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As aninexpensive monolayer archetypal member of the carbon family, graphene has triggered a new ‘gold
rush’in nanotechnology for achieving unique properties that were not available in many traditional mate-
rials. Owing to these unique features, graphene-related materials are finding new uses in nanomedicine
and synthetic biology in addition to their diverse applications in electronics, optoelectronics, photonics
and environmental clean-up. The increased production of graphene nanostructures and increased like-
lihood of exposures to these substances in environmental and occupational settings has raised concerns
about adverse health outcomes. In particular, the biological effects of these materials need to be assessed
to ensure risk free, sustainable development of graphene for widespread applications. In this work, for
the first time, we studied the in vitro and in vivo interactions of a relatively new derivative of graphene,
graphene nanopores (GNPs) in mammalian systems, to systematically elucidate the possible mechanism
of their toxicity over time. This study showed that GNPs induced early apoptosis in both SKMES-1 and
A549 lung cancer cells. However, late apoptosis is only induced at concentrations higher than 250 pwg/ml,
suggesting that, although GNPs at lower concentrations induce upregulation of phosphatidylserine on
the cell surface membrane (i.e. early apoptotic event), GNPs do not significantly disintegrate the cell
membrane. We also showed that rats intraperitoneally injected with GNPs suffered sub-chronic toxicity
in a period of 27 days when tested at single and multiple doses of GNPs (5 and 15 mg/kg) as evidenced by
blood biochemistry, organo-somatic index, liver and kidney enzymes functions analysis, oxidative stress
biomarkers and histological examinations. In sum, our results show that GNPs are likely to have a low
bioavailability in SKMES-1 and A549 lung cancer cells and rats. Nevertheless, this must be considered
against the context of a wider lack of knowledge regarding the bioavailability, fate and behaviour of
this type of new porous framework of graphene in natural systems. Therefore, a more long-term GNPs
exposure regime, more relevant to real-life environmental consequences, is needed to fully determine

the transport capacities of GNPs in living systems.
Crown Copyright © 2018 Published by Elsevier Ltd. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction graphene-based materials is their ability to effectively cross bio-

logical barriers such as the blood brain barrier, highlighting their

Graphene has become a ‘superstar’ in nanomedicine with appli-
cations to improve diagnostics, therapeutics, and genetic risk
factors, owing to its multifaceted properties such as small size, large
surface area-to-volume ratio, quantum size effects, and unique
physicochemical properties [1-3]. One important advantage of
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potential as a drug delivery vehicle for anticancer therapeutic
agents. In particular, the combined enhanced permeability and
retention effect would facilitate their accumulation in tumours,
releasing therapeutic levels of drugs into the target cells with
reduced side effects [4]. Typically, graphene quantum dots have
many properties far superior to conventional quantum dots such
as photoluminescence, low toxicity and interplay between size and
optical features which have been utilized as diagnostic imagining
tools as well as photodynamic/photothermal therapy [5]. Similar
use of three-dimensional graphene foam for stem cell therapy of

2352-9407/Crown Copyright © 2018 Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://doi.org/10.1016/j.apmt.2018.07.005
http://www.sciencedirect.com/science/journal/23529407
http://www.elsevier.com/locate/apmt
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:tt302@exeter.ac.uk
mailto:J.L.Whatmore@exeter.ac.uk
mailto:s.zhang@exeter.ac.uk
https://doi.org/10.1016/j.apmt.2018.07.005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

390 T.A. Tabish et al. / Applied Materials Today 12 (2018) 389-401

stroke and its bioconjugates in regenerative medicine has been
described in recent literature [6]. Recently, graphene nanopores
(GNPs) have also been used in applications such as DNA sequenc-
ing [7-9] and water treatment [10,11] and GNPs have provided
unique porous frameworks [12]. Porous graphene biointerfaces
have also recently been reported as an effective antimicrobial
agents with highly efficiently bactericidal activities against both
Gram positive and Gram negative bacteria [13,14]. Matharu et al.
[15] have reported the effects of graphene nanoplatelet-loaded
polymer fibres on microbial growth of two Gram negative bacte-
ria Escherichia coli and Pseudomonas aeruginosa. They determined
the minimum inhibitory concentration of graphene-fibre which in
turn can produce the highest antibacterial effects while remain-
ing non-toxic to the normal cells. This study revealed that 8 wt%
of graphene-fibres showed good antibacterial effects owing to the
direct contact between bacterial cells and the sharp edges of the
graphene nanostructures. This direct contact is also responsible
for severe membrane deformation and the efflux of cytoplasmic
material [16]. One drawback of the use of GNP’s is that very few
synthesis techniques are available. However, techniques such as
electron beam irradiation, ion bombardment, doping, templating,
chemical etching, chemical vapour deposition and other chemical
methods have now been utilized for their preparation [9,17-20].
The drawbacks of these methods are the low production yield
and the problems associated with their separation/purification. To
address this omission, we have recently reported a study demon-
strating a novel and facile approach to GNPs synthesis via thermal
treatment of reduced graphene oxide without using any catalyst or
template-based approach [21].

