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A B S T R A C T

Modified nano-graphene quantum dots (M-GQDs) are widely used in bioimaging, drug delivery, and chemical
engineering. Because M-GQDs could induce reactive oxygen species and DNA damage, we hypothesized that M-
GQDs modulate DNA methylation. To test this hypothesis, zebrafish were exposed to reduced, hydroxylated, or
aminated GQDs (graphene quantum dots) at different concentrations for 7 days; global DNA methylation in liver,
gill, and intestine was then studied. M-GQDs induced global DNA hypermethylation in various tissues in a dose-
dependent manner. The global DNA methylation of reduced and aminated GQDs exposure showed a significant
increase in intestines even at low concentrations (2mg/L), suggesting that intestines are the main target for these
two M-GQDs. The effects of global DNA methylation were evaluated 14 days after exposure had ceased. DNA
methylation in the livers of exposure groups was significantly higher than in control zebrafish. Global DNA
methylation increased in livers of zebrafish even after exposure to aminated GQDs (2mg/L) had ceased, in-
dicating a more complex mechanism of DNA methylation deregulation. The present results showed that chemical
groups in the surface of GQDs are a critical factor for modulating DNA methylation.

1. Introduction

Graphene has become a relevant nanomaterial since it was separated from
graphite in 2004 (Novoselov et al., 2004). Graphene is a two-dimensional na-
nomaterial consisting of a single layer of carbon atoms with a hexagonal
honeycomb lattice, composed of hybrid sp2 orbitals (Geim and Novoselov,
2007). Although graphene is one carbon atom thick, its strength is 100 times as
that of steel and is also very flexible. Graphene quantum dots (GQDs) are
special graphene derivatives with a lateral dimension below 100 nm and a
longitudinal dimension under 2 nm (Bianco et al., 2013). Theoretically, by
modifying the two-dimensional size and surface chemistry of graphene, the
band gap energy of the graphene benzene ring can be adjusted by 0–6 eV (Yan
et al., 2010). At present, the main methods of surface chemical modification of
GQDs include controlling the degree of oxidation (Li et al., 2012), surface
functionalization (Zhu et al., 2012), and atomic doping (Fan et al., 2012).
Surface-modified GQDs have a series of novel properties, such as biocompat-
ibility, light stability, water solubility, low chemical activity, and stable fluor-
escence; thus GQDs have a wide range of potential applications (Luo et al.,

2018; Mukherjee et al., 2018; Shang et al., 2014; Sun et al., 2018).
In the biomedical field, modified GQDs are used as contrast agents for

Magnetic Resonance Imaging to enhance imaging, and also as delivery systems
for cancer drugs. Modified GQDs can be used as coating materials in electro-
nics, aviation, and chemical engineering. Due to the widely application of
GQDs, it is necessary to explore the potential biological adverse effects of
modified GQDs in humans. In vivo toxicity studies suggested that carboxylated
GQDs did not harm the liver, kidney, or lung of rats (Nurunnabi et al., 2013);
however, GQDs can cause significant reactive oxygen species (ROS) production,
apoptosis, and autophagy in macrophages and THP-1 monocyte cells (Qin et al.,
2015). Zhang et al. (2015) showed that the ability of generating ROS is a main
cause of cytotoxicity induced by graphene nanomaterials. Moreover, according
to epidemiological studies, occupational exposure to graphene nanoparticles is
associated with physiological abnormalities (Lee et al., 2016; Su et al., 2016). It
is well known that ROS can cause oxidative DNA damage and alter methyl-
transferase interactions with DNA, leading to cytosine hypomethylation in cy-
tosine-guanine dinucleotides (Mohtat and Susztak, 2010). We hypothesized
that epigenetic changes may be induced by modified GQDs. To our best
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knowledge, there are no reports on the effects of GQDs on DNA methylation.
DNA methylation is an important epigenetic marker. In 1983, researchers

