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Research on graphene-based nanomaterials has experienced exponential growth in the last few decades,
driven by their unique properties and their future potential impact on our everyday life. With the increasing
production and commercialization of these materials, there is significant interest in understanding their
fate in vivo. Herein, we investigated the distribution of **C-few-layer graphene (**C-FLG) flakes (lat. dim.
~500 nm) in mice over a period of one year. Furthermore, we compared the effects of repeated low-
dose and acute high-dose exposure by tracheal administration. The results showed that most of the
radioactivity was found in the lungs in both cases, with longer elimination times in the case of acute high-
dose administration. In order to gain deeper insights into the distribution pattern, we conducted ex vivo
investigations using p-autoradiography on tissue sections, revealing the heterogeneous distribution of the
material following administration. For the first time, p-autoradiography was used to conduct a compre-
hensive investigation into the distribution and potential presence of FLG within lung cells isolated from
the exposed lungs. The presence of radioactivity in lung cells strongly suggests internalization of the
1C-FLG particles. Overall these results show the long-term accumulation of the material in the lungs
over one year, regardless of the administration protocol, and the higher biopersistence of FLG in the case
of an acute exposure. These findings highlight the importance of the exposure scenario in the context of
intratracheal administration, which is of interest in the evaluation of the potential health risks of graphene-
based nanomaterials.

Introduction

Graphene based nanomaterials (GBN) have emerged as highly
promising nanomaterials across a wide range of research
fields." Due to their distinctive and unique properties such as
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chemical inertness, exceptional mechanical strength, high
thermal conductivity, and excellent transmittance, GBN have
shown great potential in diverse domains such as energy, elec-
tronics, photonics, sensors and biomedical applications.” GBN
can now be produced in large quantities, which has led to a
significant boost in the development of graphene-based
technologies,® with market estimations expected to reach more
than £1100 million by 2025." Given their increasing exploita-
tion and the potential for both occupational and public
exposure, the impact of GBN on health has become a signifi-
cant concern.’ A recent example is the use of graphene-coated
face masks produced and distributed all over the world to
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prevent COVID-19 transmission, which were withdrawn in
some countries owing to their potential toxic effects on the res-
piratory tract.®® In this context, the assessment of their fate
in vivo remains of great interest.

Since graphene discovery by Novoselov et al,” many gra-
phene related materials have been developed and in vivo
studies have been conducted to assess their absorption, distri-
bution, and excretion, mainly driven by their physicochemical
properties (lateral dimensions, thickness, and carbon-to-
oxygen ratio), their functionalization and the route of adminis-
tration.'® However, when assessing the potential risks of GBN
on human health, the respiratory system is considered as one
of the most concerning routes of exposure."' Following intra-
nasal or tracheal instillation, previous studies have shown that
GBN primarily accumulate in the lungs. Over time, signs of
clearance can occur as GBN translocate to the blood, either
directly from the lungs or through intestinal adsorption.
Notably, in the case of tracheal administration, large amounts
of the material could be detected in the stomach and intes-
tines, potentially attributed to mechanisms such as mucocili-
ary clearance, swallowing, and redistribution of inhaled GBN
to the gastrointestinal tract.'*'®> Furthermore, intranasal
exposure investigations revealed that graphene oxide could be
found in the brain and remain there for over 30 days, showing
signs of biodegradation over time.">"?

Overall, when considering respiratory exposure, there is evi-
dence that various GBN are able to cross physiological barriers,
reaching distant secondary organs and showing in some cases
severe lung toxicity.'® Noteworthily, most of these studies con-
sider single-dose administration. Long-term in vivo studies
exploring repeated dose administration are still scarce despite
their high when considering occupational
exposure.'”*® In 2015, Shin et al. exposed rats to commercial
graphene nanoplatelets (GNP) (lateral dimensions: ~500 nm,
thickness: 8 nm) through 5 day repeated exposure (6 h per
day), using a nose-only inhalation system.'® The repeated
exposure to GNP did not change neither the body weight nor
the organ weight of the rats during the recovery period of 28
days. No signs of lung damage were noticed at any time point.
In a second study, rats were exposed to GNP (lat. dim.: sizes up
to 2 pum, thickness: 20-30 layers) for 6 h per day, 5 days per
week, for 4 weeks.?? The animals were sacrificed at 1, 28, and
90 days after exposure. Inhaled materials were found in macro-
phages, with translocation also to lung lymph nodes, but
without inducing any toxicity regardless of the dose applied.
More recently, the same group studied repeated exposure of
graphene oxide (GO) using the same nose-only inhalation
exposure system over 5 days for 6 hours per day.”’ Exposure
impact was assessed at 1, 3 and 21 days by haematological and
biochemical analyses and no significant toxic effects of gra-
phene oxide were found. Recently, a reproductive toxicity study
was carried out in male mice after the intratracheal instillation
of commercial GO once a week for 7 weeks. The increased neu-
trophil number in the bronchoalveolar lavage fluid suggested
pulmonary inflammation.?” In addition to their scarcity, these
investigations used histopathological examination to provide
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distribution and toxicity evaluation. Undoubtedly, in vivo quali-
tative and quantitative biodistribution analysis of GBN rep-
resents a big challenge due to their carbon and oxygen compo-
sition, two elements also present as the major part of organic
matter.