GNP, a thin, flexible material with excellent electrical address-
ability and robust mechanical properties is promising for label-free
protein detection, DNA sequencing and high throughput wastew-
ater based-micropollutant decontamination [7-11]. The high
specific surface area and nanoporous framework allows direct
sensing and sequencing of atomic-scale biomolecules. In recent
years, cellular internalization and trans-barrier transport of
micro/mesoporous graphene nanosheets have been the subject
of major developments in nanobiotechnology. It is evident that
nanoscale materials with a diameter less than 100 nm can enter
cells, while nanoparticles smaller than 40 nm in diameter can reach
the cellular nuclei. Particles with diameters below 35 nm are able to
reach the brain by passing through the blood-brain barrier [22-24],
while larger nanoparticles are excluded which in turn reduces the
delivery of theranostic nanoparticles [25-27]. A better understat-
ing of the physiochemical properties of graphene, the interaction
between graphene and cells, and possible toxicity mechanisms is
of critical importance to outline potential biomedical applications
of these materials. The proposed mechanism of GNPs toxicity is
depicted in Fig. 1. The widespread use of graphene-based materi-
als and their potential toxic effects are likely to exacerbate several
health concerns [26,27]. Most laboratory experiments investigating
the potential applications of GNPs in life sciences have not con-
sidered the toxicity associated with GNPs in their testing regimes.
Recently, however, a few studies have examined the in vitro and
in vivo toxic implications of three dimensional graphene foam to
investigate the bioavailability and subsequent toxicity potential
[28,29]. The pre-clinical risks, adverse effects of GNPs exposure,
and approaches to minimize their health hazards still remain unde-
fined. However, inhalation of graphene structures is believed to
be a risk factor for cardiorespiratory disease. For example, inhaled
graphene nanoplatelets can be transported deep within the distal
regions of the lungs and trigger chronic inflammation in the res-
piratory tract [30]. It is generally thought that the placenta, lung,
gastrointestinal tract and skin act as major barriers for many nanos-
tructures entry into living organisms [31]. Indeed, a recent study
on mice demonstrated that intratracheally delivered few-layered
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Fig. 1. Schematic illustration of the potential mechanisms of action of graphene
nanopores (GNPs). When graphene nanopores reach the exterior membrane of a
cell, they interact with the plasma membrane or extra-cellular matrix and enter the
cell, mainly through diffusion, endocytosis and/or binding to receptors. The potential
toxic effects of graphene mainly depend on its physicochemical characteristics, the
nature of its interaction with cells and its accumulation in specific organs. Upon
interaction with light, graphene can generate reactive oxygen species, which in turn
can cause oxidative stress, loss in cell functionality, pro-inflammatory responses and
mitochondrial damage. Uptake of graphene into the nucleus may cause DNA-strand
breaks and induction of gene expression via the activation of transcription factors,
cell death and genotoxicity.

graphene was mainly retained in the lung, with 47% remaining after
4 weeks and this resulted dose-dependent acute lung injury and
pulmonary oedema [32]. An in vitro study of the effects of graphene
and graphene oxide on human skin HaCaT keratinocytes demon-
strated that oxidized graphene was the most cytotoxic, inducing
mitochondrial and plasma-membrane damage, and suggesting low
cytotoxic effects at the skin level [33]. Reduced graphene oxide
is more toxic than graphene oxide as evidenced by many studies
reported recently [34,35]. This is primarily due to its sharp edges
and structural morphology. In contrast to the typically soluble
nanoparticles examined in conventional toxicology investigations,
graphene nanostructures have different shapes and surface areas,
and which in turn can significantly influence their diffusion, dis-
persion, aggregation and agglomeration in plasma. Importantly,
these “tunable” characteristics of graphene account for the vary-
ing toxic outcomes on the tissues. In vivo, following toxicity testing
of graphene, post-mortem histological examinations of liver alter-
ations have revealed hypertrophy of hepatocytes, necrosis and
inflammatory cell infiltration in liver and kidney tissues [36]. The
level of organ function and oxidative stress has been reported
to affect the fate, transport and toxicity of graphene in organs
but there is currently a lack of consistency in this regard [36].
Liver enzyme functions can be used to reveal the biodistribution,
metabolism, and excretion patterns of graphene. Similarly, investi-
gation of oxidative stress indicators is a commonly acknowledged
mechanism adopted to investigate cellular injuries in mammals.
Antioxidants act as a defence system to reinstate the cellular redox
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balance when oxidative stress is generated as a result of excess
production of reactive oxygen species. Disruption of this critical
balance in the presence of excessive reactive oxygen species trig-
gers the activation and promotion of a pro-inflammatory cascade,
which in turn may cause mitochondrial release of proapoptotic fac-
tors potentially leading to cell death. Hepatocytes are key targets
for reactive oxygen species damage, and therefore liver function
and biomarkers of oxidative stresses should be investigated with
great care.

Lung cancer cell lines are commonly used to assess the cyto-
toxicity of an experimental material for biomedical applications.
Cancer cell lines such as lung and breast were selected by National
Cancer Institute as models to screen drugs/compounds as a prelude
to testing in xenografts or animal models [37]. Use of human cell
lines in toxicity assays allows us to selectively test mechanisms of
cell toxicity in a controlled environment, which can be very diffi-
cult, time consuming and laborious to carry out in rat models. Also,
animal models are genetically very different than human. Bioavail-
ability experiment with animal models cannot explain the cellular
and molecular mechanisms of interactions between cell membrane
or cellular organelles and the tested compounds, which can only
be achieved using well-defined and well-characterised human cell
lines such as lung, breast cancer cells. Isolating primary human cell
for each organ for in vitro study is not cost-effective and it also may
produce huge variability due to significant heterogeneity among
humans on genomic, proteomic and phenotypic levels. Human can-
cer cell lines hold genetic information that is well-characterised
and translatable to human studies. Also, using human cancer cell
lines to test for in vitro toxicity give us an indication of the range of
doses that can be applied in animal models. In vivo, the efficacy of
the treatments remains non-selective, non-specific and is carried
outinanuncontrolled environment (e.g. genetically heterogeneous
mice). Thus, we utilized human cell lines in vitro to carry out our
preliminary toxicity experiments in a controlled, 2D environment
which was then repeated in in vivo models to better understand
the effect of the compound in a 3D, uncontrolled environment. We
studied two types of lung cancer cells (e.g. adenocarcinoma and
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squamous cell carcinoma- both of epithelial origin) for two reasons:
(a) cancer cells evolve to evade the immune system and display
resistance to a number of therapeutic responses such as chemother-
apy and radiotherapy, and hence possess a therapeutic challenge.
Due to the occupational exposure of such graphene-based nanoma-
terials, it is highly likely that these nanomaterials can be inhaled
in humans which may lead to respiratory pathology. Thus, test-
ing toxic effects of this nanoparticle in lung cancer cell lines was
advantageous over using somatic cell lines; and (b) unlimited pro-
liferation is a predominant feature of all cancer cell lines compared
to the limited proliferative capacity of somatic cells. During pas-
saging, somatic cells undergo anoikis when they detach from the
extracellular matrix coating, resulting in a decreased number of
cells in the next passage. Consequently, the resultant cell death
due to the testing compound may not be a true representation of
the toxicity of a compound. Also, as the passage number increases,
somatic cells may become less responsive to an exogenous thera-
peutic assault. These phenomena are rarely observed or are absent
in cancer cells.