discovered that there was a change in the status of global DNA methylation in
tumor tissues; the study of the epigenetics of cancer started then (Yen et al.,
2016). DNA methylation can alter gene expression, playing an important role
in maintaining normal cell function, in genetic imprinting, in regulation of
stem cell differentiation, and in inactivation of the X chromosome. DNA
methylation has become one of the fastest-growing areas in medicine and
biology (Becket et al., 2016). Cancer cells differ from healthy cells in terms of
global DNA methylation, tumor cells can be found by comparing them with
healthy cells (Hassler et al., 2016). Some researchers have suggested that the
regulation of epigenetic marks is very important (Schübeler, 2015). Gene
expression can be influenced by external factors through epigenetic marks
(Schübeler, 2015). Global DNA methylation can be used as an important
biomarker for disease diagnosis and prevention (Xu et al., 2017).

Zebrafish are model organisms used for toxicity research and epigenetics
(Liu et al., 2016; Sawle et al., 2010). Zebrafish genes share 87% homology with
human genes, which helps to evaluate the epigenetic toxicity of GQDs for
human health safety. Zebrafish have similar tissue types (liver, spleen, kidney,
lung, brain, etc.) as humans, and have a rapid response to pollutants in water
(Hill et al., 2005). Zebrafish could be helpful for a more comprehensive as-
sessment of the safety of modified GQDs for biomedical applications. Carbon-
based quantum dots and GQDs may cause different cytotoxicity in different
cells (Ji et al., 2016; Lalwani et al., 2016). However, because of the differences
in their shape, size, and surface chemistry, the biosafety of modified GQDs has
not fully revealed.

The main objectives of the present study were: (1) to characterize the
dose- and tissue-dependent effects of modified GQDs on DNA methylation
levels; (2) to reveal the potential of three types of chemical surface mod-
ifications on inducing DNA methylation changes; and (3) to investigate the
persistence of DNA methylation after recovery from exposure. This study
helps a better understanding of the epigenetic toxicity of modified GQDs and
is a more comprehensive assessment of the safety of modified GQDs for bio-
medical applications and chemical engineering.

2. Material and methods

2.1. Chemicals and reagents

Modified GQDs (M-GQDs), including reduced graphene quantum dots
(rGQDs), hydroxylated graphene quantum dots (OH-GQDs), and aminated
graphene quantum dots (NH2-GQDs) were purchased from Nanjing Xianfeng
Nanotechnology Co., Ltd (Nanjing, China). Genomic DNA Extraction Kit was
purchased from TIANamp Biochemical Technology Co., Ltd (Beijing, China).
Sodium acetate, ammonium acetate, ammonium bicarbonate, nuclease P1
from Penicillium citrinum, snake venom phosphodiesterase I were pur-
chased from Sigma (St. Louis, USA). Calf intestine phosphatase alkaline was
obtained from New England Biolabs (Beverly, MA, USA). Formic acid and
methanol used for mobile phase were HPLC-grade (Darmstadt, Germany).

2.2. Zebrafish exposure to M-GQDs

Zebrafish were maintained in quarantine at 26 ± 0.5 °C with a 12:12 h
light to dark cycle. The health of zebrafish was confirmed by visual inspection;
we checked that they were actively eating, and that there was no mortality for a
minimum of two weeks. Water was changed every 24 h. Zebrafish were accli-
mated for 7 days prior to experiments. Zebrafish were exposed to rGQDs, OH-
GQDs, or NH2-GQDs. The exposure concentrations of M-GQDs were set at 2, 10,
and 50mg/L. Tap water was used as control. All treatments were performed at
the same time, and paired with controls (zebrafish facility water) (n=12 for
each treatment). The equivalent volume of the corresponding M-GQDs was
replaced every 24 h. There was no abnormal behavior or death of zebrafish
during the exposure period. After 7 days of exposure, zebrafish of each group
were randomly collected and sacrificed (n=6 for each group), livers, gills, and
intestines were then extracted.

The remaining fish of each group were maintained in tap water at

26 ± 0.5 °C for 14 days. Water was changed every 24 h. There was no ab-
normal behavior or death of zebrafish during this period. After 14 days, the
remaining fish in each group were sacrificed, and their livers, gills, and
intestines extracted (n= 6 for each group).