Radiolabelling has been used in numerous studies to inves-
tigate the biodistribution of GBN using tags such as *'In and
?mre or F, %°Zr, and °®Ga in tandem with radio imaging
techniques.?**® These highly sensitive detection and quantifi-
cation techniques allow the monitoring of very low concen-
trations of materials and the study of realistic environmental
doses in vivo but require surface chemical modification that
potentially alters the physicochemical properties of the
material or may cause a loss of the tag during in vivo circula-
tion. Direct incorporation of carbon isotopes (**C, **C) into the
backbone of carbon-based nanomaterials has proven to be a
method of choice to overcome these limitations. Carbon-13
was recently used to structurally label FLG by Gonzalez et al.*®
in order to trace and quantify its distribution inside the
different cellular compartments of HepG2 cells. **C-labeling is
indeed mostly used to study metabolic pathways or for the
preparation of internal standards. Nevertheless, in the context
of in vivo biodistribution investigations, the utilization of **C
radiolabelling, coupled with exceptionally sensitive detection
and quantification techniques, is a reference as it allows fol-
lowing extremely low material concentrations (ranging from ng
L' to pg L") and facilitates the examination of realistic
environmental doses. Moreover, carbon-14 is considered in the
pharmaceutical industry as one of the gold standards for
absorption, distribution, metabolism, and excretion (ADME)
studies due to its long half-life (5730 years), ideal for long-term
distribution investigations. Our group recently used '‘C-
labeled GO to develop a tandem imaging technique combining
digital autoradiography (p-imager) with mass spectrometry
imaging (MSI), hence providing high resolution and quantitat-
ive assessment of its distribution in vivo.>° In 2013, a graphi-
tized material was labelled with **C to assess and measure its
uptake and excretion in Daphnia magna.*" A year later, Czarny
et al. conducted a study where carbon nanotubes (CNTs) were
labelled with *C, revealing their translocation across the air-
blood barrier to distant organs.* Recently, Lu et al.** utilized
1C to study the fate of smaller size few layer graphene (FLG)
(SLG, lat. dim.: 20-40 nm) and larger size FLG (LLG, lat. dim.:
330-630 nm) in mice over a one-year period after intravenous
administration. Their findings demonstrated that liver cells
were able to degrade larger *C-FLG (LLG) into “*C-CO,. In
addition to the typical quantification of radioactivity in col-
lected organs, the researchers captured and quantified the
exhaled '*C-CO, after intravenous injection in mice.

Considering the need for long-term in vivo studies exploring
repeated dose administration of GBN, we propose here the
assessment of the distribution of FLG over one year, from the
whole animal to the cellular level, using **C radiolabelling to
track the material and compare repeated low dose exposure
against single acute dose exposure after intratracheal adminis-
tration in mice (Fig. 1).

This journal is © The Royal Society of Chemistry 2023
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Fig.1 (A) Strategy for the synthesis of *C-few-layer graphene
(**C-FLG). (B) In vivo biodistribution investigation of *C-FLG in mice
over 1 year after intra-tracheal administration. Red circles correspond to
the incorporation of *C into the structure.

Experimental
Chemicals

Organic chemicals and solvents (Sigma-Aldrich) were used
without further purification. **C-benzene (319 mg, 18.5 GBq,
4.77 GBq per mmol, 58 MBq per mg) was purchased from
Quotient Bioresearch Radiochemicals Ltd with radiochemical
and chemical purity > 99.9%. Scintillation fluid (Gold Star,
Meridian) was purchased from PerkinElmer, USA. The de-
ionized water used in the experiment was prepared using a
Millipore Milli-Q ultra-purification system (resistance > 18.2
MQ cm). Porous nickel foams (95%, 5 cm x 1 cm x 1 mm) for
the growth of graphite were purchased from Metal Material
Co., Ltd.

Materials and methods

Graphite and FLG were analysed by transmission electron
microscopy (TEM) or scanning electron microscopy (SEM)
(Philips CM 30; CEA Saclay, DEN-LM2E, France, and LVEM5
low-voltage transmission electron microscope, CORDOUAN
Technologies, Pessac, France) at an accelerating voltage of
5 kV. For the TEM studies in high resolution mode (HRTEM),
we used a Titan ETEM 300 microscope (from FEI/Thermo
Fisher Scientific) working at 80 kV and equipped with an
image aberration corrector and a K2 in situ direct detection
camera from Gatan. Raman spectra of ">C-FLG were recorded
on an InVia Renishaw micro-spectrometer equipped with a
532 nm point-based laser. In all cases the power density was
kept below 1 mW pm™> to avoid laser heating effects. Raman
samples were measured in the solid state under ambient con-
ditions. The resulting spectra (after at least 30-40 random
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locations on each sample) were fitted with Lorentzian-shaped
bands in their D, G and 2D peaks to ascertain band positions,
widths and intensities. pRaman spectra of ''C-FLG were
recorded on a LabRam HR800 spectrometer with an Olympus
microscope and a 50x long-range objective. Thermogravimetric
analyses (TGA) were performed with a TGA Q50 (TA
Instruments) at 10 °C min~" under nitrogen flow, from 100 °C
to 800 °C. The chemical composition of the non-radiolabelled
graphite was evaluated by XPS (X-ray induced photoelectron
spectroscopy) analysis using a Kratos Analytical Axis Ultra DLD
spectrometer with monochromatic Al KR X-ray radiation (Av =
1486.6 eV). Milling treatments were carried out in a Retsch
PM100 planetary mill using a 50 mL stainless steel milling ball
and 10 stainless steel beads. UV-vis spectra were recorded
using a Cary 5000 UV-vis-NIR spectrophotometer with 1 cm
quartz cuvettes. The measurements of '>C-graphite and
2C-FLG were performed at 271 nm and 660 nm for 12.5 and
48 hours, respectively, at various time intervals in the dual
beam mode and using baseline correction. Graphite and FLG
concentrations were determined from the optical absorption
coefficient at the maximum absorbance, using the formula A =
a x [ x ¢, where I (m) represents the light path length, ¢ (g L™")
corresponds to the concentration, and a (L g* m™") corres-
ponds to the absorption coefficient. The absorption coefficient
a was determined to be 21.9 L g' m™" for graphite at 271 nm
and 690 L ¢! m™" for FLG at 660 nm. The relationship
between optical absorbance divided by cell length and concen-
tration confirmed Lambert-Beer behavior.

