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One-Pot Synthesis of Nitrogen-Doped Graphene Quantum Dots and
Their Applications in Bioimaging and Detecting Copper lons in
Living Cells
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ABSTRACT: Two natural carbon sources, glutamic acid and tyrosine,
were used to fabricate strong green emission nitrogen-doped graphene
quantum dots (N-GQDs) with the one-pot pyrolysis method. The
morphology of the prepared GQDs has been characterized by high-
resolution transmission electron microscopy, showing a well-displayed
crystalline structure with a lattice spacing of 0.262 nm. X-ray
photoelectron spectroscopy and Fourier transform infrared spectros-
copy were used to analyze the surface functional groups and elemental
composition, suggesting that the N-GQDs have active carboxylic and
amino functional groups. Meanwhile, photoluminescence and ultra-
violet—visible (UV—vis) spectroscopy were used to evaluate the
optical properties of GQDs; the prepared N-GQDs show an
excitation-dependent fluorescence behavior with a maximum ex-
citation/emission wavelength at 460/522 nm, respectively. N-GQDs showed good photostability and the fluorescence intensity
quenched about 10% after irradiating 2800 s in the experiment of time kinetic analysis. The MTT assay was utilized to assess the
viability of N-GQDs; good biocompatibility with a relatively high quantum yield of 12% demonstrated the potential for serving as
bioimaging agents. Besides, the selectivity study on metal ions indicates that the N-GQDs could be used in Cu** detection. The
linear range is from 0.1 to 10 yM with a limit of detection of 0.06 M. Overall, these proposed N-GQDs with one-pot synthesis
showed their promising potential in cell imaging and Cu** monitoring applications involved in the biological environment.

B INTRODUCTION family of carbon-based nanomaterials with excellent dispersi-
bility, adjustable luminescent properties, and low toxicity." ">
The optical properties of GQDs are mainly determined by the
quantum confinement effects regulated by the graphene core
structure and the edge effects of surface chemical groups."
Therefore, it has been reported that the diversity of GQDs
could be controlled and designed to be applied in different
types of studies.'¥'> The synthesis of GQDs could be
separated into two approaches at length: bottom-up and top-
down methods."®"” The top-down methods could be
summarized as producing GQDs from larger sized carbon-
based materials, for example, acidic exfoliation splits large
carbon materials through oxygen-based defects and brings
oxygen-based functional groups to the surface of GQDs. The
most popular route is using nitric acid or sulfuric acid to assist

Graphene quantum dots (GQDs) are a series of nanometer-
sized (<10 nm) graphene-based fragments with unique
physical, chemical, optical, and biological properties, which
are potential candidates in biosensing, bioimaging, and
biomedical applications.'® A few decades ago, most of the
bioimaging agents were organic compounds, such as
fluorescein and rhodamine. However, their instinct high
toxicity, low photostability, and narrow absorption cross
section restrained their applications in biological and
biomedical analyses.”® Afterward, fluorescent nanomaterials
like quantum dots were developed for use in biomedical
applications.” Compared with traditional organic dyes, semi-
conducting quantum dots (QDs) showed excellent optical
properties like preeminent photostability, large Stokes shift,
broad absorption cross section, and low cost for scale-up
production.'” However, most metal-based QDs are cytotoxic;
surface modification was a challenging situation before
application in pharmaceutical or biomedical studies.

The development of GQDs has been considered as a
promising resolution to break through this problem; GQDs are
zero-dimensional derivatives of 2D graphene sheets in the
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in the breaking of large size carbon source, such as %raphite
powder, carbon fiber, or nanotube, to prepare GQDs.'® There
are also some other top-down methods like electrochemical
oxidation or hydrothermal reaction.'”*° However, most of the
GQDs produced from this classical route showed low quantum
yield and went through multiple purification processes.”’ The
bottom-up methods are involved in some processes including
carbohydrate carbonization, pyrolysis, or organic synthe-
sis.”” " Pyrolysis is one of the most popular bottom-up
methods and has been reported to prepare a series of blue
emission GQDs in many publications.”>** For example,
Chen’s group utilized citric acid to produce GQDs by heating
up to 200 °C for 30 min.”” Doong’s group designed a sulfur-
doped GQD sensor by pyrolyzing citric acid and 3-
mercaptosuccinic acid.”® The carbon source of bottom-up
methods is chosen from small organic molecules, such as citric
acid, urea, carbohydrates, and amino acids.”’ The essential
properties of GQD:s relied on the carbon source molecules; for
example, they could be deliberately modulated to introduce
heteroatoms by choosing the decent carbon source carrying
the same heteroatoms.”” For example, Qu group used urea and
thiourea to prepare S,N co-doped GQDs and applied them as
visible light photocatalysts.”’ Zhu’s group developed N-doped
GQDs using humic acid to produce highly fluorescent GQDs
for bioimaging.”> Compared with undoped GQDs, the
heteroatom-doped GQDs showed diverse properties.”” There-
fore, inspired by the previous work, we chose to use two
natural amino acids to fabricate novel nitrogen-doped GQDs
(N-GQDs) and validate their potential for bioimaging and
biodetection.

