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Mechanism of graphene-induced cytotoxicity:
Role of endonucleases
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ABSTRACT: Graphene, a crystalline allotrope or carbon, presents numerous useful properties; however, its toxicity is yet to be
determined. One of the most dramatic and irreversible toxic abilities of carbon nanomaterials is the induction of DNA
fragmentation produced by endogenous cellular endonucleases. This study demonstrated that pristine graphene exposed to
cultured kidney tubular epithelial cells is capable of inducing DNA fragmentation measured by terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay, which is usually associated with cell death. TUNEL (cell death) and
endonuclease activity measured using a near infrared fluorescence probe was significantly higher in cells containing graphene
aggregates detected by Raman spectroscopy. The elevation of TUNEL coincided with the increased abundance of heme
oxygenase 1 (HO-1), heat shock protein 90 (HSP90), active caspase-3 and endonucleases (deoxyribonuclease I [DNase I] and
endonuclease G [EndoG]), as measured by quantitative immunocytochemistry. Specific inhibitors for HO-1, HSP90, caspase-3,
DNase I and EndoG almost completely blocked the DNA fragmentation induced by graphene exposure. Therefore, graphene
induces cell death through oxidative injury, caspase-mediated and caspase-independent pathways; and endonucleases DNase
I and EndoG are important for graphene toxicity. Inhibition of these pathwaysmay ameliorate cell injury produced by graphene.
Copyright © 2017 John Wiley & Sons, Ltd.
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Introduction

Graphene is a carbon-based nanomaterial that has extraordinary
properties, which promoted its ongoing revolutionary use in
different aspects of life (Gulzar et al., 2017). At the same time, this
raised many questions regarding its biosafety due to potential
toxicity during manufacturing, use and spread in the environment
(Lalwani et al., 2016).

Graphene is only one of a wide variety of carbon nanomaterials.
Even though the data on carbon nanomaterials are incomplete,
they present significant evidence of toxicity to cells and in vivo
(Du et al., 2013). At least in part, nanomaterial toxicity is caused
by the molecular characteristics of the nanomaterial. For example,
carbon nanotubes and other fiber materials act as asbestos-like
fibers, and graphene and other sheet-shaped materials are
expected to act via their damaging sharp, jagged, flat edges
(Akhavan & Ghaderi, 2010; Du et al., 2013). Nanoparticles have
enhanced cell penetration capacity and much larger surface area
compared to routine particles, which leads to a greater toxicity.
Carbonnanomaterials canpenetrate skin (after topical application),
lungs (after inhalation), pass blood–tissue barriers after intravenous
injections and accumulate in organs (Ahamed et al., 2010).
Graphene was shown to accumulate in the kidney ( Jasim et al.,
2016), lungs, liver and spleen after intravenous injection (Kanakia
et al., 2014). Unlike larger particles, nanoparticles are often taken
up by the cell’s mitochondria and nucleus with the potential of
causing damage in DNA (Møller et al., 2014). Reactive oxygen
species (ROS) are one of the primary mechanisms of nanomaterial
toxicity (Lalwani et al., 2016; Lam et al., 2006; Møller et al., 2014; Ou
et al., 2016). This mechanism causes oxidative stress, inflammation
and consequent damage to membranes, proteins and DNA.

The integrity of DNA is very important for cell viability. DNA,
being a blueprint of the entire cell and the body, is the last

guarantor that damaged cells can recover. DNA is the only
molecule in the cell that cannot be resynthesized, it can only be
repaired, if damaged. However, the DNA repair capacity of the cell
is very limited. Toxic insult by nanomaterials often causes
irreparable DNA damage, which is the first step of irreversible cell
death. Toxicity of graphene as any nanomaterial to a cell may take
various ways. It may start withmembrane damage, oxidative injury
or apoptosis, but they all come down to DNA fragmentation
(Lalwani et al., 2016; Ou et al., 2016). The cell dies because
fragmented DNA cannot be used as a template for new DNA,
RNA and proteins, including lipid-metabolizing enzymes. Because
of this DNA fragmentation is used as the most reliable in vitro
and in vivo marker of cell death. Most commonly, DNA
fragmentation is measured using the terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay (Apostolov
et al., 2009; Liu et al., 2017; Singh et al., 2013).
The TUNEL assay has several advantages. It measures final,

