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Can graphene quantum dots cause DNA damage

Dan Wang,1*€ Lin Zhu,$® Jian-Feng Chen*® and Liming Dai*®

Graphene quantum dots (GQDs) have attracted tremendous attention for biological applications. We

report the first study on cytotoxicity and genotoxicity of GQDs to fibroblast cell lines (NIH-3T3 cells). The

NIH-3T3 cells treated with GQDs at dosages over 50 pg mL™ showed no significant cytotoxicity.

However, the GQD-treated NIH-3T3 cells exhibited an increased expression of proteins (p53, Rad 51, and
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Introduction

Graphene quantum dots (GQDs), which refer to graphene dots
of smaller than 100 nm in size and less than 10 layers in thick-
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OGQ1) related to DNA damage compared with untreated cells, indicating the DNA damage caused by
GQDs. The GQD-induced release of reactive oxygen species (ROS) was demonstrated to be responsible
for the observed DNA damage. These findings should have important implications for future applications

ness, have emerged as a new class of carbon nanomaterials
and attracted tremendous attention in recent years."” The
unique chemical/physical properties of GQDs make them
attractive for various potential applications, ranging from
energy to bio-related systems.’® In comparison with common
semiconductor QDs (e.g., CdSe, CdTe, PbS),'*™"* GQDs are
mainly made up of carbon—the most abundant element in
biological systems that is generally considered as an eco- and
bio-friendly material.'*'> However, the biomedical appli-
cations of GQDs would hardly be realized unless the potential
hazards of GQDs to human and other biological systems are
carefully ascertained as some other carbon nanomaterials,
including carbon nanotubes and nanodiamonds, have been
demonstrated to cause DNA damage, though they showed no
serious cytotoxicity at the cellular level.">"”

Lin Zhu is a Research Associate
in the Institute of Advanced
Materials for Nano-bio Appli-
cations, School of Ophthal-
mology and Optometry, Wenzhou
Medical University. She received
a B.S. degree in Medicine from
Zhejiang  Medical  University
and a PhD degree in Materials
Science and Engineering from
the University of Dayton. Her
research interests focus on the
Sfunctionalization and character-
ization of nanomaterials for bio-
related applications, including cytotoxicity and genotoxicity of
nanomaterials.

Lin Zhu

This journal is © The Royal Society of Chemistry 2015


www.rsc.org/nanoscale
http://crossmark.crossref.org/dialog/?doi=10.1039/c5nr01734c&domain=pdf&date_stamp=2015-05-15
http://dx.doi.org/10.1039/c5nr01734c
http://pubs.rsc.org/en/journals/journal/NR
http://pubs.rsc.org/en/journals/journal/NR?issueid=NR007021

Published on 27 April 2015. Downloaded by CASE WESTERN RESERVE UNIVERSITY on 03/06/2015 19:36:07.

Nanoscale

Recent studies on the in vitro and in vivo cytotoxicities of
graphene-based materials have indicated that GQDs with a
less than 50 nm side edge caused no obvious toxicity to a
series of cell lines."®'® For instance, Peng et al. found that
nanosized graphene oxides did not lead to acute cytotoxicity to
HeLa cells at a concentration of 40 pg mL™'.*° Li et al
observed no distinct cell death by incubating graphene oxide
nanoparticles with AGS and HFF cells at a dose up to 100 pg
mL~".>! Nurunnabi et al. performed in vitro cytotoxicity studies
on carboxylated GQDs and observed no toxicity.”> These
results from the cytotoxicity studies at the cellular level are in
favor of GQDs for biomedical applications. Along with the cyto-
toxicity studies of GQDs, it is very important to evaluate the
potential hazards of GQDs to DNA damage (i.e., genotoxicity)
because there is a close correlation between DNA damage and
mutation or cancer. As far as we are aware, however, no geno-
toxicity study on GQDs has been reported.