In this project, we have successfully synthesized N-GQDs
with the one-pot pyrolysis method with tyrosine and glutamic
acid. The N-GQDs had a narrow distribution and emitted
strong green fluorescence. Most of the GQDs prepared by
pyrolysis used chain-shaped precursors for carbonization to
form a hexatomic ring structure. Herein, tyrosine, as an
aromatic amino acid, was chosen to prepare GQDs. The rigid
benzene structure has effectively affected the pyrolysis process
and changed the instinct properties to cause larger particle size
distribution. The prepared N-GQDs emitted strong green
fluorescence with a quantum yield of ca. 12%. In addition, the
fluorescence of N-GQDs could be easily quenched in the
presence of Cu’*, demonstrating the potential to quantitively
monitor Cu’*. Besides the aqueous environment, we have also
validated the N-GQDs to be applied in serum samples and in
living cells. Therefore, these N-GQDs could be used for the
study of bioimaging and Cu**-involved diagnostic assays.

B EXPERIMENTAL SECTION

Chemicals. Tyrosine, glutamic acid, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), copper sulfate,
sodium hydroxide, hydrochloric acid, 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT, C;sH;¢BrN;S),
and fetal bovine serum (FBS) were purchased from Sigma-
Aldrich Inc. Dulbecco’s modified Eagle’s medium (DMEM)
and 4’-6-diamidino-2-phenylindole (DAPI, C¢HsNs) were
purchased from Thermo Fisher Scientific Inc. The mouse
leukemic macrophage cell line (RAW 264.7) was purchased
from the American Tissue Culture Collection (ATCC). The
human embryonal kidney cell line (293FT) and a sterile
syringe filter (0.45 yum cellulose acetate) were obtained from
Thermo Fisher Scientific Inc. All reagents were of analytical
grade. All buffer solutions were prepared from ultrapure water

(18 MQ cm) produced by a Millipore Milli-Q water
purification system.

Synthesis of N-GQDs. The preparation of N-GQDs was
followed by a simple pyrolysis process; briefly, 0.5 g of tyrosine
was thoroughly mixed with 1.5 g of glutamic acid in a glass vial.
The mixture solids of two amino acids were ground first before
heating up to 320 °C on a hot plate. The color of the mixture
turned from white to red-brown within 1 min, indicating the
formation of N-GQDs. Then, an aliquot of 10.0 mL of distilled
water was added into the glass vial, and the solution was
continuously stirred for 30 min. The solution was cooled down
to room temperature and centrifuged at 10,000 rpm for
another 30 min to remove the large particles. Finally, the
supernatant was transferred into a dialysis bag (molecular
weight cutoff = 1000) for 24 h against distilled water. The
produced N-GQDs could be stored in room temperature for
further use.

Instruments. A JEOL 2100 transmission electron micro-
scope was utilized to obtain the particle morphology of the N-
GQDs at an acceleration voltage of 200 kV. The hydrodynamic
diameter and zeta potential of the N-GQDs were obtained
from a Zetasizer Nano ZS. A Shimadzu FTIR-8400s
spectrometer was used to collect the Fourier transform
infrared (FTIR) spectra of GQDs, tyrosine, and glutamic
acid. An Agilent 8453 was used to obtain the absorption
spectra of GQDs, tyrosine, and glutamic acid. All the
fluorescence measurements were recorded by a Shimadzu
RF-6000 fluorophotometer. The excitation wavelength was set
to be 460 nm, and the emission wavelength was recorded from
480 to 700 nm. The fluorescence intensity at 522 nm was
chosen to determine the performance of copper detection.
Both the widths of excitation and emission slits were set to be
10.0 nm. All the experiments were carried out at 25 °C. An
AA-6880 atomic absorption spectrophotometer equipped with
a graphite furnace was used to determine the concentrations of
Cu®" in FBS. X-ray photoelectron spectroscopy (XPS) was
performed on a ESCALAB 250Xi XPS with a base pressure of
107" mbar. The aluminum Ka X-ray radiation was the X-ray
source for excitation. The X-ray diffraction (XRD) profiles
were recorded on a Rigaku D/MAX-2550 X-ray diffractometer
with Cu Ka as the X-ray radiation source at 40 kV and 40 mA.
A Multiskan spectrum spectrophotometer was employed to
perform the MTT test for measuring the optical density at 570
nm in a dimethyl sulfoxide (DMSO) solution.