irreversible cell death. The measurement is on an individual cell
basis, which is very important for particle toxicity. This
measurement does not require the destruction of a cell, such as
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in the Comet assay (Klein et al., 2008). Instead, TUNEL can be easily
combined with immunohistochemistry (Singh et al., 2013). It can
be universally applied for all cells and tissues. As opposed to other
assays, such as, the annexin V assay (Huerta et al., 2007) that
targets apoptosis only, or propidium iodide release (Pick et al.,
2004) that is used to measure necrosis, TUNEL is independent of
the type of cell death. Many viability and cell death assays can only
be applied to suspended or attached cultured cells, such as the
MTT assay (Liu et al., 2015) that measures mitochondrial
proliferation, or lactic dehydrogenase release assay (Kinard et al.,
2001), propidium iodide (Pick et al., 2004), or trypan blue exclusion
(Mahmood et al., 2009) assays, which assess plasma membrane
leakage, whereas TUNEL assay can be equally applied for both
in vitro and in vivo injury measurements. This offered a great
advantage of comparison and translation of data obtained with
cultured cells to animal and human studies.

DNA fragmentation can potentially be caused by ROS or even
via a direct action of a nanomaterial (for example, by sharp edges
of graphene sheets). However, 99% of the time DNA
fragmentation is provided by endogenous cellular enzymes
traditionally called “apoptotic endonucleases” (Hengartner, 2001).
Studies showed that same enzymes participate in other types of
cell death, particularly, necrosis (Singh et al., 2013), and prevent
the entering of extracellular DNA into the cell (Buzder et al.,
2009). Most studied of these endonucleases are
deoxyribonuclease I (DNase I) and endonuclease G (EndoG). They
are expressed in all cells and tissues, and seem to act
simultaneously in cell death (Yin et al., 2007). The role of the
endonucleases in graphene and other nanomaterial toxicities has
not been identified, partially, because specific inhibitors to study
these enzymes were not available. We have recently reported
the first specific inhibitors for these endonucleases ( Jang et al.,
2015a,b), and apply those in the current study.

Therefore, the aim of this study was to determine whether
graphene induces DNA fragmentation, and identify the
mechanism that causes it. The study was based on the TUNEL
assay, which we supplemented with the new approach utilizing
the near infrared fluorescent (NIRF) probe ( Jang et al., 2015a,b)
to measure the endonuclease activity intravitally. These two
methods complemented each other because both are based
on the measurement of endonuclease-mediated DNA
fragmentation.

Materials and methods

Chemicals

Pristine (non-modified) graphene was obtained from the National
Center for Toxicological Research ( Jefferson, AR, USA). Even
though graphene was not modified, it might have been
spontaneously weakly oxidized due to processing and storage.
Tin protoporphyrin IX dichloride (Santa Cruz, CA, USA) was used
as heme oxygenase-1 (HO-1) inhibitor at final concentration of
10μM. Ac-DEVD-CHO (EMD Millipore, Darmstadt, Germany)
(50μM) was used to inhibit caspase-3. Heatshock protein (HSP) 90
inhibitor AT13387 from MedChemExpress (Monmouth Junction,
NJ, USA) was used at 20 nM. DNase I chemical inhibitors JR-132
and IG-17 (100μM each) and EndoG inhibitors PNR-3-82 and
PNR-3-80 (50μM each) were used as previously described ( Jang
et al., 2015a,b). If not specifically indicated, all other reagents were
from Sigma-Aldrich (St. Louis, MO, USA).

Cell culture and graphene exposure

Kidney cells were used in these studies because the kidney is a
common target for graphene and other nanomaterials ( Jasim
et al., 2016). Normal rat tubular epithelial NRK-52E cells (ATCC,
Manassas, VA, USA) were grown in Dulbecco’s modified Eagle’s
medium (ATCC) supplemented with 5% fetal bovine sera. Cells
were cultured at 5% CO2/95% air in a humidified atmosphere at
37°C, fed at intervals of 48–72h, and used within 1day after
confluence. Cells were exposed to graphene at varying
concentrations for 24–48h. Enzyme inhibitors, if applied, were
added for 2 h before exposure to graphene.