A literature survey shows that some studies on cytotoxicity
and genotoxicity of graphene oxides (GO) have been performed
recently.”>?® For instance, Wang et al. reported significant
cytotoxicity and genotoxicity of GO (200-500 nm) towards
human lung fibroblast cells.*® De Marzi and co-workers evalu-
ated the size-dependent toxicity of GO in vitro for the A549,
Caco-2 and Vero cell lines.> They observed a concentration-
enhanced genotoxicity for micrometer-sized GO flakes
(1320 nm), and a high degree of genotoxicity for nanometer-
sized GO flakes (130 nm) at the lowest concentration tested.>*
Qiao et al. also reported that GO (2 pm in lateral size and
1.5 nm in thickness) caused DNA damage to human fibroblast
cells at a very low concentration (1 pg mL™"),>* while Liu et al.
observed mutagenesis induced by small sized GO both in vitro
and in vivo.*® As such, toxicity assessments of GQDs are critical
because GQDs are similar in chemical structure with GO, but
much smaller in size. More recently, Ge et al. demonstrated
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that GQDs passivated with polyethylene glycol derivatives
could generate reactive oxygen species (ROS) upon irradiation
with light.”” In view of the potential DNA damage caused by
ROS, these studies prompted us to perform a systematic
investigation of possible genotoxicity of GQDs using NIH-3T3
cells as a model system.

The NIH-3T3 cell line is one kind of fibroblast cell lines,
which are among of the most common cells in animals and
widely used for cytotoxicity and genotoxicity evaluations of
nanomaterials.”® In the present work, we synthesized GQDs
through the oxidation of natural graphite with a commonly
used chemical exfoliation (modified Hummer’s) method.>”"*®
The genotoxicity of GQDs to NIH-3T3 cells was investigated by
analysis of flow cytometry for the DNA damage related protein
activation while the GQD-induced ROS generation was studied
as a potential cause for the DNA damage. The cellular uptake
of GQDs as well as cell death and proliferation of NIH-3T3
cells treated with GQDs were also studied to assess the cyto-
toxicity of GQDs.

Experimental
Preparation and characterization of GQDs

GQDs were synthesized by the oxidation of natural graphite
following a modified Hummer’s method.®**° Briefly, 1 g
graphite powders were added to 30 ml H,SO, (98%) and the
mixture solution was stirred for 10 h, followed by the addition
of 6 g KMnO, into the solution while maintaining it at 10 °C.
Thereafter, the solution was heated to 100 °C and stirred for
12 hours. Then, 150 mL DI water was added to dilute the solu-
tion, and 30 mL of 30% H,0, was injected into the solution to
completely react with the excess KMnO,. For purification, the
resulting mixture was washed several times, first with 5% HCI

Liming Dai is a Kent Hale Smith
Professor in the Department of
Macromolecular ~ Science and
Engineering at Case Western
Reserve University. He is also
director of the Center of
Advanced Science and Engineer-
ing for Carbon (Case4Carbon).
Before joining the CWRU, he was
an associate professor of polymer
engineering at the University of
Akron and the Wright Brothers
Institute Endowed Chair Pro-
fessor at the University of
Dayton. He is a Fellow of the Royal Society of Chemistry and
Fellow of the American Institute for Medical and Biological Engin-
eering. His expertise covers the synthesis, functionalization and
fabrication of conjugated polymers and carbon nanomaterials for
energy- and bio-related applications.

Liming Dai

Nanoscale, 2015, 7, 9894-9901 | 9895


http://dx.doi.org/10.1039/c5nr01734c

Published on 27 April 2015. Downloaded by CASE WESTERN RESERVE UNIVERSITY on 03/06/2015 19:36:07.

Paper

solution and then with DI water. The obtained graphite oxide
was dispersed in water and sonicated for 6 h. After that, the
solution was filtered using a microporous membrane (0.22 pm).
The filtrate containing GQDs was subsequently dialyzed in a
3.5 kDa cutoff cellulose membrane for several days. The final
product of GQDs was collected by freeze drying treatment.

Transmission electron microscopy images were obtained
using a TEM unit (JEOL JEM-1230) operating at 160 kV in
bright-field mode. Atomic force microscopy images were
recorded using a MultiMode scanning probe microscope
(Veeco, USA) in a tapping mode with a scanning rate of 1 Hz.
A Shimadzu UV 1800 scanning spectrophotometer and a
HITACHI F-2500 fluorescence spectrophotometer were used to
measure the absorption and photoluminescence spectra of
samples, respectively. A PerkinElmer spectrum GX FTIR
system was used to record the FITR spectra of GQDs. The
Raman spectra were collected using a Raman spectrometer
(Renishaw) with a 514 nm laser. The thermogravimetric ana-
lysis (TGA) was performed using a TA Instrument with a
heating rate of 10 °C.