Few-layer graphene synthesis

Few-layer graphene was prepared by exfoliation of graphite
obtained by a chemical vapour deposition process (CVD). First
developed and optimized on carbon-12, this strategy was
employed to synthesize "*C-FLG.

2C-graphite preparation. Graphite was produced by a CVD
process specifically developed for the use of benzene as a
carbon source. The standard experimental setup involved an
aerosol generator, a quartz reactor placed in a furnace, and
traps for the exhaust gases and was appropriately modified to
be used with small amounts of radioactive liquid carbon pre-
cursors. A volume of 3 mL of "C-benzene was placed in the
reservoir and injected for two minutes in a pre-heated oven
(1000 °C) using H, as a vehicle gas (flow: 55 sccm). Five nickel
foams of 250 mg each (5 cm x 1 ¢cm x 1 mm) were previously
placed in the middle of the isothermal zone of the oven as a
support for the growth of graphite flakes. At the end of the
injection, the oven was cooled down over 10 min (100 °C
min~") to come back to room temperature and the nickel
foams were collected and then placed in a 3 M HCI solution
heated at 100 °C for 5 hours. After complete dissolution of the
nickel, the graphite was filtered on a PTFE filter and rinsed
with water, ethanol and Et,O. 25 mg of graphite was obtained.

2C-FLG preparation. A stainless steel jar (50 mL) containing
10 stainless steel balls (1 cm in diameter each) was succes-
sively charged with 5 mg of the previously prepared graphite
and 300 mg of p-glucose in a ventilated fume hood. The jar
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was then closed with an inox clip to avoid spillage during
transport and placed in a planetary mill (PM100). The clip was
removed and the reaction mixture was stirred for 2 hours at
250 rpm with a spinning rotation change every 3 min with a
stop of 3 s each time. In the meantime, a dry dialysis mem-
brane (35 cm, 3.5 kDa) was hydrated in Milli-Q water for
30 min. After the end of the milling step, the reactor was
closed again with the inox clip and transported back to the
fume hood. 20-25 mL of Milli-Q water was added to the open
reactor to disperse graphene flakes. The jar containing the gra-
phene suspension was sonicated for 5 min to recover all the
graphene from the walls of the reactor. The reactor was par-
tially dipped into the sonication bath. The graphene suspen-
sion was transferred to the dialysis membrane with a 10 mL
syringe. The cap and balls were also carefully rinsed. The filled
dialysis membrane was placed in a Erlenmeyer flask contain-
ing 500 mL of Milli-Q water and heated up to 70 °C for 1.5 h.
Every 1.5 h, 9 consecutive times, water was removed, replaced
with new Milli-Q water and sonicated for 15 s before heating it
up again. The dispersion was transferred to a clear glass flask
and decanted for 24 h. The supernatant was recovered and lyo-
philised, leading to the desired ">C-FLG.

14C-graphite and '*C-FLG preparation. Starting from 0.3 mL
of "C-benzene (18.5 GBq, 4.77 GBq mmol ', 58 MBq mg )
diluted with 2.7 mL of '>C-benzene, an identical protocol was
followed, providing 25 mg of '*C-graphite (135 MBq, 5.4 MBq
mg ™). From 5 mg of this '*C-graphite, an aqueous suspension
of "C-FLG (18.12 MBq, 607 kBq mL™", 5.4 MBq mg ') was
obtained before being lyophilised.

C-FLG dispersion preparation. The suspensions used for
in vivo administrations were prepared by the dispersion of the
lyophilised **C-FLG in Milli-Q water followed by a 5 min soni-
cation treatment.

In vivo experiments

Animals. Female Balb/c] mice aged 6 weeks (from Janvier
Laboratory, St Berthevin, France) were housed in groups of 4-8
animals in polysulfone cages under standard conditions: room
temperature (20 + 2 °C), hygrometry (55 + 10%), light/dark
cycle (12 h/12 h), air replacement (15-20 volumes per hour),
drinking water and a pelleted maintenance diet (LASQCdiet®
Rod16, Genobios, France) ad libitum. All procedures were vali-
dated by the local animal ethics committee (CETEA DSV -
comité n° 44) and the authorization APAFIS#32015-
2021061612169288 was obtained from the Ministry of National
Education, Higher Education and Research (France).

Tracheal administration. One-hundred and five mice were
randomized in three groups corresponding to the adminis-
tration of vehicle (n = 25 mice) or an aqueous suspension of
MC-FLG either at a unique high dose of 13 pg (74 kBq, n = 25 +
15 mice) or 0.65 mg per kg b.w. for the acute administration or
at a low dose of 3.4 pg (18.5 kBq, n = 25 + 15 mice) or 0.17 mg
per kg b.w. that was repeated once a week for 4 weeks for the
chronic administration. The vehicle or suspension of *C-FLG
was administered by the tracheal route using an endotracheal
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intubation kit (Kent Scientific, Torrington, CT, USA) with a
final volume of 20 pL per mouse.

Sample preparation. Mice were sacrificed at 1, 30, 90, 180,
and 360 days after the administration by cervical dislocation
or, for whole-body sections, with an intraperitoneal injection
of Exagon® (pentobarbital, Gedeon Richter, Austria).

Blood and plasma. Before sacrifice, blood sampling via the
retro-orbital route was performed under anesthesia (2% of iso-
flurane) on five distinct mice of each group at each time of
sacrifice. The plasma was separated by centrifugation of the
blood in a heparin tube at 1500¢ for 15 min.