pH Effect and Photostability. The N-GQD solution was
incubated under the pH condition from 3 to 12. Then, the
fluorescence intensity of each N-GQD solution of different
pHs was recorded. The photostability of N-GQDs was
investigated by performing a time-based fluorescence collec-
tion for 2800 s. FITC was used as the control group. Besides,
the zeta potential of N-GQDs was evaluated from pH 2.0 to
pH 12.0 in 20 mM HEPES buffer.

Quantum Yield Measurement. Quinine sulfate in 0.1 M
H,S0, (QY = 0.54) was chosen as a standard for quantum
yield measurement. The quantum yield of GQDs was
calculated according to the following formula

Grad, 17,{2
@ = @ x| %
Gradg ) n;

Here, @, is the quantum yield of GQDs. Grad is the gradient

from the plot of integrated fluorescence intensity vs
absorbance and 7 is the refractive index of the solvent (1.33
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for water). The subscript “st” stands for the standard of quinine
sulfate and “x” stands for GQDs. To minimize the reabsorption
effects, absorbances of the samples were kept under 0.1 at the
excitation wavelength (460 nm).

Metal lon Selectivity Investigation. A sequence of metal
ions was investigated to test the resistance of N-GQDs; the N-
GQD solution was mixed with each metal jon separately
including Ni**, AI**, Co*, Pb**, Cd*, Mn**, Mg*', Zn**, Fe**,
Cu®, K, Sn?*, Ba>", Fe?*, and Na*. The concentration of all
the metal ions was set up to 20 yM in the final mixture
solution. The fluorescence intensity of N-GQDs was recorded
at 522 nm with an excitation wavelength of 460 nm.

Copper(ll) lon Detection. To investigate the sensitivity of
this copper sensing fluorescent probe, an aliquot of 2.0 mL of
0.5 mg/mL N-GQDs was incubated with different concen-
trations of Cu’* for 15 min. The concentration of Cu®" ranged
from 0 to 160 uM. For each concentration group, the
fluorescence intensity at 522 nm was recorded at an excitation
wavelength of 460 nm.

Biocompatibility of N-GQDs in Cells. The MTT assay
was used to evaluate the cytotoxicity of the N-GQDs by
incubating with cells at different N-GQD concentrations for 24
h. RAW 264.7 cells and 293FT cells were cultured in a DMEM
cell medium in a 5% CO, humidified atmosphere at 37 °C for
24 h. Both of the two cell lines were rinsed with PBS buffer and
then treated with different concentrations of N-GQDs (0, 10,
1,0.1,107% 1073 107% and 107> mg/mL) for another 24 h in
DMEM. After washing them to remove the physically adsorbed
N-GQDs, the MTT solution (10 uL, 5.0 mg/mL) was
subsequently added into each well and continuously incubated
for 4 h. DMSO was added to dissolve the formed formazan
violet crystals after the medium was removed. The absorbance
of formazan in DMSO solution at 570 nm was detected by a
microplate reader.

In Vitro Fluorescence Imaging of Cells and Copper
Monitoring. Mouse leukemic macrophage cells (RAW 264.7)
were chosen as a model cell to obtain fluorescence images. In
general, RAW 264.7 cells were first cultured with N-GQDs at
37 °C in DMEM containing 10% FBS in a 5% CO,
environment for 24 h. Then, RAW 264.7 cells were washed
three times with PBS buffer (pH 7.4), and then an aliquot of
500 pL of 10 mg/mL GQDs (10 mM PBS buffer, pH 7.4) was
added into the above cell culture plates. Afterward, the cells
were incubated at 37 °C for 1 h in a $% CO, environment.
Finally, an aliquot of 3.0 4L of 1.0 mg/mL DAPI was used to
stain the cell nucleus, and the cells were washed three times
with PBS to remove the free GQDs and the excess DAPL. A
Zeiss LSM-510 Meta confocal microscope was utilized to take
fluorescence images of these cells after being fixed with 4%
paraformaldehyde and washed with PBS.