Cytotoxicity studies of GQDs

NIH-3T3 cells were cultured in a Dulbecco’s minimum essen-
tial media (DMEM) with 10% fetal bovine serum (FBS), 1%
penicillin, and 1% amphotericin B in flask. One day before
the cell imaging experiments, NIH-3T3 cells were seeded
in 35 mm cultivation dishes. Pre-determined amounts of
GQD solutions were added to each of the wells on the plate
to achieve a final concentration of 0, 5, and 50 pg mL™%,
respectively. After the GQD treatment for 3 and 24 h, the
cells were washed three times with PBS (phosphate buffered
saline, 1x) and imaged using a laser scanning confocal micro-
scope (Olympus, FV 1000). Fluorescence imaging was per-
formed under 405 nm laser excitation. The cytotoxicity of
GQDs was assessed by the Cell Counting Kit-8 assay and MTT
assay according to manufacture’s protocol. Typically, NIH-3T3
cells were incubated in culture media after incubation with
GQDs at concentrations of 5 and 50 pg mL™" for 3 and 24 h,
respectively. A multiwall spectrophotometer reader was used to
measure the absorbance of each well at 450 nm. We assumed
that the viability of control cells without the GQD treatment
was 100%, and estimated the relative viability of cells treated
with GQDs of various concentrations. The whole experiment
was repeated 3 times and the results were averaged. For cell
proliferation analysis, the average numbers of cells detached
with 0.25% trypsin-EDTA were measured by using a Z1 Coulter
Particle Counter (Beckman Coulter) at different time points
after the sample treatment.

Cellular distribution of GQDs

For cellular distribution studies of GQDs, three groups of cells
were treated with GQDs (50 ug mL™') at 37 °C for 2, 6 and
24 h, respectively. To investigate the possible pathway for GQD
translocation, one group of cells was maintained at 4 °C, fol-
lowed by incubation with GQDs for 6 h. All the cells were
washed three times with PBS (phosphate buffered saline, 1x)
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and imaged using the laser scanning confocal microscope
under 405 nm excitation.

Genotoxicity studies

NIH-3T3 cells were incubated in DMEM cell culture media
with GQDs at concentrations of 0, 5, and 50 pg mL™". After
incubation for 3 and 24 h, respectively, the cells were harvested
and treated for flow cytometry following the manufactures pro-
tocol. To determine the expression level of p53 protein and
Rad 51 protein, anti-p53 antibody and anti-Rad 51 antibody
were simultaneously added into the samples. Flow cytometry
studies were performed to analyze distributions of cells with
green fluorescence and red fluorescence corresponding to the
cells with p53 protein expression and Rad 51 expression,
respectively. To determine the expression level of XRCC4
protein and OGG1 protein, anti-XRCC4 antibody and anti-
OGG1 antibody were simultaneously added into the samples.
Flow cytometry studies were performed to analyze distri-
butions of cells with green fluorescence and red fluorescence
corresponding to the cells with XRCC4 protein expression and
OGG1 expression, respectively. The whole experiment was
repeated 3 times.

Reactive oxygen species (ROS) generation

For the ROS assay-DCFH-DA, NIH-3T3 cells were seeded at a
density of 150 x 10> mL™" in black 96 well plates for 24 h.
200 pL of 100 pM DCFH-DA (Sigma) (in culture medium) was
added to each well and incubated at 37 °C and 5% CO, culture
conditions for 30 min. After the aspiration of the DCFH-DA,
200 pL of a dosing solution (1, 5, 10, 25 pg mL™") was added to
each well. The plate was covered with aluminum foil to block
light and placed in an incubator for 24 h. The intensity of the
ROS probe was measured at 0 min and 24 h on a spectro-
photometer (Molecular Devices, SpectraMax M2, SoftMax Pro
4.8, USA) with excitation at 485 nm, absorbance at 538 nm and
a peak at 530 nm, following the manufacturer’s procedure.
We assumed that the ROS production of control cells is 0,
and estimated the relative ROS production of cells treated
with various GQDs (1, 5, 10, 25 pg mL™"). The data are pre-
sented as the average ROS intensity at 24 h subtracted 0 min
background intensity from 6 experiments with the standard
deviation.