Urine and faeces. The urine and faeces of eight mice admi-
nistered with "“C-FLG were collected for 30 days following
administration thanks to individual metabolic cages
(Techniplast, France). The urine and faeces were stored at
—20 °C before analysis.

Organs. At 1, 30, 90, 180, and 360 days after the adminis-
tration of *C-FLG, five mice of both groups were sacrificed by
perfusion with 0.9% NaCl (10 mL per mouse, 200 mL h™") for
collection of organs (brain, thymus, heart, trachea, lungs, liver,
spleen, stomach, stomach bowl, small intestine, small intes-
tine content, large intestine, large intestine content, and
kidneys). The organs were immediately frozen at —80 °C by
immersion in a mixture of dry ice and isopentane to prevent
redistribution of the '“C-FLG. The organs were stored at
—20 °C before analysis.

Whole-body and tissue sections. At 1, 30, 90, 180, and 360
days after the administration of *C-FLG, three mice of both
groups were sacrificed for whole-body and tissue sections. The
carcass or the organs were frozen and sectioned at 30 pm and
20 pm thickness, respectively, with a CM3050 S cryostat (Leica
Biosystems, Wetzlar, Germany) in which the chamber tempera-
ture was adjusted to —18 °C and the object temperature to
—20 ©°C. The cryotome was carefully cleaned with a
water/ethanol solution between each sample to remove any
traces of radioactivity and to avoid contamination between
different mice. The whole-body or tissue sections were placed
on glass slides and were kept at room temperature for 1 day in
the presence of silica gel to ensure complete drying for radio
imaging.

Primary culture cells. At 1 and 30 days after the adminis-
tration of "*C-FLG, three mice of both groups were sacrificed
by perfusion with 0.9% NaCl (10 mL per mouse, 200 mL h™)
for lung collection. Almost whole lungs were frozen and sec-
tioned at 20 pm thickness, as described above. A small part of
the lungs was cut in small pieces and digested at 37 °C for
15 min with 0.25% trypsin (Gibco, Thermo Fisher Scientific,
Massachusetts, USA). The digested organs were filtered on a
100 pm cell strainer (Corning, Dutscher, Issy-les-Moulineaux,
France). Then, 100 pL of cells were diluted in 900 pL of RPMI
medium plus 10% fetal bovine serum and 1% penicillin-strep-
tomycin (Gibco, Thermo Fisher Scientific, Massachusetts,
USA). Cells were plated on LabTek chambers (Thermo Fisher
Scientific, Massachusetts, USA) and incubated overnight at
37 °C with 5% CO,. The plated cells from lungs were
immersed for 5 min in 4% formalin for fixation.

This journal is © The Royal Society of Chemistry 2023
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Analysis of clinical chemistry, elimination and organ
distribution

Clinical chemistry. The collected plasma samples were
freshly analyzed on Piccolo Xpress® (from Abaxis Europe
GmbH, Griesheim, Germany) with an AmLyte 13 disk to deter-
mine the following parameters: glucose, blood urea nitrogen,
bilirubin, albumin, alanine aminotransferase, aspartate ami-
notransferase, creatine kinase, sodium, potassium, and
calcium.

Elimination via urine and faeces. Whole urine was quanti-
fied using a liquid scintillation analyzer Tri-Carb 4910 TR
(PerkinElmer, Villebon-sur-Yvette, France). Due to the strong
background induced by faeces, several samples of 30 mg of
faeces were quantified using a liquid scintillation analyzer Tri-
Carb 4910 TR. Then, the amount of radioactivity in all faeces
was extrapolated from the data of 30 mg count relative to the
total weight of faeces harvested.

Organ distribution. Organs were shredded with Precellys®
(Ozyme, Saint-Cyr-I'Ecole, France) and radioactivity contained
in the whole organs was quantified using a liquid scintillation
analyzer Tri-Carb 4910 TR (PerkinElmer, Villebon-sur-Yvette,
France).

Autoradiography from the whole body to cells

f-Imager. A high-performance autoradiography imager
(B-imager 2000, Biospace Lab, Paris, France) allowing real-time
radioactive imaging through direct B-particle counting and
absolute radioactivity quantification (detection threshold of
0.01 cpm per mm? for **C) was used to measure radioactivity
in dried whole-body sections. The time of acquisition on the
p-Imager was between 1 and 4 h for whole-body sections.

p-Autoradiography

"C-FLG was detected in tissue sections and cells by p-auto-
radiography following the detailed protocol described in the
ESL{ Briefly, slides were dipped in a liquid radiosensitive
emulsion (NTB, Carestream), and after drying under a humidi-
fied atmosphere, the slides were exposed for 4 days at 4 °C.
The slides were then developed in Kodak D-19 (Kodak) and
then stained with Mayer’s hemalum (Merck).

Results and discussion

With the aim of assessing the long-term effects of repeated
graphene exposure and comparing them to those of single
exposure, we conducted an investigation into the distribution
of 'C-labelled few-layer graphene (**C-FLG) in mice. Our
approach adopted a comprehensive “top to bottom” strategy,
analysing the distribution from the whole animal down to the
cellular level. To produce “C-FLG, we developed a two-step
methodology. Initially, '*C-labelled graphite was obtained
through a chemical vapor deposition (CVD) process.
Subsequently, a mechano-chemical exfoliation step was
employed to achieve the desired '*C-FLG. The methodology,
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previously established with carbon-12 materials, was effectively
applied to synthesize '*C-FLG.

