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The excellent photoluminescent properties of graphene quantum dots (GQD) makes them suitable
candidates for biomedical applications, but their cytotoxicity has not been extensively studied. Here we
show that electrochemically produced GQD irradiated with blue light (470 nm, 1 W) generate reactive
oxygen species, including singlet oxygen, and kill U251 human glioma cells by causing oxidative stress.
The cell death induced by photoexcited GQD displayed morphological and/or biochemical characteristics
of both apoptosis (phosphatidylserine externalization, caspase activation, DNA fragmentation) and
autophagy (formation of autophagic vesicles, LC3-1/LC3-II conversion, degradation of autophagic target
p62). Moreover, a genetic inactivation of autophagy-essential LC3B protein partly abrogated the photo-
dynamic cytotoxicity of GQD. These data indicate potential usefulness of GQD in photodynamic therapy,
but also raise concerns about their possible toxicity.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Because of their optical properties, semiconductor quantum
dots (e.g. CdSe) have recently gained considerable attention in the
field of nanomedicine as bioimaging probes [1]. However, the
biomedical applicability of CdSe quantum dots has been greatly
limited by the release of cadmium and ensuing toxicity [2,3].
Recently, a class of carbon nanoparticles superior to conventional
semiconductor quantum dots in terms of chemical inertness and
biocompatibility, have been synthesized and named carbon dots
[4—6]. Their favorable characteristics also include size- and
wavelength-dependent luminescence, resistance to photo-
bleaching and ease of production and bioconjugation. In addition,
a carbon dot subclass called graphene quantum dots (GQD) have
the special physico-chemical properties of graphene, a single layer
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of carbon atoms in a honeycomb structure, with large surface area
and excellent thermal/chemical stability [7]. For these reasons,
carbon dots/GQD synthesized by various top-down and bottom-up
approaches [4—6] are presently at the center of significant research
efforts to develop low-toxicity, environmentally friendly alterna-
tives of conventional semiconductor quantum dots.

Interestingly, in addition to their excellent photoluminescent
properties, GQD have been recently found to act both as electron
donors and electron acceptors [8], indicating their prooxidant and
antioxidant potential. Accordingly, Christensen et al. have
demonstrated that laser ablation-produced GQD with the surface
passivated by polyethylene glycol were able to both quench and
produce reactive oxygen species (ROS) in cell-free conditions, the
latter occurring upon irradiation with blue light [9]. These data
suggest that GQD might be potential candidates for photodynamic
therapy, in which the light energy is converted by a photosensitizer
to production of ROS, such as singlet oxygen (10,), which kills
nearby cells [10]. Photodynamic therapy is recognised as a mini-
mally invasive and minimally toxic therapeutic strategy for the
selective destruction of cancerous and various nonneoplastic
lesions [10,11]. However, while conventional quantum dots, as well
as Cgp fullerenes, the spherical cage-like carbon molecules, have
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both been proposed as candidate photosensitizer drugs [12—14],
the photodynamic cytotoxicity of GQD has not been demonstrated
so far.

In the present study, we used an in vitro system to investigate
the ability of GQD to cause death of mammalian cells upon pho-
toirradiation, as well as to analyze the molecular mechanisms of
GQD-mediated photodynamic cytotoxicity.

