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Abstract
Graphene oxide (GO) has a multitude of applications in areas of nanomedicine, electronics, textile, water purification, and
catalysis among others. GO is relatively easier to manufacture and customize as compared with other carbon-based
nanomaterials. In the present work, GO was administered intraperitoneally to adult Wistar rats in four incremental doses, i.e.,
0.0 mg/kg (control), 0.4 mg/kg (low dose), 2.0 mg/kg (mid-dose), and 10.0 mg/kg (high dose). After 15 repeated doses over a
period of 30 days, biochemical assays for alanine transaminase (ALT), aspartate transaminase (AST), alkaline phosphatase
(ALP), catalase (CAT), and malondialdehyde (MDA) were carried out. Histopathological and morphometric analyses of liver
and kidney were also performed. Results demonstrated dose-dependent toxicity of GO. General behavior and liver indices
remained unaffected in the study. Serum levels of ALT, ALP, and AST were altered significantly in high-dose treated animals.
Changes were found insignificant in the low- andmid-dose groups. Catalase activity in liver tissue homogenates was decreased in
the high-dose group. MDA levels were found elevated in treated rats. Unlike control and low dose, mid- and high-dose treated
rats exhibited varying degrees of histopathological changes like inflammation around the central vein and portal veins, vacuo-
lations, hepatocytic injury, and near normal to abnormal hepatic sinusoids. These findings show that GO has considerable toxic
potential to mammalian liver and thorough toxicity studies are needed before these nanosheets are used in biomedicine.
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Introduction

Graphene oxide (GO) has emerged as an important nanomaterial
with its unique physico-chemical attributes in recent years. It has
two-dimensional hexagonal lattice structure with epoxy, hy-
droxy, and other oxygen-containing functional groups (Dreyer
et al. 2010). This type of structure increases its solubility in
aqueous medium. Unlike pristine graphene sheets, due to the
presence of multiple functional groups, it has a great
functionalization potential making it suitable for biomedical

applications (Saha et al. 2010). Its potential applications have
been demonstrated in biomedicine (Shen et al. 2012; Pang
et al. 2017;Wang et al. 2017; Priyadarsini et al. 2018), nanocom-
posites (Khan et al. 2015; Phiri et al. 2017; Mohan et al. 2018),
catalysis (Lonkar and Abdala 2014), biosensors (Beitollahi et al.
2019), and electronics (Singh and Tripathi 2018; Das et al. 2018;
Yang et al. 2019) among others. Some recent reviews have com-
prehensively dealt with potential applications of graphene oxide
(Ou et al. 2016; Coros et al. 2019).

Biomedical applications of GO are immense and therefore,
thorough scrutiny of its biocompatibility and toxicity is im-
perative. Many studies have demonstrated toxic effects due to
the exposure of GO. At an intravenous dose of 0.4 mg/mouse,
GO induced long-term toxicity and impacted major organs,
namely liver, spleen, kidney, and lung (Wang et al. 2011). Li
et al. (2013) demonstrated that graphene oxide nanosheets
bearing sharp edges penetrated into cells and resulted into
systemic toxic effects. Li et al. (2016) also found that GO at
a dose of 10mg/kg caused inflammation of the lung, liver, and
spleen after a sub-acute exposure. Patlolla et al. (2017) pro-
vided evidence of a dose-dependent toxicity to hepatic tissue
in rats. The group found increased levels of lipid peroxidation
in the tissue and histopathological alterations in rats treated
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with 20 and 40 mg/kg doses of GO. However, short-term
inhalation exposure to male Sprague-Dawley rats did not pro-
duce noticeable toxicity in lungs and other organs even at
moderate and high concentrations (Kim et al. 2018).
Similarly, Mendonça et al. (2016) reported that reduced GO
at a dose of 7 mg/kg had insignificant toxic effects. These
contrasting reports present a challenge for nanotoxicity assess-
ments. Further studies are, therefore, required to ascertain bio-
compatibility of GO. The present study is an effort in this
direction to explore impacts of GO exposure in Wistar rat
model over a sub-acute exposure schedule.

