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Toxicity of different forms of graphene in a chicken embryomodel
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Abstract In the present work, the toxicity of three forms of
graphene: pristine graphene (pG), graphene oxide (GO), and
reduced graphene oxide (rGO) was investigated using a chick-
en embryo model. Fertilized chicken eggs were divided into
the control group and groups administered with pG, GO, and
rGO, in concentrations of 50, 500, and 5000 μg/ml. The ex-
perimental solutions were injected in ovo into the eggs, and at
day 18 of incubation, the embryo survival, body and organ
weights, the ultrastructure of liver samples, and the concentra-
tion of 8-hydroxy-2′-deoxyguanosine (8-OHdG) in the livers
were measured. Survival of embryos decreased significantly
after treatment with all types of graphene, but not in a dose-
dependent manner. The body weights were only slightly af-
fected by the highest doses of graphene, while the organ
weights were not different among treatment groups. In all
experimental groups, atypical hepatocyte ultrastructure and
mitochondrial damage were observed. The concentration of
the marker of DNA damage 8-OHdG in the liver significantly
decreased after pG and rGO treatments. Further in vivo studies
with different animal models are necessary to clarify the level
of toxicity of different types of graphene and to estimate the

concentrations appropriate to evaluate their biomedical appli-
cations and environmental hazard.
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Introduction

Nowadays, there is heightened interest and research in the
application of the new nanomaterial—graphene. Graphene is
a single atomic layer of sp2-bonded carbon nanostructure
(Geim and Novoselov 2007) that is increasingly considered
for multiple medicinal applications as well as for drug delivery
systems. The thinnest two-dimensional allotrope of carbon
may be considered as a vehicle to deliver drugs to sick cells
(Zhang et al. 2012; Chen et al. 2013; Liu et al. 2013).
However, the biomedical applications of graphene still have
limitations. Graphene toxicity and potential side effects on
healthy tissues have been reported (Liao et al. 2011; Bianco
2013; Chang et al. 2011). Recently, a number of studies report
different toxic characteristics depending on the form of
graphene (reviewed in Chowdhury et al. 2013). However, it
is worth noting that most of the investigations were carried out
using in vitro models. Thus, the presented work compared the
toxicity of different forms of graphene in experiments con-
ducted in vivo, in a chicken embryo model.

Graphene is available for medical research (depending
on the method of graphene production) in three main
forms: natural or pristine (pG), graphene oxide (GO),
and reduced graphene oxide (rGO) (Dreyer et al. 2010).
The key difference between these forms is their affinity to
water. pG and rGO are recognized as hydrophobic, while
GO shows hydrophilic features (Sanchez et al. 2012). All
three types of graphene elicit different levels of toxic
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effects in experiments conducted in vitro as well as
in vivo, depending on the doses administered (reviewed
in Jastrzębska et al. 2012). At 0.4 mg, GO was highly
toxic in experiments conducted in mice, and it was not
eliminated by the kidneys (Wang et al. 2011). Zhang et al.
(2011) compared GO with other carbon nanomaterials and
revealed that GO, at a high dose (10 mg/kg), exhibited a
long blood circulation time and may lead to pathological
changes like pulmonary edema or granuloma formation.
Furthermore, GO showed concentration-dependent effects
in neurons (Zhang et al. 2010), HeLa cells (Zhang et al.
2012), or erythrocytes (Liao et al. 2011). However, lactate
dehydrogenase was released by GO-treated cells indepen-
dently of their concentration (Zhang et al. 2012).
Systematic studies on GO distribution in organisms
showed that GO accumulated mainly in the liver and
spleen after intraperitoneal injection; however, inflamma-
tion and granulomas formation were not observed in treat-
ed mice (Yang et al. 2013a, b) when the oral injections of
50 to 100 mg/kg per mouse were applied. Additional
studies showed pro-inflammatory characteristics (Wang
et al. 2011) with doses 0.1–0.4 mg, pro-autophagy at the
concentration of 5 or 100 μg/ml (Chen et al. 2012), or
pro-apoptotic activity (10–100 μg/ml) (Vallabani et al.
2011) characteristics. Other in vitro experiments presented
cytotoxic features of pG. In studies conducted on macro-
phages, depletion of the mitochondrial membrane poten-
tial, reactive oxygen species production, and apoptosis
were detected (Li et al. 2012). It was also demonstrated
that GO in concentration 0.1–10 mg/l has different stabil-
ity in different aqueous environments (Lanphere et al.
2014).

