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The development of stable fluorescent sensors for toxic pollutants and drugs is meaningful to the
environment and public health. In this work, nitrogen-doped graphene quantum dots (N-GQDs) were
facially synthesized by a one-step hydrothermal method using soluble starch and L-arginine as carbon
and nitrogen sources in pure water at 190 °C for 4 h. The as-synthesized N-GQDs were well
characterized and displayed blue fluorescence emission at 445 nm with excellent pH stability, salt
tolerance, thermostability, photobleaching resistance and reproducibility. Moreover, N-GQDs could
serve as an “on—off” sensor for selective detection of Cr(vi) and folic acid with low detection limit (0.80

and 2.1 uM), good linear correlation over wide linear range (0-50 uM and 0-200 uM) as well as short
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Accepted 19th August 2024 response time (<10 s). The practical applications of N-GQDs for Cr(vi) and folic acid detection in actual
samples were further investigated and showed acceptable recoveries (92-105%) with relative standard

DOI: 10.1035/d4ra05016a deviations less than 5%. These results indicated that this N-GQDs-based sensor could be a potential
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Introduction

With the rapid development of industries, uncontrolled emis-
sion of industrial waste, especially heavy metal ions," poses
a severe threat to the environment and human health.> Among
them, hexavalent chromium (Cr(vi)) ions have attracted
increased attention due to their wide use in chemical industries
(electroplating, metallurgy, paint and leather tanning)* and
dangerous nature (carcinogenicity, —mutagenicity,
biodegradability and high toxicity even at low concentra-
tions).* The ecological and biological threats have made the
sensitive detection of Cr(vi) a top priority. However, traditional
Cr(vi) detection methods, such as atomic absorption spec-
trometry,” inductively coupled plasma mass spectrometry (ICP-
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alternative for Cr(vi) and folic acid detection in the fields of environmental monitoring and drug analysis.

MS),* colorimetric” and electrochemical analysis,® are usually
costly, time-consuming and suffer from tedious operation.

Folic acid (FA), also known as vitamin B9, is a water-soluble
B-group vitamin and plays a major role in many physiological
processes as a coenzyme and substrate.” FA supplementation
for pregnant women is important to reduce birth defects and
congenital heart disease.'® Besides, the deficiency of FA has
been proven to be connected with Alzheimer's disease, cardio-
vascular disease and mental illnesses." Abnormal FA also leads
to vomiting, nausea, zinc deficiency and intestinal problems
etc.”” Therefore, the detection of FA is of great practical impor-
tance. Various techniques, such as high-performance liquid
chromatography (HPLC),” electrochemical assays* and
enzyme-linked immunosorbent assay (ELISA)" have been used
for the quantitative determination of FA. However, these
methods also suffer from requiring an expensive instrumental
setup, professional operators and from prolonged time
consumption.

To meet the urgent need for simple, fast and sensitive
detection methods, fluorescence strategies stand out for their
low cost, high sensitivity and selectivity, simple operation and
rapid response time, etc.® Among them, carbon dots-based
fluorescence methods have drawn enormous attention due to
their further advantages of low toxicity, easy preparation and
good water solubility."” In the past decades, numerous carbon
dots-based fluorescence sensors have been explored for the
detection of Cr(vi)*® and FA™ (for more details see Tables S1 and

S21). However, these sensors still face some obvious
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Scheme 1 Synthesis of N-GQDs and their applications in the detec-
tion of Cr(v) and FA.

disadvantages, such as easy deterioration, poor reproducibility
and stability.”®*° Therefore, the development of stable and
multi-functional carbon dots-based sensors for the dual detec-
tion of Cr(vi) and FA is meaningful.

