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ABSTRACT A new type of carbon dots (CD-Asp) with targeting function
toward brain cancer glioma was synthesized via a straightforward pyrolysis route
by using p-glucose and L-aspartic acid as starting materials. The as-prepared (D-
Asp exhibits not only excellent biocompatibility and tunable full-color emission,
but also significant capability of targeting (6 glioma cells without the aid of any
extra targeting molecules. In vivo fluorescence images showed high-contrast
biodistribution of (D-Asp 15 min after tail vein injection. A much stronger

fluorescent signal was detected in the glioma site than that in normal brain,

indicating their ability to freely penetrate the blood—brain barrier and precisely
targeting glioma tissue. However, its counterparts, the (Ds synthesized from p-glucose (CD-G), -asparic acid (CD-A), or p-glucose and L-glutamic acid
(CD-Glu) have no or low selectivity for glioma. Therefore, (D-Asp could act as a fluorescence imaging and targeting agent for noninvasive glioma diagnosis.
This work highlights the potential application of CDs for constructing an intelligent nanomedicine with integration of diagnostic, targeting, and therapeutic
functions.
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entral nervous system (CNS) tumors
C are a crucial cause of morbidity and

mortality worldwide. Among them,
gliomas are the most common and lethal
primary brain tumor in humans.! Thus, ac-
curately imaging the glioma cells is urgent
for the early diagnosis and effective treat-
ment of brain glioma. Recent research has
witnessed that fluorescence imaging tech-
niques are effectively used to detect tumor
cells due to their numerous merits, for in-
stance, high sensitivity, high contrast, and
controllable targeting.? At present, the emer-
gence of fluorescent semiconductor nano-
crystals (quantum dots, QDs) opens a new
avenue for fluorescence imaging technol-
ogy due to their significant advantages such
as tiny size, tunable color, and high photo-
luminescence quantum yield (PL QY).3~7
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However, the intrinsic toxicity of QDs se-
verely limits their practical applications in
biomedical fields.* An extra nontoxic shell
(silica or PEG) is necessary to lower the
toxicity. More important is that targeting
molecules (transferrin antibody or receptor)
need to be tied on the surface of QDs in
order to concentrate the fluorescent agent
in the tumor site and enhance the imaging
contrast2~'2 That is a burdensome process
to obtain an excellent diagnosis agent to
achieve an early diagnosis of tumor. Thus, it
is highly desired to synthesize a nontoxic,
highly biocompatible, and fluorescent
agent combined with a targeting function
in a simple route to achieve effective diag-
nosis of tumor even at an early stage.
Photoluminescent carbon dots (CDs)
have attracted ever-increasing interest due
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to their alluring properties such as excellent biocom-
patibility, water solubility, good cell membrane per-
meability, high photostability, and tunable surface
functional groups.”>~?° Many reports have demon-
strated that they can serve as nontoxic substitutes for
traditional heavy-metal-based QDs.>' ~2° Thus, CDs are
good candidates for fluorescence bioimaging.?®=*' In
our previous report, CDs were used as a bioimaging
agent and universal scaffold attached with extra ther-
apeutic agents for the personal customized nano-
medicine.** However, tethering the targeting mole-
cules onto the CDs still remains a great challenging for
constructing a perfect “smart” theranostic agent, which
is a multiple functional platform integrating imaging,
targeting, and therapeutic functions.

In the present work, novel fluorescent CD-Asp with
self-targeting ability were synthesized via a simple
thermolysis route by using p-glucose and L-aspartic
acid as starting materials. The as-prepared CD-Asp not
only exhibit tunable full-color emission but also show
high selectivity and enrichment in brain C6 glioma cells
without the aid of any extra targeting molecules. When
CD-Asp were injected through the mouse tail vein,
in vivo fluorescence images showed high contrast
biodistribution of CD-Asp 15 min after injection. This
indicates that CD-Asp have both bioimaging and
targeting functions toward C6 glioma cells in vitro.
A much stronger fluorescent signal was detected in
the glioma site than that in normal brain, further con-
firming their ability to freely penetrate the blood—brain
barrier (BBB) and precisely target glioma tissue. By
contrast, other kinds of CDs (CD-G, CD-A, and CD-Glu)
exhibit no or low selectivity for gliomas. This work
demonstrates that CD-Asp could act as a fluorescence
imaging and targeting agent for noninvasive glioma
diagnosis.