In our previous in vivo experiments, 50 μg/ml of pG af-
fected chicken embryo survival; however, it had no impact on
the body and investigated organ weights (Sawosz et al. 2014).
In vitro research suggested that pG and rGO might be less
toxic than GO (Zhang et al. 2010; Liao et al. 2011). In terms
of biomedical applications, we already demonstrated in vitro
that pristine graphene can significantly induce mortality of
glioblastoma cells at the concentration of 5 μg/ml or higher
(Jaworski et al. 2015). We also showed that GO and rGO can
affect the viability and proliferation of glioma cells at a con-
centration of 10 μg/ml and greater (Jaworski et al. 2015).
However, to our knowledge, there are no published studies
comparing the toxicity of pG, GO, and rGO dose dependently
using in vivo models.

Recently, it was demonstrated that graphene causes oxida-
tive damage of DNA (Hinzmann et al. 2014; Qiu et al. 2014).
Among numerous types of oxidative DNA damage, the for-
mation of 8-hydroxy-2′-deoxyguanosine (8-OHdG) is a mark-
er of oxidative stress and is considered a DNA damage prod-
uct (Singh et al. 2011). Therefore, to compare the toxicity of
different forms of graphene, we investigated its antioxidant

potential on the developing organism by evaluating the con-
centration of 8-OHdG.

Chicken embryos are a unique well-designed animal model
for toxicity evaluations at the level of the functioning organ-
ism, due to their sensitivity to the administrated treatments,
and isolation from the influence of the external environment
(Gagnon and Patel 2007). The early stages of the chick rapid
embryonic growth and development are a sensitive model
system for investigating the potential toxic effects on body
weight, developing organs, and DNA oxidative damage.
Therefore, the objective of the study was to evaluate the tox-
icity of different types of graphene on the growing chicken
embryo model taking into the account different doses of the
evaluated agents.

Materials and methods

Nanoparticles

pG powder, produced by liquid-phase exfoliation of graphite,
was purchased from Skyspring Nanomaterials (Houston, TX,
USA). The purity of the material was >99.5 % with a specific
surface area of 120–150 m2 g−1. GO and rGO were obtained
from the Institute of Electronic Materials Technology
(Warsaw, Poland). GO was prepared by a modified
Hummers method from natural graphite flakes (Asbury
Carbons). In a synthesis reaction, 5 g of graphite was added
into 125 ml of H2SO4, and 3.25 g of KNO3 was added before
the start of the reaction. Subsequently, the beaker with re-
agents was maintained below 5 °C in a water/ice bath. An
amount of 15 g of KMnO4 was added in portions into the
mixture. After delivering the last portion of oxidant, the bea-
ker was taken out of the bath and kept 1 h at 30–35 °C with
continuous stirring and then was left at room temperature for
15 h. In the next step, deionized water was added into the
stirred mixture so that the temperature did not exceed 35 °C.
The beaker was placed into a water bath at a temperature of
35 °C and stirred for another 1 h. The constantly stirred mix-
ture was then heated to 95 °C and kept under these conditions
for 15 min. To stop the reaction, 280 ml of deionized water
and 5 ml of H2O2 were added. The mixture was rinsed with
HCl solution to remove sulfate ions and then rinsed with de-
ionized water to remove chloride ions.

The rGO was prepared by chemical reduction of GO. To
prepare the reducing mixture, 0.01 g of ammonium iodide, 9 g
of hydrated sodium hypophosphite and 1.21 g of sodium sul-
fite were dissolved in 100 ml of deionized water. The water
suspension of 50mg of GOwas acidified to pH = 1 and heated
to 90 °C. Then, 12ml of previously prepared reducingmixture
was added. During reduction, the immediate precipitation of a
black material (rGO) was observed. The product was filtered,
washed with deionized water, and dried.
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All graphenes were dispersed in Milli-Q water to prepare
experimental suspensions. The flakes were examined using a
JEM-2000EX transmission electron microscope (TEM) at
80 keV (JEOL, Tokyo, Japan) with a Morada 11-megapixel
camera (Olympus Soft Imaging Solutions GmbH, Münster,
Germany). Samples of pG, GO, and rGO suspensions
(50 μg/ml) for TEM (Fig. 1) were prepared by placing one
droplet of the suspension onto formvar-coated copper grids
(Agar Scientific Ltd., Stansted, UK) and dried.