2. Materials and methods
2.1. Preparation and characterization of GQD

A stable ethanol suspension of GQD was prepared as previously described [15],
using graphite rods as both anode and cathode, and NaOH/ethanol as electrolyte,
with the current intensity set to 50 mA. Equal amount of MiliQ water was added to
ethanol suspension while being constantly stirred, and the more volatile ethanol
was subsequently removed from the solution using rotary evaporator
(the procedure was repeated 5 times). The pH value of GQD suspension was
adjusted to 7.0 by addition of HCI. The total carbon particle and NaCl concentration
in the obtained suspension was adjusted to 1 mg/ml and 0.9%, respectively. Control
solution was prepared in an identical way starting from 0.9% NaOH solution in
ethanol, but excluding the step of electrophoresis of graphite electrode. A single
GQD monolayer thin film deposited on mica (air-dried at 2000 °C for 10 min) was
analyzed by atomic force microscopy (AFM) using a Quesant AFM (Agoura Hills,
CA) operating in tapping mode in air at room temperature, with standard silicon
tips (NanoAndMore Gmbh, Wetzlar, Germany) with the force constant of 40 N/m.
The images of GQD on the formvar-coated grids were obtained using a Morgagni
268(D) transmission electron microscope (FEI, Hillsboro, OR). The UV—Vis spectra
of the GQD suspensions were scanned within the wavelength range of
260—510 nm at 20 °C and automatically corrected for the suspending medium,
using Avantes UV—Vis spectrophotometer (Apeldoorn, The Netherlands). The
luminescence emission measurements were performed at room temperature on
the Fluorolog-3 FL3-221 spectroflurometer system (Horiba Jobin-Yvon S.A.S., Chilly
Mazarin, France), utilizing a 450 W Xenon lamp as excitation source (328 nm)
and R928P photomultiplier tube as a detector. The electron paramagnetic
resonance (EPR) analysis was performed on dry GQD samples in solid state, using a
Magnettech spectrometer (Magnettech Gmbh, Berlin, Germany). EPR was also
employed for detection of singlet oxygen production by GQD, using 2,2,6,6-
tetramethylpiperidine (TMP) as a spin trap to scavenge '0,, causing a formation
of the stable nitroxide radical TEMPOL and the consequent hyperfine splitting of
the EPR signal into three narrow lines [16]. A mixture containing 0.18 ml TMP
(Sigma—Aldrich, St. Louis, MO) and 2 ml of GQD suspension (1 mg/ml) was ultra-
sonicated and illuminated using the in-house-built blue lamp with 1 W blue LED
(465—475 nm) at room temperature for 30 min. Aliquots (7 pl) of the TMP-GQD
mixtures were then transferred into 3 mm i.d. quartz tubes and the TEMPOL
signal was analyzed on a Magnetech spectrometer, using as a control the mixture
of TMP and control solution without GQD.

2.2. Cells and cell cultures

The human glioblastoma cell line U251 was kindly donated by Dr. Pedro Tranque
(Universidad de Castilla-La Mancha, Albacete, Spain). Cells were maintained at 37 °C
in a humidified atmosphere with 5% CO,, in a HEPES-buffered RPMI 1640 cell culture
medium with i-glutamine supplemented with 5% fetal calf serum (FCS), 1 mM
sodium pyruvate and penicillin/streptomycin (all from Sigma-Aldrich, St. Louis, MO).
The cells were detached by conventional trypsinization procedure, resuspended in
phosphate buffered saline (PBS) with 5% FCS and transferred in 200 pul aliquots
(4 x 10° cells) to 15 ml glass centrifuge tubes. Then, 200 pl of PBS (5% FCS) without
(control) or with GQD were added and the obtained suspensions exposed to blue
light (465—475 nm, 1 W). After irradiation, cell suspensions were diluted in cell
culture medium and transferred to 96-well plates (2 x 10 cells/well in 200 pl) for
cell viability assays, 24-well plates (1 x 10° cells/well in 1 ml) for the flow cytometry,
or 90 mm cell culture dishes (2 x 108 cells in 10 ml) for the immunoblotting.
L-ascorbic acid (Sigma—Aldrich) was used in some experiments. The incubation
times and concentrations of agents are stated in figure legends and/or figures.

2.3. Determination of cell viability

The crystal violet, MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide], acid phosphatase and lactate dehydrogenase (LDH) release assays were
used to assess cell number, mitochondrial dehydrogenase activity, intracellular acid
phosphatase activity and cell membrane integrity, respectively, as markers of cell
viability. The tests were performed exactly as previously described [17,18] and the
results were presented as % of the control viability (crystal violet, MTT) arbitrarily set
to 100%, or as % cytotoxicity (LDH), using Tryton X-100-lysed untreated cells as
a positive control.

