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Abstract

Fluorescent carbon dots (small carbon nanoparticles with the surface passivated by oligomeric PEG
molecules) were evaluated for their cytotoxicity and in vivo toxicity and also for their optical imaging
performance in reference to that of the commercially supplied CdSe/ZnS quantum dots. The results
suggested that the carbon dots were biocompatible, and their performance as fluorescence imaging
agents was competitive. The implication to the use of carbon dots for in vitro and in vivo applications
is discussed.
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Introduction

Fluorescent nanoparticles, primarily semiconductor quantum dots (QDs), have attracted much
recent attention for a variety of purposes and applications, especially for their potential uses
as optical imaging agents.1~3 Among extensively investigated and currently well-established
QDs are those based on cadmium selenide (CdSe) in various particle sizes, and their core-shell
configurations (CdSe/ZnS in particular) for improved performance. These QDs are widely
considered as being more advantageous over conventional organic dyes as well as genetically
engineered fluorescent proteins in terms of the optical brightness and thus imaging sensitivity,
photostability, resistance to metabolic degradation, etc.4 For example, CdSe/ZnS QDs have
been demonstrated for superior performance in a number of in vitro and in vivo optical imaging
experiments.1=" As widely acknowledged, however, a major issue for the QDs containing
cadmium or other heavy metals is toxicity. There are existing data suggesting that these QDs
are toxic to vertebrate systems at relatively low concentrations,8~11 with risks for their
accumulation in organs and tissues.11~1° It was also reported recently that the QDs could induce
acute toxicity and prothrombotic effect in mice.10:11

The search for benign (nontoxic) alternative QD-like fluorescent nanomaterials has continued.
Of particular interest and significance was the recent finding that small carbon nanoparticles
could be surface-passivated by organic or bio-molecules to become strongly fluorescent in the
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visible and near-infrared spectral regions.16 These surface-functionalized carbon nanoparticles
(dubbed “carbon dots”, Figure 1) were found to be physicochemically and photochemically
stable and non-blinking, thus different from the semiconductor QDs.16=21 Carbon dots (C-
Dots) also exhibited very high two-photon absorption cross-sections, enabling fluorescence
imaging with both one- and two-photon excitations on the same platform.22 There is growing
evidence suggesting that C-Dots represent an emerging new class of QD-like fluorescent
nanomaterials for applications in optical bioimaging23 and beyond.

Carbon has generally not been considered as a toxic element, hardly in the same category as
cadmium and other heavy metals discussed above. However, for the specific material
configurations and structures found in C-Dots, there are legitimate concerns on their
biocompatibility in vitro and in vivo, especially in light of the recent results and controversies
on the toxicity issues of fullerenes and carbon nanotubes.24:25

Here we report results from in vitro and in vivo evaluations confirming that C-Dots are indeed
nontoxic, and also results from optical imaging in terms of fluorescence microscopy suggesting
that C-Dots are competitive in performance to the well-developed (commercially available)
CdSe/zZnS QDs.

Results and Discussion

The C-Dots (small carbon nanoparticles surface-passivated by PEGq500n, Figure 1) were
prepared in slightly modified procedures reported previously.16:22 For the same C-Dots with
the carbon core significantly enriched with 13C (denoted as 13C-Dots), a carbon target from a
mixture of 13C powder and graphite cement was laser-ablated to yield the 13C-enriched carbon
nanoparticles,18 for which the same surface passivation chemistry with PEG500y Was used to
produce the 13C-Dots. TEM and AFM (Figure 1) results suggested that the C-Dots and 13C-
Dots were around 4-5 nm in average diameters, similar to those reported previously.16:22

These PEGylated (with PEG500n) C-Dots were found to be strongly fluorescent both in
aqueous solution (quantum yield about 20% at 440 nm excitation) and on a substrate under
single dot-like conditions (via infinite dilution in the preparation of specimens for optical
imaging since C-Dots were known to be non-blinking16). As shown in Figure 2, the green
fluorescence images of individual C-Dots were generally bright, comparable to those of the
commercially supplied CdSe/ZnS QDs (aqueous compatible Qdot® 525 ITK™ amino (PEG)
QDs from Invitrogen) under the same excitation, detection, and other instrumental conditions.
In a more statistically meaningful calibration for the fluorescence brightness of C-Dots against
that of the CdSe/ZnS QDs, all dots (fluorescent spots) in multiple images of each sample were
sorted in terms of their relative intensities, amounted to about 1,200 dots for each sample
(Figure 2). The brightness distributions of the two samples thus obtained, while not different
in any substantial fashion, suggested that the C-Dots sample was less homogenous in terms of
fluorescence brightness at the individual dot level. However, it should be cautioned that the
observed brightness variation might also be subject to effects from some measurement issues,
such as some dots being slightly out of the focal plane in a specific imaging experiment on a
specimen containing many dots.