Clearly, in vitro and in vivo investigations into the toxicity of
graphene nanostructures is becoming increasingly important. In
response to this, the present study investigates the toxic effects of
GNPs on lung cancer cells (SKMES-1 and A549) in vitro and in rats
in vivo, specifically, biochemical, serum enzyme analyses, complete
blood count as well as histological analysis have been used in this
study.

2. Results
2.1. In vitro toxic effects of GNPs on lung cancer cells

Representative FACS images and analysis of one experiment of
cell viability have been shown in Fig. 2. Fig. 3A demonstrates that
after 24-h exposure to GNPs, the cell viability of A549 cells exhibited
a significant dose-dependent reduction from 50 to 500 wg/ml. For
example, after 24 h reduction in the percentage of living cell were
52.8%, 42.5% and 33.2% at concentrations 50, 250 and 500 p.g/ml
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Fig. 2. Representative fluorescence-activated cell sorting (FACS) analysis of cell viability, early apoptotic, late apoptotic, and necrotic cells of selected concentrations of
graphene nanopores (GNPs) in two different lung cancer cell lines (A549 and SKMES-1). Data are presented as percentage of the cell population. Cell viability of A549
(upper panel) and SKMES-1 (lower panel) is shown at selected concentrations. Experiments were performed and interpreted as follows: annexin V-v¢/PI-V¢ cells (lower left
quadrant), annexin V*v¢/PI-V¢ cells (lower right quadrant), annexin V*V¢/PI*V¢ (upper right quadrant) and annexin V-V¢/PI*¢ (upper left quadrant) were considered as living,
early apoptotic, late apoptotic, and necrotic cells.
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Fig. 3. Bar graph quantifying the percentage of dead, living, early-stage apoptotic, and late-stage apoptotic cells in response to different concentrations of porous graphene
(GNPS). Flow cytometry analysis of A549 and SKMES-1 lung carcinoma cells stained with annexin V (apoptosis) and propidium iodide (PI; late apoptosis and necrosis)
following 24 h of treatment with varying concentrations of GNPs (0-500 w.g/ml). (A) graphic representation of percentage of living cells (B) early apoptosis (C) late apoptosis,
(D) necrosis in response to GNPs. Data are represented as mean & SD of three independent experiments. *p <0.05 vs control. n.s. denotes not significant.

respectively, compared to control (0 pg/ml, ~80%). A similar obser-
vation was made in SKMES-1 cells where GNPs concentrations 50
and above induced significant reduction of living cells. However,
the reduction was not dose dependent (Fig. 3A). For example, at 50,
250 and 500 p.g/ml of GNPs, percentage count for living cells were
50.8%, 46.5% and 47.4% respectively, compared to control (0 pg/ml,
70%). The number of cells undergoing early apoptosis significantly
increased in a dose dependent manner following treatment with
5 g to 500 wg/ml GNPs in both A549 and SKMES-1 cells (Fig. 3B).
A dose-dependent increase in late apoptotic (Fig. 3C) and necrotic
cells (Fig. 3D) was also observed in A549 cells, although no signifi-
cant increase in necrosis was observed in the SKMES-1 cell line.
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Fig. 4. Daily body weight (g) of control groups and treated groups of rats exposed
to GNPs by intraperitoneal injection for 27 days. First dose was administered at day
0 for both single and multiple dose regimen, and the body weight was measured
daily.

2.2. Effects of GNPs on body and relative organ weights

In vivo toxicity of GNPs was assessed in rats following 27-
day repeated dose intraperitoneal injections. GNPs treatment did
not affect the body weight of the treated rats during the 27-
days exposure period for treatment with 5mg/kg body weight
either once or multiple doses (Fig. 4). No significant decrease
in body weight was observed in rats administered GNPs up to
5mg/kg. Rats in the high repeated dose group (15 mg/kg body
weight) showed lower body weights after 27 days (Fig. 4) com-
pared to the control group, but this did not reach significance.
Organo-somatic indices demonstrated that organ weight did not
change by the treatment of GNPs, compared to the control, sup-
porting their low in vivo toxicity (Supplementary information Fig.
2).