The zeta potential of pG, GO, and rGO suspended in Milli-
Q water was measured on a Zetasizer Nano-ZS90 (Malvern
Instruments, Worcestershire, UK).

Animal model

Fertilized eggs (55 ± 2.1 g) from Ross Line 308 hens, pur-
chased from a commercial hatchery, were stored for 3 days at
10 °C. The eggs were weighed and randomly divided into 11
groups, each with 30 eggs and placed in the incubator under
standard conditions. The control group was not treated, the
placebo group was injected with phosphate buffered solution,
the experimental groups were injected with pG, GO, and rGO,
suspended in Milli-Q water, at concentrations of 50, 500, and
5000 μg/ml. 0.3 ml of the experimental suspensions were
injected into the egg albumen using 1 ml tuberculin syringes.
At day 18 of incubation, the eggs were opened and not fertile
eggs were discarded. The fertility in all groups was about
95 %. The alive embryos (cf. Fig. 2) were weighed and de-
capitated, 1 ml of blood from the jugular vein was collected,
and the embryos were examined according to the standard of
Hamburger and Hamilton (1952). The liver, heart, brain, and
spleen were dissected and weighed. From each group, ten
samples of the liver were fixed in liquid nitrogen and stored
at −80 °C for pending analyses or were prepared for TEM
examination.

Four hours after collection from the jugular vein, blood
samples were centrifuged at 3000g for 15 min (Sorvall ST
16, Thermo Fisher Scientific, Waltham, USA) to obtain blood
serum. The activity of alanine aminotransaminase (ALT), as-
paragine aminotransaminase (ASP), and lactate dehydroge-
nase (LDH) were examined by using the dry chemistry equip-
ment Vitros DT 60 II (Johnston and Johnston, New
Brunswick, USA).

Ultrastructural examination of liver tissue

Liver tissues from all experimental groups were fixed for
transmission electron microscopy (TEM) examination in a
fixative consisting of 1 % glutaraldehyde in phosphate-
buffered saline at pH 7.2. After fixation, the samples were
postfixed in 1 % osmium tetroxide and dehydrated in a graded
ethanol series. The tissues were embedded in an epoxy em-
bedding resin (Fluka Epoxy Embedding Medium Kit; Sigma-
Aldrich). Ultrathin sections (100 nm) were cut with an ultra-
microtome (Leica EM UC6, Leica Microsystems Nussloch,
Germany) and stained with uranyl acetate and lead citrate. The
samples were viewed using a TEM at 80 keV (JEOL, Tokyo,
Japan) with a Morada 11 megapixel camera (Olympus Soft
Imaging Solutions GmbH, Münster, Germany).

Evaluation of oxidative DNA damage

DNA samples were isolated with the FitAmp General Tissue
Section Isolation Kit (Epigentek Group Inc., Farmingdale,
NY, USA) accordingly to the manufacturer’s guide. Samples
were lysed in a water bath at 37 °C. DNA was purified on
enclosed columns and washed out with elution buffer.
Quantification of DNA damage was performed using a color-
imetric method. The EpiQuik 8-OHdG DNA Damage Direct
Kit (Epigentek Group Inc.) was used to detect the level of 8-
OHdG as a marker of oxidative DNA damage, using capture
and detection antibodies. The signal was detected and quanti-
fied colorimetrically by reading the absorbance in a spectro-
photometric microplate reader Infinite M200 (TECAN,
Crailsheim, Germany) at a wavelength of 450 nm. All samples
were measured in duplicate.

Thiobarbituric acid reactive substances (TBARS) were
evaluated according to Fraga et al. (1988). The liver
samples were homogenized using TissueLyser LT
(Qiagen, Germantown, MD, USA) with a pre-frosted
adapter at 50 Hz for 10 min, followed by centrifugation
at 13,000×g for 10 min at 4 °C (Sorvall® ST16, Thermo
Fisher Scientific). The supernatant (Bhomogenate^) was
collected for analysis. Liver homogenates (0.5 ml) were
added to 0.5 ml of 3 % sodium dodecyl sulfate and after
mixing, 2 ml of 0.1 N HCl, 0.3 ml of 10 % phospho-
tungstic acid, and 1 ml of 0.7 % 2-thiobarbituric acid

Fig. 1 TEM images of pristine graphene (a), graphene oxide (b), and reduced graphene oxide (c)
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were added. After heating for 30 min in boiling water,
TBARS were extracted into 5 ml of l-butanol. After cen-
trifugation, the fluorescence of the butanol layer was
measured at 515 nm by spectrometry using an Infinite
M200 instrument (TECAN, Crailsheim, Germany).

