave synthesis of nitrogen-doped carbon quantum dots (NCQDs) was performed using
succinic acid as a carbon and gallic acid as a nitrogen source. Different techniques such as fluorescence spectroscopy, trans-
mission electron microscopy, X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and zeta potential analyzer
were used for the characterization of as-synthesized NCQDs. The chemical composition and morphological features are
analyzed by XRD and XPS spectroscopy. According to TEM investigations, these QDs exhibit a narrow size distribution
ranging from 2 to 10, with maximum distribution at 6 nm. The maximum fluorescence intensity (FL intensity) of NCQDs
was obtained at an excitation wavelength of 340 nm. The synthesized NCQDs were used as an effective fluorescent probe
for the detection of MO with a detection limit of 0.77 pM. Moreover, the synthesized NCQDs gave satisfactory results when
used for the detection of MO in saffron samples, with a recovery range of 98.6-99.2%. This study confirms that N-doped

carbon quantum dots can be used as a potential candidate for the detection of MO in saffron.

Keywords Carbon quantum dots - Methyl orange - Saffron - Fluorescent detection

Introduction

Carbon-based materials, such as graphene, carbon nano-
tubes, fullerene, and carbon quantum dots (CQDs), have
sparked significant interest among the global scientific
community because of their optoelectronic applications
(Ying Lim et al. 2015; Reshma and Mohanan 2019; ul Gani
Mir 2022). Fluorescent CQDs with sizes ranging from 1 to
10 nm and functional group-rich surfaces have been exten-
sively used in sensing environmental and food contaminants
(Xiong et al. 2022; Manikandan and Lee 2022; Malik and
Mir 2023). These CQDs exhibit attractive biocompatibility,
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photostability, and excitation dependents’ fluorescence
emission (Atchudan and Edison 2021). CQDs are superior
to organic dyes and conventional semiconductor quantum
dots in terms of biocompatibility, solubility, toxicity, and
photostability (Resch-Genger et al. 2008). Several tech-
niques have been established for synthesizing CQDs with
desirable potential applications in sensing (Sapsford et al.
2006), bioimaging (Kairdolf et al. 2013), drug delivery
(Probst et al. 2013), optoelectronic devices, etc. (Wu et al.
2015). Because of their remarkable properties and broad
uses, various efficient techniques for synthesizing fluores-
cent CQDs have been established. These methods have been
classified as top-down and bottom-up (Singh et al. 2018;
Oliveira and Silva Abreu 2021; Baig et al. 2021; Cui et al.
2021). Physical or chemical cutting treatments, such as arc
discharge, electrochemical oxidation, chemical oxidation,
and laser ablation, are examples of top-down approaches
for synthesizing CQDs. Bottom-up approaches for fabri-
cating fluorescent CQDs, on the other hand, are gaining
high popularity. Microwave irradiation, hydrothermal treat-
ment, thermal breakdown, and plasma treatment are some
approaches for synthesizing fluorescent CQDs by using
ordinary organic compounds as carbon precursors (Khayal
et al. 2021). The fluorescence of CQDs is highly sensitive to
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external conditions like pH, temperature, and the composi-
tion of the solvent media. In terms of pH and temperature, it
has been found that in some cases, the FL intensity of CQDs
is highest in neutral conditions; however, in some cases, an
increase in FL intensity has been observed by varying from
acidic to basic conditions. An increase in temperature may
also increase the FL intensity of CQDs or vice versa (Huo
et al. 2021; Wang et al. 2019; Yoo et al. 2019; Wang and
Hu 2014).

Saffron is considered one of the most expensive spices in
the world. It is obtained from the dried stigmas of Crocus sati-
vus flowers (Mir et al. 2022). Because of its high demand,
low production and extensive labor work make saffron highly
expensive. The therapeutic application of saffron and its phy-
tochemicals against several diseases makes its demand high in
pharmacological industries (Mir et al. 2022; Wani et al. 2023;
Mir et al. 2022). To regulate demand and save manufacturing
costs, several adulterants such as safflower, flower petals, and
grassroots and organic dyes are added with saffron (Kumari
et al. 2021; Mir et al. 2022). Methyl orange [(MO) dimeth-
ylaminoazobenzenesulfonate] is the most prevalent artificial
color used as an adulterant in saffron (Ashok et al. 2017). It
is mostly used in powdered saffron and imparts orange color
to the stigmas of various flowers used as adulterants in saf-
fron. MO is also employed in various foodstuffs where saffron
is used as a coloring ingredient. When dissolved in water, it
displays a vivid orange hue and has a high colorability. MO
contains aromatic and —-N =N- groups (Fig. 1), which are
extremely poisonous, teratogenic, and carcinogenic (Haque
et al. 2021; Wu et al. 2021). In order to regulate the sale of
unhealthy saffron or adulterated saffron and to ensure food
quality and safety, the development of an inexpensive, environ-
mental-friendly, quick, and dependable technique for the detec-
tion of MO in adulterated saffron and other foodstufts has been
the center of interest for several researchers across the globe.
Several techniques have been developed to detect the presence
of several organic dyes in saffron. High-performance Liquid
Chromatography (HPLC), Nuclear Magnetic Raman Spec-
troscopy (NMR), Capillary Electrophoresis, and so on have
widely been used in the detection of dyes in saffron and other
foodstuffs (Kumari et al. 2021). Although these approaches
were quantitative, they were time-consuming, required enor-
mous sample volumes, produced a lot of waste, and required