2.3. DNA extraction and enzymatic hydrolysis

TIANamp Genomic DNA Extraction Kit was used to extract the total DNA
from different tissues as described previously (Hu et al., 2014). DNA enzymolysis
was performed as described previously (Hu et al., 2010). Briefly, three enzymes
(nuclease P1, phosphodiesterase, and alkaline phosphatase) were used for en-
zymatic hydrolysis. Deionized water (3 μL) was added to 1 μL of the DNA
sample; DNA was denatured at 100 °C for 3min, and placed immediately in an
ice bath for 10min. Then, 1 μL of ammonium acetate (0.1M, pH= 5.3) and 1 μL
of nuclease P1 (2 U/μL) were added. After 3 h at 45 °C, 1 μL of ammonium
bicarbonate (1M, pH = 5.3) and 1 μL of phosphodiesterase (0.002 U/μL) were
added to the solution and incubated at 37 °C for 2 h. Finally, 1 μL of alkaline
phosphatase was added (0.5 U/μL) and the reaction incubated at 37 °C for 1 h.
After DNA enzymatic hydrolysis the sample was passed through a Microcon
ultrafiltration device (Millipore YM10, cut-off 10000Da) to remove the residual
enzymes and proteins produced during the enzymatic hydrolysis. The spin filter
was pre-rinsed with 300 μL of deionized water to remove glycerin, and then an
aliquot (100 μL) of the DNA digest was transferred to the Microcon centrifugal
filter and centrifuged at 12,000 g at 4 °C for 30min.

2.4. Instrumental analysis

The method for detecting global DNA methylation in DNA samples was
modified from our previous work (Hu et al., 2010). Liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS) was used for sample
analysis. The high-performance liquid chromatographer Agilent 1100 (Agilent
Technologies, Palo Alto, CA, USA) was equipped with a binary pump, a de-
tector, and a column oven thermostat. Chromatography was performed on an
Atlantis dC18 column (2.1mm×150mm i.d, 5 µm particle size) protected with
an Atlantis dC18 column guard (2.1mm×20mm i.d, 5 µm particle size). Se-
paration was achieved with a mobile phase (solvent A, 0.1% formic acid water
solution; solvent B, 0.1% formic acid-methanol solution) at a flow rate of
220 μL/min. The separation conditions were as follows: time was 0–24min,
solvent B was 0–18% of the total volume of AB phase, the column temperature
was set at 25 °C, the sample injection volume was 10 μL.

The sample eluted from the HPLC system was introduced into a
TurbolonSpray ion source, installed on a triple quadrupole mass spectro-
meter (API 4000, Applied Biosystems). Analyst 1 Software version 1.3
(Applied Biosystems) was used for data acquisition and processing. The mass
spectrometer was working in positive ionization (ESI+) mode. Acquisition
was performed in multiple reactions monitoring mode. Nitrogen was used as
curtain gas and collision gas. Dry gas temperature was set at 450 °C; nebu-
lizer pressure was set at 40 psi. Capillary voltage was at 4500 V. Ion tran-
sition for 5-methyl-2′-deoxycytidine (5-mdC) and 2′-deoxyguanosine (dG)
were 241.9 > 126.3 and 268.1 > 152.3; the dwell time transition for 5-
mdC and dG was 150ms.

2.5. Statistical analysis

Statistical analysis was performed with SPSS 22.0 Software. Experimental
results were expressed as mean± SD (standard deviation). The difference
between the control group and the exposure group was analyzed by one-way
analysis of variance (ANOVA), p < 0.05 indicates significant difference, and
p < 0.01 indicates extremely significant difference.