Materials and methods

Graphene oxide

The GO powder was commercially procured from InventyS
Research Company Pvt. Ltd., Mumbai (India), and re-
characterized to confirm its attributes. Sheet thickness was
0.8–2 nm and average lateral dimensions were 5–10 μm
(Table 1). Characterization details shown in the table have

already been published (Nirmal et al. 2017b). Additional char-
acterization data of GO is available in the Online Resource.
FTIR data confirmed the presence of various functional
groups like COOH, CO, and OH (ESM_2).

Animal handling and GO administration

Healthy adult male Wistar rats (age 10–12 weeks; body
weight 175 ± 10 g) were divided into four groups, namely
control group, low-dose (LD) group, mid-dose (MD) group,
high-dose (HD) group, and received GO at the doses of 0.0
(vehicle only, i.e., 0.1% Tween 80 in autoclaved normal sa-
line), 0.4, 2.0, and 10.0 mg/kg body weight respectively (N =
6 for each group). The LD50 determination for carbon-based
nanomaterials is not recommended due to their overall less
toxicity and the high cost of nanomaterials. Therefore, the
low dose (0.4 mg/kg) was selected on the basis of literature
study as well as insights from our previous experiments with
multiwalled carbon nanotubes (Awasthi et al. 2013). Mid- and
high doses were determined by multiplying the minimum
dose with a common factor of 5.

Table 1 Specifications of GO used in the study (reproduced from Nirmal et al. 2017b)

Parameter Attributes
Physical form Grey – Black, Fluffy, Very Light Powder

Preparation method Modified Hummer’s method

Suspension in water

TEM image

SEM image

Thickness 0.8-2 nm

Lateral dimension 5-10 μm

Surface area (BET) >350 m2/g

Bulk density  0.121g/cc

Average numbers of layers 3-6

Elemental composition C (%) 77.5, O (%) 16.0, S (%) 0.4, H (%) 

1.2, N (%) 4.9
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A homogenous suspension of various doses of GO was
prepared in autoclaved normal saline with 0.1% Tween 80
by ultrasonication (Labman-probe sonicator, PRO-250) prior
to animal administration. Tween 80 is a detergent and func-
tions as surfactant. It aids in forming more stable and uniform
water dispersion of GO. GO was injected intraperitoneally on
alternate days for 30 days. The animals were housed at 25 ±
2 °C temperature (relative humidity 33–40%) and 12-h light
dark cycle. Water and standard laboratory rat diet were pro-
vided ad libitum (Ashirwad Pvt. Ltd., Chandigarh, India).
Animals were euthanized by cervical dislocation following
the day of last treatment. Blood and organ samples were ob-
tained and stored properly. Serum was acquired from the
blood and used for the estimation of liver function enzymes.
Liver lobes were fixed in Bouin’s solution for histopatholog-
ical examination. A part of the organ was stored at − 80 °C for
biochemical estimations. The study was approved by the
Institutional Animal Ethical Committee (approval no.
1678/GO/a/12CPCSEA).

Liver function tests

Liver function tests, namely, aspartate aminotransferase
(AST/GOT), alanine transaminase (ALT/GPT), and alkaline
phosphatase (ALP), were measured using commercial kits
(Accuzyme GOT, Accuzyme GPT, and Accuzyme ALP re-
spectively) from Accurex Biomedical Pvt. Ltd. (Mumbai) ac-
cording to the manufacturer’s protocol. Freshly isolated serum
was mixed with working solution and the conversion of
NADH to NAD was measured spectrophotometrically at
340 nm. Unit of enzyme activity was reported as IU/l.

Hemocompatibility

Blood was collected by intra-cardiac puncture and was stored
immediately in fresh EDTA-coated vials at 4 °C.
Hematological analysis was carried out by automated blood
analyzer (Accurex; CBC 360 Plus). Blood parameters ana-
lyzed in the study included red blood cells (RBC), white blood
cells (WBC), mean corpuscular hemoglobin (MCH), mean
corpuscular hemoglobin concentration (MCHC), mean cor-
puscular volume (MCV), hemoglobin (Hb), platelets, and he-
matocrit (HCT).