Results and discussion

To date, various synthetic approaches have been developed for
the preparation of GQDs. Different synthetic methods often
lead to GQDs with different sizes, functional groups, and
optical properties. In this study, we examined the toxicity of
GQDs synthesized by the oxidation of natural graphite accord-
ing to a modified Hummer’s method,*”*® which is generally
considered as a promising approach for low-cost and large-
scale production of GQDs.>*?° The morphology of the as-syn-
thesized GQDs was characterized by TEM and AFM. A typical

This journal is © The Royal Society of Chemistry 2015
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TEM image of the resulting GQDs given in Fig. 1a shows an
average lateral size of 40 nm. The corresponding AFM image
with the height profile given in Fig. 1b reveals an average thick-
ness of ca. 2 nm, indicating a few-layered graphene. Fig. 1c
shows the absorbance and fluorescence spectra of an aqueous
dispersion of GQDs. As shown in Fig. 1c, a distinct absorption
peak at 230 nm due to the n—-n* transition of C-C and C=C
bonds in the sp® hybrid regions is evident, along with a rela-
tively broad absorption band centered over 250 nm arising
from the n-n conjugation in GQDs. The fluorescence spectrum
of GQDs under excitation of the 230 nm (absorption peak
wavelength) UV light was measured with a peak at 410. Exci-
tation-wavelength-dependent emission spectra were observed
from the excitation-emission map shown in Fig. S1,f which
shows that the maximum of the emission red-shifts with
increasing the excitation wavelength. These results are similar
to many previous reports on the fluorescence spectra of
GQDs.>?'** The FTIR spectrum of the GQDs is reproduced in
Fig. 1d, which shows the presence of oxygen-containing func-
tional groups to render the GQDs soluble in water. Fig. 1e
shows a typical Raman spectrum of GQDs, in which the D
band at 1355 em™" and the G band at 1575 cm™" were clearly
observed with the peak intensity ratio (I/I;) of 0.96 in consist-
ence with the rich edge defects. Thermalgravimetric analysis
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Fig.1 (a) A TEM image of the as-synthesized GQDs; (b) an AFM image
of the GQDs; (c) absorbance spectrum (black curve) and fluorescence
spectrum (green curve, lgx = 230 nm) of an aqueous dispersion of
GQDs (Inset: photos of an aqueous dispersion of GQDs under daylight
lamp irradiation (left) and UV lamp excitation (right)). (d) FTIR spectrum
of the GQDs; (e) Raman spectra of the GQDs; (f) TGA curve of the
GQDs in air.
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(TGA) of the GQDs in air reveals an initial ~20% weight loss
up to ~200 °C attributable to the thermal desorption of water
molecules physically adsorbed onto the hydrophilic GQD
surface. The subsequent weight loss over 200-500 °C probably
originated from the loss of those chemically attached oxygen-
containing groups (e.g.,, -COOH groups at the edge, -OH
groups on the basal plane) prior to the material decomposition
at 600 °C. These results are consistent with those of GQDs pre-
viously reported in the literature.®>%3*33

The in vitro cytotoxicities of GQDs to NIH-3T3 cells were
evaluated in terms of both the cell death and cell proliferation.
MTT was used to study the cell viability for cells treated with
various concentrations of GQDs at various times. As shown in
Fig. 2a, no significant cell death was observed after the GQD
treatment for either 3 or 24 hours, indicating low cytotoxicities
for GQDs. This is also supported by a cell proliferation assay,
in which the addition of GQDs (5, 50 pg mL™") caused no
difference in the NIH-3T3 cell proliferation, compared with the
control cells without the addition of GQDs (Fig. 2b). These
results suggest that the GQDs are highly biocompatible at the
cellular level.

