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Biodistribution and pulmonary toxicity of
intratracheally instilled graphene oxide in mice

Bo Li!?, Jianzhong Yang!, Qing Huang!, Yi Zhang', Cheng Peng!, Yujie Zhang!, Yao He!?, Jiye Shil"*,

Wenxin Li!, Jun Hu! and Chunhai Fan!

Graphene and its derivatives (for example, nanoscale graphene oxide (NGO)) have emerged as extremely attractive
nanomaterials for a wide range of applications, including diagnostics and therapeutics. In this work, we present a systematic
study on the in vivo distribution and pulmonary toxicity of NGO for up to 3 months after exposure. Radioisotope tracing and
morphological observation demonstrated that intratracheally instilled NGO was mainly retained in the lung. NGO could result in
acute lung injury (ALI) and chronic pulmonary fibrosis. Such NGO-induced ALI was related to oxidative stress and could
effectively be relieved with dexamethasone treatment. In addition, we found that the biodistribution of 1251-NGO varied greatly
from that of 125] ions, hence it is possible that nanoparticulates could deliver radioactive isotopes deep into the lung, which
might settle in numerous ‘hot spots’ that could result in mutations and cancers, raising environmental concerns about the

large-scale production of graphene oxide.
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INTRODUCTION

Graphene is a recently discovered, two-dimensional nanomaterial
with a one-atom thickness.! Graphene and its derivatives (for
example, nanoscale graphene oxide (NGO)) have shown unique
thermal, mechanical and electronic properties that have attracted
tremendous attention in applications including nanocomposites
and transistors, as well as diagnostics and therapeutics.F* In
particular, water-dispersible NGO has proven to be a promising
nanocarrier for drug delivery. Hence, it is critically important to
address the safety issue of NGO before its in vivo biomedical
application.

The lung is the primary organ invaded by nanomaterials because of
the communication of this organ with the outside atmosphere
through the respiratory tract. In addition, nanoparticles (<100nm)
have previously been found to deposit mainly in the lungs.
Therefore, intratracheal instillation was used to investigate the
biodistribution and pulmonary toxicity of NGO in C57BL/6 mice
for up to 3 months. We employed radioisotope tracing and
conventional evaluation system to study the in vivo absorption,
distribution, metabolism, excretion and toxicity of NGO in mice.
Our finding on the apparent discrepancy in biodistribution of 12°I-
NGO with iodine-125 ions also raises potential concerns on the
identification of target organs and critical effects upon nuclear
radiation exposure.

MATERIALS AND METHODS

NGO was synthesized from natural graphite by oxidation with H,SO4/KMnO,
according to a modified Hummers method.® The resulting NGO was
characterized by Fourier transform infrared spectroscopy, Raman
spectroscopy, atomic force microscopy, scanning electron microscopy and
transmission electron microscopy.

SPECT imaging was used to dynamically assess the in vivo distribution of
1251.NGO within 60 min. KunMing mice (n=2) were anesthetized with an
intraperitoneal injection of 50mgkg~! pentobarbital sodium (10 mgml~
Sigma, St. Louis, MO, USA) and placed in a supine position on a board. After
1.85 x 10° Bq '»’I-NGO and Na'?’I in a 0.1-ml volume were intratracheally
instilled into the mice, respectively, whole-length dynamic imaging was
immediately performed with a gamma camera (Elscint Apex SP-6, Elscint
Ltd., Haifa, Israel) at 5, 10, 20, 30, 40, 50 and 60 min. A count for each time
point was collected for 100s in the anterior and posterior positions with an
energy window of ~30keV and a matrix of 73 x 73.