Preparation of crude homogenate and mitochondrial
fraction

Liver was homogenized in cold phosphate-buffered saline
(50 mM, pH 7.4) containing 0.25 M sucrose (20% w/v ho-
mogenate). Homogenate was filtered through a four-layered
cheesecloth. The filtrate (crude homogenate) was further proc-
essed to obtain mitochondrial fraction. The crude homogenate
was centrifuged at 600g for 10 min at 4 °C. The supernatant

was then centrifuged at 10,000g for 5 min at 4 °C. Resulting
pellet was washed thrice with ice cold PBS and resuspended in
buffered saline (Nirmal et al. 2017b).

Catalase

Catalase (CAT) activity was quantified according to the pro-
tocol of Aebi (1984). Briefly, 0.1 ml of mitochondrial fraction
(containing 0.4–0.5 mg protein) was mixed with 2.9 ml of
50 mM PBS (pH 7.0) containing 12 mM H2O2. Absorbance
was recorded spectrophotometrically at 240 nm immediately
at an interval of 15 s for 2 min. The unit of enzyme activity
was μmol of H2O2 decomposed/min/mg protein.

Malondialdehyde

TBARS assay was performed in crude homogenates for de-
termination of malondialdehyde (MDA) concentration
(Ohkawa et al. 1979). A reaction mixture was obtained by
adding 1.0 ml 0.15 M Tris-HCl buffer (pH 7.4), 0.3 ml of
10 mM KH2PO4, 0.2 ml sample (crude homogenate contain-
ing 1–1.5 mg of protein), and 0.5 ml DW. One milliliter 10%
TCA was added after incubation at 37 °C for 20 min with
constant shaking followed by adding of 1.5 ml 1% TBA.
The mixture was then heated in a boiling water bath for
60 min. Test tubes were incubated at 4 °C for 60 min. The
mixture was extracted with a mixture of n-butanol and pyri-
dine (15:1 v/v). Absorbance was measured spectrophotomet-
rically at 532 nm. The amount of MDA was calculated using
extinction coefficient 1.56 × 106 M−1 cm−1. The concentration
of MDA was expressed as nmol MDA/mg protein.

Histology of liver and kidney

Organs were fixed with Bouin’s solution for 24 h followed by
washing in running water and dehydrated in graded alcohol
series. The organs were embedded in paraffin wax. Sections of
4–5 μm were obtained by a microtome and stained with he-
matoxylin and eosin. Slides were examined with a light mi-
croscope (DM 1000, Leica Microsystems, Germany) and
photographed by attached digital camera (DFC 450C).

Histomorphometry

Histomorphometry was performed by ImageJ® (ImageJ, US
National Institutes of Health, Bethesda, USA) on liver trans-
verse sections stained with hematoxylin and eosin for all the
groups (see ESM_3 in Online Resource). Hepatocytes with
clear nuclei and boundaries were selected for analysis. For
hepatocyte area (HA), hepatocyte perimeter (HP), nuclei area
(NA), and nuclei perimeter (NP), on average, 50 hepatocytes
were selected randomly from each animal totaling 300 obser-
vations per group. Selected hepatocytes were also used for
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nuclei parameters as well. Chosen hepatocytes and nuclei
were outlined by free hand drawing tool for area and perimeter
measurements. For sinusoidal area measurements, 10 random-
ly selected transverse sections were analyzed per animal, to-
taling 60 measurements per group by the free drawing selec-
tion method. Sinusoidal area was also measured in the select-
ed sections by the thresholding method in the software.
Hepatocyte and section selections for analysis were done by
an experienced judge who was blinded for various treatment
groups. For scoring, pathological changes in liver tissue, 10
randomly selected transverse sections were observed carefully
for pathological signs in each animal. Pathological signs in
liver that were checked included instances of vacuolations,
inflammatory areas, necrotic areas, pyknotic nuclei, deformed
cells, and dilated sinusoids. Presence of each pathological sign
was given 1 score while absence was given 0 score. Similar
process was employed for kidney pathology score.
Pathologies for kidney that were scored were the following:
inflammatory areas, abnormal glomeruli, dilated tubules, and
necrotic spots.