2.4. Flow cytometric analysis of apoptosis

Flow cytometric analysis was performed on a FACSCalibur flow cytometer
(BD Biosciences, Heidelberg, Germany), using a CellQuest Pro software for acquisi-
tion and analysis. The size and granularity of cells were assessed using forward
scatter (FSC) and side scatter (SSC) analysis, respectively. Apoptotic cell death was
analyzed by double staining with Annexin V-fluorescein isothiocyanate (FITC) and
propidium iodide, in which the former binds to early apoptotic cells with exposed
phosphatidylserine, while the latter labels the late apoptotic/necrotic cells with
membrane damage. Staining was performed according to the instructions by the
manufacturer (BD Pharmingen, San Diego, CA). Activation of caspases was measured
by flow cytometry after labeling the cells with a cell-permeable, FITC-conjugated
pan-caspase inhibitor (ApoStat; R&D Systems, Minneapolis, MN) according to the
manufacturer’s instructions.

2.5. Reactive oxygen species (ROS) determination

Intracellular production of ROS was determined by measuring the intensity of
green fluorescence emitted by the redox-sensitive dyes dihydrorohdamine 123
(DHR) and 2',7’-dichlorofluorescein diacetate (DCFDA), while superoxide generation
was measured using dihydroethidium (DHE) (all from Invitrogen, Paisley, UK)
exactly as previously described [19,20]. The mean intensity of green (FL1-DHR and
DCFDA) or red (FL2-DHE) fluorescence, corresponding to total ROS or superoxide
levels, respectively, was determined using a FACSCalibur flow cytometer. Alterna-
tively, DHR was used to determine ROS in the cell-free conditions, using Chameleon
(Hidex, Turku, Finland) fluorescence reader (488 nm excitation, 530 nm detection).

2.6. Transmission electron microscopy (TEM) and confocal microscopy

For the TEM analysis, trypsinized cells were fixed with 3% glutaraldehyde in
phosphate-buffered saline and postfixed in 1% OsO4. After dehydration in graded
alcohols, thin sections were embedded in Epon 812 (Agar Scientific, Stansted, UK)
and stained with uranyl acetate/lead citrate for TEM analysis. For confocal micros-
copy, cells were cultured in chamber plates, fixed in 4% paraformaldehide, and
examined using a Leica TCS SP2 laser confocal microscope (Leica, Wetzlar, Germany).

2.7. Immunoblot analysis

Immunoblot detection of microtubule-associated protein 1 light-chain 3B
(LC3B), p62 and B-actin in cell lysates was performed as previously described [21],
using appropriate primary antibodies and peroxidase-conjugated goat anti-rabbit
IgG as the secondary antibody (all from Cell Signaling Technology, Cambridge,
MA). The specific protein bands were visualized using the Amersham reagent for
enhanced chemiluminescence (GE Healthcare, Little Chalfont, UK).

2.8. RNA interference

U251 cells stably expressing lentiviral vector plasmids encoding LC3B short
hairpin RNA (shRNA) or control plasmids (both from Santa Cruz Biotechnology,
Santa Cruz, CA) were generated according to the manufacturer’s instructions.

2.9. Statistical analysis

The statistical significance of the differences between treatments was assessed
using one-way ANOVA followed by Student—Neuman—Keuls test for multiple
comparisons. The value of p < 0.05 was considered significant.

3. Results and discussion
3.1. Synthesis and characterization of GQD

The GQD particles produced by electrochemical oxidation of
graphite were oval-shaped with the average particle diameter of
56.6 + 8.7 nm and the average height of 1.9 + 0.8 nm (mean =+ SD,
n=100), as demonstrated by AFM analysis (Fig. 1A). Similar results
(particle diameter ~60 nm) were obtained with TEM (Fig. 1B).
UV—Vis analysis demonstrated that the absorbance was highest in
the UV part of the spectrum, exponentially decreasing while
approaching the higher wavelengths (Fig. 1C), thus conforming to
previous reports [22]. In accordance with the previous measure-
ments performed in similar conditions [15], the photoluminescence
spectrums have shown that GQD have highest luminescence in the
visible part of the spectrum, with the maximum at 460 nm (Fig. 1D).
The observed blue photoluminescence may originate from the free
zigzag sites with a carbene-like triplet ground state. The EPR
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Fig. 1. Characterization of GQD. AFM (A), TEM (B), UV—Vis (C), photoluminescence (D) and EPR (E) analysis of electrochemically prepared GQD (AU, arbitrary units).