The C-Dots were similarly fluorescent with two-photon excitation (femtosecond pulsed laser
excitation at 800-880 nm),22 thus two-photon fluorescence images of the same specimen used
inthe confocal imaging above were collected (Figure 2). The one- and two-photon fluorescence
imaging results of C-Dots were generally comparable, as reported previously.22 For the
commercially supplied CdSe/ZnS QDs (aqueous compatible Qdot® 525 ITK™ amino (PEG)
QDs from Invitrogen), however, the same two-photon excitation conditions and also some
variations around those conditions failed to yield similarly bright fluorescence images. Since
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it was reported that CdSe/ZnS QDs could be strongly two-photon fluorescent,’” a simple
explanation might be that these commercially supplied QDs were not optimized for such a
purpose.

The toxicity evaluations of C-Dots in vitro were based on their effects on the proliferation,
mortality, and viability of human breast cancer MCF-7 and human colorectal adenocarcinoma
HT-29 cells. For both cell lines, all these parameters were little affected by C-Dots, no more
than those by the surface passivation agent PEG15qgyn (Figure 3). The carbon core in C-Dots
is similar to free carbon nanoparticles, which in various nanoscale configurations have not been
found to pose any significant toxic effects.19:26:27 PEG; 540y at @ high concentration could be
toxic to cells since PEG molecules have been used as fusogen in cell membrane diffusion.
Nevertheless, the concentrations of C-Dots used in the in vitro evaluations were significantly
higher than those required for potential applications such as optical imaging of living cells, so
were the much longer exposure times. Thus, C-Dots should be considered as nontoxic for
typical cellular experiments, especially in comparison with PEGylated CdSe/ZnS or CdSe/CdS
QDs, for which cytotoxicity has been cited as a significant concern in the literature. For
example, a cell viability lose of more than 25% was observed for human epidermal
keratinocytes after exposure to the PEGylated CdSe/CdS QDs at 10 nM for 24 h,28 or a 50%
loss for procine renal proximal cells after similar exposure to PEGylated CdSe/ZnS QDs.2°.

CD-1 mice were used for the toxicity evaluation of C-Dots in vivo. The mice in two groups
were exposed to two different dosages of C-Dots, 8 mg and 40 mg carbon core-equivalent/kg
body weight, and the third group exposed to 0.9% NaCl aqueous solution was taken as the
nontoxic control. All of the mice exposed to C-Dots or NaCl solution survived during the four-
weeks of experiment. The food intake was regular, and no mice exhibited any symptom of
anorexia, or other clinical symptoms such as hair loss, scab, vomiting, or diarrhea. The activities
of the exposed mice were normal, without any violent or lethargic behaviour. The body weight
increases as a general indicator were also similar among the three groups.

Established serum biochemistry assays were used to evaluate more quantitatively the influence
of C-Dots on the exposed mice, including especially those for potential heptic injury and kidney
functions. As shown in Figure 4, the two important hepatic indicators, alanine amino transferase
(ALT) and aspartate amino transferase (AST), were at similar levels for the mice exposed to
different dosages of C-Dots and the control. The three indicators for kidney functions, uric acid
(UA), blood urea nitrogen (BUN), and creatinine (Cr), were also unchanged among the three
groups of mice (Figure 4). These results suggest no toxicity of C-Dots in mice at exposure
levels beyond those commonly used in optical imaging in vivo and for relatively long exposure
times (up to 28 days). In any case, the in vivo toxicity of C-Dots, if any, is considerably lower
than that of CdSe-based QDs, for which detectable toxic effects were reported to be at exposure
down to the picomole level.1% The C-Dots are particularly amenable to in vivo uses because
PEG molecules (such as PEG15qon Used in the surface passivation) are biocompatible and
nontoxic in vivo, in contrast to their cytotoxicity at high concentrations.

The organs of the mice post-exposure to C-Dots at the higher dosage (40 mg carbon core-
equivalent/kg body weight) were harvested for histopathological analyses. As shown in Figure
5, the structures of organs from the exposed mice were normal, hardly different from those of
the control group. There were no steatosis, necrosis, and/or hydropic degeneration in the
exposed hepatic sections. Typical splenic unit and lymphocyte were observed clearly in the
spleen sections (Figure 5). Similarly in the sections of kidneys, the glomerulus structure could
be distinguished easily. No protein liquid and/or necrosis were found in all groups.