Statistical analysis

All values were reported as mean ± standard deviation (SD).
Statistical significance was tested using the GraphPad Prism
(version 8.0.2) software. One-way ANOVA was performed
followed by Tukey’s honest significant difference (HSD) test
for multiple comparisons. p ≤ 0.05was considered significant.

Results

General health

Intraperitoneal administration of GO did not elicit noticeable
change in behavior. Animals exhibited aggressiveness, piling,
lethargy, and change in gait in treated as well as control group.

Other behaviors such as thirst, salivation, food avoidance, and
shivering were not observed (data provided in Online
Resource, ESM_1). Liver and kidney indices did not differ
significantly in treated animals as compared with the control
(Table 2). Visible inspection of liver clearly showed progres-
sive darkening of liver tissue in the case of treated rats (Fig. 1).

Biochemical parameters

Serum levels of ALT, AST, and ALPwere increased significant-
ly in high-dose treated animals compared with the control ani-
mals as shown in Table 2. Activities of these enzymes were
insignificantly different from control (p ≤ 0.05) in low- and
mid-dose groups. CAT activity in liver tissue homogenates was
diminished in the case of HD group. CAT activity in control
group was 28.35, whereas in LD, MD, and HD groups, it was
found to be 28.99, 26.99, and 20.31 μmol of H2O2 decomposed/
min/mg protein, respectively. However, changes in the case of
LD and MD group were not significant. MDA levels were ele-
vated in rats exposed to mid- and high doses of GO in compar-
ison with the control as given in Table 2.

Hemocompatibility

Hematology analysis demonstrated no major clinical signs in
treated rats as compared with the control. However, hemato-
crit value increased (45.39%) in high-dose treated rats than
that of control (39.16%). Effects on other blood parameters
were not statistically significant (p ≤ 0.05) (Table 3).

Histopathological and histomorphometric
observations

The control group exhibited regular lobular arrangement with
intact hepatocytes and sinusoids. The low-dose group also
showed similar features with rare instances of vacuolations
and occasional hepatocytic damage (Fig. 2a, b). Pathological

Table 2 Organ indices, activities of ALT, AST, ALP, and CAT, and concentration of MDA in control and GO-treated animals

Parameters Control (0.0 mg/kg) Low dose (0.4 mg/kg) Mid-dose (2.0 mg/kg) High dose (10.0 mg/kg)

Liver index 0.029 ± 0.002 0.027 ± 0.003 0.026 ± 0.003 0.029 ± 0.002

Kidney index 0.0043 ± 0.0002 0.0042 ± 0.0003 0.0045 ± 0.0004 0.0043 ± 0.0003

AST (IU/l) 219.50 ± 15.45 233.00 ± 21.15 239.30 ± 19.80 293.40* ± 12.03

ALT (IU/l) 56.67 ± 7.55 56.83 ± 9.89 62.17 ± 9.00 82.50* ± 10.77

ALP (IU/l) 230.50 ± 16.07 239.70 ± 18.64 246.70 ± 19.97 290.00* ± 8.92

CAT (μmol of H2O2 decomposed/min/mg protein) 28.35 ± 2.67 28.99 ± 1.69 26.99 ± 3.63 20.31* ± 2.84

MDA (nmol MDA/mg protein) 7.60 ± 0.56 7.69 ± 0.96 8.86* ± 0.48 9.82* ± 0.74

Each value is represented as mean ± standard deviation for each treatment group (n = 6). Value(s) with asterisk (*) show(s) statistically significant
difference as compared with control within the same row, p ≤ 0.05
AST, aspartate aminotransferase; ALT, alanine transaminase; ALP, alkaline phosphatase; CAT, catalase; MDA, malondialdehyde
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features were very pronounced in mid- and high-dose groups.
Pathology score showed statistically significant number of
anomalies in these groups as compared with the control and
low-dose groups. As shown in Fig. 2c–k, mild inflammation
around central and portal veins, exudate, vacuolations, hepa-
tocyte shape changes, and pyknotic nuclei were observed
mostly in mid- and high-dose treated groups. Hepatocytic in-
jury and anomalies were supported by the histomorphometric
observations carried out in all the groups (Table 4). The mean
HA was 280.2 ± 46.24 μm2 in control while in LD, MD, and
HD, it was found to be 281.7 ± 59.10, 261.6 ± 47.57, and
267.6 ± 61.14 μm2, respectively. The decrease in mid- and
high-dose group was statistically significant. The mean HP