Data analysis

Data were initially checked for normal distribution using the
Shapiro-Wilk test. Statistical significance was determined by
one-way analysis of variance (ANOVA) using Statgraphics®

Plus 4.1 (StatPoint Technologies, Warrenton, VA, USA).
P ≤ 0.05 was defined as statistically significant.

Results

Characterization of nanoparticles and colloids

The three forms of graphene differed in the shape and size
of the flakes (Table 1). The pG flakes had a surface area
ranging from 400 nm to 10 μm, the GO flakes varied
from 100 nm to 10 μm, and rGO ranged from 100 nm
to 1.5 μm. The zeta potential, which is an indicator of

colloid stability, was the lowest for GO and highest for
rGO and pG.

Growth and development

The survival rate of embryos decreased after injection of
pG, GO, and rGO in all experimental doses compared to
the control group (Fig. 2). However, in terms of the
mortality, we found inverse correlation between chicken
embryo survival and the investigated graphene concen-
trations. The survival at the 18th day of incubation was
the highest for the pG5000, GO5000, and rGO5000 and
the lowes t fo r the pG50 , GO50 , and rGO50 .
Administration of pG (and also insignificantly rGO at
the level of 5000 μg/ml) reduced the body weight of
embryos in comparison to the control and other experi-
mental groups (Table 2). The weight of the liver, heart,
brain and spleen of embryos at day 18 did not differ
significantly between the groups (Table 2). Examination
of the chicken embryos according to the Hamburger–
Hamilton standard did not reveal any abnormalities in
all experimental groups.

Biochemical indices of blood serum were not affected by
the treatments (Table 3).
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Fig. 2 The chicken embryo
survival at day 18 of incubation.
Note: Values for the placebo
group (not shown) were similar to
the control group

Table 1 Physical and chemical
characterization of pristine
graphene (pG), graphene oxide
(GO), and reduced graphene
oxide (rGO)

Shape pG GO rGO
Irregular, angular,
single to a few layers

Film-like, rounded,
single layers

Irregular, frayed,
a few layers

Average size, μm 1.86 1.27 2.53

Potential zeta, mVa −19.9/−8.7 −49.8/−30.5 −25.1/−9.9
Surface chemical bondsb C=C C–H, C=C, C=O, C–O, C–H C=O, C=C, C–O

a For the concentration of 50/500 μg/ml
bDetermined by Fourier transform infrared spectroscopy (Kurantowicz et al. 2015)
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Ultrastructural examination of livers

Control group

In the control group, most nuclei of the examined hepatocytes
were euchromatic with visible nucleoli. The heterochromatin
was clumped and located mainly peripherally, close to the
nuclear membrane (Fig. 3a, b). Glycogen was observed as
accumulations of electron-dense particles as well as in large
lipid droplets. A large number of mitochondria were noted.
Their shapes were round, oval, or elongated. The tubular cris-
tae were short and disarrayed. The tendency of the mitochon-
dria was to localize around the nucleus. Mitochondrial divi-
sions were rarely observed. Abundant rough endoplasmic re-
ticulum closely surrounded the mitochondria.

After treatment with pG

In the examined samples, disruption of the cell mem-
brane and also a high number of small vesicles were
observed. In some cases, the evidence of matrix and
cytoplasmic lucency was observed. Mitochondria with
interrupted inner and outer membranes and degenerated
cristae were visible (Fig. 3e, f). A mitochondrial
hyperfusion process was also noted.

