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ABSTRACT: The development of ultrastable and highly fluorescent heteroatoms-doped graphene quantum dots (GQDs) for
bioimaging remains a challenge due to the fluorescence quenching caused by binding between the heteroatoms-based functional
groups of the GQDs and common metal ions in biological systems. Here, we developed a facile hydrothermal method to
prepare nitrogen−sulfur doped GQDs (NS-GQDs). The fluorescence signals of the NS-GQDs are highly stable in the existence
of different metal ions. Two natural products, aspartic acid and cysteine, were utilized as the carbon precursors and
heteroatomic (nitrogen and sulfur) sources. The produced NS-GQDs showed a quantum yield up to 19.3 ± 1.7% with a
maximum emission of 480 nm under the excitation of 400 nm. The elemental analysis, including X-ray photoelectron
spectroscopy (XPS) and energy dispersive spectroscopy (EDS), and Fourier-transform infrared spectroscopy (FTIR), were
performed to characterize the composition and surface groups of NS-GQDs. Additionally, the NS-GQDs not only showed
notable photostability, but also thermostability and chemical stability. Moreover, the NS-GQDs demonstrated very low cellular
cytotoxicity in vitro. Finally, the NS-GQDs were applied for fluorescence imaging of cells, which also exhibited excellent
fluorescent stability even with treatment of copper ions. The results indicated that the developed novel NS-GQDs have a
promising potential to be used as ultrastable fluorescent agent in the field of bioimaging and biosensing.
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1. INTRODUCTION

Graphene quantum dots (GQDs), a zero-dimensional
derivative of graphene, have emerged and ignited tremendous
research interest since it was first reported in 2007. Their
unparalleled properties,1 including excellent biocompatibility,
optical and electronic properties, and robust chemical inertness
derived from the quantum confinement and edge effects have
provided GQDs with a broad range of applications.2−5 One of
the important applications is for bioimaging in the biomedical
field due to their intrinsic fluorescence properties.4−9

A number of methods have been developed for producing
GQDs, which could be categorized into two main strategies:
top-down and bottom-up methods.10−12 The top-down

methods are based on cutting larger carbon materials, such
as carbon nanotubes, graphene sheets, and carbon fibers, into
nanosized GQDs using physical or chemical methods.13−17

However, the reaction conditions and purification processes of
the top-down methods are complicated and time-consuming.
Bottom-up methods fabricate GQDs from small molecules of
carbon precursors including citric acid,18−21 glucose,22 amino
acids,23,24 and some natural products such as tea leaves25 and
coffee.26 The chemical methods are usually simple and could
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easily manipulate the composition of the produced GQDs for
desired properties. It has been reported that doping
heteroatoms into GQDs could enhance their fluorescence
quantum yields (QY) and tune their emission wavelengths. A
few heteroatoms, B, N, S, and Si, have been introduced into
GQDs using the chemical reaction methods.27−30

Co-doping more than two elements into GQDs have been
reported, which mainly focused on codoping nitrogen and
sulfur as these two elements were easily found in natural
chemicals, such as amino acids. For instance, Ding et al.
developed the nitrogen and sulfur codoped GQDs that
exhibited strong blue emission with a QY of 54.4%. However,
the fluorescence of these GQDs could be easily quenched by
Fe3+ ion, which would cause false-negative signaling for
bioimaging.31 Recently, Chen et al. synthesized a nitrogen
and sulfur codoped GQDs with excitation-independent
emission behavior using pyrolysis of citric acid and cysteine.24

By the coupling quenching abilities of silver nanoparticles with
this codoped GQDs, the cyanide was monitored by the
fluorescence recovery after the etching of silver nanoparticles
in the presence of cyanide. Overall, the fluorescence of these
NS-doped GQDs were usually easily quenched by metal ions
such as Hg2+,20,32,33 Cu2+,34 Ag+,24 etc. Although this property
has been applied for sensitive detection of corresponding metal
ions, the quenching has limited their applications as
bioimaging agents. Therefore, the development of stable
GQDs with a high QY in the existence of metal ions would
be significant for bioimaging and cell tracking.
Herein, we synthesized NS-GQDs with strong fluorescence

emission using a one-pot pyrolysis method. Two natural
precursors, aspartic acid and cysteine, were used to introduce
N, S atoms into the pristine GQDs. Doping of heteroatoms not
only enhanced the quantum yield of the GQDs, but also
provided extra functional groups onto the GQDs. The
functional groups provide the GQDs with surface modification
pathways for further applications. More interestingly, the
obtained NS-GQDs showed excellent photostability regarding
temperature, pH, and metal ions, which provides a promising
bioimaging agent for biological samples.