Preparation of **C-graphite

14C-graphite synthesis proceeded first with the injection of
diluted '*C-benzene (3 mL) in the CVD system. It was pushed
using argon pressure (2 bars) from the tank and then injected
into the rest of the device (Fig. S1f) using an injection head
connected to a computer-assisted control system. This system
adjusts the injection frequency and the valve opening time to
control the amount of injected benzene. Once injected, the
carbon source was carried by a flow of hydrogen regulated by a
flow meter and then heated in the vaporiser. At this stage, the
fine droplets of "*C-benzene are transformed into gas, which
was sent into the quartz tube and heated to 1000 °C by means
of a tube furnace with a 12 cm isothermal zone. Based on the
work of Chen et al.,** five nickel foams, playing the role of a
support for the growth of graphite, were placed in the middle
of this isothermal zone. Out of the oven, the gas passes
through a water cooler and a bubbler filled with acetone,
which isolates the device from ambient air and allows the gas
flow to be monitored. Finally, a stream of air was directed at
the walls of the quartz tube to control the cooling rate of the
furnace (up to 100 °C min '). After cooling down to
room temperature, the nickel foams were collected and placed
in a 3 M HCI solution heated at 100 °C for 5 hours. After com-
plete dissolution of the nickel, the '*C-graphite was filtered,
rinsed and dried, providing 25 mg of '*C-graphite (135 MBq,
5.4 MBq mg ™).

Physicochemical characterization of '>C-graphite and '*C-
graphite was performed to confirm the consistency of the pro-
duction method and the quality of the engineered materials.
Electron microscopy (TEM, SEM, STEM) analysis of *C-graph-
ite performed directly after CVD showed flakes of graphite cov-
ering the entire structure of the nickel foam (Fig. S2t). After
dissolution and removal of the nickel, the recovered **C-graph-
ite appeared as micrometre scale particles (>1 um) (Fig. 2A and
S31).

All graphite samples analysed by Raman spectroscopy pre-
sented the characteristic bands of graphene-based materials:
D, G and 2D. The D band stands for the presence of defects in
the structure since it is related to Csp® carbons and the G
band corresponds to Csp® carbons and the stretching of the
C-C bond in graphitic materials. Then, the Iy/I; ratio can be
used to evaluate the defects in the structure and I,p/Ig can be
related to the thickness of the material. The 2D band can also
be used to assess and determine the number of layers using
the full width at half-maximum (FWHM)? of the band, e.g., a
narrow 2D band indicates a low number of layers.*®

Just after the chemical vapour deposition, **C-graphite de-
posited on nickel presented a very similar Raman spectrum
(Fig. S41) to ">C-graphite without nickel. Interestingly in the
latter case, the 2D band is slightly shifted and the intensity of
the D peak decreased, which indicated that the structural
quality of the graphene was preserved and the disorder effects
associated with the nickel have disappeared. Graphite on
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[ B. Grinding-assisted Exfoliation ]
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Fig. 2 (A) Synthesis and characterization of **C-graphite. Upper panel: schematic representation of the CVD preparation of *C-graphite from 4C-
benzene. Middle panel: morphological characterization of 2C-graphite by STEM. Scale: 10 um (left) and 1 um (right). Lower panel: Raman spectra of
12C-graphite (up) and *C-graphite (down). (B) Synthesis and characterization of **C-FLG. Upper panel: schematic representation of the grinding-
assisted exfoliation of *C-graphite to provide *C-FLG. Middle panel: morphological characterization of *2C-FLG by STEM. Scale: 100 nm (left) and
200 nm (right). Lower panel: Raman spectra of 2C-FLG (up) and **C-FLG (down).

nickel showed an Ip/Ig ratio equal to 0.13, which indicates a
low amount of defects in the structure. This ratio is similar for
both ">C and "*C-graphite after removing the nickel foam with
an Ip/I ratio of 0.18 and 0.16, respectively, and demonstrates
the high quality of the produced material. The I,p/I ratios for
?C- and '“C-graphite are comparable (*>C: 0.27, "C: 0.33)
(Fig. S5-S7t), which confirmed the multilayer graphitic nature
of the material. The number of layers was obtained from the
determination of the FWHM (**C: 69 cm™', C: 86 cm™),
corresponding to a thickness of more than 20 layers for both
2C-and *C-graphite.

Interestingly, introduction of “*C atoms into the structure
led to significant downshifts of the three bands showing peaks
at 1352 cm™* (D), 1577 em ™" (G) and 2696 cm™" (2D) compared

17626 | Nanoscale, 2023, 15, 17621-17632

to the peaks at 1361 cm™" (D), 1584 cm ™" (G) and 2722 cm ™"
(2D) for the '*C-graphite. These downshifts depend on the fre-
quency of the mode: higher frequency modes shift more than
modes at lower frequencies, as described by the simple harmo-
nic oscillator model.’”° Based on them, it is possible to
determine the enrichment of the labelled graphite (eqn
(S1)1),*>*! leading to 10.7 wt% (1577 cm™") carbon-14 enrich-
ment, corresponding to a **C/**C ratio of 1/10 due to the isoto-
pic dilution of the '*C-benzene (0.3 mL) with '*C-benzene
(2.7 mL) before the CVD step.

XPS analyses were performed on '*C-graphite only, to avoid
any radioactive contamination of the equipment. The deconvo-
lution C 1s spectrum of '>C-graphite exhibits one major
asymmetric C 1s peak at 284 eV and minor ones at 286 and

This journal is © The Royal Society of Chemistry 2023
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287.5 eV. The peak at 284 eV is assigned to C-C and C=C. The
contribution of C-O, C=0 and COOH species is negligible.
Additionally, the XPS spectrum of ‘*C-graphite indicates that
the carbon content is the dominant feature (ca. 97.9%) as
expected, with a small proportion of oxygen (ca. 2.1%)
(Fig. S8-5107). TGA was also performed on '*C-graphite under
an air atmosphere (Fig. S11}), showing high thermal stability
(647 °C). All together these characterization studies confirmed
the consistency of the production method and the quality of
the prepared radiolabelled '*C-graphite.