RESULTS AND DISCUSSION

As is typical, CD-Asp was prepared with an equal
molar mixture of p-glucose and L-aspartic acid (L.-Asp) in
a 1.0 mol/L NaOH aqueous solution at 200 °C for 20 min
(see the Supporting Information for the detailed pre-
paration process). The as-prepared CD-Asp dispersion
remains clear and homogeneous at room temperature
over a few months. Figure 1a shows the transmission
electron microscopy (TEM) images of CD-Asp, which
were drop-cast from the water dispersion on a carbon-
coated copper grid. The images show that CD-Asp has
a uniform diameter of 2.28 + 0.42 nm (Figure 1A). High-
resolution TEM (HR-TEM) images illustrate that most
CD-Asp have well-resolved lattice structures with a
d spacing value of 0.21 nm (Figure 1B and C), in
agreement with the basal spacing of graphite. The fast
Fourier transform (FFT) pattern of the representative
CD-Asp is inset in the corresponding HR-TEM image
(Figure 1D), and the observed hexagonal lattice in the
FFT images reveals that the CD-Asp are crystalline
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hexagonal structures. The X-ray diffraction (XRD) pat-
terns of the CD-Asp were obtained to identify their
crystalline nature, as shown in Figure S1; two broad
diffraction peaks centered at 26 = 29.7° and 42.2°,
showing d spacings of 0.30 and 0.21 nm, respectively,
are attributed to the graphite lattice spacings of
(002) and (100). This further confirms the crystalline
graphite-like structure of as-prepared CD-Asp. Atomic
force microscopy (AFM) images (Figure 1E) show that
the as-prepared CD-Asp can highly disperse in water
and remain as individual particles. The height profile
along the line cut reveals that the height of CD-Asp is
0.4 to 1.4 nm, suggesting that there are 1—4 layers
of graphene sheets based on 0.34 nm of single-layer
graphene thickness.

The full-scan X-ray photoelectron spectroscopy
(XPS) spectrum of CD-Asp is shown in Figure S2. Three
peaks at 284.6, 399.4, and 530.9 eV are attributed to C
1s,N 1s,and O 1s XPS characteristic peaks, respectively.
The ratio of N/C is 0.03, indicating a small amount of N
atoms are doped into CD-Asp. The high-resolution XPS
spectra of C 1s (Figure 2A) can be well deconvolved
into three components, corresponding to sp? C atoms
in C=C/C—C at a binding energy of 284.6 eV, sp’
carbons in C—N/C—0 at 285.9 eV, and a carboxyl group
(CO,H) at 288.6 eV. The high-resolution N 1s XPS
spectra of CD-Asp (Figure 2B) reveal the presence of
secondary amine (399.5 eV) and pyrrolic N (400.2 eV)
atoms, further confirming the incorporation of N atoms
in CD-Asp. Fourier transform infrared (FT-IR) spectra
were used to identify the surface functional groups
present on the CD-Asp surface. As shown in Figure S3,
the vibration bands at 1389, 1582, and 3383 cm™'
demonstrated the presence of the respective aromatic
amine and the aromatic skeleton of C=C, hydroxyl, and
carboxyl groups, respectively. A negative zeta potential
(Table S1, —22.8 mV) of the CD-Asp was recorded in
aqueous solution, corroborating the presence of a lot
of carboxylic groups on their surface. The hydrophilic
groups facilitate dispersing of CD-Asp in aqueous
solution. Two wide absorption bands at 277 and
332 nm were observed in the UV—vis absorption spec-
trum (Figure S4) of CD-Asp, which originated from the
m—s* transition of multiple polyaromatic chromo-
phores and the n—z* transition of carbonyl groups,
respectively. It is worth mentioning that CD-Asp exhibit
concentration-dependent luminescence behaviors;
at a concentration of 0.02 mg/mL, the maximum PL
intensity was observed under an excitation of 380 nm
(Figure 2D) with the absolute fluorescence quantum
yield of 7.5%, and with an increase in the concentration
from 0.1 mg/mL to 0.4 mg/mL, the maximum excita-
tion wavelength is red-shifted from 380 nm to 460 nm
(Figure S5, Figure 2C and D), with the highest emission
wavelength shifting from 465 nm to 550 nm. The
longer excitation/emission wavelength could endow
CD-Asp with the ability to be detected when they
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Figure 1. (A) Transmission electron microscopy (TEM) images of CD-Asp. The inset image is the diameter distribution of CD-
Asp. (B) High-resolution TEM image of CD-Asp. (C and D) Highlighted areas of B. The inset in D is the fast Fourier transform
pattern, which shows crystalline hexagonal structures of CD-Asp. (E) AFM image of CD-Asp. The inset is the height profile

along the line in E.