Graphene quantum dots (GQDs) are a relatively stable
material,** belonging to the carbon dots with one or several
layers in thickness. The present investigations have demon-
strated that the doping of non-metal atoms (N, S, P and F) would
greatly alter the chemical, optical and electrical properties of
GQDs.”* Based on this, we would like to demonstrate a facile
synthesis of nitrogen-doped GQDs (N-GQDs) using soluble
starch® as carbon source and r-arginine* as nitrogen source by
a one-step hydrothermal method (Scheme 1). The as-
synthesized N-GQDs emitted blue fluorescence at 445 nm
under hand-held 365 nm UV light with a fluorescence quantum
yield of 10.9%. The compositional and morphological proper-
ties of N-GQDs were well characterized and showed the
successful synthesis of nitrogen-doped graphene quantum dots
with particle sizes ranging from 1.0 to 1.5 nm (2-3 graphene
layers). Further investigations showed that N-GQDs in this work
exhibited excellent pH stability, salt tolerance, thermostability,
photobleaching resistance and reproducibility. More impor-
tantly, the fluorescence of N-GQDs can be selectively and
instantly quenched by Cr(vi) and FA with high sensitivity (LoD =
0.80 and 2.1 pM) and good linear correlation over wide linear
range (0-50 uM and 0-200 uM). Besides, the detection of Cr(vi)
and FA in actual samples was also investigated and showed
acceptable recoveries (92-105%) with relative standard devia-
tions less than 5%.

Results and discussion
Synthesis and characterization of N-GQDs

Initially, the hydrothermal reaction conditions (carbon sources,
amount of r-arginine, reaction temperature and time) for the
preparation of N-GQDs were optimized. As shown in Table S3
and Fig. S1,T the highest fluorescence intensity was obtained
with soluble starch (0.15 g) and r-arginine (0.9 g) as precursors
at 190 °C for 4 h.

Following that, the morphological properties of N-GQDs
were characterized. As depicted in Fig. 1, transmission elec-
tron microscopy (TEM) image showed that N-GQDs presented
a nearly spherical shape with an average particle diameter of
2.4 nm (Fig. 1a and b). High-resolution TEM image (Fig. 1c)
exhibited N-GQDs with a graphene structure of lattice fringes of
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Fig.1 (a) TEM image of N-GQDs; (b) size distribution histogram of N-
GQDs; (c) high-resolution TEM image of N-GQDs; (d) XRD patterns of

N-GQDs; (e) AFM topographic image of N-GQDs; (f) AFM 3D image of
N-GQDs.

Height Sensor

about 0.15 nm. Typical X-ray diffraction (XRD) pattern (Fig. 1d)
of N-GQDs showed a broad peak at about 20° corresponding to
the (002) peak of graphite, which preliminary indicated that the
graphene structure of N-GQDs.** Furthermore, the atomic force
microscope (AFM) topographic and 3D images demonstrated
that N-GQDs had good monodispersity with a thickness in the
range of 1.0-1.5 nm (2-3 graphene layers) (Fig. 1e and f).”® These
results indicated the successful synthesis of graphene quantum
dots rather than carbon quantum dots.”

The surface functional groups of N-GQDs were analyzed by
Fourier transform infrared (FTIR) spectroscopy (Fig. S21). The
broad absorption peak at 3204 cm ™" corresponded to N-H/O-H
bonds stretching vibration.”® The bands at 2938, 1490 and
1448 cm™ ' were attributed to the stretching and bending
vibration of C-H bonds.?* Two peaks at 1637 and 1569 cm '
were derived from the stretching vibration of conjugated C=0,
C=C and C=N bonds.** The absorption bands at 1326 and
1025 cm ™' corresponded to the stretching vibration of C-N and
C-O bonds.** Thus, it could be inferred that N-GQDs had
hydrophilic groups, which would be helpful in enhancing the
stability and chemical sensing ability in aqueous solution.

The elemental states and composition of N-GQDs were
confirmed by X-ray photoelectron (XPS) spectroscopy (Fig. 2).
The full-scan XPS spectrum (Fig. 2a) revealed distinct peaks at
284.72, 398.96 and 530.81 eV, representing the presence of C 1s
(63.72%), N 1s (11.98%) and O 1s (24.30%) electrons, respec-
tively. The high-resolution C 1s spectrum (Fig. 2b) showed three
fitted peaks at 283.92, 285.22 and 287.06 eV, which corre-
sponded to C-C, C=C and C=O0 bonds.** Two peaks appeared
at 530.08 and 531.56 eV on the high-resolution O 1s spectrum
(Fig. 2¢), representing the C-O and C=0 bonds.** Two peaks at
398.64 and 400.29 eV on the high-resolution N 1s spectrum
(Fig. 2d) inferred the C-N and C=N bonds.* These results show

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XPS spectra of N-GQDs: (a) full scan; (b—d) high-resolution
spectrum of C 1s, O 1s and N 1s.

that the nitrogen element in r-arginine has been doped. The
presence of nitrogen-containing and oxygen-containing groups
indicated the surface defects of N-GQDs, which might improve
the properties of N-GQDs such as water solubility and stability.