Table 2 Weight of the body and organs of chicken embryos at day 18,
after injection of pristine graphene (pG), graphene oxide (GO), and
reduced graphene oxide (rGO) at the concentration of 50, 500, and
5000 μg/ml and without injection in the control and with placebo
injection

Groups Concentration,
μg/ml

Weight, g

Body Liver Heart Brain Spleen

Control 0 30.6a 0.61 0.25 0.83 0.022
Placebo 50 30.2a 0.59 0.26 0.81 0.023

500 31.0a 0.62 0.25 0.80 0.022
5000 30.1a 0.59 0.25 0.82 0.024

Forms of graphene
pG 50 29.7a 0.56 0.24 0.83 0.023

500 27.2ab 0.56 0.22 0.82 0.019
5000 26.7b 0.56 0.21 0.78 0.021

GO 50 28.0a 0.57 0.25 0.85 0.022
500 29.6a 0.59 0.25 0.78 0.023
5000 28.4a 0.57 0.24 0.84 0.018

rGO 50 30.6a 0.61 0.22 0.87 0.022
500 30.8a 0.64 0.25 0.86 0.027
5000 27.6ab 0.61 0.23 0.75 0.024

ANOVA
SEM 2.121 0.088 0.015 0.051 0.001
P value 0.0282 ns ns ns ns

Values with different letters within columns are significantly different

SEM pooled standard error of means, ns not significant (P > 0.05)

Table 3 The blood serum indices
and concentration of 8-OHdG and
TBARS in the livers of chicken
embryos at day 18, after injection
of forms of graphene: pristine
graphene (pG), graphene oxide
(GO), and reduced graphene ox-
ide (rGO) at the concentration of
50, 500, and 5000 μg/ml and
without injection in the control
and with injection with placebo

Groups Concentration,
μg/ml

Blood serum indices, U/l Oxidative status

ALT ASP LDH 8-OHdG
concentration,
% DNA

TBARS,
ng/100 g
tissue

Control 0 19.5 215.3 1089 18.1a 8.1

Placebo 50 21.6 199.0 977 19.2a 9.1

500 23.1 212.0 1011 18.4a 8.9

5000 20.5 201.0 1109 19.0a 9.5

Forms of graphene

pG 50 18.3 201.2 1211 9.7b 9.3

500 22.1 189.1 1243 11.6b 8.0

5000 20.9 201.8 1033 17.7a 9.1

GO 50 21.4 183.2 1121 17.1a 10.9

500 18.9 199.3 1201 15.0ab 9.7

5000 17.1 184.6 1032 18.1a 10.5

rGO 50 23.1 211.7 1020 10.3b 8.2

500 19.5 198.5 986 11.2b 7.9

5000 22.1 213.1 1045 18.5a 9.1

ANOVA

SEM 1.39 16.22 112.5 1.404 0.674

P value ns ns ns 0.000 ns

Values with different letters within columns are significantly different

SEM pooled standard error of means, ns not significant (P > 0.05)
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After treatment with GO

There was no evidence of membrane damage; however,
there was a high abundance of vacuoles in the examined
cells. In some cells, intracellular accumulation of
graphene was detected. In some hepatocytes, mitochon-
dria were densely packed; however, in others the number
of these organelles was decreased. Dark mitochondria
with clearly visible cristae and dark matrixes were ob-
served. Some hepatocytes had swollen mitochondria with
poorly marked cristae. Mitochondrial leakings and the
intramitochondrial inclusions were also noted (Fig. 3g, h).

After treatment with rGO

In some hepatocytes, a dismantled cytoplasm with decreased
electron density and the signs of mitochondrial fragmentation
were observed (Fig. 3c, d). There were a high number of
cytoplasmic vacuoles in the vicinity of the damaged mito-
chondria. The rough endoplasmic reticulum around the mito-
chondria was distinctly observed. Dark mitochondria with the
tendency to form branched and tubular structures were noted.
The ratio of mitochondrial to cytoplasmic volume was lower
compared to that of the control group. Swollen mitochondria
with a disappearance of cristae were also noted.

Concentration of 8-OHdG and TBARS in the liver

The concentration of 8-OHdG was significantly decreased in
the livers of embryos treated with pG and rGO at concentra-
tions of 50 and 500 μg/ml compared to the control group and/
or to the GO group (Table 3). TBARS were not affected by
any of the treatments.