was also lowered in both MD and HD groups compared with
control; however, only the MD group showed statistical sig-
nificance as shown in Table 4. The mean NA also exhibited
general decrease in treated groups with a statistically signifi-
cant reduction in the mid-dose group only as compared with
the control. NPmean values did not differ significantly among
the control and treated animals. Sinusoidal area measurements
by both the methods showed a significant increase in sinusoi-
dal area in the high-dose treated group (11.13 ± 6.25 by SAT
and 6.48 ± 3.00 by SAS) in comparison with that of control
(5.45 ± 2.15 by SAT and 5.19 ± 1.77 by SAS). Kidney pathol-
ogy revealed mild damage in treatment groups. Pathological
features like distorted glomeruli, tubular dilations, and

Fig. 1 Representative
photographs of liver from control,
LD, MD, and HD groups. a
Control. b LD group. c MD
group. d HD group. Liver from
the HD group shows visible
darkening and entangled
agglomerates of GO (arrowheads)

Table 3 Effects of graphene oxide exposure on different parameters of blood in Wistar rats at different dose levels

Parameters Control (0.0 mg/kg) Low dose (0.4 mg/kg) Mid-dose (2.0 mg/kg) High dose (10.0 mg/kg)

RBC (× 1012/l) 7.61 ± 0.39 7.39 ± 0.64 7.53 ± 1.03 6.64 ± 1.59

WBC (× 109/l) 6.00 ± 0.66 5.94 ± 0.44 7.13 ± 0.80 6.03 ± 1.21

Hematocrit (%) 39.16 ± 3.56 40.44 ± 2.81 42.71 ± 3.57 45.39* ± 3.86

MCH (pg) 16.13 ± 0.75 15.88 ± 0.89 16.23 ± 0.95 16.65 ± 1.77

MCHC (g/dl) 33.15 ± 2.46 32.97 ± 1.57 33.10 ± 2.70 33.97 ± 1.87

MCV (fl) 50.03 ± 2.41 49.12 ± 2.77 50.66 ± 4.95 47.79 ± 3.67

Platelets (× 109/l) 351.50 ± 122.90 307.20 ± 104.00 314.20 ± 68.24 331.30 ± 107.20

Hb (g/dl) 12.18 ± 0.68 11.68 ± 1.09 11.72 ± 1.17 11.10 ± 1.22

Each value is represented as mean ± standard deviation for each treatment group (n = 6). Value(s) with asterisk (*) show(s) statistically significant
difference as compared with control within the same row, p ≤ 0.05
RBC, red blood cells;WBC, white blood cells;MCH, mean corpuscular hemoglobin;MCHC, mean corpuscular hemoglobin concentration;MCV, mean
corpuscular volume; Hb, hemoglobin
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inflammation were observed in treated groups although the
scores did not show statistical significance except in the
high-dose group (Fig. 3a–e).

Discussion

Carbon nanomaterials (CNMs) are relatively less toxic than
the metal-based nanomaterials. However, CNMs owing to
their variety of shapes, like needle-shaped carbon nanotubes,
amorphous carbon black, and sheet-shaped graphene family
nanomaterials, generate different toxic responses in living sys-
tems. In the current study, we have evaluated the toxic effects
of sheet-shaped graphene oxide with thickness of 0.8–2 nm
and average lateral size of 5–10 μm. Liver is the primary
organ where nanoparticles accumulate and generate toxic ef-
fects (Almeida et al. 2011). Intraperitoneally administered par-
ticles make entry into liver tissue through hepatic portal vein.
Biodistribution studies have shown that GO with lateral sizes
ranging from 8 to 800 nm accumulates mostly in lungs and
liver of treated rats (Zhang et al. 2011; Kurantowicz et al.