2.3. Effects of GNPs on complete blood count in the rat

To examine the in vivo cytotoxicity of GNPs, we performed a
complete blood count (CBC), liver and kidney function enzymes,
biomarkers of oxidative stress and histological study of vital organs
of control and treated rats. Treated animals received with either 5
or 15 mg GNPs/kg body weight as either a single dose or repeated
doses (8 doses spread over a 27 day period). Toxic effects of GNPs
on CBC were not observed (Fig. 5A-0) although there was a slight
(6%) reduction in platelet numbers in the 15 mg/kg group (Fig. 5K).
The proportion of lymphocytes remained stable (Fig. 5B) and total
white cell count was unaffected (Fig. 5N).
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Fig.5. (A-N)Complete blood count in rats after 27 days of GNPs administration. Rats (n =8 per group) were intraperitoneally injected with single doses of 5 mg/kg body weight
(group 1), 15 mg/kg body weight (group 2) or multiple doses of 5 mg/kg body weight (group 3) and 15 mg/kg body weight (group 4). Values are expressed as mean =+ standard
deviation, for: (A) red blood cell count (RBC); (B) lymphocytosis (LYM %); (C) mid-range absolute count (MID); (D) total % of granulocytes GRA; (E) haemoglobin (HBGL); (F)
mean corpuscular haemoglobin (MCH); (G) mean corpuscular haemoglobin concentration (MCHC); (H) mean corpuscular volume (MCV); (I) hematocrit (HCT); (J) red cell
distribution width (RDW); (K) platelet count (PLT); (L) mean platelet component (MPC); (M) large platelet concentration ratio (LPCR); and (N) white blood cell count (WBC).
Data are represented as mean =+ SD of three independent experiments. *p <0.05, **p<0.01 vs control. n.s. denotes not significant.
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Fig. 6. Liver and kidney enzyme functions results in rats 27 days post GNPs administration. Rats (n =8 per group) were intraperitoneally injected with single doses of 5 mg/kg
body weight (group 1), 15 mg/kg body weight (group 2) or multiple doses of 5 mg/kg body weight (group 3) and 15 mg/kg body weight (group 4). Values are expressed as
mean + standard deviation, for: (A) alanine transaminase (ALT), (B) aspartate transaminase (AST), (C) alkaline phosphatase (ALP) and (D) creatinine. Data are represented as
mean =+ SD of three independent experiments. *p <0.05, **p <0.01 vs control. n.s. denotes not significant.

2.4. Liver and kidney function analysis

Alterations were observed in liver and kidney functions fol-
lowing GNPs treatment (Fig. 6) i.e., the results showed that the
activities of ALT, AST, ALP enzymes were significantly increased
in all groups, suggesting liver damage. Creatinine levels, indicative
of kidney damage, were only significantly increased in rats treated
with 15 mg/kg of GNPs repeated doses.

2.5. Histopathological changes

A comprehensive post mortem histological study was then per-
formed to assess any tissue interactions with GNPs. Sections of
heart, kidney, liver, small intestine, lung, brain and testis were
examined for histopathological changes at 14 and 27 days of GNPs
administration (at single or multiple doses of 5 and 15 mg/kg
of body weight of rats). The histology photographs of the liver,
kidney, heart and small intestine tissues after GNPs exposure
of 27 days are shown in Figs. 7 and 8. GNPs at all dosing reg-
imens induced pathological changes after 27 days. Specifically,
vacuolation, dilation of central vein and haemorrhage, vacuolation
and dilation of central vein, damage of vacuolation, haemorrhage
and degeneration of central vein, dilation of epithelial lining and
hydropic degeneration oedema were observed in liver tissue. Kid-
ney tissue of the treated groups showed acute vacuolization,
dilation of epithelial lining, vacuolation and nucleus degeneration,
nucleus damage, necrosis and epithelial degeneration. Heart tissue

showed chemodectoma, toxic myocarditis, reddish brown atrophy;
yellowish brown pigments suggesting lipofuscin granules as rem-
nants of cell organelles and cytoplasmic material. The brain showed
effects of secondary carcinoma, olegodendrocytoma small thin
walled blood vessel and crytococcosis. Testicular tissue of treated
groups showed spermatogenesis and vacuolation, dilation of ger-
minal layer, degeneration of secondary spermatocytes, damage to
the germinal layer and vacuolation. The lung showed damage of
vacuolation, degeneration of central vein, inflammation, haem-
orrhage, d-shaped cells structure, hemosidophroages and lesion.
These effects are presumably due to accumulation and low clear-
ance of GNPs in the rat. After the multiple-dose exposure to GNPs,
there are some histopathological changes that accumulate around
the central veins of the liver. This may be ascribed to the overload
of GNP particles in the liver. The histopathological changes of these
organs at 14 days in the rats are shown in Supplementary informa-
tion Figs. 3 and 4. No abnormal clinical signs or death was seen in
the all the treated and control groups and all the rats were in good
condition at the time of sacrifice.