2. EXPERIMENTAL SECTION
2.1. Materials. Aspartic acid, cysteine, nitric acid, hydrochloric

acid, and phosphate buffered saline (PBS) tablets were obtained from
Sigma-Aldrich (St. Louis, MO). The chloroauric acid was purchased
from Alfa Aesar (Haverhill, MA), and the sodium citrate was from
Fisher Scientific (Hampton, NH). The deionized water (18.2 MΩ·
cm) was obtained from a Millipore water purification system. The
murine alveolar macrophage cells (MH-S) and RAW 264.7 cells were
obtained from the American Type Culture Collection (ATCC,
Manassas, VA) and cultured in RPMI 1640 medium with 10% fetal
bovine serum in a 5% CO2 environment at 37 °C.
2.2. Preparation of the NS-GQDs. The NS-GQDs were

prepared by pyrolyzing aspartic acid and cysteine together. Briefly,
0.15 g aspartic acid and 0.05 g cysteine were mixed together using a
mortar and pestle. Then, the mixture was transferred into a glass
bottle and heated up to 400 °C with a heating mantle. The color of
the mixture turned to brown in 5 min, indicating the formation of NS-
GQDs. Finally, 3.0 mL of distilled water was added into the solution
followed by stirring for 30 min at room temperature. The resultant
solution was centrifuged at 10 000 rpm for 30 min to remove the large
aggregates, and the supernatant was collected and dialyzed against
water (molecular weight cut-of, MWCO: 3 kDa). The final solution
was stored at room temperature for further usage.
2.3. Characterization of the NS-GQDs. High-resolution trans-

mission electron microscopy (HRTEM) and energy-dispersive X-ray

spectroscopy (EDS) (Oxford, X-Max) measurements were conducted
on a JEOL JEM-2100 HRTEM at an operating voltage of 200 kV. The
size distribution of the NS-GQDs was obtained from the measure-
ments of more than 500 particles in the TEM images. The UV−vis
spectrum was obtained with a HP8453 UV−visible spectrophotom-
eter. The fluorescence excitation and emission spectra were recorded
using a Shimadzu RF-5301 PC spectrofluorophotometer. A Fourier-
transform infrared spectrometer (FTIR) (Spectrum 400, PekinElmer)
was used to collect the FTIR spectra of the NS-GQDs. The X-ray
photoelectron spectrometry (XPS) measurements were conducted on
an ESCALAB-MKII 250 photoelectron spectrometer (VG Co.). The
Al Kα X-ray radiation was used as the X-ray source for excitation.

2.4. Fluorescence Stability of NS-GQDs at Different
Temperatures, pH, and Metal Ions. An aliquot of 1.0 mL of 1.0
mg/mL NS-GQD solution was incubated in a water bath at different
temperatures, ranging from 0−80 °C for 30 min. Then, the
fluorescence intensity of the NS-GQD solution at different temper-
atures was recorded. Similarly, the pH of a solution of 1 mL, 1.0 mg/
mL NS-GQD in PBS was adjusted from 2.03 to 11.86 by the addition
of HCl or NaOH and followed by the fluorescence intensity
measurements. In order to investigate the stability of NS-GQDs in
the presence of different metal ions, 2.0 mL of 1.0 mg/mL NS-GQD
solution was added with different metal ions, including Hg2+, Cu2+,
Zn2+, Fe3+, Fe2+, Mn2+, Na+, K+, Ag+, and Pb2+. The final
concentrations of the metal ions were fixed at 1.0 μM.

2.5. Solubility Investigation. In order to expand the applications
of the NS-GQDs, we tested the solubility of the GQDs in different
solvents. NS-GQDs solutions (1.0 mg/mL) were dispersed in
different solvents, including water, CH2Cl2, DMSO, glycerol, THF,
ethyl acetate, acetone, and EtOH before being stored for 1 month.
The photos of the NS-GQDs were taken under a handy UV lamp
excitation (365 nm) to check if there are any precipitants formed in
different solvents.