2015). Therefore, the present study examined effects of GO
on liver of adult Wistar rats.

In the present study, general health indicators were similar to
that of control which indicates that GO does not produce any
drastic toxicity to general bodymetabolism. These findings are in
line with an in vivo work done by Kim et al. (2018). The study
observed that short-term inhalation exposure to GO (thickness ~
1 nm and lateral size 0.5 to 5 μm) at high concentration (9.78 ±
0.29mg/m3) does not cause any major body weight and organ
weight changes in male Sprague-Dawley rats. However, in a
study by Amrollahi-Sharifabadi et al. (2018), intraperitoneal ex-
posure led to changes in body weight gain in animals after
21 days which were treated with 500 mg/kg, but not in the
animals exposed to 150 or 50 mg/kg dose of GO nanoplatelets
having 0.8–2 nm thickness and 5–10 μm diameter. As the phys-
ical dimensions of GO are comparable in studies mentioned
above, the difference in results may be attributed to the magni-
tude and route of dose administered.

It is well established that increased levels of ALT, AST,
and ALP are associated with inflammation and injury to the
hepatic tissue (Kew 2000; Giannini et al. 2005; Gowda et al.
2009). In the current study, all three enzymes were found to be

Fig. 2 Hepatic histological
features observed in control and
GO-treated Wistar rats. a Normal
arrangement of hepatocytes at
lower magnification (scale bar,
50 μm). bNormal arrangement of
hepatocytes at higher magnifica-
tion (scale bar, 25 μm). c Liver
T.S. showing damaged portal
vein (PV; circle), dilated sinusoid
(arrow), and exudate filled vacu-
oles (arrow head). Scale bar is
50 μm. d Inflammatory cell fil-
tration through portal vein (PV,
arrow); BD, biliary duct; HA, he-
patic artery (scale bar 50 μm). e
Inflammatory cells crossing portal
vein at higher magnification (ar-
row). Scale bar 15 μm. f T.S.
showing edema-filled space
(scale bar 50 μm). g and h show
the presence of multiple vacuola-
tions small (small arrow) and
large (big arrow) and edema-filled
space (arrowhead). Scale bar
25 μm. i Hepatocytes with elon-
gated shape and displaced nuclei
(arrow); scale bar 15 μm. j
Hepatocytes with pyknotic nuclei
(arrowhead); scale bar 15 μm. k
Pathology score in liver histolog-
ical sections in control and GO-
treated rats. Asterisks (*) show
statistically significant difference
compared with the control, p ≤
0.05
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elevated as compared with control at a dose of 10.0 mg/kg,
although the changes were insignificant at lower doses. Our
results are in agreement with the study by Patlolla et al.
(2017). Repeated exposure to GO (spherical shaped sheets
with average diameter of 40 nm) at 20 and 40mg/kg for 5 days

resulted into elevation of serum levels of ALT and ALP.
Similarly, Li et al. (2016) injected GO having lateral size
100–500 nm via tail veins of the Sprague-Dawley rats in three
increasing doses for 7 days. Results clearly demonstrated in-
flammatory damage to lung, liver, and spleen at the highest

Fig. 3 Representative
microphotographs of H-E stained
sections of kidney from control
and GO-treated Wistar rats. a
Compact glomeruli and renal tu-
bules in the control group. b Low-
dose treated tissue shows normal
glomeruli and kidney tubules. c
Kidney T.S. showing damaged
kidney tubules (arrow) and nor-
mal glomeruli in the tissue ofmid-
dose treated rat. d High-dose
treated section showing abnormal
glomerulus (arrow) and edema-
filled space (arrowhead). e
Pathology score in kidney histo-
logical sections measured in con-
trol and GO-treated rats. Scale bar
is 50 μm. Asterisks (*) show sta-
tistically significant difference as
compared with control, p ≤ 0.05