2.6. Biomarkers of oxidative stress and antioxidant enzymes

The oxidative stress caused by the GNPs in the main organs was
measured to examine the possible toxicological pathway. Inter-
estingly, as shown in Fig. 8, the MDA level in the liver of rats
treated with a single low dose and multiple low doses (5 mg/kg
body weight of rat) remained unchanged. However, the levels
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Fig.7. Representative histopathological changes of the liver, kidney, heart and small intestine of GNPs-exposed and control rats in haemotoxylin-eosin (H&E) stained sections
after 27 days. The doses of GNPs were 5 and 15 mg/kg for the single-dose exposure and 5 and 15 mg/kg (every other day, in total fourteen injections) for the multiple-dose
exposure. The control group livers showed normal histology while the single low dose group (5 mg/kg) showed vacuolation (circle), dilation of the central vein (DCV indicated
by arrow) and haemorrhage (H indicated by arrow). The single high dose group (15 mg/kg) showed haemorrhage (H), vacuolation (V) and dilation of the central vein (DCV)
and Karyolysis (K). Multiple low dose group (5 mg/kg) showed the high frequency of vacuolation (circle), haemorrhage (H) and degeneration of central vein (DCV), nuclear
damage (N), Karyolysis (K) and epithelial damage (ED). Multiple high dose group (15 mg/kg) in rats exhibited destructive effects on liver haemorrhage (H), massive vacuolation
(circle), complete dilation of epithelial lining (ED), dilation of central vein (DCV indicated by arrow) and hydropic degenerative oedema (HDE). Kidney tissues of control
group exhibited normal histology. The single low dose group showed acute vacuolization (arrow). The single high dose group caused dilation of epitheliail lining (DEL),
vacuolation (circle) and nuclear damage (ND). Kidney tissues of group treated with a multiple low dose exhibited nucleus degeneration (ND), vacuolation (circle), while high
dose group showed acute necrosis (N), epithelial degeneration (E) and vacuolization (V). The control group heart showed normal histology of heart muscle tissues and single
low dose treated group showed the chemodectoma, an ovoid mass, the tumours were enclosed in a fibrous capsule. The single high dose group indicated toxic myocarditis,
and varying degree of damage, ranging from loss of striation to complete necrosis and fragmentation, whereas the multiple low dose group caused acute rheumatism heart,
which is the collection of pleomorphic histocytes with large basophilic nuclei having prominent nucleolus which give the cell an ‘owl-eye’ appearance. While rats treated
with a multiple high dose group showed reddish brown atrophy; yellowish brown pigments lipofuscin tends to accumulate in many tissues, the lipofuscin granules were
fragments of cell organelles and cytoplasmic material. When the parenchymal cells of an organ exhibited atrophied because of increase age or presence of wasting diseases
it may cause the condition of brown atrophy. Histology of control group small intestine showed the normal cell of serosa (s), muscular layer (M), sub mucosa (‘S), Intestinal
glands (I.G) and Villus (V) and single low dose treated group showed the damage of submucosa and muscular layer (arrow) and enlargement of lacteal (circle). Single high
dose treated group showed reduction in villi length (thin arrow), distortion of lamina propria (thick arrow), and intestinal crypts destruction (circle). The multiple low dose
treated group exhibited moderate villus atrophy (big arrows) and crypt hyperplasia (small arrow). The multiple high dose group showed total distortion of villi and villus
atrophy flat mucosa and no visible microvilli (arrows).

of GSH increased after 27 days of treatment with both single 3. Discussion

and multiple doses in the liver. GNPs also caused a decrease

in the CAT activity in exposed groups with a marked decrease Since the isolation of graphene in 2004, research has been
observed in the multiple high dose group (15 mg/kg body weight). conducted to elucidate the potential toxic effects of graphene
Results indicated that under stress, the CAT activity was reduced exposure in in vitro and in vivo environments. Much research
(Fig. 9). has been carried out on pristine graphene, graphene oxide,
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Fig. 8. Representative histopathological changes of the brain, testis and lung of the GNPs-exposed and control rats in haemotoxylin-eosin (H&E) stained sections after
27 days. The doses of GNPs were 5 and 15 mg/kg for the single-dose treatment and 5 and 15 mg/kg (every other day, in total fourteen injections) for the multiple-dose
treatments. Control group brain showed normal cells, while rat treated with a single dose (5 mg/kg body weight) exhibited reduced motor neurons and the degenerated
sparse neurons (thin arrows). The single high dose treated group exhibited tumours (arrow) and cords of tumour. Rat treated with multiple dose (5 mg/kg body weight)
suffered oligodendrocytoma with numerous small thin walled blood vessels (arrow). Rats treated with the multiple high dose group exhibited crytococcosis and a flask shaped
depression (arrow). Testicular tissue of the control group of rats exhibited normal histology. Rats treated with a single dose (5 mg/kg body weight) showed spermatogenesis
(thin arrow), vacuolation (circle) and primary spermatids (thick arrow). The single high dose treated group showed the dilation of germinal layer (circle), degeneration
of secondary spermatocytes (thick large arrow), production of primary spermatids (small arrow), and vacuolation (circle) Rats treated with the multiple low dose group
showed dilation of the germinal layer (circle), the degeneration of secondary spermatocytes (thick large arrow), the production of primary spermatids (small arrow), and the
vacuolation (circle). The multiple high dose treated group showed vacuolation (circle), damaged basement membrane (B), damaged primary spermatocytes (DS shown by
large arrow) and damaged sertoli (st). Control group lung showed normal cells, while rat treated with a single dose (5 mg/kg body weight) exhibited damages of vacuolation,
degeneration of central vein and acute inflammation. The single high dose treated group showed damage of vacuolation, haemorrhage and hemosidophroages. Rat treated with
multiple dose (5 mg/kg body weight) showed damage of vacuolation, vein and artery damages, disruption, haemorrhage and d-shaped cells structure and hemosidophroages.
Rats treated with the multiple high dose group showed damage of vacuolation, vein and artery damage, haemorrhage, d-shaped cells structure, hemosidophroages and lesion.

reduced graphene oxide, graphene quantum dots, and graphene designed to inform the potential use of these structures in clin-
nanoribbons and has showed that these single or few-layered ical settings. The results of these studies suggest that graphene
structures are capable of inducing adverse effects in cell lines nanostructures such as graphene oxide and reduced graphene
and animal models [38,39]. These early investigations initiated oxide, have the capacity to induce toxicity in mammals both as
many pre-clinical toxicity studies on graphene nanostructures a function of their chemistry, by inducing oxidative stress and
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Fig. 9. Biomarkers of oxidative stress results in rats after 27 days of GNPs administration. Rats (n =8 per group) were intraperitoneally injected with single doses of 5 mg/kg
body weight (group 1), 15 mg/kg body weight (group 2) and multiple doses of 5 mg/kg body weight (group 3) and 15 mg/kg body weight (group 4). Values are expressed
as mean =+ standard deviation, for: (A) MDA, (B) hydroperoxide, (C) GSH, and (D) catalase. Data are represented as mean & SD of three independent experiments. *p <0.05,

**p<0.01 vs control. The units of protein weight are per Kg.

lipid peroxidation, and as a result of their aggregation causing
physical blockages [40]. Indeed, 3D porous graphene frameworks
have shown various effects from acute lethally to sub lethal toxic
effects including histological, and oxidative stress responses and,
after inhalation exposure in rats, graphene has been found to
accumulate in the lung, leading to phagocytosis [30]. However,
GNPs, one of the most prominently used derivatives of graphene,
e.g. used in DNA sequencing, drug delivery cargos and water
treatment, have not been investigated for their potential toxicity
[41].