analysis revealed a narrow derivative signal of Lorentzian shape
centered at g =2.0051 (Fig. 1E), which is consistent with the pres-
ence of carbon free radicals at the GQD surface.

3.2. ROS production by photoexcited GQD

The presence of the defects and free radicals at the surface of
GQD indicates their potential for singlet oxygen generation.
Accordingly, Christensen et al, using fluorescent dyes singlet
oxygen sensor green and DHR, have recently demonstrated that
laser ablation-produced GQD with the surface passivated by poly-
ethylene glycol can produce 0, upon excitation with blue light [9].
We sought to confirm if this also applies to electrochemically-
generated GQD by using DHR, a redox-sensitive dye that emits
green fluorescence when oxidized by various ROS, including singlet
oxygen [23]. Our results demonstrate a significant concentration-
dependent increase in DHR fluorescence of laser light (488 nm)-
excited GQD compared to control samples without GQD or DHR
(Fig. 2A), indicating generation of ROS. However, as some ROS-
detecting fluorescent dyes have been found to yield false positive
results when used with carbon nanomaterials [24], we additionally
employed a spin trap-based EPR spectroscopy as a sensitive and

selective method for '0, detection. The amplitude of the EPR signal
produced by blue light (470 nm)-irradiated GQD was higher than
that of the control sample (Fig. 2B), thus demonstrating the ability
of GQD to generate singlet oxygen upon photoexcitation. Therefore,
electrochemically-generated GQD produce ROS when photo-
stimulated, and at least part of the observed ROS production could
be ascribed to singlet oxygen.

3.3. Induction of oxidative stress-mediated apoptosis by
photoexcited GQD

The ability of GQD to generate singlet oxygen upon photoexci-
tation prompted us to investigate their photodynamic cytotoxicity,
using U251 human glioma cells as a model system. Treatment with
GQD or blue light alone did not significantly affect the viability of
U251 cells, as determined by the panel of cytotoxicity/viability
assays (Fig. 3A—E). On the other hand, simultaneous treatment with
GQD and blue light markedly reduced cellular viability, depending
both on the duration of photoexposure (Fig. 3A—D) and the
concentration of GQD (Fig. 3E). The analysis of cell morphology by
optical microscopy confirmed these findings, showing that the cells
exposed to photoexcited GQD lost their normal polygonal shape
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Fig. 2. ROS production by photoexcited GQD in cell-free conditions. (A) GQD suspension was mixed with a redox-sensitive fluorochrome DHR (2 pM) or equivalent amount of
vehicle (dimethyl sulfoxide) and the intensity of green fluorescence (530 nm) was measured in a fluorescence reader equipped with 488 nm excitation laser. Data are mean + SD
values of triplicates from a representative of three independent experiments (*p < 0.05). (B) EPR analysis of singlet oxygen production in light-irradiated (470 nm, 1 W, 30 min) GQD

and control solution (AU, arbitrary units).