Intravital endonuclease activity measurement

The total DNase (DNA endonuclease) activity in live cells was
measured using the DNase activity NIRF probe AB259.3 as
described previously ( Jang et al., 2015a,b). The probe is a cell-
permeable DNA hairpin oligonucleotide labeled with Cy5.5
fluorophores at both ends, with the structure of 50[Cy5.5]AACACT
CCGATGAGTGTAGAATGT[Cy5.5][3P]-30. After annealing of the
hairpin, the fluorophores are in close proximity and they quench
each other. A degradation of the probe by endonucleases
separates them, which increases the fluorescence signal.

Immunocytochemistry, TUNEL and image analyses

The cells were washed twice with phosphate-buffered saline, fixed
with 4% paraformaldehyde and immunostained with primary
antibody in dilution buffer (0.5% bovine serum albumin, 0.05%
Tween-20, phosphate-buffered saline). The primary antibodies
(Table 1, Supporting Information) were detected with secondary
IgG-AlexaFluor 488 or IgG-AlexaFluor 594 conjugates (Invitrogen,
Carlsbad, CA, USA). Control stainings were performed by
substituting the primary antibody with dilution buffer. In some
experiments, cells were additionally stained with TUNEL assay
using the In Situ Cell Death Detection Kit (Roche Diagnostics,
Indianapolis, IN, USA) according to the manufacturer’s protocol.
After staining, cells were counterstained with 40,6-diamidino-2-
phenylindol (DAPI) to visualize cell nuclei, mounted under cover
slips with Prolong® Antifade kit (Invitrogen) and acquired using
the Olympus IX-81 invertedmicroscope (Olympus America, Center
Valley, PA, USA) equipped with Hamamatsu ORCA-ER
monochrome camera (Hamamatsu Photonics K.K., Hamamatsu
City, Japan). Image analysis was performed using SlideBook 4.2
software. For quantification, 10 independent fields of view were
collected per each well, and mean optical density (MOD) was
recorded for AlexaFluor 488 or 594 channel. The data were
presented as averages of MOD per field of view for each channel.

Raman microscopy

Raman microscopy/spectroscopy was used for the identification
and localization of graphene in the cells. Cells were grown and
fixed as described for TUNEL. The Raman data were collected with
a Horiba Jobin Yvon LabRam HR800 spectrometer (New Jersey,
USA) equipped with 600 lines mm�1 gratings and a Peltier-cooled
CCD camera. The overall spectral resolution is around 1 cm�1.
Raman spectrometer was calibrated before the studies by using
a silicon wafer based on the silicon specific peak at 521 cm�1.
The signal was collected in the backscattering geometry by a
confocal Raman system equipped with an Olympus BX51
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microscopewith 10, 50 and 100× objectives. All themeasurements
were performed with the 100X objective. The spectrometer was
also connected to an automated stage which is capable of
providing software controlled 3D(x,y,z) spatial scanning with a
variable step size. The laser excitation wavelengths was 785nm,
and a power at the sample surface of about 2mW.

Results

Graphene induces DNA fragmentation in cultured cells

Rat renal tubular epithelial NRK-52E cells were exposed to varying
concentrations of graphene for 24h. Graphene aggregates were
visualized using phase contrast microscopy, DNA fragmentation
indicating cell death was detected and then measured using the
TUNEL assay (Fig. 1A). Low concentrations of graphene, up to
25μg ml�1, were found not to result in any elevation of DNA
fragmentation above vehicle control samples, and thus were not
considered cytotoxic (Fig. 1B). However, starting from 50μg
ml�1, the elevation of TUNEL over vehicle control was statistically
significant, indicating the cytotoxicity.

We next examined whether activity NIRF probe AB289.3 will be
able to determine increase of DNA endonuclease activity during cell

death, which would explain the increase of TUNEL. The results
showed that NRK-52E cells exposed to graphene (50μg ml�1) for
24hhada significantly higherNIRF signal indicating that the increase
of endonuclease activity compared to untreated cells (Fig. 1C;
Supporting Information, Fig. S1A–C). At the same time, the intensity
of the DAPI staining of polymeric nuclear DNA was significantly
decreased (Fig. 1D). These data suggested that fragmentation of
cellular DNAwas induced by exposure to graphene.