Preparation of '*C-few-layer graphene

Exfoliation of *C-graphite was performed using p-glucose as
an exfoliating agent through a ball milling treatment pre-
viously developed by the group of Vazquez’>*>** that we
adapted for the preparation of the radiolabelled FLG. In
addition to being considered as a green process, the method
relies on the utilization of a biocompatible and non-toxic exfo-
liating agent, which is essential to conduct in vivo studies.

In a typical experiment, 5 mg of "*C-graphite and 300 mg of
p-glucose were placed in a 50 mL stainless-steel jar containing
10 stainless-steel balls. Optimisation was carried out by
varying the grinding time (30 min, 1 h, and 2 h) and speed
(100 rpm and 250 rpm) (Fig. S12 and Table S1 and Fig. S27). In
order to obtain the few-layer graphene material, the graphitic
material was ground at room temperature and under the
ambient atmosphere for 2 hours at 250 rpm using a Retsch
planetary ball mill.

After the milling step, the resulting solid mixture was dis-
persed in water and dialyzed to remove the excess of glucose.
The dispersion was then decanted to separate the precipitating
graphite from the FLG sample. The resulting supernatant was
subsequently collected, yielding a suspension of *C-FLG
(18.12 MBq, 607 kBq mL ™", 5.4 MBq mg™ "), which was further
lyophilized for storage.

Raman analysis of *C-FLG showed peaks at 1346 cm™" (D),
1580 cm ™" (G) and 2698 cm ™" (2D). Compared to graphite, the
D band intensity increases significantly, which can be corre-
lated with the appearance of defects in the structure of the
materials due to the mill process. These results are in agree-
ment with the recent work of Gonzalez et al.®>® where they
reported a similar result for glucose exfoliation-assisted gra-
phitized carbon nanofibers to prepare FLG. The I,p/I; ratios
for "?C- and "C-FLG were found to be identical (*>C: 0.47, *C:
0.46) and higher than that for graphite (Table S2, Fig. S13-
S15%). Together with the FWHM of the 2D band (**C: 67 cm™"),
this confirmed the few-layer nature of the material. Analysis of
the 2D band indicated a change in the shape with a thinner
band according to the FWHM (**C: 67 cm™"), which revealed a
thickness between 5 and 6 layers. Similarly to '*C-graphite,
'C-FLG presented here again downshifted peaks at 1339 cm™"
(D), 1577 em ™" (G) and 2677 cm™" (2D) due to the presence of
carbon-14 atoms in the structure of FLG. It is worth noting
that the "*C-FLG spectra presented higher background noise
due to the smaller amount of the precious '*C-FLG used for
characterization studies and showed additional peaks at

This journal is © The Royal Society of Chemistry 2023
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941 cm™ and 1092 cm™ related to the contribution of the
glass window and the coverslip as parts of the container
designed to confine the radioactive sample during Raman
acquisition (Fig. S16-S187). In a more general way, the charac-
terized material has shown small FWHM widths in the 2D
band and a small I,p/Ig ratio compared to graphite, overall
corresponding to FLG.

The transmission electron microscopy (TEM) and scanning
transmission electron microscopy images (STEM) of *C-FLG
shown in Fig. 2 indicate a lateral dimension of around 500 nm
for the prepared FLG. TGA was used to assess the thermal
stability of the FLG under an air atmosphere. ">C-FLG showed
a residual loss of 5 wt% (Fig. S197).

Finally, the colloidal stability of FLG in deionized water was
evaluated by UV-vis absorption spectroscopy (Fig. S2071) at
660 nm over 60 hours. A first sedimentation appears in the
first 24 h followed by a plateau at around 0.055 mg mL™*
where the suspension is stable. This stability window has been
used to optimize the extraction of the desired suspended FLG
apart from the precipitate (mainly graphite and poorly exfo-
liated graphene). The resulting suspension was then rapidly
frozen and, subsequently, lyophilised in a freeze-drier, provid-
ing a low-density black powder essentially made of FLG sheets.
A few hours before injection, the powder was then re-sus-
pended in deionized water and sonicated to provide stable sus-
pensions suitable for their administration in vivo.

Long-term impact of '*C-few-layer graphene after tracheal
administration in mice

Most of the studies investigating the respiratory administration
route primarily focused on the short-term distribution of GBN
in mice (<21 days).'**! Long-term studies present significant
challenges and costs, frequently leading to a lack of knowledge
on the impact of GBN over a long period of time. To address
this issue, we chose to explore the biodistribution of "*C-FLG
in female mice over the course of one year. To the best of our
knowledge, only one study has examined the fate of *C-FLG
over such an extended duration, focusing solely on single dose
exposure through intravenous administration.*® Since respirat-
ory exposure is considered as one of the most concerning
routes of exposure, intratracheal instillation was considered as
an interesting route of exposure for this study. While inhala-
tion is recognized as more physiologically relevant for human
exposure, the intratracheal route is often chosen due to the
scarcity and high cost of inhalation system installation, and to
its directness and efficiency in delivering materials to the
lungs. By doing so, it avoids deposits in the nose or in the
digestive tract that can lead to misinterpretations, especially in
the context of whole-body distribution studies. Furthermore,
this technique is especially suitable for the administration of
radioactive materials, as the dose is confined to a small
volume and it uses an individual and disposable cannula, thus
preventing the need for extensive equipment decontamination.

On these bases, we compared the effects of an acute high-
dose versus a repeated low-dose exposure to FLG after intratra-
cheal administration at different levels of analysis, ranging
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from the animal down to the cellular level. The mice used were
outbred Balb/cJ mice, which are the most practical and com-
monly used species for pre-clinical toxicity studies. The proto-
col was conducted in female mice (nulliparous and non-preg-
nant), which are generally considered more sensitive than
male mice in toxicity studies.