and became round and smaller (Fig. 3F). No significant increase in
temperature was observed in cell suspension exposed to photo-
excited GQD (data not shown), thus ruling out the possibility of
photothermal toxicity. To assess if GQD photodynamic cytotoxicity
was due to induction of programmed cell death type I, known as
apoptosis, we employed a flow cytometric analysis of cell size/
granularity, Annexin V-detectable phosphatidylserine presence on
the outer cell membrane, DNA fragmentation in propidium iodide-
stained cells, and caspase activation in cells stained with the fluo-
rescent caspase inhibitor [25]. In agreement with the preserved
viability of cells incubated with non-irradiated GQD (Fig. 3), GQD
did not cause significant changes in apoptotic parameters in the
absence of photoexcitation (data not shown). Therefore, in order to
compensate for the intrinsic GQD fluorescence, all flow cytometry
analyses were done comparing the non-irradiated and photo-
irradiated cell suspensions containing GQD. The cell size (FSC)
was reduced, while cell granularity (SSC) was increased upon
exposure to photoirradiated GQD (Fig. 4A), which is characteristic
for the apoptotic cell death [26]. Accordingly, the treatment with
photoexcited GQD was associated with the increase in numbers of
both early (propidium iodide™) and late (propidium iodide™)
apoptotic cells expressing phosphatidylserine (Annexin™) (Fig. 4B),
as well as with the increase in DNA fragmentation (sub-G
compartment of the cell cycle) (Fig. 4C) and the activation of
apoptosis-executing enzymes of the caspase family (Fig. 4D). The
increase in intracellular fluorescence of redox-sensitive dyes DHR
and DCFDA confirmed that phototoxicity of GQD was associated
with ROS generation (Fig. 5A, B). The fluorescence of superoxide-
sensitive DHE [27] was also increased in cells exposed to photo-
excited GQD (Fig. 5C), thus indicating that at least part of the ROS
production could be ascribed to generation of superoxide anion
radical ("0%"). t-ascorbic acid, a well-known antioxidant [28],
significantly protected U251 cells from photoirratiated GQD
(Fig. 5D, E), suggesting the involvement of oxidative stress in their
photodynamic cytotoxicity. While these findings are generally
consistent with the results obtained in cell-free conditions (Fig. 2),
it should be noted that the ability of GQD to induce oxidative stress
appeared disproportionally high in comparison with its capacity for

singlet oxygen generation measured by EPR. This could be due to
the possibility that some other ROS different from !0, was actually
responsible for the cytotoxicity of photoexcited GQD. For example,
the triplet excited state of Cgg, generated from the singlet excited
state initially formed upon light excitation, is an excellent electron
acceptor, yielding a reduced fullerene triplet (3Cgg) that can readily
transfer an electron to molecular oxygen to form superoxide anion
radical [29]. This type of reaction, in contrast to singlet oxygen
generation, preferentially occurs in polar solvents, particularly in
the presence of reducing agents such as NADH [30,31]. Although
the exact mechanisms of photoinduced ROS generation by GQD
have not been explored thus far, it is conceivable to assume that
they might be similar to those described for fullerenes. This
assumption is supported by the fact that GQD could actually be
produced directly from fullerenes [32]. It is therefore possible that
superoxide, rather than singlet oxygen, was the main reactive
oxygen mediator responsible for the proapoptotic activity of
photoexcited GQD. Also, there is a positive feedback for the
enhanced superoxide production by oxidatively damaged mito-
chondria [33], which can further contribute to oxidative stress
triggered by GQD.