Increase of graphene clusters in cell is associatedwith increase
of cytotoxicity

Being a particulate matter, graphene is not distributed equally
between cells. Thus, it is important detecting it in the cells, and
colocalizing it with cells showing TUNEL positivity as the evidence
of injury. We used phase-contract microscopy to identify graphene
particles, and applied more precise Raman spectroscopy to
measure the presence of graphene in the cells. Our experiments
showed that cells exposed to graphene at 50μg ml�1 had higher
integrated Raman intensity than untreated or control (vehicle-
treated) cells; and cells with graphene accumulation had higher
integrated Raman intensity than cells without graphene
accumulation (Supporting Information, Fig. S2A). These data

Figure 1. Measurement of graphene toxicity in renal tubular epithelial cells. (A) Nuclear TUNEL staining ( green) indicative of DNA fragmentation and cell
death is located in the cell that contains a graphene cluster (shown by red arrow). (B) TUNEL assay measurement of graphene cytotoxicity at varying
concentrations. (C) Quantification of DNase activity near infrared fluorescence. (D) Nuclear polymeric DNA staining by DAPI in NRK-52E cells. C, control
vehicle-treated cells; Gn, cells exposed to graphene; UT, untreated cells.
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confirmed that graphene has been delivered to the cells either in
the form of single particles or aggregates.

To determine whether TUNEL positivity is associated with (and
caused by) graphene, NRK-52E cells exposed to graphene (50μg
ml�1) for 24h were stained for TUNEL and then sorted by flow
cytometry to separate TUNEL-positive (TUNEL+) andTUNEL-negative
(TUNEL�) cells. The percentage of TUNEL+ cells was 3.8%
(Supporting Information, Fig. S2B), which is very close to the
percentage determined above in fixed attached cells. From the
graphene-treated group, 10 cells from each TUNEL+ and TUNEL�

sorted cells were subjected to Raman spectroscopy to determine if
the nanomaterial can be associated with TUNEL-positivity (DNA
fragmentation and cell death). The results showed that TUNEL+ cells
had a significantly higher integrated Raman intensity than TUNEL�

cells, which suggested that the TUNEL+ cells had more graphene
than TUNEL� cells (Fig. 2A). Furthermore, the DNA endonuclease
activity measured in live cells using the NIRF probe mean intensity
showed that the latter directly correlated with the intracellular
graphene’s mean intensity (Fig. 2B), while DAPI mean intensity (the
amount of polymeric DNA) inversely correlated with the graphene
mean intensity (Fig. 2C). Taken together, these data suggest that
intracellular graphene induced elevation of DNA endonuclease
activity, and caused DNA fragmentation and cell death.

Graphene induces heme oxygenase-1 and apoptotic
endonucleases, and activates caspase-3

Our further experiment was aimed to determine the cause of the
elevation of DNA endonuclease activity. In addition to testing
several key endonucleases, we chose to test the involvement of

oxidative injury, as a known inducer of endonucleases (Basnakian
et al., 2002; Ishihara & Shimamoto, 2006), and HSPs, known as
important regulators of apoptosis (Rerole et al., 2011).

NRK-52E cells were exposed to graphene (50μg ml�1) for 24 h,
then fixed and immunostained. First, the immunocytochemistry
(ICC) was performed for three markers of oxidative stress: HO-1,
inducible nitric oxide synthase, and oxoguanine glycosylase
(OGG-1). The results showed that HO-1 is significantly induced in
graphene-treated cells compared to untreated and control cells
(Fig. 3A). At the same time, inducible nitric oxide synthase and
OGG-1 did not show any statistically significance induction by
graphene above control (Supporting Information, Fig. S2A,B).
Similar to OGG-1, which is a DNA repair enzyme, another DNA
repair enzyme of the DNA base excision pathway,
apurinic/apyrimidinic endonuclease-1, also did not show any
induction, and was even reduced by graphene exposure
(Supporting Information, Fig. S3C). Among HSPs, qICC of HSP40
and HSP60 showed no significant difference between the groups
(Supporting Information, Fig. S3D,E) while HSP70 is slightly
elevated in graphene-treated cells but it did not reach the level
of significance (Supporting Information, Fig. S3F). On the contrary,
HSP90 was significantly induced by graphene exposure (Fig. 3B).