To determine the in vivo distribution of NGO in more detail, each KunMing
mouse was exposed to 100 pl of a ' I-NGO aqueous solution via intratracheal
instillation. The animals were killed at different time points. The blood, urine
and major organs, including thyroid gland, heart, lungs, liver, spleen, kidneys,
stomach (emptied), small intestine (full) and large intestine (full), were
collected, and the '2°T activity was counted using a y-detector. The distribution
of 1’I-NGO in the blood and each organ was represented by the percentage of
the exposed dose (sample activity/total activity dosed, %ED). The concentra-
tion of '’I-.NGO in the urine was represented by the percentage of the
exposed dose per gram (%ED per g).
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Considering the potential threat to workers posed by accidental industrial
exposure to NGO during production and transportation, the mice were
intratracheally instilled with high-dosage NGO to investigate its acute and
chronic pulmonary toxicity. To elucidate the dosage-related pulmonary
responses induced by NGO, groups of C57BL/6 mice were intratracheally
instilled with 0, 1, 5 or 10mgkg~! NGO (using 0, 0.2, 1 and 2mgml~!
suspension solutions, respectively) and terminated at 24h post exposure (see
Supplementary Information, Supplementary Table. S1). To assess the time-
related pulmonary responses induced by NGO, groups of mice were instilled
intratracheally with 10 mgkg ! NGO (using a 2mgml ~! suspension solution)
and terminated at Oh, 24h, 48h, 72h and 1 week after the intratracheal
instillation, respectively. The evaluation system was composed of the following:
(1) the bronchoalveolar lavage (BAL) fluid biomedical index, (2) lung wet/dry

weight ratio, (3) BAL fluid differential cell counting, (4) lung histopathological
evaluation and (5) an oxidative stress assay.

To evaluate the chronic pulmonary responses induced by NGO, groups of
mice were instilled intratracheally with 10mgkg ~! NGO (using a 2mgml !
suspension solution) and terminated at 1 and 3 months after the intratracheal
instillation, respectively. The histopathological characteristics of the chronic
pulmonary lesions induced by NGO were assessed by standard hematoxylin-
eosin and Masson trichrome staining.

To determine the therapeutic effect of dexamethasone (DEX) on NGO-
induced acute lung injury (ALI), 45 C57BL/6 mice were randomly divided into
three groups (n=15 in each group): Milli-Q water group, NGO group and
NGO + DEX group. The mice in both the NGO and the NGO + DEX groups
were intratracheally instilled with 10mgkg~!' NGO (using a 2mgml~!
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Figure 1 Biodistribution of NGO after intratracheal instillation. (a) SPECT images of mice at several time points after intratracheal instillation with 125]-NGO
or Nal23|. (b) Distribution of 1251-NGO in the blood and major organs of mice at five different time points. N=>5 in each group. Values are presented as the
mean *s.e.m. (c) Comparison of Nal2®| and 125]-NGO distribution in mice at 1 and 6h after intratracheal instillation. N=5 in each group. Values are
presented as the mean+s.e.m. (d) The morphological observation of the lungs from mice instilled with Milli-Q water or 10mgkg~! NGO. The dorsal view

shows the distribution of NGO (black region).
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suspension solution). Meanwhile, the mice in the Milli-Q water group received
the same volume of Milli-Q water and the same manipulations. Immediately
after instillation, the mice in the NGO + DEX group received an intraper-
itoneal injection of 5mgkg ! DEX (dissolved in 0.1 ml 0.9% saline), whereas
the mice in the other two groups received the same volume of 0.9% saline and
the same manipulations. Mice from all three groups were terminated at 24h
after the intratracheal instillation. The BAL fluid biomedical index, the BAL
fluid differential cell counting, the lung wet/dry weight ratio and the
histopathological ~ evaluation were determined (see  Supplementary
Information, Supplementary Method).

RESULTS AND DISCUSSION

1257 was selected for in vivo tracking of NGO because of its easy
labeling and simple biosampling.” Our results indicate that >’I-NGO
primarily remains in the lung after intratracheal instillation. SPECT
images showed a very bright spot located in the lungs of mouse
instilled with 1?°I-NGO at each time point. Furthermore, the
brightness in the lung maintained almost the same levels for 60 min
after exposure (Figure 1a). The high retention of !’I-NGO in the
lung observed in these images was also supported by the values of
radioactivity for organs (Figure 1b). The radioactivity in the lung was
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~70.3% of the exposed dose at 10 min. Although the radioactivity
gradually decreased over time, 20.2% of the exposed dose remained
after 12h. Interestingly, we observed the presence of radioactivity,
albeit at a small level (<5%), in other organs, such as the liver and
the small and large intestines. Their radioactivity increased over the
first several hours, suggesting that NGO may pass through the air—
blood barrier into blood and be delivered to other organs. In
addition, the presence of radioactivity in the thyroid gland may have
arisen from the small amounts of 2’ ions released from the '2°I-
NGO conjugate.’