Optical properties of N-GQDs

The optical properties of N-GQDs were investigated by UV-vis
absorption and fluorescence spectroscopy. As shown in
Fig. 3a, The UV-vis absorption spectrum of N-GQDs exhibited
a strong absorption peak at 228 nm, which would be attributed
to the m-m* transition of the conjugated C=C bonds.** The
weak shoulder absorption peak at 275 nm and 331 nm could be
attributed to the n-m* transition of the C=0 and C=N bonds.>*
Fluorescence excitation and emission spectra showed that the
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Fig. 3 (a) UV-vis absorption, fluorescence excitation and emission
spectra of N-GQDs (insets: photographs of N-GQDs under sunlight
(left) and 365 nm UV light (right)); (b) fluorescence emission spectra of
N-GQDs under different excitation wavelengths; (c and d) fluores-
cence intensities of N-CQDs at different pH values and NaCl
concentrations (n = 3).
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maximum excitation/emission of N-GQDs was 370/445 nm. As
a result, the aqueous N-GQDs solution appeared pale yellow
under sunlight and blue fluorescence under hand-held 365 nm
UV light (insets of Fig. 3a). When the excitation wavelength
increased from 320 to 430 nm, the fluorescence emission peak
of N-GQDs gradually red-shifted from 412 to 491 nm. This
excitation-wavelength-dependent emission suggested that the
fluorescence process might be related to the graphene struc-
ture, surface defects and oxygen/nitrogen-rich content of N-
GQDs (Fig. 3b).** The fluorescence quantum yield (QY) of N-
GQDs was 10.9% using quinine sulphate as a reference
(Fig. S37). Following that, the optical stability of N-GQDs was
investigated to evaluate the feasibility of N-GQDs in natural
environments. As shown in Fig. 3c, d and S4,f there were no
significant changes in the fluorescence intensity of N-GQDs
under different pH values (2-12), NaCl concentrations (0-100
mM), incubation temperatures (5-85 °C) and continuous exci-
tation irradiation at 370 nm for 90 min as well as between 8
different batches, demonstrating excellent pH stability, salt
tolerance, thermostability, photobleaching resistance and
reproducibility.

Fluorescence detection of Cr(vi)

The recognition capability of N-GQDs was investigated by add-
ing 18 common cations (Ag*, AI**, Ba®*, Ca**, cd**, Co*', Cr*",
cu*, Fe**, Hg**, K¥, Mn**, Na*, NH,,*, Ni**, Pb**, Sn*" and Zn*")
and 11 common anions (Br~, Cl~, ClO,~, CO;>", Cr,0,° ", F~,
I, NO; ", POs*7, SCN™ and SO,>") in the N-GQDs solutions. As
shown in Fig. S5, the fluorescence of N-GQDs was noticeably
quenched by Cr(vi) compared to other cations or anions. Anti-
interference ability was also explored by adding Cr(vi) to N-
GQDs solutions in the presence of other cations or anions.
The results showed that the selectivity of N-GQDs for Cr(vi) was
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Fig. 4 (a and b) Fluorescence intensities of N-GQDs with different
cations or anions in the absence/presence of Cr(vi) (n = 3); (c) fluo-
rescence emission spectra of N-GQDs with different concentrations
of Cr(vi) (inset: photographs of N-GQDs solution with Cr(vi) (1-6: 0, 20,
40, 60, 80 and 100 uM)) under 365 nm UV light; (d) the relationship
between F/Fy and the concentration of Cr(vi) (n = 3).
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not affected by the presence of other metal cations or anions
(Fig. 4a and b). The investigation of response time showed that
the fluorescence intensity of N-GQDs was instantly (<10 s)
quenched by Cr(vi) (Fig. S61). To study the sensitivity, the fluo-
rescence intensities of N-GQDs with different amounts of Cr(vi)
were measured. As shown in Fig. 4c, the intensity of N-GQDs
gradually decreased with the increase of Cr(vi). The quenching
efficiency was determined by F/F,, where F, is the fluorescence
intensity of blank N-GQDs solution and F is the fluorescence
intensity of N-GQDs with different amounts of Cr(vi). A linear
plot was obtained by plotting the quenching efficiency versus
Cr(vi) concentration (0-50 pM). As shown in Fig. 4d, the linear
equation is F/F, = —0.0097C(Cr(v1)) + 0.9699, and the correlation
coefficient is R”> = 0.9971. The detection limit (LoD) is 0.80 uM
(41.7 pg LY, calculated by the (30/k) method, where o is the
standard deviation of the blank sample (7 = 10) (Table S4) and
k is the slope of the linear calibration curve. A comparison of
this work with published works related to carbon dots-based
fluorescence detection of Cr(vi) is listed in Table S1.t It can be
seen that N-GQDs in this work showed a fast response to Cr(vi)
with wide linear range and acceptable detection limit (<50 pg
L' by WHO).*® This result indicated that N-GQDs could be
potentially used for fast and quantitative analysis of Cr(vi) in
aqueous solution.