GNPs have different properties from their bulk counterparts
based on their size, surface area and porosity. In terms of toxicity a
sizerelated increase in surface area canlead to an enhanced dissolu-
tion of materials and thus lead to the release of potentially toxicions
and increase in toxic sites. Additionally, due to small pore and sheet
sizes, GNPs might be more likely to be retained in cells and organs
compared to larger structures. Many studies have shown a size-
dependentincrease in toxicity as a function of particle size decrease
as well as more specific size dependent generation in reactive oxy-
gen species [42]. Although size is an obvious initial determinant of
graphene toxicity, many other factors have important contributions
to make. Surface charge, stability and aggregation behaviour of
GNPs within various exposure environments, are determined both

by the physiochemical properties of the surrounding media and the
properties of GNPs themselves. A variety of parameters relating to
the physiochemical features of GNPs have been shown to influence
their toxicity. These parameters are poorly understood, with many
studies producing contradictory results, making predicting effects
difficult. GNPs can cross cells either para-cellularly or transcellu-
larly, and can travel within the circulatory system and potentially
accumulate within tissues and organs [43]. These nanostructures,
depending on their composition and physiochemical properties
can produce severe damage to cells by inducing oxidative stress
[44]. An understanding of the toxicity mechanism is vital to attain-
ing a more uniform understanding and comparison of observed
effects.

Here we investigated in vitro and in vivo toxic effects of GNPs.
Our data indicate that GNPs have acute toxicity in SKMES-1 and
A549 lung cancer cells cultured in vitro. Due to poor solubility and
superhydrophobicity, GNPs aggregate and have been reported to
bind to proteins on the cell surface and disintegrate membrane
integrity [45], and thus measuring cellular membrane integrity is an
effective way to detect cell toxicity. The combination of annexin V
and PI has been used to discriminate early apoptotic cells from late
apoptotic and necrotic ones, based on the translocation of phos-
phatidylserine from the inner to the outer layer of the plasma
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membrane of early apoptotic cells. Annexin V staining is capa-
ble of detecting apoptosis, thus revealing this type of cell death.
However, PI enters the cell that has lost its membrane integrity,
and subsequently flags the cell as late apoptotic/necrotic. Our cur-
rent study shows that GNPs induce early apoptosis in all cells,
however, late apoptosis is only induced at concentrations higher
than 250 pg/ml, suggesting that although GNPs at lower concen-
trations induce flipping of phosphatidylserine on the cell surface
membrane, a well-known phenomenon of early apoptotic event,
at low concentrations they do not significantly disintegrate the
cell membrane. Also, none of the GNPs concentrations tested were
found to induce necrosis in SKMES-1 cells, although concentra-
tions higher than 50ug/ml significantly induced necrosis in A549
cells. This may due to the different proteome profile and morpholo-
gies of the two cell lines. A number of factors may be involved
in the induction of cellular toxicity by GNPs and therefore, test-
ing toxicity in animal models is more physiologically relevant for
their real world applications. Hence, we investigated the effect of
GNPs at different concentrations in rats, particularly examining
toxicity in key organs such as liver, kidney, heart, lung, brain and
testis. We also examined measures of oxidative stress in response
to graphene which is considered to be a leading cause of cellular
toxicity.

Body weight and organ indices are generally considered as bio-
logically relevant to toxicity parameters to investigate the acute
exposure of foreign materials in animals [46]. In this study, the
first sign of toxicity recorded for the rats given an intraperitoneal
injection of GNPs was an observed decrease in body weight at
the higher dose. Toxic effects of GNPs on CBC were not observed
although there was a slight (6%) reduction in platelet numbers in
the 15 mg/kg group. The increased activities of AST, ALT, AMP and
creatinine observed after 27 days are indicators of liver and kid-
ney toxicity respectively and appeared in the rats receiving both
single and multiple doses of GNPs, compared to control groups.
Severe organ damage can increase the activities of ALT and AST
and enhanced activity of both are observed when disease pro-
cesses affect liver cell integrity [47]. Importantly, increased serum
ALT activity reflects specific hepatocellular injury [48]. Histopatho-
logical alterations were also evident in the liver, where GNPs
induced dose- and time-dependent histological alterations of the
liver tissues, including congestion, prominent vasodilatation, and
vacuolization. Histopathological changes in the liver at 27 days
were more pronounced than in rats sacrificed at 14 days following
both single and multiple doses of GNPs. The impact of GNPs in these
organs could be due to agglomerated states of GNPs which is depen-
dent on the physicochemical synthesis process of GNPs. Minor
inflammatory responses were observed in other organs, particu-
larly in the lung which showed isolated areas with granulomatous
inflammation. Interestingly, GNPs did not induce any significant
histopathological variations in the kidney compared to their con-
trol groups, which suggests the rapid clearance of GNPs from the
renal tissues. However, the altered creatinine levels observed inrats
receiving the highest dose of GNPs does suggest kidney damage.
Our data support previous studies that have demonstrated accumu-
lation of graphene nanosheets in the liver, lung, kidneys, and spleen
after intraperitoneal, intravenous, or dermal administration [49].
In the present study, the acute intraperitoneal exposure of GNPs at
15 mg/kg for 27 days leads to significant liver damage. This was evi-
denced by the elevated ALT and ALP serum levels and pathological
alterations in the liver. Increased levels of MDA, GSH and lipid per-
oxidation products were also observed in the liver of GNPs-treated
rats. Interestingly, decreased levels of CAT were also found in the
liver, suggesting that GNPs reduce the activity of this endogenous
antioxidant enzyme, contributing to oxidative stress and hepato-
cyte damage. This study suggests that more studies are needed to
determine the long-term toxicity of porous graphene frameworks

via a variety of administration routes to detect any possible serious
side effects from such materials.