The biodistribution of Na!?’T was compared with that of 1>’I-NGO
to evaluate the in vivo stability of >>I-NGO (Figures 1a and c). The
significant differences in the biodistribution of 12’I-NGO and Na!?
demonstrated that 2I-NGO was stable in vivo and that the results of
the distribution of 2I-NGO were accurate and reliable. However, the
apparent discrepancy in the biodistribution of 12*I-NGO and %I ions
raises potential concerns about the identification of target organs and
the critical effects of the nuclear radiation exposure.®~!!

The clearance of NGO was evaluated by using radioisotope tracing
and morphological observation. SPECT images showed that
the radioactivity intensity in the bladder of mouse instilled with
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Figure 2 NGO causes dosage-dependent ALI characterized chiefly by cell injury, lung edema and neutrophil infiltration. (a—e) BAL fluid LDH (a), ALP (b)
and total protein (c) assays were performed to determine the level of cell injury. The lung wet/dry weight ratio (d) was used to evaluate the severity of lung
edema. BAL fluid differential cell counting (e) was used to evaluate the number and types of migrated cells. The symbol ‘*’ indicates values that differed
significantly from the control group at P<0.05; the symbol ‘#" indicates values that differed significantly from the Milli-Q water group at P<0.05. N=5 in

each group. Values are presented as the mean £ s.e.m.
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I21.NGO gradually increased within 60min (Figure 1a). The
relatively high values of concentration of '?’I-NGO in urine were
observed within 6 h (see Supplementary Information, Supplementary
Figure S1). These results indicate that NGO sheets with small sizes can
penetrate the alveolar—capillary barrier into blood and be quickly
eliminated by a renal route. The long-term fate of NGO in the lung
was examined using morphological changes of excised lungs. Lungs
from mice treated with NGO exhibited a black discoloration that
reflected NGO deposition in lung tissue (Figure 1d). The regions of
black discoloration on the lung surface were gradually reduced from
24h to 3 months after instillation, implying that NGO is slowly
cleared from the lungs. Histopathological observation showed that
there was an obvious accumulation of alveolar macrophages laden
with NGO in the bronchial lumen at 3 months (see Supplementary
Information, Supplementary Figure S2). This observation suggests
that NGO is taken up and cleared by alveolar macrophages, and the
alveolar macrophages may be eliminated in the sputum from the
body through mucociliary clearance or by other mechanisms.!>13
NGO may also be gradually degraded over time by the oxidative
metabolic pathways.!® However, both the presence of black
discoloration on the lung surface after 3 months (Figure 1d) and
the histopathological observation (Supplementary Figure S2) indicate
incomplete clearance of NGO.

The pulmonary responses induced by nanoparticles were closely
related to their dispersion in the lung.'* We found that the procedures
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of administration are important for both the distribution of NGO
and the mortality of mice. When syringes were prefilled with 100 pl of
air before suctioning up the NGO, NGO was well dispersed
immediately after instillation, resulting in minimal mortality from
mechanical blockage by nanomaterials in the airways (data not
shown).

Histopathological evaluation of the lung tissue was performed after
Oh, 24h, 48h, 72h and 1 week (see Supplementary Information,
Supplementary Figure S3). Immediately after intratracheal instillation
of 10mgkg ~! NGO, NGO had mainly adhered to the inner surfaces
of the bronchial and alveolar walls. There was no formation of large
aggregates blocking the bronchial lumina and alveolar spaces, and a
good dispersion pattern was observed. Subsequently, NGO began to
aggregate, and this aggregation was accompanied by an obvious
pulmonary inflammatory response. Large agglomerates of NGO were
clearly visualized after 1 week.

We performed assays of cell injury, lung edema and neutrophil
infiltration to evaluate the acute pulmonary responses induced by
NGO. The BAL fluid biomedical index, which includes lactate
dehydrogenase (LDH) activity, alkaline phosphatase (ALP) activity
and total protein concentration, was determined to measure the level
of cell injury. After 24 h, dosage-dependent increases in the activities
of LDH and ALP and the levels of total protein in the BAL fluid were
observed (Figures 2a—c). LDH and ALP are indicators of cell injury,
and the increase in ALP activity is particularly suggestive of type II
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Figure 3 NGO-induced ALl is progressive. (a—e) BAL fluid LDH (a), ALP (b) and total protein (c) were performed to determine the level of cell injury. The
lung wet/dry weight ratio (d) was used to evaluate the severity of lung edema. BAL fluid differential cell counting (e) was used to evaluate the number and
types of migrated cells. The symbol “*" indicates values that differed significantly from the O h group at P<0.05. N=5 in each group. Values are presented

as the meants.e.m.
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lung epithelial cell toxicity. The increase in the total protein
concentration in the BAL fluid implied the enhanced permeability
of vascular proteins into the alveolar regions; this effect could have
arisen from the breakdown of the integrity of the alveolar—capillary
barrier.