Additionally, RAW264.7 cells were used to evaluate the
feasibility of detecting copper ions in vitro. RAW264.7 cells
were first seeded in 12-well plates overnight in DMEM
containing 10% FBS in a 5% CO, environment. The cells were
rinsed with PBS (10 mM) three times and then separated into
three groups. One group of cells was incubated only with N-
GQD (10.0 mg/mL) PBS solution, one group of cells was
cultured in N-GQD (10.0 mg/mL) PBS solution and
continuously added copper ions (100 uM), and the last
group of cells was incubated in N-GQDs (10.0 mg/mL) and
continuously added more copper ions (200 yM). All the three
groups were incubated for 1 h. Subsequently, 4% paraformal-
dehyde was used to fix the cells, and then the cells were washed

with PBS three times. Eventually, the Zeiss LSM-510 Meta
confocal fluorescence microscope was used to take the
fluorescence images of these cells. The fluorescence intensity
detected in cells could be quantified by the cell imaging
process with Image] software.

B RESULTS AND DISCUSSION

Design and Preparation of the Highly Fluorescent N-
GQDs. A superficial bottom-up approach was developed to
prepare N-GQDs with glutamic acid and tyrosine together
through a one-pot pyrolysis reaction. We chose to fabricate
high-brightness N-GQDs with tyrosine and glutamic acid.
Tyrosine and glutamic acid would assist doping nitrogen atoms
to alter the intrinsic properties in the process of pyrolyzing,
which leads to higher red shift emission and a relatively higher
quantum vyield in comparison with other bottom-up methods
which used small carbon-based chain molecules as precursors
shown in Table 1. Besides, two ingredients are nontoxic and

Table 1. Comparison of the Proposed Methods with Other
Methods

starting

methods material time emission  yield reference
pyrolysis trisodium 4 min 420 nm  3.6% 34
citrate
hydrothermal  citric acid Sh 440 nm  72% 35
microwave- aspartic acid 10 min 442 nm 14% 36
assisted and
pyrolysis NH,HCO;
carbonization  citric acid 3Smin 460 nm 9% 27
pyrolysis tyrosine and 1 min 522 nm 12%  this
glucose work

inexpensive precursors involved in the process of biosynthesis
of proteins, demonstrating that the routine is a one-step
environment-friendly and low-cost method. Moreover, the
procedure was simple and fast without the complicated
purification process, which is suitable for large-scale
production. The formation of N-GQDs is illustrated in
Scheme 1; glutamic acid was mixed with tyrosine and then

Scheme 1. Schematic Illustration of the Formation of N-
GQDs and Their Response to Cu®*
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heated up to 320 °C. During the heating process, the solid
mixture was first transferred into a colorless liquid and then
turned into a yellow solution; eventually, it turned into a red-
brown solution, indicating the formation of N-GQDs. The
well-dispersed GQDs were prepared with no further surface
passivation process. Furthermore, the fluorescence of N-GQDs
could be substantially quenched by Cu?*, which could be
explained by copper-induced self-quenching (Scheme 1).
Characterization of N-GQDs. In Figure 1, the morphol-
ogy and crystal form of the N-GQDs were characterized by
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5 Size(nm) 10 15

Figure 1. (a—c) HRTEM images of the N-GQDs (0.262 nm). (d)
Size distribution of the N-GQDs obtained by DLS.

high-resolution transmission electron microscopy (HRTEM).
The N-GQDs showed thin-film structures with fine mono-
dispersity with an average diameter of 5.0 + 1.3 nm, which was
calculated from over 100 sheets in TEM images. The lattice
spacing of the prepared N-GQDs was measured to be ca. 0.26
nm, which indicates the formation of the graphitic carbon.’”
The hydrodynamic diameter of N-GQDs was measured by
DLS to be 5.1 + 2.0 nm (Figure 1d), which was comparable
with the results obtained from TEM.