2.6. In Vitro Fluorescence Imaging of Cells. Briefly, murine
alveolar macrophage cells (MH-S) were used as model cells and
cultured at 37 °C in RPMI 1640 media containing 10% fetal bovine
serum in a 5% CO2 environment overnight. Then, a 2.0 mL aliquot of
10 mg/mL NS-GQDs dispersed in the RPMI 1640 media without
FBS was incubated with the MH-S cells in the plates. After 6 h of
incubation, the MH-S cells were washed twice with PBS buffer to
remove the free GQDs and the cells were imaged using the Zeiss
LSM-510 Meta confocal fluorescence microscope. In addition, an
MTT assay was conducted to investigate the cytotoxicity of the NS-
GQDs on MH-S cells after incubating with different concentrations of
NS-GQDs for 24 h.

2.7. Copper Ion Resistance in Cell Imaging. RAW264.7
macrophage cells were used to test the copper ion resistance of NS-
GQDs in cell imaging. RAW264.7 cells were seeded in 8-well plates
with the density of 10 000 cell/well overnight in RPMI 1640 media
containing 10% FBS in a 5% CO2 environment. After washing the
cells with the fresh media, the media containing either NS-GQDs (1.0
mg/mL) or NS-GQDs (1.0 mg/mL) with copper ions (200 μM)
were used to culture the cells for another 12 h. Then, the cells were
fixed with 4% paraformaldehyde and washed with PBS three times to
remove the excess NS-GQDs. The fluorescence images of these cells
were taken using the Zeiss LSM-510 Meta confocal fluorescence
microscope. Similarly, the cells were treated with 10.0 μg/mL
semiconducting polymer dots (Pdots) as a control, which would be
quenched by the copper ions.

3. RESULTS AND DISCUSSION
3.1. Design and Synthesis of the Fluorescent NS-

GQDs. The objective of this work was to develop a novel
method to prepare a stable and highly fluorescent GQDs
through doping heteroatoms. The dopant atoms could also
serve as functional groups on their surface for further
modification. Thus, nitrogen and sulfur were selected as the
heteroatoms for codoping into the GQDs. A number of sulfur-
and nitrogen-containing molecules are potential candidates as
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the precursors to fulfill this purpose. In general, an ideal
precursor for the hydrothermal synthesis of GQDs should
satisfy the criteria including nontoxic, inexpensive, and no
surface passivation required. After a series of evaluations,
aspartic acid and cysteine were chosen as precursors for the
synthesis of nitrogen−sulfur doped GQDs (NS-GQDs). As
shown in Scheme 1, the solid mixture of aspartic acid and

cysteine was directly placed on a hot plate with the
temperature set at 400 °C. The color of the heated liquid
changed from colorless to pale yellow and brown eventually,
suggesting the formation of NS-GQDs. The formed NS-GQDs
were stable without extra surface passivation.
3.2. Characterization of NS-GQDs. The morphology,

size, and crystal structure of the developed NS-GQDs were
characterized using a HRTEM (Figure 1A−C). The lattice

spacing of NS-GQDs in Figure 1B was shown as 0.286 nm,
indicating a similar structure of the graphitic carbon. After
measurements of more than 500 dots in TEM images, the
average size of NS-GQDs was calculated to be about 3.26 ±
1.30 nm. The size distribution was shown in Figure 1C,
indicating the uniform size distribution of the obtained NS-
GQDs. Meanwhile, the elemental content of the NS-GQDs
was analyzed using EDS (Figure 1D). The EDS results clearly

showed that the NS-GQDs contained C, O, N, and S, resulting
from the pyrolysis of the aspartic acid and cysteine mixture.
To further confirm the formation of NS-GQDs, several

spectroscopic methods were used to investigate the obtained
nanomaterials. First, an UV−vis absorption spectrum of the
NS-GQDs was recorded (Figure 2A). Two absorption peaks at
230 and 355 nm were observed, in which the 230 nm peak
indicated the π−π* transition of CC bonds, and the 355 nm
peak demonstrated the presence of the sp2 clusters in NS-
GQDs. These results were consistent with the previously
reported GQDs.17 Second, FTIR was employed to confirm the
presence of different functional groups on NS-GQDs. As
shown in Figure 2B, the peak at 3000 cm−1 indicated the
presence of the CC stretching of graphite. The presence of
−OH groups was confirmed by the broad peak area at 3500
cm−1. Meanwhile, the amide stretching peak around 1600 cm−1