Cell injury in the lung is often associated with lung edema, which is
the result of the leakage of fluid from the capillaries into the
interstitial and alveolar spaces and the loss of the lung’s ability to
pump fluid out of the airspace. Indeed, we found that NGO led to an
increase in the lung wet/dry weight ratio in a dosage-dependent
manner (Figure 2d); this ratio is an indicator of the severity of the
lung edema.

We also found that the cells recovered from the BAL fluid were
mainly neutrophils (polymorphonuclear leukocytes) under the
stimulation with NGO (Figure 2e). The dosage-dependent increase
in the number of neutrophils suggests the occurrence of neutrophil
infiltration. Recruitment of neutrophils into the lung is a key event
in the early development of ALIL, as previously demonstrated in
neutropenic animals and humans.!>1¢

Lung histopathological changes also varied with the dosage of
instilled NGO (see Supplementary Information, Supplementary
Figure S4). Compared with the control group instilled with Milli-Q
water, the lungs of the 1 and 5mgkg ! NGO groups exhibited mild
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to moderate interstitial edema, neutrophil infiltration and alveolar
septa thickening. Furthermore, the alveoli in the 10mgkg~! NGO
group exhibited the presence of protein-rich fluid (pulmonary
parenchymal edema) and neutrophil infiltration accompanied by
diffuse congestion and hemorrhage. Overall, NGO resulted in ALL a
clinical syndrome characterized by an excessive inflammatory
response to both pulmonary and extrapulmonary stimuli that
ultimately leads to a disruption of alveolar—capillary integrity with
severe consequences for pulmonary gas exchange.!”

Given that NGO caused ALI at 24h post exposure, we examined
the time-dependent pulmonary responses induced by NGO. LDH and
ALP activities were elevated at 24h and then decreased (Figures 3a
and b), suggesting that NGO induces early severe cell damage. The
peaks of BAL fluid total protein, lung wet/dry weight ratio and BAL
fluid differential cell counts occurred at 48 h, suggesting that this is
the time point of the most severe disruption of the alveolar—capillary
interface, lung edema and neutrophil infiltration (Figures 3c—e).
Moreover, the diffuse lung edema with protein-rich fluid, extensive
hemorrhage and significant changes in alveolar architecture were
clearly observed 48h after instillation (see Supplementary
Information, Supplementary Figure S3). These results indicate that
NGO-induced ALI is progressive; it exhibits its greatest severity at
48h and then is alleviated. Furthermore, the fibroproliferation and

Figure 4 Chronic pulmonary lesions induced by NGO. Hematoxylin-eosin (a, ¢, e) and Masson trichrome (b, d, f) staining of lung tissues from the mice
instilled with Milli-Q water (a, b)or 10mgkg~! NGO (c—f). NGO induced diffuse pulmonary fibrosis at 1 month (c, d) and 3 months (e, f). The black arrows
indicate NGO. All images are shown at x 400 magnification with a 50-um scale bar; insets are shown at x 1000 magnification.

)
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organization of lung tissue at 1 week indicates the emergence of lung
fibrosis (see Supplementary Information, Supplementary Figure S3).

The histopathological characteristics of the chronic pulmonary
lesions induced by NGO were assessed by standard hematoxylin-eosin
and Masson trichrome staining (Figure 4). Histopathological analysis
clearly showed a consolidation of the lung and an accumulation of
alveolar macrophages laden with NGO at 1 and 3 months post
exposure (Figures 4c and e). Meanwhile, there was obvious collagen
deposition and numerous inflammatory cells surrounding the alveolar
macrophages. Compared with the 1-month group, the bronchial
lumina in the 3-month group had become narrow and even closed,
suggesting the further exacerbation of the fibrotic response. These
results indicate that NGO induced diffuse pulmonary fibrosis over a
longer term.