3. Results and discussion

3.1. Characterization of M-GQDs

The morphology of the M-GQDs used was characterized using a Tecnai
G2F20 transmission electron microscope. The results are shown in Fig. 1. A
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stripe structure can be clearly observed, revealing the presence of a shaped
carbon-GQD. The lateral size of rGQDs, OH-GQDs and NH2-GQDs was ap-
proximately 5–15 nm, which is fully consistent with the requirement that
quantum dot size is below 100 nm. Again, the dispensability of M-GQDs is
better than original GQDs. Fluorescence spectra of M-GQDs were acquired
using a Cary Eclipse spectrofluorometer (Varian, USA) (Fig. 2). The excitation

light wavelengths of rGQDs, OH-GQDs, and NH2-GQDs were set at 320–440,
300–420, and 300–410 nm, respectively. When excited with 320 nm light, the
fluorescence spectra of rGQDs, OH-GQDs, and NH2-GQDs peaked approxi-
mately at 440, 420, and 425 nm, respectively. Results indicates that rGQDs,
OH-GQDs, and NH2-GQDs have good fluorescence emission properties. As seen
in Fig. 2, the fluorescence spectrum of rGQDs, OH-GQDs, and NH2-GQDs de-
pends on the wavelength of the excitation light. When the excitation wave-
length begins to shift towards red, the fluorescence emission peak of GQDs, of
OH-GQDs, and of NH2-GQDs changes. This may be due to the uneven particle

Fig. 1. Transmission electron microscope images of different types of surface-
modified graphene quantum dots (A, rGQDs; B, OH-GQDs; C, NH2-GQDs).

Fig. 2. PL spectrum of different GQDs in water (A, rGQDs; B, OH-GQDs; C, NH2-
GQDs).
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size distribution, or to different emission sites on the surface. Thus, the M-GQDs
used in the present study have satisfactory physicochemical properties.

3.2. Dose-dependent global DNA methylation changes

Fig. 3 shows the global changes of DNA methylation in liver, gill, and in-
testine of zebrafish exposed to different concentrations of rGQDs, OH-GQDs,
and NH2-GQDs. Global DNA methylation o increased with the concentration of
rGQDs in a dose-dependent manner (Fig. 3A). OH-GQDs induced global DNA
hypermethylation in liver, gill, and intestine; in the liver, exposure to 50mg/L
OH-GQDs increased global DNA methylation level to 163.6% relative to the
control (Fig. 3B). Global DNA methylation in the liver and intestine of the

zebrafish induced by NH2-GQDs also showed a similar increasing trend
(Fig. 3C). The results indicating that the M-GQDs have dose dependent effect on
global DNA methylation changes.

Organic chemical pollutants generally lead to global DNA hypomethy-
lation, but in our study M-GQDs increased DNA methylation. Similarly,
Chatterjee et al. (2016) found that single and few layer graphene oxide
nanomaterials could increase DNA methylation levels. In the present results,
only 2mg/L NH2-GQDs decreased the global DNA methylation values in
gills, but the changes were not statistical significant (p > 0.05) (Fig. 3C).
Aminated-graphene nanosheets decrease global DNA methylation in human
bronchial epithelial BEAS-2B cells (Chatterjee et al., 2016), which is con-
trary to our results. This contradiction indicates that the structure and shape

Fig. 3. Changes of global DNAmethylation in liver, gill, and intestines of zebrafish
exposed to different concentrations of modified GQDs. A, rGQDs; B, OH-GQDs; C,
NH2-GQDs. One asterisk (*) represents a significant difference (p < 0.05) between
exposed and control groups, two asterisks (**) represent a very significant differ-
ence between (p < 0.01) the exposed and control groups (n=6).

Fig. 4. Changes of global DNA methylation in liver, gill, and intestines of
zebrafish after exposure to GQDs had ceased. A, rGQDs; B, OH-GQDs; C, NH2-
GQDs. One asterisk (*) represents a significant difference (p < 0.05) between
exposed and control groups, two asterisks (**) represent a very significant
difference between (p < 0.01) the exposed and control groups (n=6).
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of graphene nanomaterials have great effects on epigenetic modification.
Our results indicated that the epigenetic toxic effects of graphene nanoma-
terials are dose-dependent. The epigenetic effects of other graphene nano-
materials such as graphene oxide at low concentrations were not evident,
but M-GQDs induced global DNA methylation and other epigenetic effects at
low concentrations. Thus epigenetic modifications maybe more sensitivity to
M-GQDs than to other graphene materials.