Table 4 Morphometric measurements in histological sections of liver tissues of control and GO-treated Wistar rats

Parameters Control (0.0 mg/kg) Low dose (0.4 mg/kg) Mid-dose (2.0 mg/kg) High dose (10.0 mg/kg)

Hepatocyte area (HA; μm2) 280.2 ± 46.24 281.7 ± 59.10 261.6* ± 47.57 267.6* ± 61.14

Hepatocyte perimeter (HP; μm) 63.83 ± 12.47 63.14 ± 11.53 60.69* ± 12.61 61.74 ± 13.53

Nuclei Area (NA; μm2) 48.30 ± 5.31 47.89 ± 5.80 46.72* ± 6.34 47.04 ± 8.53

Nuclei Perimeter (NP; μm) 25.10 ± 2.69 24.98 ± 2.50 24.80 ± 2.75 24.65 ± 3.01

Sinusoidal Area by Thresholding Method (SAT; %) 5.45 ± 2.15 6.60 ± 2.39 6.80 ± 3.32 11.13* ± 6.25

Sinusoidal Area by Selection Method (SAS; %) 5.19 ± 1.77 5.67 ± 1.96 5.82 ± 2.31 6.48* ± 3.00

Liver Pathology Score (LPS) 5.00 ± 1.67 6.00 ± 1.67 10.33* ± 1.51 16.83* ± 2.79

Kidney Pathology Score (KPS) 0.83 ± 0.75 1.33 ± 1.03 2.33 ± 1.75 4.00* ± 2.61

Each value represents mean ± standard deviation for each treatment group. Value(s) with asterisk (*) show(s) statistically significant difference as
compared with control within the same row

*p ≤ 0.05
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dose (10 mg/kg). At a similar dose and route of administration
with greater lateral size (10–800 nm), GO induced significant
toxic effects in lungs, including inflammation cell infiltration,
pulmonary edema, and granuloma formation in mice (Zhang
et al. 2011). There are few contrasting reports which found
negligible effects due to GO exposure. For instance, Kim et al.
(2018) studied the effects after inhalation exposure in male
Sprague-Dawley rats. They did not observe any significant
elevation in bronchoalveolar lavage fluid inflammatory
markers. The above reports indicate that graphene oxide is
capable of inducing inflammation in the hepatic tissue espe-
cially at higher doses. Several in vitro reports have shown that
GO (with lateral sizes from 200 to 700 nm) damages the cell
membranes and enter cytosol (Lammel et al. 2013; Duan et al.
2017). Therefore, it is proposed that GO entered liver paren-
chyma and damaged cells in liver tissue especially at the entry
point like hepatic veins. This is supported by histological
analysis in our study which shows inflammatory cells crossing
the portal vein boundary (Fig. 2 d and e). Reports also suggest
that GO with larger lateral sizes (from 750 to 1300 nm) leads
to greater degree of inflammation due to high adsorption of
cells and less phagocytosis (Ma et al. 2015).

To understand the mechanism of toxicity, we examined the
antioxidant defense of liver tissue as this is a major pathway
through which CNMs inflict damage upon living cells (Bai
et al. 2010; Patlolla et al. 2011; Nirmal et al. 2017a, b). GO-
mediated damage to cellular membranes and organelles may
lead to higher level of ROS which is responsible for higher
lipid peroxidation (Jarosz et al. 2016; Gurunathan et al. 2019).
In an interesting work by Mittal et al. (2016), graphene oxide
derivatives successfully internalized in human lung cells and
induced oxidative stress. The researchers used three kinds of
GO derivatives, viz. graphene oxide with 0.2 μm to 0.6 μm,
thermally reduced GO (TRGO) having smaller flake sizes
ranging from 50 to 250 nm, and chemically reduced GO
(CRGO) with 100 nm to 400 nm lateral size. The oxidative
stress induction was found to bemore with reduced lateral size
and increased functional groups. The present study reports
that GO at higher doses (10 mg/kg) is capable of impacting
antioxidant enzymes and generating ROS as evident by en-
hancedMDA level in liver tissue. Our report is also consistent
with the findings of Patlolla et al. (2017). The group found
significant elevation in ROS and lipid peroxidation at higher
doses of GO (20 and 40 mg/kg) following five repeated ex-
posures for 5 days. Therefore, oxidative damage appears to be
a valid mechanism for toxicity of GO to the hepatic tissue.