and stretching vibrations of amine N−H at 3360 cm−1 clearly
demonstrate the presence of amides and amine groups in the
formed GQDs. The sharp absorption peak at 1400 cm−1 is due
to the stretching vibration of the C−N bond. The presence of
carboxyl groups was demonstrated by the peaks at ca. 1700
cm−1. More importantly, the absorption peak around 1200
cm−1 is ascribed to the stretching vibration of a C−S bond in
NS-GQDs.
Furthermore, the composition of the obtained NS-GQDs

was characterized using X-ray photoelectron spectroscopy
(XPS) (Figure 3). The results showed four main peaks at
284.0, 530.6, 400.0, and 160.0 eV, which were attributed to C
1s, O 1s, N 1s, and S 2p, respectively (Figure 3A). The atomic
percentages of the main elements of carbon, oxygen, nitrogen,
and sulfur were calculated to be about 66.9%, 18.1%, 13.1%,
and 1.9%, respectively. The high-resolution XPS spectra of C
1s of NS-GQDs (Figure 3B) showed four peaks at 284.6,
285.5, 286.5, and 288. One eV, indicating the presence of C
C, C−C/C−H, C−OH, and CN/CO, respectively. The
observation of CC demonstrated the sp2 carbon of graphitic
structure and the other bonds suggested the sp3 carbon in the
NS-GQDs.
The N 1s spectrum (Figure 3C) showed two peaks at 399.2

and 400.5 eV due to the presence of C−N (pyrrolic N) and
N−(C)3(graphitic N) bands, respectively. These two peaks
indicated that the sp2 hybridized N atoms were embedded in
the three sp2 hybridized C atoms, which was in the conjugated
network of graphene.
In addition, the two peaks at 163.5 and 164.9 eV in the S 2p

spectra (Figure 3D) demonstrated the presence of 2p3/2 and
2p1/2 positions of the C−S bonds in NS-GQDs, respectively.
These results indicated that sulfur was presented in the form of
a thiophene-like structure or a thiazolidine ring in the NS-
GQDs. All data from the XPS analyses suggested that nitrogen
and sulfur atoms were successfully doped into the GQDs
during the hydrothermal process of the mixture of aspartic acid
and cysteine.
The optical properties of the developed NS-GQDs were

further characterized using fluorescence spectrometry. Under
the irradiation of a 365 nm UV light, the solution of the
mixture of aspartic acid and cysteine showed no fluorescence
(Figure 4A-a). In contrast, the solution of the NS-GQDs
showed a strong blue fluorescence signal (Figure 4A-b),
indicating the formation of the fluorescent NS-GQDs. Upon
excitation at 360 nm, NS-GQDs showed a strong fluorescence
peak at 460 nm (Figure 4B). Similar to most of the
luminescent carbon nanoparticles, the fluorescence spectra of

Scheme 1. Schematic Diagram of the Formation of NS-
GQDs through the Pyrolysis of Aspartic Acid and Cysteine

Figure 1. (A) and (B) The HRTEM images of NS-GQDs, with a
lattice distance of 0.286 nm. Scale bars in A and B are 50 and 1 nm,
respectively. (C) The histogram of the size distribution of NS-GQDs
by measuring more than 500 particles in the HRTEM images. (D)
The EDS spectrum of the NS-GQDs.
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the NS-GQDs possessed an excitation-dependent manner. As
the excitation wavelength increased from 340 to 520 nm, the
fluorescence emission peak shifted from 440 to 550 nm
(Figure 4C and D). The strongest fluorescence emission was
obtained when the excitation wavelength was set to 400 nm
(Figure 4C).
3.3. Photostability, Thermostability, And Chemical