penetrate into deeper tissues. Moreover, the excita-
tion-dependent feature was found for each concentra-
tion of CD-Asp, which is similar to those of previously
reported carbon nanoparticles.**~*> Taking 0.2 mg/mL
of CD-Asp as an example, the emission band shifts from
475 nm to 635 nm with an increase of excitation
wavelength from 340 nm to 600 nm (Figure S5D); the
gorgeous characteristics of continuous excitation-
dependent full-color emission endows CD-Asp with
optical bioimaging ability.

The cytotoxicity of CD-Asp was measured to make
sure that as-synthesized CD-Asp possess low cyto-
toxicity and are suitable for biological applications.
Cellular biocompatibility experiments were conducted
by using the MTT method with C6 glioma and non-
cancerous cells (L929 mouse fibroblast cells) as test cell
lines. As shown in Figure S6A, in contrast with the
control group, all of the survival rates of the cells exceed
~75% after incubation with CD-Asp for 48 h at six dif-
ferent concentrations (10 to 500 ug/mL). These results
indicate that CD-Asp do not obviously inhibit the pro-
liferation of the cells, confirming that CD-Asp are suita-
ble for biomedical applications. Laser confocal scanning
microscopy (LCSM) was used to further demonstrate the
biomedical applications of CD-Asp, and the in vitro cell
imaging of CD-Asp is shown in Figure S6B—E. After
incubation with CD-Asp for 1 h, the cell-internalized
CD-Asp can emit intense blue, green, and red colors
under excitation at 405, 488, and 555 nm, respectively.
CD-Asp can label the areas of membrane and cyto-
plasm of C6 cells without photobleaching, as observed
in the LCSM study. The good biocompatibility, broad
tunability, and remarkably high photostability are ex-
tremely beneficial for bioimaging and detection.

To demonstrate the selectivity of CD-Asp toward C6
cells, LCSM imaging was conducted on C6 and L929
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Figure 2. (A) High-resolution C 1s XPS. (B) High-resolution
N 1s XPS spectra of the CD-Asp. (C) Photoluminescent
spectra of CD-Asp (0.35 mg/mL) under different excitation
wavelengths. (D) Dependence of the maximum excitation
wavelengths and maximum emission wavelengths on the
concentration of CD-Asp.

cells that were cultivated with 2 mg/mL of CD-Asp for
1 h, respectively. As shown in Figure 3A—C and E—G,
the mean fluorescence intensity of C6 cells is much
stronger than that of L929 cells, indicating more uptake
of CD-Asp by C6 cells than that by noncancerous L929
cells and the selectivity of CD-Asp toward cancerous C6
cells. In order to further quantify CD-Asp selectivity on
each cell line, flow cytometry was used to measure the
fluorescence intensities of C6 and L929 cells treated
with CD-Asp. As shown in Figure 3D and H, the
endocytosis rate of CD-Asp in C6 and L929 cells is
72.5% and 34%, respectively, in agreement with the
LCSM results and further confirming the high selec-
tivity of CD-Asp toward C6 cells. Therefore, CD-Asp
can serve as a promising highly fluorescent imag-
ing agent with promising targeting properties on C6
glioma cells.
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In order to investigate the selectivity of CD-Asp
toward C6 cells, the internalization of CD-Asp by C6
and L929 cells was carried out at 37 and 4 °C, respec-
tively. As shown in Figure 3I1—M, upon incubation with
CD-Asp at 37 °C for 1 h, the C6 cells became bright
green under excitation at 488 nm (mean fluorescence
intensity: 226.0); however, relatively faint fluorescence
(mean fluorescence intensity: 81.5) was observed in the
case of C6 cells incubated with CD-Asp at 4 °C (Figure 3|
and J), indicating that CD-Asp were mainly taken up
by C6 cells through energy-dependent endocytosis,
which is consistent with the previous work.*® However,
the mean fluorescence intensity difference of the L929