Fig.1 Chemical structure of methyl orange
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bulky and costly gear. As a result, a simple, quick, and sensi-
tive approach for detecting dyes in foodstuffs is widely desired.

The addition of illegal and banned additives such as
MO, Sudan I, melamine, and tetrazine in a foodstuff has
posed a threat to human health (Thangaraju et al. 2021; Vis-
ciano and Schirone 2021; Guo et al. 2021). CDs have been
employed for sensing various pollutants such as Rhodamine
6 G (Rh6G) (Bogireddy et al. 2020), Methylene Blue (MB)
(Atchudan et al. 2020), Bromophenol blue (BrPB) (Shan-
ker Sahu et al. 2021), and methyl orange (MO) (Atchudan
et al. 2020). Xu et al. revealed the eco-friendly method of
synthesizing CQDs by hydrothermal process and employed
it as a fluorescence probe for selective and sensitive tar-
trazine detection in steamed bread, candy, and honey (Xu
et al. 2015). Yang et al. synthesized N, Cl-doped fluorescent
CQDs with a QY of 60.52%, which were used to detect tar-
trazine in beverages (Yang et al. 2020). CQDs with molecu-
larly imprinted polymer (MIP) have also been used to detect
tetrazine in saffron (Zoughi et al. 2021). Su et al. synthesize
CQDs using cigarette filters as a carbon source for detecting
Sudan I in chili and tomato samples (Anmei et al. 2018).
Au@CQDs have been employed for the detection of mela-
mine in milk with a LOD of 3.6 nmol™' (Hu et al. 2019).
MO is one of the theses food additives that has been banned
because of its negative health consequences. Several meth-
ods have also been formulated for detecting methyl orange
in real samples. Zulfajri et al. (2019) used a hydrothermal
process for the synthesis of CQDs from fruit extract of Aver-
rhoa carambola (Zulfajri et al. 2019). These synthesized
CQDs from A. carambola were successfully used to detect
MO in water samples.

Several studies have been conducted to dope CQDs with
other elements in order to increase their FL intensity and
specificity for target elements (Sobiech et al. 2021; Chiu
et al. 2016; Manzoor et al. 2009; Nsibande and Forbes 2016).
Here, within this study, we proposed a one-step microwave-
assisted synthesis of nitrogen-doped CQDs (NCQDs) for
fluorescent detection of MO in adulterated saffron samples.
So far, to our knowledge, there have been only instrumental-
based studies (HPLC, NMR, GC-MS, etc.) for the quantifi-
cation and detection of MO in saffron. Our proposed method
proved significantly more selective and specific, with a low
limit of detection (LOD) for the quantification and detection
of MO in saffron samples.

Experimental details
Chemicals and instruments
All the chemicals used in this study were of analytical grade.

Succinic acid and gallic acid were obtained from Sigma
Aldrich. L-serine, L-tryptophan, L-threonine, vitamin By,
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vitamin B, vitamin C, CuCl2, MgSO,, NiSO,, NaCl, KCl,
NaOH, and HCL were purchased from Loba Chemie. Phos-
phate citrate buffer was obtained from SRL Chemical. Ultra-
pure DI water was used in all the experiments.

The morphology NCQDs was confirmed by transmis-
sion electron microscopy (TEM). The surface charge and
average diameter of NCQDs were determined by zeta
potential and particle analyzer (Malvern). Fluorescence
(FL) spectroscopy was performed on a Perkin Elmer flu-
orescence spectrophotometer using a 5/5-nm slit. Fourier
transform infrared (FTIR) spectra of NCQDs in the range
of 400-4000 cm™ ! was recorded using an FTIR spectro-
photometer (SHIMADZU AIM-8800). X-ray diffraction
(BRUKER D8 ADVANCE) was used to investigate the crys-
talline structure of the compound. The absorption spectra
were recorded using a UV—Vis double-beam spectrophotom-
eter (UV-19001-SHIMADZU). XPS analysis was carried out
to determine the elemental composition of NCQDs.