3.3. Tissue-specific global DNA methylation changes

Fig. 3A shows that rGQDs at a low dose (2mg/L) increased global DNA
methylation in liver and especially in the intestine. However, the changes of
DNA methylation in the gills at 2mg/L were not significant. Similar results
were observed in zebrafish exposed to NH2-GQDs. DNA methylation in in-
testines was 135.4% higher relative to control zebrafish; DNA methylation in
the gills did not change (Fig. 3B). In contrast, a low dose (2mg/L) of NH2-
GQDs induced global hypomethylation in gills, and global hypermethylation
in the liver or the intestine (Fig. 3C). Additionally, the concentration of OH-
GQDs and NH2-GQDs at 50mg/L increased DNA methylation. In the intes-
tine, DNA methylation showed extremely significant differences at different
concentrations of NH2-GQDs and rGQD. These results showed that the three
different types of M-GQDs had epigenetic effects that were tissue-specific.
NH2-GQDs and rGQDs increased DNA methylation rapidly in the intestines
at low concentrations, indicating that the intestine may be the target organ
for the two types of modified GQDs.

According to the literature, graphene and GQDs can be absorbed into the
intestines during digestion, and then transferred to the liver, lung, kidney, and
other organs through circulation (Wang et al., 2015; Lu et al., 2017). In vitro
experiments with HeLa cells showed that GQDs can penetrate the cell wall and
stay in the cytoplasm or enter into the nucleus (Jeon et al., 2017). Yuan et al.
(2014) found that GQDs modified with -NH2, -COOH, and -CON(CH3)2 can
accumulate in the cytoplasm, but not in the nucleus, also M-GQDs at high
concentrations can reduce cell proliferation. Based on the literature, we believe
that the influence of M-GQDs on global DNA methylation of various organs may
be attributed to differences in absorption or bioaccumulation of M-GQDs. M-
GQDs may enter the cell and cause changes in global DNA methylation levels.
Previous studies have shown that the adsorption or bioaccumulation of nano-
particles in zebrafish gills can cause tissue damage (congestion, inflammation,
and tissue destruction) (Griffitt et al., 2007). Moreover, in zebrafish embryos
GQDs accumulate in the intestine and liver and their effects on development
depended on the GQD concentration (Wang et al., 2016).

3.4. Persistence of global DNA methylation changes

Fourteen days after removing M-GQDs from the zebrafish, there were no
significant changes in global DNA methylation in the gills (Fig. 4), indicating
that changes in global DNA methylation induced by M-GQDs can be re-
versed. In contrast, global DNA methylation in the liver and intestine of
zebrafish exposed to rGQDs (10mg/L) were significantly higher than the
control group after exposure to 10mg/L rGQDs had ceased (Fig. 4A). Global
DNA methylation in the gill of zebrafish treated with 50mg/L NH2-GQDs did
not show significant changes after exposure had ceased. In liver and intes-
tine the global DNA methylation showed a significant increase after ex-
posure were removing (Fig. 4C). In contrast to rGQDs and NH2-GQDs, ex-
posure to OH-GQDs DNA methylation was re-established 14 days after
exposure had ceased (Fig. 4B). This phenomenon might be attribute to
various reasons, such as the quenching of the OH-GQDs themselves, the
metabolism of the zebrafish, and the interaction of various small molecules
in living organisms with the M-GQDs (Christensen et al., 2011). These re-
sults demonstrate that 14 days after exposure had ceased, the global DNA
hypermethylation induced by M-GQDs still persisted, especially that caused
by NH2-GQDs and rGQDs.