Figure 3. LSCM images of C6 (A—C) and L929 (E—G) cell
lines pretreated with CD-Asp for 1 h at 37 °C, under
excitation of 405, 488, and 555 nm. The scale bar is 20 um.
Flow cytometric profiles of C6 (D) and L929 (H) cells treated
with CD-Asp for 1 h. LCSM images of C6 cells labeled with
CD-Asp at 37 °C (I) and 4 °C (J) and L929 cells labeled with
CD-Asp at 37 °C (K) and 4 °C (L) under 488 nm excitation,
respectively. The scale bar is 20 um. (M) mean fluorescence
intensities of |, J, K, and L were calculated using Image-Pro
Plus 6.0 software.

cell line between 37 °C (76.2) and 4 °C (63.7) was not
statistically significant (Figure 3K and L), which means
that a greater fraction of CD-Asp is translocated
into L929 cells via a passive transport process, which
requires less energy. Furthermore, in order to investi-
gate possible factors that determine the selectivity of
CD-Asp toward C6 cells, the CDs were synthesized from
p-glucose (CD-G, Figure S7) and t-Asp (CD-A, Figure S8)
individually, instead of their 1:1 mixture, and the
uptake of CD-G and CD-A by C6 and L929 cells was
conducted under the same conditions as used for CD-
Asp. Consequently, almost no difference between C6
and L929 cells was observed (Figure SOA—D), indicat-
ing that these CDs do not have a targeting ability
toward C6 cells. L-Glutamic acid (L-Glu), which differs
from L-Asp in just one methyl group, along with
glucose, was used to prepare CD-Glu (see Supporting
Information, Figure S10) in the same conditions, and
the uptake of CD-Glu by C6 and L929 cells was con-
ducted. No difference was found between C6 and L929
cells (Figure S9E and F). This result indicates that CD-
Glu do not show the ability of targeting C6 cells either.
Although glutamic acid and L-Asp differ by only one
methyl group, the CDs made from them gave distinct
results.

In vivo imaging of orthotopic C6 glioma-bearing
mice was conducted by using an in vivo imaging
system (IVIS Spectrum, Caliper, USA). As shown in
Figure 4A, CD-Asp could accumulate in the brain site
5 min after the injection from the tail vein, indicating
that CD-Asp could easily pass through the BBB and
reach the brain tissue. The highest fluorescent intensity
was observed at 15 min and then decreased gradually
with increasing time, indicating that CD-Asp could
enrich at the glioma with systemic elimination. Three
dimensional (3D) reconstruction imaging was performed

A

30 min 45 min 90 min l

Figure 4. In vivo and ex vivo imaging of glioma-bearing mice after tail intravenous injection of CD-Asp. (A) Whole body
distribution of CD-Asp as a function of time after injection. (B) Three-dimensional reconstruction of CD-Asp distribution in the
brain 20 min after injection. (C) Ex vivo imaging of the brain 90 min after the injection of CD-Asp.
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Figure 5. In vivo and ex vivo imaging of CD-Asp, CD-G, CD-A, and CD-Glu treated glioma-bearing mice. (A) In vivo imaging of
glioma-bearing mice at different time points after injection with CD-Asp, CD-G, CD-A, and CD-Glu. (B) Ex vivo imaging of
glioma-bearing brain. (C) Semiquantitative fluorescent intensity of brain and glioma. (D) G/N ratio of CD-Asp, CD-G, CD-A,
and CD-Glu groups. (E) Ex vivo imaging of normal tissues 24 h after the injection of CD-Asp, CD-G, CD-A, and CD-Glu.
(F) Semiquantitative fluorescent intensity of heart, liver, spleen, lung, and kidney.