Preparation of NCQDs

The microwave-assisted approach was used for the quick
synthesis NCQDs using succinic acid as a carbon and gallic
acid as a nitrogen source. Briefly, an optimized amount of
1 g of succinic acid and 0.7 g of gallic acid were mixed in
deionized water (5 mL). Next, a 700-W home microwave
oven was used to heat the solution for 10 min resulting in the
formation of brown material. The mixture was then cooled at
room temperature and then dissolved in 10 ml of water. The
solution was then centrifuged at 10,000 rpm for 20 min to
eliminate unreactive and large particles. The resulting super-
natant was then filtered and then stored for characterization
and future use.

Optimization of prepared NCQDs

The effect of pH values (4-10) on NCQDs was investigated
in order to determine their fluorescent behavior for different
pf values. The pH of NCQDs was adjusted using 0.1 mM
HCL and NaOH solutions. The optimized time needed for
effective quenching of the FL intensity of NCQDs upon
interaction with MO was also monitored at different time
intervals.

Preparation of the fluorescent probe for MO using
NCQDs

For selective interaction of NCQDs with MO, 100 pL. MO
solutions with different concentrations (02-200 pM) were
added into an Eppendorf tube containing 800 pL of NCQDs
(pH 8 with phosphate buffer). The fluorescence spectra were
obtained at an excitation wavelength of 340 nm after 3 min
of incubation time.

Collection and preparation of saffron samples

Saffron samples were collected from local markets of
Pampore, Kashmir, India. The Pampore district of Kash-
mir is known for its quality cultivation of saffron. The col-
lected saffron samples were analyzed using the ISO-3632
method to ensure that samples were free from adulteration.
The sample was grounded into powder form using a mortar
and pestle. About 100 mg of grounded sample was then
taken into a screw-caped test tube, and 100 ml of water
was added. The mixture was sonicated for 30 min and
centrifuged for about 30 min at 10,000 rpm. The resulting
supernatant was filtered and stored at 4 °C for further use.

Detection of MO in saffron samples using NCQDs

The detection of MO in saffron was performed by spik-
ing different concentrations of MO (5-75 pL) to saffron
extract (100 pL), and NCQDs were added to the final con-
centration of 500 pL. The fluorescence spectra of samples
were taken, and the recovery percentage was calculated
using the following relation:

R=[(C,~C,)/C,] x 100%, (1)

where R recovery percentage, C; added concentration of
MO, C, real MO concentration already present in the sam-
ple, and C; concentration of MO found after adding standard
MO.

Results
Characterization of NCQDs

The fluorescence emission characteristics of NCQDs are
wavelength dependent. Excitation-dependent fluorescence
spectra are produced by the surface-state emissive trap
when different excitation wavelengths are used. As the
excitation wavelength increases from 280 to 440 nm, the
emission peaks move from 355 to 498 nm (Fig. 2). Fur-
thermore, at 340 nm of excitation, the emission intensity
reached maximum.

The FTIR spectra of NCQDs exhibit distinctive absorp-
tion peaks at 1636, 2945, and 3340 cm~!. These peaks
correspond to C=0, C-H, and O-H stretching vibra-
tions, respectively (Fig. 3a). The narrow peak observed at
1404 cm™! is due to the presence of O—H in-plane defor-
mation. Similarly, the presence of the C—O vibration of the
C-O-C peak can be seen at 1066 cm™'. There are numer-
ous distinct bands in the spectrum of NCQDs that can be
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Fig.2 Fluorescence spectra NCQDs excited from 280 to 440 nm (a).
NCQDs under visible light (b) and UV light (c)

found between 1210 and 1636 cm™!. These bands correlate
to the stretching vibration that is unique to CN bonds.

In order to perform XRD analysis, the as-prepared
NCQDs were drop-coated onto a glass sheet (1x 1 cm?),
and the analysis was performed. Figure 3b depicts typical
XRD patterns for as-prepared NCQDs. In the XRD patterns,
a wide peak centered at around 21.02° could be found, which
is almost similar to the graphite lattice spacing (20.73°).
This lattice contraction in the above-mentioned range is typi-
cal for nanomaterials in the nanoscale domain, and it is most
likely owing to the microwave process creating abundant
active sites on the surface of NCQDs. Furthermore, XRD
results confirm the 3.5 A lattice spacing.