Fluorescence detection of folic acid

In this experiment, 17 compounds (glutathione (GSH), glucose,
serine (Ser), glycine (Gly), alanine (Ala), r-arginine (r-Arg), r-
threonine (.-Thr), t-cysteine (t-Cys), L-lysine (-Lys), L-glutamic
acid (1-Glu), r-histidine (i-His), folic acid (FA), ascorbic acid
(AA), vitamin B6 (VB6), nicotinamide, citric acid (CA) and urea)
were selected to explore the selectivity of N-GQDs. As shown in
Fig. S8f, 5a and b, the fluorescence intensity of N-GQDs was
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Fig. 5 (a) Fluorescence intensities of N-GQDs with different
compounds (200 uM) (n = 3); (b) fluorescence intensities of N-GQDs
with different compounds in the absence/presence of FA (100 uM) (n =
3); (c) fluorescence spectra of N-GQDs with different concentrations
of FA (inset: photographs of N-GQDs solution with FA (1-6: 0, 20, 40,
60, 80 and 100 pM)) under 365 nm UV light; (d) the relationship
between F/Fy and the concentration of FA (n = 3).
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remarkably quenched by FA and the presence of other
compounds did not affect the detection of FA. The investigation
of response time showed that the fluorescence intensity of N-
GQDs was also instantly (<10 s) quenched by FA (Fig. S97).
The sensitivity for FA was studied by adding different amounts
of FA (0-200 pM) to N-GQDs aqueous solution. As seen from
Fig. 5c, the fluorescence intensity of the solution gradually
decreased with the increase of FA. The quenching efficiency F/F,
versus FA concentration was plotted as shown in Fig. 5d. The
linear equation is F/F, = —0.0037C(FA) + 0.9444, and the
correlation coefficient is R> = 0.9967. The detection limit is 2.1
uM, calculated by the (30/k) method. These results indicated
that N-GQDs could be potentially employed as a probe for the
quantitative detection of FA.

Testing of actual samples

In order to investigate the reliability of this method, the
detection of Cr(vi) and folic acid in actual samples was further
investigated. As shown in Tables 1 and 2, the recoveries of Cr(vi)
in tap water, bottled drinking water and lake water and FA in FA
tablet and orange juice were 92-105% with relative standard
deviations (RSD) less than 5%. Therefore, N-GQDs could be
potentially employed as dual-functional sensors for the detec-
tion of Cr(vi) and folic acid in the fields of environmental
monitoring and drug analysis.

Exploration of quenching mechanism

To explore the fluorescence quenching mechanisms of N-GQDs
for sensing Cr(vi) and FA, UV-vis and fluorescence spectroscopy,

Table 1 Detection of Cr(v) in actual water samples (n = 3)

Spiked Found Recovery RSD
Samples (up) (1) (%) (%)
Tap water 10 9.94 99.42 0.56
20 18.51 92.55 0.52
40 40.82 102.06 4.44
Bottled drinking 10 9.76 97.58 3.07
water 20 20.66 103.29 1.14
40 39.95 99.89 3.53
Lake water 10 10.15 101.54 1.17
20 20.36 101.79 2.92
40 38.93 97.33 1.07

Table 2 Detection of FA in actual samples (n = 3)
Spiked Found Recovery RSD
Samples (1) (1) (%) (%)
FA tablet 0 23.91 1.16
20 43.32 98.66 2.17
80 105.94 101.95 4.25
120 144.39 100.98 1.38
Orange 0 4.04 0.71
juice 40 46.01 104.47 0.80
100 99.58 95.71 3.29
140 148.81 103.31 1.04