As found for other carbon nanomaterials, the amounts of C-Dots in liver and spleen were
relatively much higher than those in other organs, but still low in absolute population. For
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example, in specimens of dissected liver and spleen harvested 6 h post-exposure of C-Dots
(about 20 mg carbon core-equivalent/kg body weight injected), a few scattered bright
fluorescence spots were detected (Figure 5), attributable to trapped C-Dots. Separately
according to isotope-ratio mass spectroscopy (isotope-MS) analyses39:31 of the liver and
spleen samples from mice exposed to 13C-Dots, the carbon core-equivalent contents were on
the order of 20 pg and 2 pg in liver and spleen, respectively. The fluorescence imgaing and
isotope-MS results both suggest relatively minor accumulations of C-Dots in vivo, consistent
with the absence of any meaningful damages to the organs, though more systematic
investigations on in vivo bioditributions of various carbon dots are still needed and being
pursued. Nevertheless, the imaging results here also serve to demonstrate the kind of sensitivity
that might be expected from C-Dots in potential fluorescence bioimgaing in vivo.

It seems evident that in terms of biocompatibility the advantage of C-Dots over the CdSe-based
QDs is overwhelming. In addition, the biocompatibility of C-Dots is also competitive to some
currently FDA-approved dyes as optical imaging agents. For the fluorescent dye indocyanine
green, as an example, the LDsg (median lethal dose) to intravenously exposed mice is 60 mg/
kg body weight.32 While a rigorous determination of LD for C-Dots has yet to be

accomplished, similar performance at least in the same order of magnitude may be expected.

The optical performance of C-Dots is generally comparable to that of the aqueous compatible
CdSe/znS QDs, where the higher absorptivity of C-Dots compensates for the lower average
fluorescence quantum yield. However, the C-Dots sample is less homogeneous in terms of
performances by individual dots, presenting opportunities to potentially isolate the brighter
dots for much improved optical properties. Another significant advantage of C-Dots over the
QDs is the smaller size, less than 10 nm vs more than 20 nm in diameter, respectively, making
C-Dots more suitable for tracing small proteins or probing fine biological structures.33:34 The
smaller size also allows minimal injection volume in potential in vivo applications.

In summary, the oligomeric PEG-functionalized carbon dots were evaluated in vitro and in
vivo, from which the results suggested that these fluorescent dots are nontoxic to the selected
cell lines (no more than that of the oligomeric PEG molecules), nor do they impose any
significant toxic effects on the mice at dosages beyond those commonly used for in vivo optical
imaging. In addition to their apparent biocompatibility, the carbon dots exhibited competitive
(on the order of magnitude at least) fluorescence imaging performance to that of the
commercially supplied CdSe/ZnS QDs, demonstrating their potentials for both in vitro and in
vivo applications.

Experimental Section
C-Dots and 13C-Dots

The preparation of precursor carbon nanoparticles and the synthesis of carbon dots were based
on the previously reported procedures,® with slight modifications and more rigorous controls
of the experimental conditions for improved fluorescence properties. Briefly, the carbon soot
was refluxed in aqueous nitric acid solution (2.6 M) for 12 h, dialyzed against fresh water, and
then centrifuged at 1,000g to retain the supernatant. The recovered sample was refluxed in neat
SOCI,, for 6 h. Upon the removal of excess SOCl,, the sample (100 mg) was mixed well with
carefully dried PEG500N (1 9) inaflask, heated to 110°C, and vigorously stirred under nitrogen
protection for 3 days. The reaction mixture at room temperature was dispersed in water,
centrifuged at 25,000¢ to retain the supernatant, followed by filtration through a Sephadex™
G-100 (GE Healthcare) column (4.8 cm x 15 cm) to keep the colored fraction. The 13C-Dots
were similarly prepared by starting with the 13C-enriched carbon soot (from laser ablation of
a highly 13C-enriched graphite target16:31).
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Fluorescence Imaging

Leica laser scanning confocal fluorescence microscope (DM IRE2, with Leica TCS SP2 SE
scanning system) equipped with an argon ion laser (JDS Uniphase) and a femtosecond pulsed
Ti:sapphire laser (Spectra-Physics Tsunami with a 5 W Millennia pump) was used for all
measurements. The C-Dots and commercially supplied CdSe/ZnS QDs (Invitrogen Qdot® 525
ITK™ amino (PEG) QDs) were both diluted to 5 nM in deionized water. Each solution in 5
pL aliquot was dropped onto a glass slide, followed by drying in air. The specimens (dots
dispersed on slides) were imaged under the same instrumental conditions (one-photon: 458 nm
excitation and 470-820 nm emission collection; and two-photon: 800-880 nm excitation and
455-790 nm emission collection). The images were processed and analyzed with the NIH
ImageJ software.