3.4. The role of autophagy in the intracellular localization and
phototoxicity of GQD

It has previously been reported that surface-passivated carbon
dots can gain access to intracellular space, but their specific local-
ization has not been investigated [34]. Therefore, to get an addi-
tional insight into the mechanisms of GQD photodynamic
cytotoxicity, we investigated their intracellular localization. After
incubation of U251 cells with photoexcited GQD for 4 h, examina-
tion under confocal microscope revealed a significant accumulation
of cell-associated GQD displaying green fluorescence (Fig. 6A). This
was confirmed by flow cytometry analysis, which demonstrated
a clear increase in green fluorescence in U251 cells incubated with
GQD (Fig. 6B). We next used TEM to determine intracellular local-
ization of GQD more precisely. In comparison with control cells
(Fig. 6C), the cells incubated with photoexcited GQD displayed
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a noticeable vacuolization after 12 h (Fig. 6D). GQD were mostly components, such as mitochondria (Fig. 6E, F), thus resembling
contained within numerous intracytoplasmic vesicles, indicating autophagic vacuoles formed during a cellular self-digestion process
that internalization might have occurred via endocytosis (Fig. 6E). called macroautophagy (autophagy) [35]. Autophagy is induced by
However, a large number of vesicles also engulfed cellular photodynamic therapy to increase clearance of oxidatively
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damaged organelles and cross-linked proteins [36], but also
represents a common cellular response to nanomaterials, including
classical quantum dots [37,38]. Moreover, autophagy can promote
apoptotic and non-apoptotic cell death in certain conditions
[39—41], and is involved in cytotoxic effects of both photodynamic
and nanoparticle treatment [36,42—44]. To confirm the induction
of autophagy by photoexcited GQD, we analyzed by immunobloting
the conversion of LC3B (LC3B)-I to lipidated, autophagosome-
associated LC3B-II [35]. A clear time-dependent increase in the
amount of LC3B-II was observed in cells exposed to photoexcited
GQD in comparison to untreated cells (Fig. 6G), thus indicating an
induction of the autophagic response. Furthermore, the level of
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p62, the protein selectively degraded by autophagy [45], was
markedly downregulated by GQD (Fig. 6G), confirming an increase
in autophagic proteolysis. In order to get an insight into the role of
autophagy in photodynamic cytotoxicity of GQD, we used RNA
interference to block the expression of the autophagy-essential
LC3B. U251 cells stably transfected with short hairpin RNA
against LC3B expressed less LC3B and were significantly protected
from the photodynamic cytotoxicity of GQD, as demonstrated by
crystal violet staining (Fig. 6H). These results clearly show that
photoexcited GQD can readily gain access to target cells, initiating
an autophagic response that contributes to the observed photo-
dynamic cytotoxicity. Finally, it should be noted that the results
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presented. (D, E) U251 cells were pre-incubated or not with the antioxidant 1-ascorbic acid (50—200 pg/ml) for 6 h. Cells were then washed and GQD (200 pg/ml) were added. The
suspensions were irradiated with blue light (470 nm, 1 W) for 10 min and the cell viability was assessed after 24 h by crystal violet staining and MTT test. Data are mean + SD values

of triplicates from a representative of three independent experiments (*p < 0.05).
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Fig. 6. The role of autophagy in the intracellular localization and phototoxicity of GQD. (A, B) U251 cells were incubated with GQD (200 pg/ml) or control solution and irradiated
with blue light (470 nm, 1 W) for 10 min. After 4 h, the intensity of GQD-emitted green fluorescence (530 nm) was monitored by confocal microscopy (A) or flow cytometry (B).
(C—F) U251 cells were incubated with control solution (C) or 200 ug/ml GQD (D—F) and irradiated with blue light (470 nm, 1 W) for 10 min. After 12 h, the intracellular localization
of GQD was assessed by TEM. White arrows in (E) point to intracellular vesicles engulfing GQD (black arrows). (F) Autophagic vacuoles containing both GQD and cellular
components (black arrows), including mitochondria (white arrow). (G) Immunoblot analysis of LC3 conversion and p62 level in U251 cells incubated with control solution or GQD
(200 pg/ml) and exposed to blue light (470 nm, 1 W) for 10 min. (H) U251 cells stably transfected with control or LC3B shRNA (the insert shows immunoblot confirmation of LC3B
knockdown) were incubated with GQD (200 pg/ml) and exposed to blue light (470 nm, 1 W) for the indicated times. Cell viability was determined after 24 h by crystal violet
staining. Data are mean =+ SD values of triplicates from a representative of three independent experiments (*p < 0.05 refers to cells transfected with control shRNA).
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similar to those presented in Figs. 3—6 were also obtained in 1929
mouse fibrosarcoma cell line (data not shown), indicating that the
observed effects were not species- or cell type-specific.

4. Conclusions

The present study describes the in vitro photodynamic cyto-
toxicity of GQD, mediated by induction of oxidative stress and
subsequent activation of both type 1 (apoptosis) and type II
(autophagy) programmed cell death. In view of the increasing
interest for biomedical applications of GQD, this feature could be
exploited in photodynamic therapy, but also raises a concern about
their potential toxicity.
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