20 min after injection; the result (Figure 4B) showed the
fluorescent intensity in the glioma site was much
stronger than that in normal brain issue, confirming
that CD-Asp could localize in the glioma site. In addi-
tion, ex vivo imaging (Figure 4C) of the brain further
confirms that CD-Asp target on the glioma site. For
comparison, CD-Asp, CD-G, CD-A, and CD-Glu were
intravenously (i.v.) injected into mice through the tail
vein at an equivalent dose of 200 mg/kg, respectively.
Then the fluorescent distribution in the whole body
was detected through an in vivo imaging system at
different time points: 0.5, 1, 2, 4, 6, and 24 h. As shown
in Figure 5A, B, and C, although CD-Asp, CD-G, CD-A,
and CD-Glu could distribute into the brain site, the
intensity of mice injected with CD-Asp was much
higher than that of the other three groups. The glioma/
normal brain ratio (G/N ratio) (Figure 5D) was used to
directly compare the glioma targeting efficiency of CD-
Asp, CD-G, CD-A, and CD-Glu. The G/N ratio for
CD-Asp, CD-G, CD-A, and CD-Glu group is 1.42, 0.91,
0.86, and 0.88, indicating that only CD-Asp exhibit
obvious glioma-targeting efficiency. These results are
consistent with the previous LSCM experiments. Tak-
ing targeting selectivity of CD-Asp toward C6 cells into
consideration, it is deduced that the CD-Asp can target
glioma sites and act as a fluorescence imaging agent
for glioma diagnosis. The fluorescence intensities of
normal organs (Figure 5E) follow the order kidney >
liver > lung > spleen > heart. There was no obvious
difference among CD-Asp, CD-G, and CD-A in the distri-
bution in normal tissues, indicating that the targeting
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Glioma

Figure 6. Distribution of CD-Asp in glioma, the hippocam-
pus, and the cortical layer 24 h after injection. Green
represents CD-Asp; blue represents nuclei.

function of CD-Asp did not elevate the distribution of
CDs in the normal tissues.

In order to further elucidate the distribution of
CD-Asp in different tissues, tissue slices were prepared
and subjected to fluorescence microscopy. As shown
in Figure 6, CD-Asp displayed much higher localization
in glioma than that in the cortical layer and hippocam-
pus of the brain, indicating CD-Asp could target glioma
rather than normal brain tissues. Therefore, CD-Asp
could be used as a glioma-targeting imaging agent
with low toxicity to normal brain. The distributions
of CD-G, CD-A, and CD-Glu in glioma are shown
in Figure S11, and the result proves that CD-G and
CD-Glu have much weaker targeting ability than that of
CD-Asp, while CD-A has no targeting ability. Generally,
transporter- and receptor-mediated transports are two
major mechanisms by which various agents can cross
the BBB.*” Glucose transporter (GLUT-1) is found in
high density on the BBB* and brain tumors,*® conferring
a brain-tumor-targeting property through facilitative
glucose metabolism by the glucose transporters.>® On
the other hand, ASCT2 is an important L-isomer-selective
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transporter across the BBB for L.-glutamine and L-aspar-
agine as high-affinity substrates.”’ In the present work,
all these CDs prepared from glucose, L-Asp, and/or
L-Glu should contain the same reactant functional
groups (glucose, L-ASP, L-Glu), which help these CDs
go across the BBB through the GLUT-1 and ACT2
transporters. That is why fluorescent imaging in the
brain sites was observed for these CDs. As known, RGD,
a tripeptide composed of L-arginine, glycine, and
L-aspartic acid, is a common glioma-targeting agent
that binds to ayfs integrin on immature endothelial
cells.>*>3 Recently, Fu et al. reported Asp; also pos-
sesses a targeting function on bone cells.>* On the
other hand, glucose has been used to conjugate with
photosensitizer to selectively target glioma cells of arat
model.>>>® In our present work, we speculate about
the targeting function of CD-Asp, which may originate
from the formation of RGD-like functional groups on
the CD's edge in the preparation of CDs from p-glucose
and L-Asp. RGD-like groups result in high glioma
targeting efficiency of CD-Asp. A more detailed
mechanism is still under research.

In summary, CD-Asp were synthesized by a simple
and facile thermolysis method with p-glucose and
L-aspartic acid as starting materials. The as-synthesized
CD-Asp exhibit high biocompatibility and continuous
full-color emission. In vitro experiments indicated that
CD-Asp have high selectivity and targeting ability
toward C6 glioma cells. An in vivo imaging study
further confirms that CD-Asp can localize into glioma
sites with much higher intensity than normal brain
tissue, indicating that CD-Asp can be used as a targeted
fluorescence imaging agent of brain glioma. This work
demonstrated that CDs could be used as a platform for
constructing an intelligent nanomedicine with integra-
tion of diagnostic, targeting, and therapeutic functions.
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