Because the inflammatory responses caused by nanomaterials are
often associated with oxidative stress,'®1° we examined the degree of
oxidative stress in the lung by measuring the levels of two
antioxidants, superoxide dismutase (SOD) and glutathione
peroxidase (GSH-PX). We observed a dosage-dependent decrease in
SOD and GSH-PX activities in the lung tissue (Figures 5a and c). In
addition, the SOD and GSH-PX activities were progressively reduced
after the exposure to NGO, reaching a minimum at 48 h, followed by
an elevation until 1 week (Figures 5b and d). These data suggest that
oxidative stress has a significant role in NGO-induced ALL

DEX treatment is regarded as a good choice for the treatment of
ALl/acute respiratory distress syndrome.?? Therefore, we evaluated
the therapeutic effect of DEX on the ALI induced by NGO at 24 h.
LDH and ALP activities and total protein level in BAL fluid in the
NGO + DEX group were significantly decreased compared with the
NGO group (Figures 6a—c). This result suggests that the DEX
treatment attenuated the NGO-induced cell injury. Meanwhile, the
lung wet/dry ratio and the number of neutrophils in BAL fluid in the
NGO + DEX group were significantly decreased compared with the
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NGO group (Figures 6d and e), suggesting that DEX alleviated the
lung edema and neutrophil infiltration induced by NGO. Histopatho-
logical observation further verified the effect of DEX treatment (see
Supplementary Information, Supplementary Figure S5). At 24 h in the
NGO group, the alveoli exhibited more protein-rich fluid and more
polymorphonuclear leukocyte infiltration compared with the Milli-Q
water group. Severe congestion and hemorrhage was also found in the
NGO group. However, in the NGO + DEX group, there was less
alveolar flooding and less infiltration of polymorphonuclear leukocyte
compared with the NGO group. Collectively, these results suggest that
DEX effectively alleviated the NGO-induced ALL

By examining the in vivo biodistribution and the acute and chronic
pulmonary toxicity of intratracheally instilled NGO in the lungs of
mice, we demonstrated that NGO was mainly retained in the lung
after intratracheal instillation and, subsequently, was slowly cleared
from the lung. NGO was still present in the lung at 3 months. NGO
caused dosage-dependent ALI characterized mainly by cell injury,
lung edema and neutrophil infiltration. The NGO-induced ALI was
progressive, as it was most severe at 48 h and was then alleviated. The
NGO-induced chronic pulmonary lesions were characterized by
diffuse pulmonary fibrosis. The NGO-induced ALI was related to
oxidative stress and could effectively be relieved with DEX treatment.

The fact that inhaled NGO is harmful to animals might raise
environmental concerns, particularly under the context that radio-
active species may be carried by these carbon nanomaterials.
Nanoscale, ultrafine particulates (<100 nm in diameter) from natural
and anthropogenic sources have become the cause of rapidly
increasing concern.?!2* Severe adverse health effects of inhalable
ultrafine particulate matter have been demonstrated in both
pulmonary toxicity and epidemiological studies.”>’ There is a
body of evidence that particulate matter can penetrate deeply into
lung tissue with larger numbers and stay longer than fine or coarse
particles (micrometer size or larger).?>?® Because of their small sizes
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Figure 5 NGO-induced ALl is related to oxidative stress. SOD (a, b) and GSH-PX (c, d) were used as antioxidants to evaluate the degree of lung oxidative

stress. (a, ¢) Dosage-related response. The symbol “*' indicates values that differed significantly from the control group at P<0.05; the symbol

“#" indicates

values that differed significantly from the Milli-Q water group at P<0.05. (b, d) Time-related response. The symbol ‘*’ indicates values that differed
significantly from the O h group at P<0.05. N=5 in each group. Values are presented as the meants.e.m.
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and high ratios of surface area to mass, carbon-based nanoparticulates
are highly adsorptive to toxic substances, including radioactive
species, which has attracted significant recent concern.”1022 Given
that the biodistribution of '’I-NGO varies greatly from that of 12°I
ions, it is possible that nanoparticulates can deliver radioactive
isotopes deep into the lungs. These nanocarriers may also alter the
biodistribution of the radioactive isotopes, settling in numerous ‘hot
spots’ that can result in mutations and cancers. Although studies of
such potential risks of radioactive nanoparticulates are still rare, the
data reported here highlight the significance of protective strategies to
minimize human exposure to NGO sources.!! In addition, the
possibility to reduce the NGO-induced toxicity by optimization of
its sizes and surface coatings should be explored in future
studies.!%2%30
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