The comparison of two apoptotic pathway markers, EndoG, a
marker of caspase-independent apoptosis (Singh et al., 2013),
and active caspase-3 that is a mechanistic marker of caspase-
mediated apoptosis showed that both of them were significantly
elevated in NRK-52 cells exposed to graphene (Fig. 3C,D). These
results suggested that both caspase-mediated and caspase-
independent pathways were involved in the DNA fragmentation
in NRK52E cells exposed to graphene.

Figure 2. Cells containing graphene clusters have more DNA fragmentation. (A) Representative 2D Raman maps developed based on the graphene
specific signature (left). Integrated Raman spectroscopy signal is higher in TUNEL+ versus TUNEL� cells (right). (B) DNA endonuclease activity measured
by NIRF probe signal directly correlates with graphene quantity (mean intensity). (C) DNA quantity measure by DAPI mean intensity reversely correlates with
graphene quantity (mean intensity), which indicates degradation and removal of some DNA. NIRF, near infrared fluorescence.
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We further assessed the involvement of other endonucleases,
such as DNase I and caspase-activated DNase, and found that both
of them were significantly elevated in NRK-52E cells treated with
graphene (Fig. 3E,F). These results suggested that apoptotic
endonucleases seem to be involved in graphene cytotoxicity.
However, there was still a need for cause–effect relationships
between graphene toxicity and the individual molecules to be
established.

Alleviation of the graphene cytotoxicity by chemical inhibitors

To test the cause–effect relationships between graphene
cytotoxicity and the individual markers, specific inhibitors were
applied. Before graphene, NRK-52E cells were exposed to the
HO-1 chemical inhibitor protoporphyrin IX, caspase-3 inhibitor
Ac-DEVD, HSP90 inhibitor AT13387, DNase I inhibitors JR-132 and
IG-17, or EndoG inhibitors PNR-3-80 and PNR-3-82. Two hours later,

Figure 3. Immunocytochemical measurement of oxidative and apoptotic markers affected by graphene (50μg ml�1) exposure of NRK-52E cells. (A)
Graphene induces HO-1 ( green staining). (B–D) HSP90, EndoG and active caspase-3 immunostaining (red color) and quantification of their mean intensities,
respectively, in NRK-52E cells. (E,F) Quantification of DNase I and CADmean intensities, respectively, in NRK-52E cells exposed to graphene. C, control vehicle-
treated cells; Gn, cells exposed to graphene; HO-1, heme-oxygenase-1; HSP90, heatshock protein 90; UT, untreated cells.
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graphene was added to 50μg ml�1 for 48h. TUNEL assay showed
that all these inhibitors were able to reduce cell death significantly,
more than three-fold compared to cells treated with graphene
only (Fig. 4). This observation confirmed the mechanistic
contribution of HO-1, caspase 3, HSP90, DNase I and EndoG in
the graphene toxicity.

Discussion

Toxicology studies of every new nanomaterial are notoriously
incomplete, and its potential toxicity is always a concern. The
reasons for this are many: invention of new nanomaterials are
way ahead of the toxicity studies, which take a long time to