The cellular distribution of GQDs was confirmed by laser
scanning confocal fluorescence imaging. As can be seen in
Fig. 3, the fluorescence emission intensity from NIH-3T3 cells
incubated with GQDs at 37 °C increased with increasing incu-
bation time, indicating a time-dependent uptake of GQDs by
the cells while control cells showed no obvious fluorescence.
3-D confocal imaging of the cells treated with GQDs showed
that the fluorescence signal was present throughout the cells,
confirming the internalization of GQDs (Fig. S27). We also
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Fig. 2 (a) Cell viabilities of NIH-3T3 cells studied by using the MTT
method and the cells were treated in cell culture media with GQDs (0, 5
and 50 pg mL™Y) for 3 and 24 h, respectively. (b) Average numbers of
NIH-3T3 cells after the addition of GQDs for 0, 24, and 48 h post
incubation.
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Fluorescence  Bright field Overlay

Fig. 3 Fluorescence images of (a) control cells and (b, c, d) cells treated
with GQDs for 2, 6 and 24 h at 37 °C, respectively. Scale bar: 20 pm.

noted that the fluorescence of GQDs was observable from cells
incubated with GQDs at 4 °C (Fig. S37), even when the endocy-
tosis of cells was completely blocked at such a low tempera-
ture.*®*” These results suggest that the cellular uptake of
GQDs possibly relies on the direct penetration of cell mem-
branes, rather than energy-dependent pathways (e.g., endocyto-
sis), in consistence with previous studies on the cellular
uptake of graphene oxides and carbon nanotubes.?®?”73°
There have been some controversies over the cellular distri-
bution of GQDs. Several studies have demonstrated that GQDs
can enter the cell nucleus®*! while others reported the distri-
bution of GQDs in the cytoplasm.®****** The reported
different distribution behaviours could come from differences
in the surface functional groups and types of cell lines. Based
on our fluorescence imaging, we believe that the GQDs are
mainly located in the cytoplasm of NIH-3T3 cells. Neverthe-
less, it is known that DNA damage caused by a direct contact
with nanoparticles through nuclear entry is one, but not the
only possibility for nanoparticles to cause DNA damage, and
that DNA damage can also be caused by indirect mechanisms
through, for example, the interactions of DNA with ROS gener-
ated by nanoparticles in the cytoplasm,'®'74%4°

Many biological methods, including Ames assay, comet
assay, DNA fragmentation test, have been used for the
evaluation of genotoxicity,”**> along with some novel
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approaches.*®*® Flow cytometry analysis has also been used as
a powerful tool for the detection of DNA damage in cells.**™*
To investigate the possible DNA damage caused by GQDs, we
monitored the expression levels of p53 and Rad 51 proteins in
response to the GQD treatment by staining the cells with the
respective fluorochromes, followed by flow cytometry analysis.
The p53 protein is a tumor suppressor protein that remains
inactive under normal conditions, which can activate DNA
repair when DNA damage occurs. On the other hand, the
Rad 51 protein plays a major role in the homologous recombi-
nation of DNA during double strand break repair. Enhanced
expressions of these two proteins are often seen during the
DNA damage. In the present study, a fluorescence activated
cell sorter was used to investigate the p53 and Rad 51
expressions of NIH-3T3 cells incubated with GQDs at various
concentrations. The cell cycle distributions were analyzed after
the treatment of NIH-3T3 cells with GQDs and the subsequent
addition of various antibodies, such as anti-p53 antibody and
anti-Rad 51 antibody. Fig. 4a and b indicate that the treatment
of GQDs and antibodies caused no significant cytotoxicity to
cells, which allows us to further analyze the expressions of
DNA damage related proteins in live cells. The DNA-damage-
related protein intensity in the cell cycle is described using a
density distribution by plotting the protein intensity along
with the x-axis and the density of cells having the respective
protein expression along the y-axis (Fig. 4c and d). Fig. 4c
clearly shows that the GQD treatments at 5 and 50 pg mL™"
induced an aberrant increase of p53 expression along with a
concomitant increase in the cell density during a short time
(3 h). As can be seen in Fig. 4c, a prolonged incubation (24 h)
caused an increase in the p53 expression, but no obvious
increase in the density of cells with p53 expression, indicating
an increased DNA damage for a somewhat constant number of
cells having the p53 protein expression. Similar trends were
also observed for Rad 51 protein from the NIH-3T3 cells
treated with GQDs (Fig. 4d). Therefore, these results clearly
indicate the occurrence of DNA damage caused by GQDs.