4. Conclusion

The present study aimed to assess the in vitro and in vivo
interactions of a relatively new derivative of graphene, graphene
nanopores (GNPs) in mammalian systems, for the first time and to
elucidate the possible mechanism of GNPs toxicity. In vitro results
showed that GNPs induced early apoptosis in both SKMES-1 and
A549 lung cancer cells. However, late apoptosis was only induced
at concentrations higher than 250 pg/ml, suggesting that, although
GNPs at lower concentrations induced translocation of phos-
phatidylserine to the cell surface membrane (i.e. early apoptotic
event), GNPs do not significantly disintegrate the cell membrane.
Subsequently, in vivo studies indicated damage in the main organs
of rats (liver, kidney, lungs, heart, brain and testis) but the pos-
sible fast clearance of GNPs through kidney. We also showed that
GNPs induced oxidative stress in the liver. Blood markers remained
within normal ranges following treatment. Our results show that
changes in liver and kidney functions induced by the treatments
were minimal. GNPs caused sub-acute toxicity at our tested doses
(5 and 15mg/kg) to the treated rats in a period of 27 days as
evidenced by blood biochemistry, liver and kidney enzyme func-
tions, oxidative stress biomarkers and histological examinations.
For the first time, the in vitro and in vivo toxic effects of a porous
graphene nanostructure were investigated. We found time and
dose dependent toxicity of GNPs in lung cancer cell lines and
rats. These findings will help elucidate how GNPs induce toxicity
that may facilitate the modified and biocompatible development
of porous graphene-based systems for industrial applications. The
potential toxic effects posed by GNPs reveal that the toxicity of
other porous derivatives of graphene such as three-dimensional
graphene foam, graphene hydrogels, graphene aerogels, porous
graphene nanosheets, and other composites must be evaluated to
a wide range of cells and animal models to minimize their adverse
effects and risks to the off-target living organisms and tissues. The
assessment of biosafety and biocompatibility of graphene will cer-
tainly have an impact on commercialisation of graphene, and in
opening up new gateways for their use in clinical settings. There-
fore, long-term, high dose, and careful selection of administration
route using different animal models are crucial before seeking any
clinical application of this ‘wonder material’.

5. Experimental methods
5.1. Synthesis of graphene nanopores

GNPs were synthesized from reduced graphene oxide using our
previously reported procedure [21]. Briefly, 150 ml of graphene
oxide (1 mg/ml) was mixed with 1.5 ml hydrazine (35%). The reac-
tion mixture was heated at 90-100 °C in an oil bath under magnetic
stirring for 12 h until completion. The obtained product was cooled
to room temperature, washed with distilled water and filtered to
obtain reduced graphene oxide. In the next step, reduced graphene
oxide was oven-dried in a vacuum overnight and was thermally
heated at 200°C in Ar for 12 h under a slow ramp rate (3°C per
min). Additional concentrations were prepared in water for further
analysis.

5.2. Cell viability

Cell viability was evaluated in A549 and SKMES-1 lung cancer
cells. Cells were seeded in 6 well plates at a density of 350,000
per well and cultured in a humidified 5% CO, incubator at 37°C
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for 24 h. Cells were treated for 24 h with and without various con-
centrations (5, 50, 250, 500 and 1000 p.g/ml) in culture medium
and cells cultured without GNPs were taken as control. Then, cells
were trypsinised and centrifuged at 200 g for 5 minutes. Cell pel-
lets were then re-suspended in 100 ] of annexin binding buffer
(BioLegend, UK) containing annexin (BioLegend, UK) and propid-
ium iodide (PI) (Sigma-Aldrich, UK), and incubated for 15 minutes
in the dark before analysis using flow cytometry.

5.3. Cell apoptosis and necrosis

Cell apoptosis and necrosis were examined using flow cytom-
etry on a Guava flow cytometer (Millipore, Hertfordshire, UK).
Signals were detected using Alexa Fluor® 647 which is a bright, far-
red-fluorescent dye with excitation ideally suited for the 594 nm
and 633 nm laser lines. PI, a yellow-fluorescent dye was excited
using the 532 nm laser line. The data were analyzed using Guava
3.1.1 software to determine early and late apoptotic tumour cells.
This was done using the following criteria: early and late apoptotic
cells were annexin V-positive, PI-negative and annexin V-positive,
and Pl-positive, respectively. Experiments were repeated 4 times
on separate occasions.

5.4. Animals

All animal experiments were performed in compliance with
the institutional ethics committee regulations and guidelines on
animal welfare (Animal Care and Use Program Guidelines of Gov-
ernment College University), and approved by Government College
University, Faisalabad, Pakistan. Sprague-Dawley adult male rats
(average age of 6-7 weeks, 230-250g weight) were obtained
from the animal house of Government College University, Faisal-
abad, housed in groups in ventilated cages under standard lighting
conditions and natural day/night cycle after approval from the eth-
ical committee of the institution. They were given free access to
water and food and the surrounding humidity and temperature
(25°C=+2°C) was controlled. After a period of acclimatization for
7 days, the animals of similar mean initial body weights were ran-
domly divided into five groups, n =8 per group. The body weights of
the control group and all the experimental groups were observed
and recorded weekly to note weekly changes in body weights. The
body weight and behaviour were recorded every day after the first
exposure. Organo-somatic index was calculated by the following
formula: (weight of the organ (g)/total body weight (g)) 100x. A
control group was fed by usual water and food, while the other
group was treated with various doses of GNPs (5 mg/kg, 15 mg/kg
single and multiple doses) intraperitoneal injections for 27 days.
The treatment continued on alternate days for a period of 27 days.
Animal exposure schedule was also schematically represented in
Supplementary information Fig. 1. At the end of the experimental
period, animals were fasted overnight, anaesthetized the next day,
by administering ketamine hydrochloride (30 mg/kg body weight)
and sacrificed. Blood samples were collected at the start of the
experiment and after 27 days of the treatment, from the marginal
ear vein, and used for the analysis of complete blood count (CBC),
selected serum biochemical parameters, haematology, liver func-
tion tests and oxidative stress enzymes.