Biodistribution and elimination

Two groups of female Balb/c] mice were exposed to *C-FLG by
tracheal administration to either a unique high dose of 13 g
(74 kBq) or a low dose of 3.4 pg (18.5 kBq) that was repeated
once a week for 4 weeks. The distribution of "*C-FLG in the
mice was subsequently monitored for one year after the end of
the administration period, corresponding to the completion of
the fourth and final repeated administration. The mice were
sacrificed at day 1, 30, 90, 180, and 360 post-exposure. At each
of these times, radioactivity was imaged on whole-body sec-
tions using a f-imager and quantified using scintillation
counting in the following organs: brain, thymus, heart,
trachea, lungs, liver, spleen, stomach, stomach bowl, small
intestine, small intestine content, large intestine, large intes-
tine content, and kidneys. Radioactivity was also quantified in
urine and faeces to follow the elimination of FLG.

Whole-body p-imaging demonstrated that radioactivity
remained predominantly concentrated in the lungs, even after
360 days, irrespective of the administration protocol (Fig. 3A,
S21 and S227). Upon further quantification of all collected and
shredded organs, it was confirmed that the lungs contained
the majority of radioactivity, accounting for 72 + 3% after
acute administration and 69 + 5% after repeated adminis-
tration. This trend was consistent when considering the total
organs, with the lungs comprising 80 + 8% after acute admin-
istration and 71 + 5% after repeated administration (Fig. 3B).
Lung distribution of large nanoparticles (size > 1 pm) and FLG
had also been demonstrated after intravenous adminis-
tration,*® showing that these nanoparticles could be trapped
in the capillary beds of lungs. FLG exhibited reduced distri-
bution to other organs, such as the trachea, stomach, and
large intestine, with these organs containing less than 5% of
the administered dose only one day after the administration.
In agreement with previous results,"** tracheal instillation of
FLG leads to mucociliary clearance and to the redistribution of
inhaled FLG to the gastrointestinal tract. However, conversely
to several other reports, no radioactivity was detected in the
brain, even at low levels (Fig. S22 and S23%), which suggests
that FLG flakes of around 500 nm administered via the tra-
cheal route are unlikely to pass through the blood-brain
barrier.

Interestingly, when examining the amount of radioactivity
remaining after a year, we observed distinct differences in the
biopersistence of FLG following acute versus repeated adminis-
tration. For instance, a significant decrease in the radioactivity
content was observed in the lungs only after 180 days following
acute exposure, with 25 + 5% of the administered dose persist-
ing in all organs after 360 days (Fig. 3B, left panel and
Fig. S22%). Surprisingly, the content of FLG in the lungs

17628 | Nanoscale, 2023, 15,17621-17632
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decreased much faster after repeated exposure, by 57, 72, and
92%, at 30, 90, and 180 days post-exposure, respectively
(Fig. 3B, right panel and Fig. S231). During the six remaining
months, the radioactivity found in the lungs after repeated
exposure stabilised to 8 + 3%, indicating a bioaccumulation of
the graphene in that organ. Dose and frequency of FLG
exposure play a crucial role in influencing the biodistribution
of FLG in the lungs.

No radioactivity was found in the kidneys at any time point
(Fig. S22 and S231), and only 0.01-0.10% of the injected dose
was recovered in urine (Table S37), suggesting no clearance of
the "C-FLG via glomerular filtration. While no significant
radioactivity was detected in urine, most of the elimination
was through faeces, peaking at 18 + 9 and 23 + 0.4% at 1 day
after acute and repeated administration, respectively (Fig. 3C,
left panel). Then, 38 + 3 and 41 + 1% of radioactivity was elimi-
nated through faeces in the next 30 days after acute and
repeated administration, respectively.

Tissue and cellular localization

Following the investigation of FLG distribution at both the
whole-body and organ levels, we further explored the sub-
organ distribution of "*C-FLG on tissue slices by p-autoradiog-
raphy. This technique is used to provide a subcellular assess-
ment of the localisation of radiolabelled compounds.***?
Silver grains (black spots on images) emerge as a result of the
interaction between the emitted p-particles from the radioele-
ment (in this case, '*C) and a radiosensitive emulsion contain-
ing silver bromide nanocrystals.*®

To visualise *C-FLG at the cellular level, we first optimized
the autoradiography conditions on HeLa cells (Fig. S251). We
then applied them on tissue sections from exposed mice. Lung
and liver slices were analysed 30 and 90 days after *C-FLG
administration, and acute exposure and repeated tracheal
exposure were compared (Fig. 4A). To optimize the resolution
of the p-autoradiography images, different times of exposure
to the radiosensitive nuclear emulsion were investigated (1, 4
and 15 days). After 4 days of exposure of lung and liver slices
(from mice 30 days after administration) to the emulsion, p-
autoradiography images showed a heterogeneous distribution
of radioactivity in the lungs with larger spots of silver grains in
the central region of the lungs and smaller ones in the peri-
pheral region (black dots in Fig. 4A, S26 and S28%). These
observations may be attributed to FLG tendency to aggregate
at the entrance of the lungs shortly after administration. In
line with the quantification of radioactivity in organs, no radio-
activity was observed in liver sections as indicated by the
absence of black dots in Fig. S27 and S297 for both exposure
modes. Additionally, we examined lung slices from mice after
90 days of both acute and repeated tracheal administrations of
M(C-FLG. Over time, we observed fewer, smaller, and more dis-
persed aggregates in the lung slices. However, lung slices from
mice after 90 days were not further investigated due to the
extended exposure time to the emulsion, which exceeded the
period needed to yield a significant silver grain signal (greater
than 15 days).