Stability of the NS-GQDs. In order to apply the NS-GQDs
for bioimaging, especially for long-term bioimaging, the
stability of the NS-GQDs, including photostability, thermo-
stability and chemical stability, should be superior enough for
this application. Therefore, we investigated the impact of these
parameters on the fluorescence intensity of NS-GQDs. First,
the thermal stability of the NS-GQDs was investigated as
shown in Figure 5A. In the range of 0−80 °C, the fluorescence

intensity of NS-GQDs showed neglectable changes at different
temperatures, indicating good thermal stability of the NS-
GQDs (Figure 5A). Usually, the increased temperature
promotes the dynamic collision of fluorophores in the solution,
resulting in the fluorescence quenching.35 However, compared
with the GQDs developed by Dr. Srivastava,36 whose
fluorescence intensity decreased by 58% when the temperature
increased from 10 to 80 °C, our NS-GQDs demonstrated
better thermostability. This might be caused by the possible
thick surface-passivation layer of the NS-GQDs formed by the
residues of the starting materials. Previous reports demon-
strated that the passivation of GQDs could significantly
enhance the fluorescence intensity as well as the thermal
stability.37−39

Figure 2. UV−vis absorption (A) and FTIR (B) spectra of NS-GQDs.

Figure 3. (A) XPS spectrum of NS-GQDs. High resolution C 1s (B); N 1s (C); and S 2p (D) spectra of NS-GQDs.
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Though the NS-GQDs showed good thermostability, the
fluorescence of the NS-GQDs is very sensitive to the pH
changes. As shown in Figure 5B, when the pH increased from
2.03 to 11.86, the fluorescence intensity of NS-GQDs
decreased by 64.4%. Considering that biological samples

have a neutral pH around 7, we found that about 71.8% of
the highest fluorescence signal remained at pH 7.16, which
would still be useful for bioimaging in the physiological
environment.
In this work, the most exciting phenomenon was that the

fluorescence of the NS-GQDs showed extraordinary stability
against metal ions. Different metal ions, commonly found in
biological samples such as cells and tissues, were selected for
studying the effect of metal ions on the fluorescence intensity
of NS-GQDs. As shown in Figure 5C and D, 10 different metal
ions, including Hg2+, Cu2+, Zn2+, Fe3+, Fe2+, Mn2+, Na+, K+,
Ag+, and Pb2+, at a final concentration of 1.0 μM were added to
the NS-GQD solution. Compared to the pure NS-GQD
solution without metal ions (sample 11 in Figure 5C and the
last column in Figure 5D), the fluorescence intensity of NS-
GQDs kept constant while the solution remained homoge-
neous without aggregation or precipitation. The results
demonstrated the ultrastability of the NS-GQDs against a
series of metal ions. This is a very unique property of our NS-
GQDs as most of the GQDs could be quenched by some kind
of metal ions, such as Hg2+, Fe3+, and Cu2+.20,34,40 We believed
that this unique metal resistance of NS-GQDs was attributed
to the surface functional groups of the NS-GQDs. Usually, the
fluorescence quenching of GQDs by metal ions is because the
metal ions could induce the aggregation through the
coordination between the surface functions groups, such as
carboxyl, thiol groups, etc., and the metal ions. In the
developed NS-GQDs, the surface zeta potential of −9.35 ±
0.59 mV and other surface characterization indicated that
carboxyl group is absent on the surface. Therefore, the
potential coordination between NS-GQDs and metal ions is

Figure 4. (A) The solution of aspartic acid and cysteine (a) and NS-
GQDs (b) under the irradiation of a 365 nm UV lamp. (B) The
excitation and emission spectra of NS-GQDs. λex = 360 nm; λem: 460
nm. (C) Fluorescence emission spectra of NS-GQDs with different
excitation wavelengths. (D) The normalized fluorescence spectra in
C. The concentration of NS-GQDs was 1.0 mg/mL.

Figure 5. Effect of temperature (A), pH (B), and metal ions (C−D) on the fluorescence intensity of NS-GQDs. Items 1−10 in graph C
represented the NS-GQDs with Hg2+, Cu2+, Zn2+, Fe3+, Fe2+, Mn2+, Na+, K+, Ag+, and Pb2+, respectively. The final concentration of metal ions was
1.0 μM. The sample 11 in graph C was the pure NS-GQDs with a concentration of 1.0 mg/mL. All solutions in C and D were in pH 7.4 at room
temperature.
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weak to induce the aggregation of the NS-GQDs, which finally
showed good metal resistance.
The metal ion resistance of the NS-GQDs was further

demonstrated by the comparison of the fluorescence signals of
the NS-GQDs to semiconducting polymer dots (Pdots)
prepared from polyfluorene (PFO). As shown in Supporting
Information (SI) Figure S1, different concentrations of Cu2+