A series of experiments have been performed to further
investigate and confirm the structure of N-GQDs. The XRD
patterns were used to validate the graphitic structure of the N-
GQDs. As shown in Figure 2a, a broad peak was detected and
centered at 26 = 20°, which could be corresponding to the
characteristic peak of the turbostratic carbon phase that
matches with the XRD patterns reported in other N-GQDs.*®
XPS was conducted to detect the composition and surface
functional groups in N-GQDs. There were three main peaks at
284.0, 530.4, and 399.2 eV which were attributed to C 1s, O
1s, and N 1s, respectively (Figure 2b). The atomic percentage
of carbon, oxygen, and nitrogen was calculated to be ca. 61.4,
28.5, and 10.2%, respectively, which were the three main
elements in the prepared GQDs. The C 1s spectrum of N-
GQDs (Figure 2c) showed six peaks at 284.4, 285.1, 286.1,
287.8, 288.1, and 288.4 eV, indicating the presence of C=C,
C-C/C-H, C-N/C-OH/=C-NH, C-0-C/N-C=0/
—C=N*, C=0, and —COOH, respectively. The N Is
spectrum of N-GQDs (Figure 2d) presented three peaks at
398.70, 399.40, and 400.35 eV, indicating the presence of
pyridinic, pyrrolic, and graphitic N structure. All these data
from XPS analysis suggested that the C, O, and N atoms were
the major components in the N-GQDs.

In addition, Raman spectroscopy was used for further
identifying the structure of the produced N-GQDs. As
presented in Figure 3A, the spectroscopy showed two
characteristic peaks at ca. 1434 and 1654 cm™, referring to
the typical G bands caused by the vibration of the sp”
hybridization of carbon and D bands attributable to the defect
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Figure 2. (a) XRD patterns of the GQDs. (b) Survey XPS spectra of
the GQDs. (c) High-resolution C 1s spectra of the N-GQDs. (d)
High-resolution N 1s spectra of the N-GQDs.

of the sp® network of N-GQDs.*” Additionally, FTIR spectra
were used to identify the structure variation of tyrosine and
glutamic acid during the formation of N-GQDs in Figure 3B;
comparing the curve of N-GQDs with glutamic acid and
tyrosine, the peak area of N-GQDs that disappeared at ca.
3000 cm ™! indicated that C—H was vanished while the C=C
stretching was formed, which proves the establishment of sp*
hybridization of a carbon network at ca. 1500 cm™". Moreover,
the C=C bending and stretching were found at ca. 850 and
1500 cm™". The broad peak from 3200 to 3500 cm ™" suggested
the emergence of abundant O—H and N—H bonding, and the
strong peak at 1676 cm™' indicated the presence of C=0
structures, which attributed to the existence of carboxylic
groups and amides in N-GQDs. Additionally, the presence of
N-O stretching was shown at 1550 cm™’, and the presence of
C—0 and C—N stretching was found at ca. 1250 cm™". These
active functional groups demonstrate the potential sites for
surface modification.

Optical Properties of the GQDs. The optical properties
of N-GQDs have been investigated to evaluate their potential
in bioimaging. First, under the irradiation of 365 nm ultraviolet
(UV) light, the N-GQDs showed strong green fluorescence,
while the solution of glutamic acid and tyrosine showed no
emission (Figure 4A), suggesting the formation of high-
brightness fluorescent N-GQDs. Both UV—vis absorption and
fluorescence spectra are shown in Figure 4B; the absorption of
N-GQDs showed two obvious peaks in the UV region and a
long tail expanding into the visible region. The first peak was
shown at ca. 230 nm corresponding to the typical peak
reported in other graphene oxide-based nanomaterials."’ The
second peak was exhibited at ca. 276 nm, attributing to the 7 to
7* transitions of aromatic C=C bonds.*" There is a less
obvious shoulder peak shown at ca. 323 nm, which could be
considered as n to 7* transitions’” in the oxygen or nitrogen
functional groups of N-GQDs such as C=0, C—N, or C-0.
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Figure 3. (A) Raman spectrum of the N-GQDs. (B) FTIR spectra of L-glutamic acid (red), tyrosine (blue), and N-GQDs (black).
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Figure 4. (A) Photographs of tyrosine and glutamic acid solution (2)
and N-GQDs (1) excited under 365 nm UV light. (B) UV—vis
absorption spectrum (curve a) and excitation (curve b) and emission
spectra (curve c) of N-GQDs. 4, = 460 nm; 4., = 522 nm. (C)
Fluorescence emission spectra of N-GQDs with the excitation
wavelength set from 370 to 560 nm. (D) Normalized spectra in (C).

A strong fluorescence peak appeared at 522 nm at an excitation
wavelength of 460 nm. Moreover, the emission of N-GQDs
exhibited a similar excitation-dependent behavior, and the
emission peak shifted from 478 to 604 nm as the excitation
wavelength varied from 370 to 560 nm.