The biochemical findings discussed above were supported by
histopathological and histomorphometric analyses. The current
study observed inflammatory areas around the central vein and
portal veins. Vacuolations and hepatocytic injury are evident in
Fig. 2. The mean HA was significantly decreased in the mid- and
high-dose group. This is a sign of shrinkage in hepatocytes. This
may be a result of loss of cytoplasm or necrotic cell death. It is

important to note that in HD tissues, enlargement of hepatocytes
was also observed as indicated by greater standard deviation.
Similar observations were made with hepatocyte perimeter and
nuclei areameasurements. Reduction in NA supports the presence
of pyknotic nuclei as seen in histopathology. Sinusoidal area mea-
surements revealed larger sinusoidal spaces which correlates with
the increased presence of vacuolations and dilated sinusoids espe-
cially in MD and HD groups (Table 4). Mild nephrotoxicity was
also found through histological inspection. Toxicity observed in
kidney suggests that the GO nanosheets may accumulate in this
organ and generate toxicity. Li et al. (2016) observed that intrave-
nous injections for 7 days with 2.5, 5, or 10 mg/kg dose of GO
(lateral size 10–800 nm) caused inflammation in the liver, lung,
and spleen. The capillaries became hyperemic and enlargement of
hepatic sinusoids and central veins was observed. Similarly,
Patlolla et al. (2017) demonstrated morphological changes in liver
tissue such as cell disruption, vacuolations, central vein injury, and
liver atrophy post exposure to 20 and 40 mg/kg in a dose-
dependent fashion. However, in the report by Kim et al. (2018),
graphene oxide (9.78 ± 0.29mg/m3) did not produce any signifi-
cant histopathological injury in liver and kidneys of rats after in-
halation exposure for 6 h/day for 5 days. The differences in toxicity
outcomes may be related to the route of administration. It is also
noteworthy that GO average lateral size in the former study was
40 nm while in the latter ranged from 0.5 to 5 μm. Physico-
chemical characteristics play an important role in toxicity out-
comes resulting from exposure to GO. Variations in results due
to these factors pose a formidable challenge in toxicity assess-
ments. Carefully controlled studies taking physico-chemical char-
acteristics into consideration are needed to explore the various
aspects of in vivo toxicity generated by GO exposure.

Limitations of study

Biodistribution study could have demonstrated the distribu-
tion of GO into various organs of the body. The current study
could not show the intracellular localization of GO sheets in
the absence of examination of hepatic tissue by TEM. More
parameters, including inflammatory markers, immunohisto-
chemistry, and special staining methods, could have revealed
more toxicity aspects and could have supported the observa-
tion of our study. These parameters could not be performed
due to the lack of funds. Greater lateral size of GO limited the
power of study due to less penetration of larger GO sheets into
the deeper parenchyma of liver. The dose levels in the present
study do not represent the real-life exposure scenario
due to high dose amounts and selected route.
Nevertheless, sub-acute studies are a quick way to dem-
onstrate potential toxic effects of various toxicants.
Smaller exposure doses for longer duration through oral
route would have been more relevant scenario.
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Conclusion

The current study examined the toxicity following a sub-acute
exposure of GO in Wistar rats. Results of the study indicated a
dose-dependent toxicity. Serum levels of liver function enzymes
were found to be elevated implying inflammation and injury to
the liver. Histopathological lesions in hepatic tissue supported the
biochemical observations. The toxicity generation seems to be a
result of elevated oxidative stress as evident by MDA and CAT
levels. These findings are clearly showing that GO with larger
lateral sizes possesses considerable toxic potential to mammalian
liver and thorough toxicity studies are needed before these nano-
sheets are used for biomedical purposes.
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