Discussion

The toxicity of three different graphene types including
pG, GO, and rGO was evaluated. All types of graphene
reduced the survival of chicken embryos to approximate-
ly 70–80 % for the high concentration (5000 μg/ml)
while the survival was much lower for concentrations
50 and 500 μg/ml. Our previous results showed that
pG administrated to the chicken embryos at levels from
50 to 10,000 μg/ml reduced chicken embryo survival,
however, as in the present experiment, not in a dose-
dependent manner. The reason for these results was the
natural tendency of agglomeration of the pG flakes,
compounded by proteins present in the embryo surround-
ings (Sawosz et al. 2014). It is hypothesized that the
lower concentrations (50 and 500 μg/ml) of graphene
penetrated the embryo more efficiently, comparing to
the higher concentrations (5000 μg/ml) due to different
nanoparticles dispersion level. Moreover, the differences
between the different forms of graphene were also vari-
able. The survival rate of embryos administered rGO was
less than that of embryos administered either pG or GO.
The observed differences may also be a consequence of
the hydrophobic vs. hydrophilic character of the exam-
ined forms of graphene due to chemical groups available
at the surface (Liao et al. 2011) and/or the size and shape
of the graphene flakes (Akhavan et al. 2012). Moreover,
according to Hu et al. (2011), nanomaterials can easily
form Bcoronas^ with proteins in biological systems,
which also modify their toxicity.

Fig. 3 TEM images of liver ultrastructure. a, b Control group. c, d
Placebo group. e, f Reduced graphene oxide group. g, h Pristine
graphene group. i, j Graphene oxide group. N nucleus, m mitochondria,
hm hyperfused mitochondria, dm damaged mitochondria, ve vesicle;
arrow indicates graphene oxide nanoparticles
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Most of the studies conducted to date have not reported the
animal death after administration of different forms of
graphene (Duch et al. 2011; Yang et al. 2011). However,
Wang et al. (2011) observed that GO administered intrave-
nously under lower doses (0.1 and 0.25 mg) did not exhibit
toxicity to mice, but at the dose of 0.4 mg 4 of 9 mice died. In
the present study, we used a chicken embryo, which is a very
sensitive and fast responding model. At the beginning of the
embryogenesis the development of nervous and blood circu-
latory system takes place, making the embryo very sensitive to
any external factors. Consequently, we suppose that the toxic
effects of all types of graphene might be more potent during
the early stages of rapid growth and development. Thus, we
can speculate that the embryos, which survived this first peri-
od of life, could be less susceptible to graphene effects or were
able to develop mechanisms of protection. At the later devel-
opmental stage, the body weight was only slightly reduced at
the high dose (5000 μg/ml of pG and rGO) but the weight of
the examined organs (liver, heart, spleen, and brain) was not
significantly affected by any type of graphene. Furthermore,
the activities of ASP, ALT, and LDH (key blood markers of
the liver destruction) did not differ, which is consistent with
previous experiments with pristine graphene (Sawosz et al.
2014).

It has been demonstrated that graphene nanoparticles
most commonly accumulate in the liver, spleen, and lungs
(Wang et al. 2011; Yang et al. 2011; Zhang et al. 2011;
Duch et al. 2011). Zhang et al. (2011) presented results
from in vivo experiments that GO is cleared from the
blood circulation within 48 h and accumulates primarily
in the abovementioned organs. Recently, Yang et al.
(2013a, b) confirmed that GO accumulates mainly in the
liver and spleen after intraperitoneal injection; however,
no inflammation was noted in these organs. On the
contrary, an inflammatory response was observed by
Wang et al. (2011) in mouse lungs and liver after GO
intravenous administration. Zhang et al. (2011) observed
no histopathological changes in the examined organs in-
cluding the liver at a high GO dosage. The distinctive
results presented by various authors may appear due to
differences in the routes of administration, animal models,
or nanographene preparations. Further studies are neces-
sary to evaluate the effect of GO on animal organs.

To determine the impact of the different types of graphene
on the liver with special emphasis on the potential localization
of graphene in the liver, hepatocyte ultrastructure was ana-
lyzed with TEM. Morphological changes appeared within
the hepatocyte cytoplasm and its organelles after treatment
with all types of graphene. First of all, graphene accumula-
tions were observed in the liver of the embryos in the GO
group, which confirmed studies indicating that GOmay accu-
mulate within the cytoplasm or vacuoles of cells (Li et al.
2013). Jaworski et al. (2015) reported that GO and rGO have

different subcellular localizations in glioblastoma cells. The
flakes of GO were located in both vacuoles and cytoplasm,
while rGO was restricted to the cytoplasm. The localization
may be affected by the hydrophilic/hydrophobic character of
the graphene family. The rGO flakes are more hydrophobic in
contrast to GO, which is recognized as a more hydrophilic
form (Dreyer et al. 2010; Sanchez et al. 2012). Therefore,
rGO is more likely to localize in vacuoles which are filled
with water.