Electrophoretic light scattering was used to determine
the zeta potential of the dispersed NCQDs. Electrophoretic
light scattering revealed that the zeta potentials of NCQDs
were—3.4 mV (Fig. 4a). Each sample was subjected to com-
parable zeta potential and particle size distribution measure-
ments. The zeta potential represents not only the electrical
charge on the particle surface but also the stability of col-
loidal dispersions. The average particle size of NCQDs was
found to be approximately 6 nm (Fig. 4b). The results of

the particle size distributions agree with the zeta potential
measurement.

TEM observations were used to determine the size and
morphology of the prepared NCQDs. Figure 4c demon-
strates that the samples are made up of a large number of
spherical nano-dots with an average diameter of 6 nm. The
enlarged TEM images in Fig. 4c show that the quantum dots'
average lateral dimension is less than 10 nm. As illustrated
in Fig. 4d, the statistical size distribution of NCQDs shows
that the size falls within the range of 3—10 nm with maxi-
mum distribution at 6 nm.

X-ray photoelectron spectroscopy was used to investigate
the chemical composition and structure of the N-CDs (XPS).
Figure 5a depicts a general overview of the N-CD XPS
spectrum. Ols, N1s, and C1s were assigned strong binding
energy peaks at 284.53, 531.24, and 399.34 eV, respectively.
The N-CDs were made up of C (62.05%), N (15.88%), and
O (22.07%). Moreover, in the high-resolution spectrum of
Cls, two peaks at 283.14 and 287.81 eV were attributed
to C—C and C=N/C=0 bonds, respectively, as shown in
Fig. 5b. The two notable peaks at 399.55 and 401.1 eV in
the N1s spectrum were assigned to N—(C); and O=N-C,
respectively (Fig. 5¢). The two central peaks in the O1s spec-
trum (Fig. 5d) at 530.29 and 532.54 were attributed to C—O
and C=0/N=0, respectively. The XPS spectrum showed
that the N-CDs were composed of three different elements:
carbon, nitrogen, and oxygen. Additionally, the surface of
the N-CDs had several oxygen-containing groups as well as
nitrogen groups.

Effect of MO on the FL intensity of NCQDs

The FL intensity of NCQDs under the influence of different
concentrations of MO (02-200 pM) was studied. It is evident
from Fig. 6 that the FL intensity of NCQDs decreases with
an increase in the concentration of MO. The fluorescence
quenching of NCQDs with different concentrations of MO
is due to charge transfer or energy transfer between the fluo-
rophore and the quencher. Charge transfer occurs between
the quencher and the excited molecule of the fluorophore.
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Fig.4 Zeta potential distribu-
tion (a), size distribution (b),
TEM (c), and size distribution,
(d) of NCQDs

Fig.5 XPS full scan of NCQDs
(a), high-resolution XPS spec-
trum of C 1 s (b), N 1s(¢), and
O1ls(d)
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Fig.6 Fluorescence spectra of NCQDs in the presence of different
concentrations of MO (2-200 pM)

Energy transfer can occur if the fluorophore's fluorescence
emission spectra and the quencher's UV absorbance spec-
tra significantly overlap or the distance between the two is
very small, often less than 10 nm. In this study, the fluores-
cence maxima of NCQDs can be seen at 425 nm after an
excitation wavelength of 340 nm, and the maximum absorp-
tion wavelength of MO can be seen at 475 nm. It can be
seen that the spectra of the two are effectively overlapped,
as shown in Fig. 7a. Therefore, it is evident to say that the

fluorescence quenching of MO on NCQDs is due to energy
transfer between them.

Optimization

Given the observed fluorescence quenching of NCQDs in the
presence of MO, the possibility of establishing a sensitive
approach for MO determination was studied. The effect of
pH in the range of 4-10 on the FL intensity of NCQDs was
investigated. It was found that pH impacts the FL intensity of
the NCQDs solution. While the relative FL intensity values
(Fy/F) essentially remained constant throughout the entire
pH range, the emission of NCQDs solution increased with
the increase in pH from 4 to 8 and then decreased from 8 to
10 (Fig. 7b). Therefore, pH 8 was selected as the ideal solu-
tion pH for further studies. The effects of several buffer sys-
tems, including phosphate buffer, Britton—Robinson (B—R),
and Tris-HCI on the Fy/F, were then investigated at pH 8.
According to the findings, the phosphate buffer was the
most effective buffer. Additionally, the impact of incubation
time on the value of FL intensity was investigated. At normal
conditions, the incubation time was optimized by measuring
the FL intensity of NCQDs and MO solution (pH 8) every
5 min. The maximum FL intensity value was attained after
15 min and remained almost steady for 60 min, as shown in
Fig. 7c. As aresult, the ideal incubation time for FL intensity
was tested 10 min later.
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Fig.8 Relationship between fluorescence quenching and MO at vari-
ous concentrations