Persistence of epigenetic changes, after exposure to M-GQDs had ceased, has
been reported. For example, acute exposure to X-rays (5Gy) led to persistent
changes (4 weeks post-exposure) in global DNAmethylation in liver, spleen, and
lung of C57/BL mice (Pogribny et al., 2004). Šrut et al. (2017) found that low

levels of Cd induced genome-wide DNA hypermethylation, which recovered
only partially, even after several months in unpolluted soil. Our results showed
that M-GQDs, especially NH2-GQDs and rGQDs, could induce global DNA hy-
permethylation in liver and intestine of zebrafish, and that these changes are
maintained for a long time, even after the M-GQDs are no longer present in the
medium. However, the recovery of global DNA hypermethylation in gills in-
duced by the three types of M-GQDs were also observed. The recovery of global
DNA hypermethylation may be attributed to the following two reasons: First,
although the exposure ceased, GQDs may remain in the organism for a long
time, gradually release toxic substances, and exert adverse effects on DNA me-
thylation (quantum dots remain in zebrafish for a long time and are not
eliminated) (Guo et al., 2007); second, cell replacement in some organs (such as
gill in zebrafish in our study) was quicker than other in organs such as the liver,
the lung, and the intestine, so cells with an abnormal epigenetic status were the
main constituents of liver, lung and intestine. The results of past research and
our present results demonstrated that M-GQDs are potentially cytotoxic, al-
though they have been suggested to be a good live imaging probe.

3.5. Surface modification-dependent global DNA methylation changes

Low concentration (2mg/L) of rGQDs led to higher DNAmethylation in the
liver than OH-GQDs and NH2-GQDs (Figs. 3 and 4). Exposure to NH2-GQDs at
2mg/L and 10mg/L resulted in higher DNA methylation in the intestines than
in livers and gills. OH-GQDs at 50mg/L resulted in the highest DNA methy-
lation level in the liver; the global DNA methylation level increased sig-
nificantly as the concentration of OH-GQDs increased. These results demon-
strated that different surface chemical modifications have divergent effects on
global DNA methylation in various tissues.

Surface modification of various functional groups can change the properties
of nanomaterials (e.g. surface charge). Surface charge affects the absorption and
distribution of nanoparticles in the organism, thereby changing the response of
cells to nanomaterials (Guo et al., 2007). In addition, the surface charge is the
main determinant of the colloidal behavior, which will affect the size and
morphology of the nanomaterial through aggregation, finally affecting the cells.
Carbon nanomaterials with a positive charge and hydrophilic groups, such as
hydroxyl and amino groups have strong biocompatibility (Guo et al., 2007).
Negatively charged or uncharged hydrophobic alkyl groups (e.g. alkyl groups
and aldehyde groups) are not conducive to the biocompatibility of materials
(Guo et al., 2007). OH-GQDs and NH2-GQDs have a positive charge which could
affect their absorption in living organisms. Ruenraroengsak and Tetley (2015)
compared the cytotoxicity of neutral, positive, and negative nanomaterials on
alveolar epithelial cells, and found that positive nanomaterials significantly re-
duced cell activity, produced more ROS, and damaged mitochondria severely.
They also found that cells treated with neutral and negative nanomaterials
produced ROS but little cytotoxicity or mitochondrial damage.

A study showed that π-stacking between the carbocyclic and hydro-
phobic DNA base pairs in graphene nanomaterials can “set up” or “lay” DNA
fragments on surface of graphene. The intermolecular forces severely deform
the DNA at the terminal base pair, which may increase genotoxicity (Zhao,
2011). The results indicated that graphene nanomaterials induce epigenetic
changes, and even induce subtle changes in gene expression programming.
Therefore, it is necessary to further study the epigenetic toxicity of GQDs.

4. Conclusion

Exposure to M-GQDs changes global DNA methylation in the liver, gill,
and intestine of zebrafish in a dose- and time-dependent manner. High
concentrations of M-GQDs increased global DNA methylation in liver, gill,
and intestine. DNA methylation persisted after exposure to M-GQDs had
ceased in the liver. Global DNA methylation increased in livers of zebrafish
even after exposure to aminated GQDs had ceased. To determine the safety
of the use of M-GQDs, further studies are needed to determine the residence
time of M-GQDs in the organism, their long-term toxicity effects, and whe-
ther DNA methylation or other epigenetic markers can return to normal
levels after exposure ceases.
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