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) UV-vis absorption spectra of N-GQDs, Cr(vi), theoretical and
experimental spectra of N-GQDs/Cr(vi); (b) UV-vis absorption spec-
trum of Cr(v), fluorescence excitation and emission spectra of N-
GQDs; (c) zeta potentials of N-GQDs, Cr(vi) and N-GQDs/Cr(vi) under
same conditions; (d) fluorescence lifetime of N-GQDs (without/with
Cr(v)).

zeta potential and fluorescence lifetime measurement were
used. As illustrated in Fig. 6a, a new absorption peak was
formed at around 360 nm in the experimental UV-vis absorption
spectrum of the N-GQDs/Cr(vi) mixture, which did not agree
with the theoretical absorption spectrum. This result indicated
the formation of non-fluorescent ground state complexes and
a static quenching mechanism.?” Additionally, Fig. 6b showed
that the UV-vis absorption spectrum of Cr(vi) overlapped with
both the excitation and emission spectra of N-GQDs, which
indicated that the fluorescence quenching mechanism might
be inner-filter effect (IFE) and fluorescence resonance energy
transfer (FRET).*® To further study the quenching mechanism,
the zeta potential and fluorescence lifetimes of N-GQDs
without/with Cr(vi) were measured. The negative zeta potential
(—2.15 and —17.97 mV) indicated no electrostatic attraction
between N-GQDs and Cr(vi) (Fig. 6¢) and essentially unchanged
fluorescence lifetime (7.54, 7.16, 7.13, and 7.01 ns) ruled out
FRET (Fig. 6d).* Besides, the presence of static quenching effect
was verified by Stern-Volmer equation and the IFE ratio was
calculated to be 79.74% (Table S5 and Fig. S12b¥).** Therefore,
a combination of IFE and static quenching mechanism was
proposed for sensing Cr(vi).** Subsequently, the possible
mechanism for sensing FA was investigated using the same
methods. As shown in Fig. 7a, the experimental UV-vis
absorption spectrum of the N-GQDs/FA mixture agreed with
the theoretical absorption spectrum, precluding the formation
of non-fluorescent ground state complexes. Fig. 7b indicated
the sensing mechanism for FA might be IFE and FRET. Zeta
potential measurements indicated no electrostatic attraction
between N-GQDs and FA (Fig. 7c), while lifetime measurements
indicated the occurrence of FRET in the quenching process
(Fig. 7d). Thus, it could be concluded that the possible mech-
anism for sensing FA might be a combination of IFE (90.11%)
and FRET,* which were also supported by calculation methods
(Table S6 and Fig. S12d+).*
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Fig. 7 (a) UV-vis absorption spectra of N-GQDs, FA, theoretical and
experimental spectra of N-GQDs/FA; (b) UV-vis absorption spectrum
of FA, fluorescence excitation and emission spectra of N-GQDs; (c)
zeta potentials of N-GQDs, FA and N-GQDs/FA under same condi-
tions; (d) fluorescence lifetime of N-GQDs (without/with FA).

Conclusions

In summary, blue fluorescent N-GQDs were facially synthesized
by a one-pot hydrothermal method using soluble starch and v-
arginine as precursors. The compositional and morphological
characterization of N-GQDs showed that the nitrogen atom was
successfully doped into the GQDs and the particle sizes ranged
from 1.0 to 1.5 nm (2-3 graphene layers). At the same time, N-
GQDs exhibited excellent pH stability, salt tolerance, thermo-
stability, photobleaching resistance and reproducibility. More-
over, an N-GQDs-based fluorescent platform was developed for
“on-off” detection of Cr(vi) and FA in aqueous solution and
actual samples. This method showed high selectivity and
sensitivity (LoD = 0.80 and 2.1 uM), short response time (<10 s)
as well as acceptable recoveries (92-105%). The significant
fluorescence quenching mechanisms of N-GQDs were putatively
identified as IFE (79.74%)/static quenching for Cr(vi) and IFE
(90.11%)/FRET for FA. The prominent advantages of N-GQDs,
such as facial synthesis, stable optical properties, excellent
reproducibility and rapid responsiveness, make this fluorescent
platform a potential alternative for sensing Cr(vi) and folic acid
in the fields of environmental monitoring and drug analysis.
Further explorations of the synthesis of heteroatom-doped
GQDs and their applications are ongoing in our laboratory.
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