Photostability and the pH Effect. The photostability and
pH effect of N-GQDs were also investigated. As shown in
Figure 5A, the fluorescence intensity of N-GQDs and FITC
versus time curves were recorded. Both variation tendencies of
the fluorescence intensity of N-GQDs and FITC decreased
during the whole irradiation time, although there was mild
fluorescence intensity enhancement, which could be attributed
to the unstable intensity of the excitation laser during the long-
time irradiation. In comparison with organic dyes like FITC,
the fluorescence of N-GQDs showed superior capability
against photobleaching. The fluorescence intensity of FITC
was weakened about 40%, but the fluorescence intensity of N-

27337

GQDs was only quenched about 10% under the same
irradiation time. This superior photostability offers the
prepared N-GQDs possibilities in long-term bioimaging.
Additionally, the effect of pH on the fluorescence intensity
was also studied. The emission fluorescence intensity gradually
increased as the pH increased until it reached to the highest
value at pH 10, which demonstrates the excellent stability of
N-GQDs in a high basic condition. The fluorescence intensity
of N-GQDs is relatively high and stable from pH 5 to pH 9,
which covers most of the physiological environment
applications. The fluorescence intensity of N-GQDs started
to reduce as the pH is over 10. Furthermore, the zeta potential
of N-GQDs was also another discussion on stability. Figure SC
shows that the value varied from +3.43 to —22.8 mV as the pH
enhanced from 3 to 12. The variation is due to the protonation
and deprotonation of multiple functional groups such as
carboxylic and amide groups. Those active functional groups
could be associated with biomolecules, aptamers, or antibodies
according to different purposes.

Fluorescence Stability of N-GQDs on Metal lons.
Besides the photostability and effects of pH, the impact of
metal jons on fluorescence intensity has also been investigated.
In Figure 6, it is shown that the fluorescence of N-GQDs could
be significantly quenched by Cu®* instead of other metal ions,
which provide a new direction as a copper sensing probe. N-
GQDs were incubated with each kind of metal ion at a
concentration of 20 pM. The fluorescence intensity was
significantly reduced after being mixed with Cu**, which could
be explained by the chelating interactions of N-GQDs and
Cu®* to cause aggregation-induced self-quenching,.

Feasibility Investigation of Cu®* Detection. To further
confirm the feasibility and mechanism of Cu** detection, the
variation of absorption and fluorescence before and after
adding Cu*" was compared and is shown in Figure 7A,B. In the
absorption spectrum of N-GQDs (black), the peak showed a
strong absorption at ca. 230 nm, which confirmed the
structure. After the addition of Cu®', the absorption peak
was significantly reduced. Figure 7B shows that the
aggregation-induced self-quenching reduced 61% intensity of
N-GQDs in the presence of Cu®*. Therefore, the detection
mechanism of N-GQDs could be explained by the aggregation-
induced self-quenching. We also compared the aggregated N-
GQDs with well-dispersed N-GQDs in the HRTEM images. In
Figure 7C, the images of N-GQDs without the addition of
Cu®" showed a well-dispersed single layer, but a significant
aggregation was observed after the addition of Cu®* as shown
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Figure 6. Effects of Cu® (20 uM) and other metal ions (20 uM) on
the fluorescence intensity ratio of F/F,. F and F, refer to the
fluorescence intensity of N-GQDs with and without the addition of
each metal ion, respectively. 4., = 460 nm and A, = 522 nm.

in Figure 7d, which confirmed the proposed theory of
aggregation-induced fluorescence quenching in Scheme 1.
Detection of Cu?*. The optimal conditions were
investigated in three perspectives, including the concentration
of N-GQDs, pH, and reaction time. First, the reaction time
needs to be optimized first to ensure that the reaction is
completed. Figure 8A shows that the treatment of N-GQDs
and Cu?* was controlled under different reaction times, and the
fluorescence intensity was recorded as F. The concentration of
N-GQDs in the control group with no Cu®* was recorded as
F,. The ratio of F to F, could be used to evaluate the reaction
process. In the beginning, it decreased fast, indicating that the
reaction is happening. After 15 min, the slope gradually
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Figure 7. (A) Absorption spectra of N-GQDs (black) and N-GQDs
added with Cu** (red). (B) Fluorescence spectra of N-GQDs (black)
and N-GQDs added with Cu** (red). (C) HRTEM images of the N-
GQDs in the absence of Cu** (0 uM). (D) HRTEM images of the N-
GQDs in the presence of Cu** (150 uM).