were incubated with these two different fluorescent nanoma-
terials. The fluorescence intensity of the Pdots was significantly
decreased as the concentration of Cu2+ increased from 0 to 100
μM (Figure S1B). In contrast, the fluorescence intensity of the
NS-GQDs was not affected by the different concentrations of
Cu2+ (SI Figure S1A). These results demonstrated the
excellent metal ion resistance of the prepared NS-GQDs for
bioimaging.
Furthermore, the photostability of NS-GQDs was inves-

tigated using a spectrofluorometer. A NS-GQD solution was
irradiated with an excitation wavelength of 400 nm for a
continuous period of 30 min, the fluorescence emission at 480
nm was recorded. As shown in SI Figure S2A, a constant
fluorescence signal was obtained without noticeable photo-
bleaching. The good photostability will play a significant role
for effective monitoring of various biological processes in
biosensing and bioimaging.
3.4. Solubility. The developed NS-GQDs were water-

soluble and therefore provided the feasibility for direct
biological applications. Considering the large number of π−π
electrons in the structure, the NS-GQDs might possess a
certain level of lipophilicity. Thus, we chose a few organic
solvents to dissolve the NS-GQDs. As demonstrated in SI
Figure S2B, the NS-GQDs dissolved well in DMSO, glycerol,
and ethanol, which were comparable with that in water. While,
its solubility was obviously reduced in other organic solvents
including CH2Cl2, THF, ethyl acetate, and acetone. However,

the partially dissolved NS-GQDs in these solvents could still
emit fluorescence signals (SI Figure S2B). This amphiprotic
property made the NS-GQDs very useful in both aqueous
solutions and nonaqueous conditions, and thus extend their
applications to a broader range of fields. The above
characterizations demonstrated that the NS-GQDs could be
very useful for bioimaging.

3.5. In Vitro Fluorescence Imaging. Due to the excellent
fluorescence properties, we investigated the bioimaging
applications of the highly fluorescent NS-GQDs in cells.
After incubating MH-S cells with NS-GQDs for 6 h, the
confocal images showed significant fluorescence from NS-
GQDs taken up by MH-S cells through endocytosis (SI Figure
S3A−C), which demonstrated that the NS-GQDs can be used
for in vitro fluorescence imaging. Furthermore, the cell viability
of MH-S cells was not affected by NS-GQDs up to the
concentration of 1 mg/mL, as shown by the MTT assay (SI
Figure S3D). The excellent biocompatibility and fluorescence
imaging capacity indicated that the developed NS-GQDs could
be used as a fluorescent bioimaging agent for biological
samples.
In order to investigate the effect of metal ions on the

bioimaging performance of the NS-GQDs in cells, we
incubated the NS-GQDs with another macrophage cell line,
RAW 264.7 cells, coupled with the treatment of high
concentrations of copper ions. Another highly fluorescent
nanoparticle, semiconducting polymer dots (Pdots),41 was
used as a control, which was quenched by the copper ions. As
shown in Figure 6A, the fluorescence of Pdots in cells was
significantly reduced when 200 μM Cu2+ was introduced,
indicating the quenching effect of Cu2+ to Pdots in bioimaging.
In contrast, in the cells stained with NS-GQDs, the treatment
of 200 μM Cu2+ did not interfere in the fluorescence imaging
capacity (Figure 6B). The results suggested that the developed

Figure 6. LSCM images of RAW 264.7 cells incubated with (A) 10.0 μg/mL Pdots, (B) 1.0 mg/mL NS-GQDs with 200 μM Cu2+.
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NS-GQDs had extraordinary stability against metal ions for
bioimaging.

4. CONCLUSIONS
In conclusion, NS-GQDs with excellent fluorescence proper-
ties and easily functionalized groups were developed using the
simple pyrolysis of the aspartic acid and cysteine. The method
provided environmentally friendly, highly fluorescent NS-
GQDs, which showed high photostability and thermal stability.
Importantly, metal ions, such as copper, have no effect on the
fluorescence of the NS-GQDs both in solution and in cell
fluorescent imaging, which is different from other reported
GQDs. Therefore, with further modification, the NS-GQDs
have potential to act as an excellent fluorescent probe for
fluorescent bioimaging.
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