Figure 3. Continued

Figure 4. Alleviation of graphene toxicity by using chemical inhibitors after 48 h exposure of NRK-52E cells with graphene (50μg ml�1). Quantification of
TUNEL-positive cells in NRK-52E cells treated with graphene in the presence of chemical inhibitors for HO-1, HSP90, caspase 3, DNase I and EndoG (p< 0.01
for all bars vs. Gn).
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complete; the methods used for routine toxicity analyses may not
be satisfactory for nanomaterial toxicity; and toxicity patterns of
the new nanomaterials are unknown. Toxicology is usually based
on the concepts of determining the known toxic effects. When
the effects are unknown, the study becomes unfocused and may
end up with getting false-negative results. In this regard, using
DNA fragmentation gives the advantage of a universally applicable
method to assess any cellular damage independent of the
mechanism. Endonuclease-mediated DNA damage is known to
be the last step in cell death, after which cell death becomes
irreversible. Cell death mediated by endonucleases can occur by
an immediate cause or/and because of apoptosis and all other
types of irreversible cell death during tissue injury. It is produced
by different enzymes, including DNase I, caspase-activated DNase,
EndoG and other DNA-degrading enzymes enzymes, which act
simultaneously during cell death. Apoptotic endonucleases are
the enzymes that are weakly cytotoxic themselves, but they
universally promote the cytotoxicity of various agents, including
nanomaterials. Induction and nuclear import of the endonucleases
is attributed to an irreversible stage of cell death manifested with
the fragmentation of DNA (Hengartner, 2001).

In this study, we demonstrated that pristine graphene exposed
to cultured kidney tubular epithelial cells is capable of inducing
DNA fragmentation measured by TUNEL assay commonly
associated with cell death. TUNEL (cell death) and endonuclease
activity measured using a NIRF probe was significantly higher in
cells containing graphene aggregates detected by Raman
spectroscopy. The elevation of TUNEL coincided with the
increased abundance of HO-1, HSP90, active caspase-3, DNase I
and EndoG as measured by ICC. Specific inhibitors for HO-1,
HSP90, caspase-3, DNase I and EndoG almost completely blocked
the DNA fragmentation induced by graphene exposure. Therefore,
graphene induces cell death through oxidative injury, caspase-
mediated and caspase-independent pathways; and
endonucleases DNase I and EndoG are important for graphene
toxicity.

Knowing these pathways may help in studies of graphene, and,
potentially, other carbon nanomaterial toxicities. Our data
regarding the anti-graphene toxicity activity of DNase I and EndoG
inhibitors are the first indicating the mechanistic role of these
apoptotic endonucleases in graphene toxicity. These inhibitors
could be used in future to ameliorate graphene toxicity in different
systems.

Some studies based on the in vitro toxicity of graphene
reasonably hypothesized that the measured biological findings
will actually vary across the material family based on the number
of layers, lateral dimensions, mechanical stiffness, hydrophobic/
hydrophilic characteristics, hydrophobicity, surface chemical
functionalization, charges, coating and dose (Sanchez et al. 2012;
Yang et al., 2013). The latter, which is also at the basis of the entire
toxicology discipline, was confirmed by the current report. Our
study also supported previous observation by Zhang et al. (2010)
regarding activation of caspase-3 by graphene, and the
involvement of ROS in graphene toxicity (Nedosekin et al., 2014;
Pogacean et al., 2014; Wilczek et al., 2015). Several reports used
the advantage of TUNEL to demonstrate graphene toxicity (Liu
et al., 2017; Shim et al., 2014). However, we could not find any
study in the literature that would involve identification of
individual endonuclease producing TUNEL-like DNA
fragmentation. It is important that we were able to associate the
presence of graphene agglomerates in the cells with TUNEL, thus
linking these two events into an apparent consequence events.

Identification of individual nanoparticles often presents a problem
because the size of the nanomaterials varies. Carbon-based and
other nanomaterials are often heterogeneous, impure and prone
to agglomeration (Lim et al., 2012). Carbon nanotubes and other
nanomaterials are able to cross plasma membranes, enter cells
and accumulate in the cytoplasm causing cell death (Dong et al.,
2008; Tian et al., 2006). The conglomerates can form before, during
and after the cell consumption of the nanomaterials. Studies show
that carbon-based nanomaterials can produce oxidative stress and
inflammation (Kim et al., 2010; Lam et al., 2006), both of which
would strongly contribute to activation of endonucleases causing
irreversible cell death.
In conclusion, our study, for the first time, identified apoptotic

endonucleases as one of the key mechanisms of graphene-
induced cytotoxicity, and demonstrated that applying
endonuclease inhibitors may be effective in the amelioration of
graphene toxicity in vitro. Future studies may test whether this
approach is applicable in vivo.
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