For the imaging of dissected liver and spleen, the harvested organs were fixed in 4%
formaldehyde solution, embedded in paraffin, and then thin-sectioned. The slices were
mounted on glass microscope slides by using the standard histopathological techniques without
staining.

Assays in vitro

MCEF-7 and HT-29 cells were cultured in established procedures. In the 96-well plates, MCF-7
cells were plated at 2 x 104 cells per well, and HT-29 cells at 1 x 10* cells per well. After
incubation for 24 h, C-Dots with a carbon core-equivalent concentration of 1, 5, 10, 20, 50,
100, or 200 pg/mL (diluted to the final exposure concentrations with the culture medium just
prior to the cell exposure) and PEGy5q0n Were introduced to cells. Cells cultured in the free
medium were taken as the control. Another 24 h later, the cytotoxicity was examined according
to well-established protocols. The cell mortality (positive cell number/total cell number in
percentage) was evaluated by counting the trypan blue positive cells, so was the cell
proliferation (total cell number of the exposed group/total cell number of the control group in
percentage). The cell viability was evaluated by the MTT assay (measuring the ability of
mitochondrial reduction of the tetrazolium salt MTT to formazan by succinic dehydrogenase).

Evaluations in vivo

Male CD-1 mice (~25 g) were acquired and used at Peking University in compliance with the
institutional Animal Care and Use Program Guidelines. The mice were cared by following
established protocols. After acclimation, the mice were randomly divided into groups of five
each for the in vivo toxicity evaluations. Each mouse was exposed intravenously to C-Dots in
asingle injection of 200 pg carbon core-equivalent in 200 pL or three injections (in 4 h intervals
between injections) of 333 pg in 333 pL each. Mice exposed to 0.9% NaCl aqueous solution
were taken as the control group.

At 1, 7, and 28 days post exposure, mice were sacrificed, and blood and organ samples were
collected for toxicological assays. Serum samples were obtained from blood by centrifugation
(3,000 rpm x 10 min). Organ samples were cut off and fixed in 4% formaldehyde solution. All
biochemical assays were performed on a Hitachi 7170A clinical automatic chemistry analyzer.
ALT (U/L), AST (U/L), UA (umol/L), BUN (mmol/L), and Cr (umol/L) were measured by
using commercial Kits (Bihlmann Laboratories, Switzerland). For histopathological
observation, the thin-sectioned tissue specimens were stained with hematoxylin and eosin
(H&E) and examined under light microscopy.

Organs harvested from the mice exposed to 13C-Dots were homogenized and lyophilized for
quantification in terms of the 13C isotopic abundance by using isotope-ratio mass spectroscopy
(Thermo Finnigan DELTAPIUSXP), for which detailed protocols for measurements and data
processing are already available in the literature.30:31
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Figure 1.
Top: A cartoon illustration of C-Dots. Bottom: A representative AFM topography image of C-
Dots on mica (with a height profile plot along the line).
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Figure 2.

Fluorescence images (argon ion laser excitation at 458 nm) of C-Dots (top) and the
commercially supplied CdSe/ZnS QDs (bottom) in specimens from infinite dilution, with
analyses (by ImageJ software) of large numbers of dots (in multiple images) for their relative
fluorescence intensities (middle left). The corresponding two-photon (femtosecond pulsed
laser excitation at 880 nm) fluorescence image of the C-Dots specimen is also shown for
comparison (middle right).
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Figure 3.

Results from cytotoxicity evaluations of C-Dots (black) and PEG15qgn (White). Data presented
as mean * SD (n=4).
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Serum biochemistry results for mice intravenously exposed to C-Dots at carbon core-
equivalent of 8 mg/kg (grey) and 40 mg/kg (white) and the control mice (black) at 1 day (top),
7 days (middle), and 28 days (bottom) post-exposure. Data presented as mean + SD (n=5).
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Figure 5.

Top: Results from histopathological analyses of liver, spleen, and kidneys. Bottom:
Fluorescence images (two-photon excitation at 800 nm) of sliced liver and spleen harvested
from mice 6 h after intravenous exposure to C-Dots.
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