reached plateau, indicating that the reaction between Cu?" and
N-GQDs was finished. Therefore, the reaction time was fixed
down to 1S5 min for the following experiments. Second, the
concentrations of N-GQDs were also a critical factor to
influence the sensitivity; a series of different concentrations of
N-GQDs were mixed with 40 uM Cu** in 20 mM HEPES at
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Figure 9. (A) Fluorescence spectra of N-GQDs incubated with different concentrations of Cu** in 20 mM HEPES (pH 8.0). (B) Plot of the
fluorescence intensity variation AF vs the concentrations of Cu®*. The inset graph in (B) showed the calibration curve of the N-GQDs for Cu**
detection. A, = 460 nm and A, = 522 nm. Fy and F represent the fluorescence intensity of GQDs in the absence and presence of Cu**, respectively.

pH 7. In Figure 8B, the ratio (F/F,) showed a minimum value
at a concentration of 0.5 mg/mL of GQDs, which is the
optimal concentration of N-GQDs to detect Cu*".

Third, the fluorescence intensity of these newly prepared N-
GQDs was influence by pH; therefore, as a newly developed
copper sensing fluorescent probe, the pH condition of each
measurement was required to be seriously controlled, which
means that all the experiments were performed under one
optimal condition. In this project, HEPES buffer was used to
seriously control the pH condition under each measurement.
Based on the mechanism of this GQD-based copper sensor,
their chelating interactions with Cu®" led to the aggregation

27339

and significant fluorescence quenching. The optimal pH
condition should cause the highest fluorescence intensity
variation, corresponding to the strongest energy transfer. The
optimal pH was investigated by mixing N-GQDs and Cu*" in a
series of different pH conditions. The best detection
performance was at pH 8. Accordingly, pH 8 was chosen as
the optimal pH for analysis.

In summary, the developed N-GQDs could be used to
selectively detect Cu®* under the optimized conditions (0.50
mg/mL in 20 mM HEPES buffer, pH = 8.0, and 15 min
reaction time). As shown in Figure 9A, the fluorescence
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intensity of N-GQDs decreased as the concentration of Cu®*
enhanced.

The fluorescence variation showed a concentration-reliant
manner, which is shown in Figure 9B. The curve showed the
relationship between the fluorescence variation (AF = F, — F)
and the concentration of Cu®* (F, and F represent the
fluorescence intensity of N-GQDs in the absence and presence
of Cu®, respectively). The dynamic range of the N-GQD-
based copper sensor was from 0 to 160 M with the linear
range from 0.1 to 10 uM (inset of Figure 9B). The calibration
curve showed a linear regression with the equation AF =
101.5C + 42.07 and a correlation coefficient of 0.9926, where
C represents the concentration of Cu**. The limit of detection
(LOD) for selective detection of Cu®* was calculated to be 60
nM based on the slope of the equation (36/s), where o is the
standard deviation of three blank signals and s is the slope of
the calibration curve. Table 2 shows the comparison of this

Table 2. Comparison of the Proposed Fluorometric Method
on Divalent Copper Cations with Other Methods

sensing target LOD linear range method references

Au nanoparticles 1.52 uM 2—468 uM colorimetric 43

silver 0.71 uM 0-28 uM fluorometric 44
nanoclusters

polymer 0.577 yM 0—100 uM fluorometric 45
nanoparticles

GQDs 0226 yM 0—15 uM fluorometric 46

this work 0.06 uM 0.1-10 uM fluorometric  this work

work with other methods, and the detection limit of this N-
GQD-based sensing system of Cu’* is lower than the reported
methods (Table 2), which could be explained by the excellent
chelating efficiency between carboxyl-functionalized N-GQDs
and divalent copper cations. Therefore, compared with other
divalent copper cation sensing probes, the prepared N-GQDs
were fabricated with two natural amino acids with a low-cost
superficial synthesis method, which could be applied in Cu**
detection in an aqueous environment.

In Vitro Fluorescence Imaging and Copper lon Effect
in Cell Imaging. Previous experiments demonstrated the
superior fluorescence properties of the prepared N-GQDs.
Therefore, the N-GQDs were further evaluated in vitro. One
cancer cell line and one normal cell line, including mouse
leukemic macrophage cell line (RAW 264.7) and human
embryonal kidney cell line (293FT), were chosen for their fast
growing and easy proliferation. First, the biocompatibility of
the N-GQDs was tested. As discussed in the experimental part,
the MTT assay was performed to investigate the toxicity of N-
GQDs after being incubated for 24 h. In Figure 10, both cell
lines showed high viability from the highest concentration of
10.0 mg/mL to the lowest concentration of 0.01 yg/mL. There
was no significant difference between the control and other
treated groups (*p < 0.05), suggesting superior biocompati-
bility.