However, we observed the differences between the
effects of pG, GO, and rGO on mitochondria. pG treat-
ment caused not only swollen mitochondria but also
damaged mitochondria with an interruption of the inner
and outer membranes. Moreover, cristae were not clearly
visible, sparse, or absent. In addition, the mitochondrial
matrix was dense following pG treatment, and such high
densities were not observed in the GO and rGO groups
in which the matrix was lucent and the density was me-
dium. The shape of the mitochondria were mainly oval
in the pG-treated embryos, which differed from their
shape in the GO and rGO groups and may indicate the
involvement of some processes leading to mitochondrial
fusion and fission and consequently to the stimulation of
some repair processes. The present study is in line with
previous results demonstrating effects on mitochondrial
status. Depletion of mitochondrial membrane potential,
ROS production, and apoptosis induced by graphene in
macrophages has been observed (Li et al. 2012). The
influence of graphene on the redox homeostasis interfer-
ence and ROS production was suggested by additional
studies (Zhang et al. 2010; Chang et al. 2011).
Akhavan et al. (2012) confirmed that a concentration of
100 μg/ml of rGO generates a high amount of ROS and
elevated the percentage of DNA fragmentation and chro-
mosomal aberrations. However, the effects observed in
the present study cannot be directly compared with the
above reports as they were carried out with in vitro
models, but not with the intact organisms. Highly orga-
nized organisms may interact with nanomaterials differ-
ently than isolated cells or tissues via cooperation in-
between the cells, tissues, and organs. Moreover, the en-
vironment within the body may interact with chemical
groups exposed at the surface of graphene and modify
the state of graphene, including agglomeration (Sawosz
et al. 2014).

To assess the toxicity of graphene via oxidative stress
mechanisms in vivo, two basic markers 8-OHdG and
TBARS were measured (Kadiiska et al. 2005). 8-OHdG
is a metabolite of DNA damage, while TBARS measure-
ments correspond to malondialdehyde (MDA) levels.
MDA is the main low-molecular-weight end product of
the decomposition of certain primary and secondary lipid
peroxidation products (Janero 1990). Interestingly, the 8-
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OHdG levels were reduced in the pG and rGO groups,
but not the GO group. As the level of 8-OHdG is pro-
portional to DNA damage (Singh et al. 2011), the pre-
sented data suggest that pG and rGO may protect DNA
from the damaging processes. Moreover, lipid peroxida-
tion measured as TBARS concentration was not affected
by the treatments. The key difference between DNA and
lipid peroxidation is that molecules of DNA are
protected against free radicals very efficiently and mainly
highly reactive hydroxyl radicals (OH·) that are produced
via Fenton reactions are able to oxidize guanine, which
is the most easily oxidized base in DNA (Sies 1997;
Kobayashi and Tagawa 2003).

Qiu et al. (2014) demonstrated the antioxidant proper-
ties of graphene family materials toward OH· radicals
in vitro, moreover, in the following order: few layers
graphene (FLG) > rGO > GO. Our in vivo experiments
confirmed this result, because rGO and pG showed sig-
nificant properties of DNA oxidizing protection, while the
effect of GO was probably very weak and not visible. We
also agree that the mechanism of the activity may be the
scavenging of reactive species such as OH, the main det-
rimental radical for DNA, and also the observed mecha-
nism may be associated with pristine sp2 carbon domains,
d i s t inc t ive for pG and rGO (Qiu et a l . 2014) .
Nevertheless, further investigation is required with a focus
on graphene as a modulator of redox homeostasis exam-
ined in vivo.

The observed antioxidant property of pG and rGO indicates
that the toxic effect induced by graphene in the embryo model
may not proceed via redox signaling.

Conclusion

The present studies indicated harmful effects of graphene fam-
ily materials on chicken embryos, but only when applied at
high doses. The harmful effects were observed as ultrastruc-
tural changes of the liver, including vacuolization and mito-
chondrial disruption. The observed changes differed in details
and were specific for different forms of graphene. Moreover,
pG and rGO treatments were associated with reduced levels of
8-OHdG in the chicken embryo liver. This data suggests that
graphene administered in properly established doses may not
exert toxic effect on the treated organism. Further in vivo
studies with different animal models are necessary to clarify
the level of toxicity of different types of graphene and to
estimate the concentrations appropriate to evaluate their bio-
medical applications and environmental hazard.
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