To assess the specificity, the effects of some potential
interfering substances L-tryptophan, L-serine, L-threonine,
vitamin C, vitamin By, vitamin B, CuCl,, MgSO,, NiSO,,
NacCl, and KCIl were examined. Results were obtained by
combining 20.0 mmol/L of MO with NCQDs alone and
22.0 mmol/L of MO and 2000 mmol/L of possible interfer-
ing chemicals with the NCQDs, respectively. As shown in
Fig. 7d, there was very small to no impact on the ability of
MO to quench fluorescence. As a result, the technique dem-
onstrated high selectivity for MO detection.

Linear equation and detection limit

Figure 8 depicts the calibration curve for the detection of
MO. The FL intensity of NCQDs was found to be best
described by using the Stern—Volmer equation, which goes
as follows: FyyF =K, [Q]+1, where F;, and F are the fluo-
rescence intensities of NCQDs in the presence and absence
of MO, respectively; K, is a quenching constant, and
[Q] is the concentration of quencher. The MO concentra-
tion, C, was represented by the linear regression equation
Fy/F=0.0103C+1.0085, where C represented mmol/L. The
linear range had an R, of 0.993 and covered the range of
2.00-200.00 pM/L. Based on 3 s/k, the limit of detection
(LOD) was 0.77 pM /L. For 22.0 mmol/L. MO, the relative

standard deviation (RSD) for about five replicate results
was 1.3%, indicating sensitive techniques for detecting
MO. A systematic to illustrate the synthesis of NCQDs and
their mechanism for detection of MO is depicted in Fig. 9.

Detection of MO in saffron samples

The application of NCQDs for the detection of MO in saf-
fron samples was investigated according to the procedures
described in Sect. "Detection of MO in saffron samples
using NCQDs". Briefly, 100 pL of pretreated samples of
saffron spiked with different concentrations of MO, and
their fluorescent detection was carried out according to the
procedure mentioned in Sect. "Detection of MO in saffron
samples using NCQDs". The results showed a recovery
range of 97.6-98.2%, as shown in Table 1. Therefore, it is
evident to say that the microwave-synthesized NCQDs can
be used as an ideal candidate for the detection of MO in saf-
fron samples. A diagrammatic representation of synthesis
and application of NCQDs for detection of MO is repre-
sented in Fig. 9.

Conclusion

Saffron is one of the most expensive spices in the world. Due
to its high price, low production, and high demand, this spice
is highly prone to adulteration. Methyl orange is one of the
most common artificial colorants used in the adulteration
of saffron. To prevent the sale of adulterated saffron and to
make sure that food is safe and of good quality, researchers
all over the world have been attempting to come up with a
cheap, quick, reliable, and environmental-friendly method
for determining toxic substances in foodstuff. In this study,
the NCQDs were synthesized by employing the microwave
synthesis method using succinic acid and gallic acid as car-
bon and nitrogen sources, respectively. The characteriza-
tion of NCQDs was done by using different instrumentation
techniques such as fluorescence spectroscopy, XRD, FTIR,
TEM, XPS, and zeta potential. The synthesized NCQDs
were used as an effective fluorescent probe for the detection
of MO with a detection limit of 0.77 pM. Moreover, the as-
synthesized NCQDs showed remarkable results when used

Table 1 Quantitative

) . Sample MO found MO added (pM/L) Final found value Recovery (%) RSD (%)
measurement of spiked MO in
. (uM/L) (HM/L)
saffron tea using NCQDS
Saffron 0.00 10.00 9.82+0.04 99.2 1.8
0.00 25.00 24.50 99.0 1.2
0.00 50.00 48.80+0.05 98.6 1.4
0.00 75.00 73.00 98.33 1.6
0.00 100.00 97.90+0.03 98.9 1.7
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Fig.9 Scheme for synthesis of
NCQDs and their application in
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to detect MO in samples of saffron, with a recovery range
of 98.6-99.2%. Therefore, this study confirms that N-doped
carbon quantum dots could be used to find MO in saffron.
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