5.5. Complete blood count (CBC) and clinical biochemistry panel
analysis

Haematological parameters: Red blood cell count (RBC); lym-
phocytosis (LYM %); mid-range absolute count (MID); total %
of granulocytes GRA; haemoglobin (HBGL); mean corpuscular
haemoglobin (MCH); mean corpuscular haemoglobin concentra-
tion (MCHC); mean corpuscular volume (MCV); hematocrit (HCT);

red cell distribution width (RDW); platelet count (PLT); mean
platelet component (MPC); large platelet concentration ration
(LPCR); and white blood cell count (WBC), were analyzed in blood
samples using a Hitachi 902 automatic analyser (Japan). Blood
samples were collected in heparinised tubes, and plasma was sep-
arated by centrifugation at 2000 x g for 10 min. The livers were
collected, weighed using a Sartorius weighing balance and sepa-
rately immersed in fixative for further histological processing (by
the haematoxylin-eosin staining method).

5.6. Liver and kidney function analysis

To evaluate the liver function, the levels of alanine amino-
transaminase (ALT), aspartate aminotransferase (AST) and alkaline
phosphatase (ALP) were determined. To evaluate kidney func-
tion, the levels of creatinine were measured. Concentrations of
these enzymes were determined using commercial reagent Kkits
(CHEMELEX, S.A Pol. Ind, Barcelona, Spain) and an autoanalyser
system (Hitachi Ltd., Tokyo, Japan) following the International Fed-
eration of Clinical Chemistry (IFCC) method [50].

5.7. Histological analysis

The harvested heart, liver, spleen, kidney, lung, brain, intestine
and testis were fixed with 4% paraformaldehyde for 5 hours and
then dehydrated and processed for histology. Sections (6 wm) were
cut from paraffin blocks using a Reichert microtome and stained
with eosin (cytoplasm staining). The stained slides were examined
by light microscopy through a 20x or 40 x objective lens. A histolog-
ical analysis of vital organs was performed to determine whether
or not the GNPs or the degradation of GNPs caused tissue damage
and/or any pathologic impacts such as inflammation or necrosis.

5.8. Oxidative stress biomarkers and antioxidant enzymes

The activities of antioxidant enzymes, i.e. catalase activity,
superoxide dismutase activity, glutathione-S-transferase activity
and lipid peroxidation, were measured. To determine these param-
eters in the liver, the liver was quickly removed, washed in ice-cold
isotonic saline solution and blotted individually on ash-free fil-
ter paper. The tissues were then homogenized in 0.1 M Tris-HCl
buffer, pH 7.4, using a Potter-Elvejham homogenizer at 4°C with
a diluting factor of 4, the crude tissue homogenate was then cen-
trifuged at 10,000 rpm for 15 min at 4°C and the supernatant was
kept at —20°C for the estimation of enzyme activity analysis [51].
The concentration of lipid peroxidation end product (MDA) in the
liver tissue homogenate (50 mg tissues in 1.5ml of 0.1 M tris—HCl
buffer, pH 7.4) was determined by the method reported by Okhawa
et al. [52]. Briefly, the reaction mixture contained 0.2 ml of 10%
(w/v) tissue homogenate, 0.2 ml of 8.1% sodium dodecyl sulfate,
1.5 ml of 20% acetic acid and 1.5 ml of 0.8% aqueous solution of thio-
barbutaric acid (TBA). The pH of 20% acetic acid was pre-adjusted
with 1M NaOH to 3.5. The mixture was made up to 4 ml with dis-
tilled water and heated at 95°C for 1 h, in a water bath using glass
ball as a condenser. After cooling in tap water, 1ml of distilled
water and 5 ml of mixture of n-butanol and pyridine (15:1) were
added and mixture was shaken vigorously on a vortex mixer (Bio
Vortex, peQ Lab, UK). After centrifugation at 4000 rpm for 10 min
the absorbance of the upper organic layer was read at 532 nm.
Tetramethoxy-propane (TMP) was used as an external standard,
and the level of lipid peroxidation was expressed as nmol of MDA.
The values of lipid peroxidation were expressed in nmol/ protein
weight of tissues. The reduced glutathione (GSH) was estimated
according to the method described in ref [53]; catalase [54]; and
lipid hydroperoxides [55]. The estimation of lipid hydroperoxides
was carried out following the method reported by Jiang et al. [55],



400 T.A. Tabish et al. / Applied Materials Today 12 (2018) 389-401

in which 0.1 ml of 10% (w/v) tissue homogenate was treated with
0.9 ml of fox reagent (88 mg of butylated hydroxytoluene, 7.6 mg of
xylenol orange and 9.8 mg of ammonium iron sulfate which were
added to 90 ml methanol and 10 ml 250 mM sulphuric acid) and
incubated at 37 °C for 30 min. The colour developed was then read
at 560 nm and the lipid hydroperoxides were expressed as mM/g
of tissues.

5.9. Statistical analysis

The data were statistically analyzed in GraphPad Prism 5.04
to determine the GNPs treatment effects on various parameters
of cell count, body weight, liver and kidney function tests, com-
plete blood count and oxidative stress biomarkers. p<0.05 was
considered as statistically significant. Results were presented as the
mean + standard deviation (SD).
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