The excellent biocompatibility ensures N-GQDs their
potential for in vitro applications. Given that the previous
experiments confirmed this sensing system’s feasibility in an
aqueous buffer environment, we expanded and continued to
test feasibility in the cell environment. The prepared N-GQDs
were incubated with RAW 264.7 cells in 10 mM PBS buffer to
introduce them via endocytosis. Meanwhile, copper ions were
added under the same condition. After incubation for 1 h, the
cells were washed with PBS buffer to remove free N-GQDs left
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Figure 10. Cell viability of RAW 264.7 cells (A) and 293FT cells (B)
after being treated with different concentrations of N-GQDs for 24 h.

on the cell surface. In Figure 11A, the cells stained with DAPI
confirmed the cell position (strong blue fluorescence). The
green color spot localized in the cells is the fluorescence signal
of N-GQDs, which emitted strong green on excitation at 458
nm. The confocal fluorescence images of RAW 264.7 cells with
the addition of different concentrations of Cu*" are presented
in different columns, respectively. With the concentrations of
Cu?* enhanced, the fluorescence of N-GQD intensity reduced,
indicating the potential of monitoring intracellular Cu*" level
variations in cells. Besides, the fluorescence images without
Cu®* treatment demonstrated that N-GQDs easily penetrate
the cells through endocytosis and emit strong fluorescence to
serve as fluorescence imaging agents. In Figure 11B, the
fluorescence intensities of N-GQDs in the images were
quantitatively measured, and the fluorescence intensity in
cells decreased as the concentration of Cu** enhanced from 0
to 200 M, indicating the potential to monitor the Cu®* level
in cells.

Application in a Diluted Serum Sample. To evaluate
the feasibility of N-GQDs in a serum environment, FBS
samples were first spiked with two different concentrations of
Cu®* (4 and 8 uM) and then detected by fluorometry and
graphite furnace atomic absorption spectroscopy. The spike
recovery results from these two methods are shown in Table 3.
Both the fluorometric and GFAAS methods showed decent
recoveries; the recoveries of all samples from the fluorometric
assay were 101 and 102% at those two different concentrations,
respectively, suggesting that these newly developed N-GQDs
have the potential for the detection of Cu*" in living cells.
Besides, compared with the GFAAS method, the fluorometric
method is fast to detection and easy to operate.

B CONCLUSIONS

In summary, we have fabricated strong green emission N-
GQDs with glutamic acid and tyrosine as the carbon source
under one-pot synthesis. The prepared N-GQDs showed
superior photostability and biocompatibility to serve as
bioimaging agents. Moreover, the fluorescence signal of these
newly developed N-GQDs was proportional to the concen-
tration of Cu®*, which could be explained by chelation-induced
fluorescence quenching between carboxylic groups and Cu**.
The sensing probe showed the linear range from 0.1 to 10 uM
Cu®* and a LOD of 60 nM. Compared with other GQD-based
copper sensors, the routine of these newly developed GQDs
was fast and superficial. Instead of using some expensive
organic complicated precursors, this method chose two amino
acids. This simple and low-technique method was suitable for
large-scale production for commercialization. In addition, the
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Figure 11. (A) Confocal fluorescence images of RAW 264.7 cells incubated with N-GQDs at different concentrations of Cu®*, including 0, 100, and
200 yM. The nucleus was counterstained with DAPI (blue). The green fluorescence was from N-GQDs. (B) The fluorescence intensity of N-
GQDs in cells was quantified by Image] software. (***p < 0.001 and **p < 0.01).

Table 3. Spike Recovery Level of GFAAS and Fluorometric
Methods for Cu®* Detection in FBS (n = 3)

recovery of this

methods samples  spiked detected method (%)
fluorometric FBS 40 uM  4.03 + 0.19 (uM) 101 + 4.7
FBS 80uM 793 + 107 (uM) 102 + 4.9

GFAAS FBS 4.0 uM 4.17 + 021 (uM) 104 +£ 5.3
FBS  80uM  7.91 = 021 (uM) 99 + 2.6

N-GQDs also showed significant fluorescence response to
Cu®" in serum and living cells, demonstrating their potential to

apply in biomedical studies.
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