In addition to p53 protein and Rad 51 protein, we also
studied the expression of other DNA damage related proteins,
including OGG1 protein and XRCC4 protein. OGG1 is the
primary enzyme responsible for the excision of 8-oxoguanine
(8-0x0G), a mutagenic base by-product that occurs as a result
of exposure to ROS.'® XRCC4 is one of the several core proteins
involved in the non-homologous end joining pathway to repair
DNA double strand breaks (DSBs), which is the most harmful
type of DNA damage. Once again, Fig. 5a and b indicate that
the treatment of GQDs and antibodies caused no significant
cytotoxicity to cells. However, Fig. 5¢ shows the enhanced
expression of OGG1 protein, in similar expression patterns to
those for p53 and Rad 51 expressions. It was noted that on the
right panel of Fig. 5c, the cell density slightly decreased with
the increase in OGG1 intensity, which was attributed to the
cell death. However, the GQD treatments caused no significant
change in the XRCC4 expression (Fig. 5d). Since the GQDs are
mainly distributed in the cytoplasm of NIH-3T3 cells without
direct contact with DNA in the nucleus (Fig. 3), the ROS gene-

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Flow cytometry results of NIH-3T3 cells after (a) 3 h and (b) 24 h
incubation with GQDs (0, 5, and 50 pg mL™) and then treated with anti-
p53 antibody and anti-Rad 51 antibody, respectively; cell cycle phase-
specific densities of p53 protein (c) and Rad 51 protein (d) intensity for
different doses (0, 5, 50 pg mL™) of GQDs after 3 and 24 h incubation,
respectively.

ration is, most likely, responsible for the GQD-induced DNA
damage in NIH-3T3 cells.'®'7*445

To confirm the ROS generation of NIH-3T3 cells treated
with GQDs, the ROS assay-DCFH-DA measurement®® was per-
formed. Fig. 6 clearly shows that the treatment of NIH-3T3
cells with GQDs caused an increased ROS generation with
respect to the control cells. Therefore, the DNA damage of
NIH-3T3 cells could be caused by the GQD-induced ROS gene-
ration. Since graphene oxides have been reported to induce
intracellular ROS generation in cells,*® we compared the ROS
generation level of NIH-3T3 cells incubated with GQDs and
graphene oxides (0.5-5 pm), respectively, at the same concen-
tration of 25 ug mL™". The results showed that GQDs induced
lower ROS generation of cells than graphene oxides, indicating
a better biocompatibility for the former. However, our results
from the genotoxicity study of GQDs suggest that some cau-
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Fig. 5 Flow cytometry results for NIH-3T3 cells after (a) 3 h and (b)
24 h incubation with GQDs (0, 5, and 50 pg mL™), and then treated with
anti-OGG1 antibody and anti-XRCC4 antibody, respectively; cell cycle
phase-specific densities of OGG1 protein (c) and XRCC4 protein (d) for
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50

ROS production (a.u.)

0 1 5 10 25
GQDs concentration (ug/mL)

Fig. 6 ROS generation in NIH-3T3 cells after incubation with GQDs for
24 h. The data represent the average of six experiments with the stan-
dard deviation. Doses are O for the control and 1, 5, 10, and 25 pg mL™*
for GQD treated groups.
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tions are needed for the practical use of GQDs, though they are
highly biocompatible at the cellular level.

Conclusions

GQDs have attracted much attention as a class of emerging
materials for applications in many fields. Of particular inter-
est, GQDs are promising for many biomedical applications
(e.g., imaging, drug delivery). However, the studies on geno-
toxicity of GQDs are rarely reported. In this paper, we have
demonstrated for the first time that GQDs can cause DNA
damage in NIH-3T3 cells, though no obvious toxicity was
observed at the cellular level. The GQD-induced DNA damage
was indicated by an increased expression of proteins (p53, Rad
51, and OGG1) related to DNA damage compared with
untreated cells. Although the GQDs were mainly distributed in
the cytoplasm of the cells without direct contact with DNA, the
GQD-induced ROS release was demonstrated to be responsible
for the observed DNA damage. Our preliminary findings based
on the systematic flow cytometry and ROS measurements
suggest that a careful scrutiny of the genotoxicity of GQDs is
needed even though they show no obvious toxicity at the cellu-
lar level. More biological assessments, including Ames assay,
comet assay, and DNA fragmentation test, and cell cycle arrest
study are helpful to understand the mechanism of DNA
damage caused by GQDs, which should be good topics for
future studies.
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