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (A) Whole-body slices (30 um thick) of female Balb/cJ mice observed by p-imaging after **C-FLG single (left panel) or repeated (right panel)
tracheal administration over 360 days. A slice is representative of 6 slices per mouse of n = 3 mice per time and per group. (B) Mean + SEM of the
percentage of organ f-radioactivity administered dose over time following **C-FLG single (left panel) or repeated (right panel) tracheal adminis-
tration. Organs with <1% of administered dose are not presented. n = 5 female Balb/cJ mice per time and per group. Mixed-effect model followed
by Dunnett’s multiple comparison test; * p < 0.05, ** p < 0.01, *** p < 0.001 compared to 1 day for each organ. (C) Mean + SEM of the percentage of
B-radioactivity administered dose contained in faeces and total organs over 30 days following *C-FLG single (left panel) or repeated (right panel)

tracheal administration. n = 8 mice per time and per group.

To obtain a more in-depth understanding of the material
fate, we decided to examine primary culture cells from the
lungs and determine if we could detect radioactivity within
these cells using p-autoradiography. As the lungs are the
primary targeted organs, primary culture cells were derived
from lung tissue samples collected 30 days after adminis-
tration. Lung tissues were mechanically dissociated, enzymati-
cally digested, and then subjected to centrifugation to isolate
lung cells, which were subsequently cultured. Autoradiography

This journal is © The Royal Society of Chemistry 2023

revealed that primary lung cells consistently exhibited radioac-
tivity and that '*C-FLG is mainly located in their cytoplasm
(Fig. 4B, S30 and S31f}), suggesting the internalization of the
nanomaterials into the cells, as it seems unlikely that the
material would have remained solely on the cell surface during
the primary culture cell mechanical and enzymatic treatments.

Noteworthily, the studied lung cells associated with radioac-
tivity exhibit a morphological aspect more indicative of alveo-
lar macrophages rather than epithelial cells. However, to
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Fig. 4 (A) u-Autoradiography images of lung tissue sections of exposed organs at 30 and 90 days after **C-FLG single (left panel) or repeated (right
panel) tracheal administration. The upper images focus on the peripheral region of the lung and the lower images focus on the central region. The
red arrows correspond to the presence of radioactivity. Scale: 100 pm. (B) p-Autoradiography analysis of primary culture cells of the lungs after
14C-FLG single (left panel) or repeated (right panel) tracheal administration. Scale: 10 pm.

confirm this suggestion, it would be essential to achieve accu-
rate  identification using specific cellular markers.
Interestingly, a very recent comparative study of the impact of
several GBN in vivo reported evidence of FLG (lat. dim.
~200 nm) degradation through macrophages and neutrophils
in the lungs, and suggested that there may be a size threshold
(<1 pm) for more efficient degradation of GBMs by macro-
phages and faster elimination from the lungs.*”

Clinical chemistry

The toxicological effect of "*C-FLG exposure was also investi-
gated in the plasma from mice at different times after acute
and repeated administration. Hepatic, renal, pancreatic, meta-
bolic, and muscle parameters, as well as electrolytes, have
been quantified over one year.

Regardless of the administration protocol, no significant
signs of perturbations of plasma chemistry were detected over
time (Fig. S32 and S337). There was a non-significant increase
in alanine and aspartate aminotransferases during the first
month, which decreased over time for repeated administration
but not for acute administration. Albumin showed a slight
increase after one year of acute administration. Significant

17630 | Nanoscale, 2023, 15, 17621-17632

variations in creatine kinase were observed, attributed to
sample haemolysis. However, overall, electrolytes remained
within standard thresholds, suggesting the absence of sys-
temic toxicity over time under these conditions, regardless of
the frequency of administration. However, local lung toxicity,
where FLG is mostly accumulated, cannot be excluded. This
should be confirmed using specific biomarkers for lung tox-
icity. Further studies should be performed to explore this
hypothesis.

Conclusions

With the extended production and commercialization of gra-
phene related materials, the assessment of their fate in vivo
remains a main public health priority, particularly when con-
sidering the effect of repeated low-dose exposure over a long
period of time.

We showed that FLG was mainly present in the lungs of
mice when an acute high dose or repeated low doses of
"C-FLG were administered, in agreement with previous
reports. We have not been able to detect even low doses of
radioactivity in the brain, indicating that such a material

This journal is © The Royal Society of Chemistry 2023
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(500 nm and 6 layers thickness) is unlikely to pass through the
blood-brain-barrier. The biopersistence of FLG differs between
acute high-dose and repeated low-dose administrations.
Actually, the content of FLG in the lungs showed a more rapid
decrease after repeated low-dose exposure, indicating reduced
biopersistence compared to that in acute administration.
Furthermore, we showed the long-term accumulation of the
material in the lungs over one year, regardless of the adminis-
tration protocol, which was not correlated to any significant
perturbations of the plasma chemistry under these conditions
but without excluding potential lung toxicity. Our findings
also described the elimination of graphene nanomaterials of
around 500 nm through faeces, but not via glomerular fil-
tration. Finally, "*C-FLG materials were found to be present in
lung cells and more particularly within the cytoplasm,
suggesting a possible internalisation of the nanomaterials.

Although the physico-chemical -characteristics of the
material (size, thickness, carbon/oxygen ratio) play a dominant
role, it is clear that the in vivo fate of FLG after intratracheal
administration shows similar biodistribution trends to GO
with a clear and major accumulation in the lungs that
decreases over time. However, in contrast to GO, FLG is
demonstrated to be eliminated less rapidly in the long term.
Both have been found to be internalized in lung cells, most
probably by macrophages which have been shown to partici-
pate actively in the degradation of the materials.***”

In summary, this work provides an initial glimpse into the
long-term impact of repeated FLG exposure through the respir-
atory tract and shows that radiolabelling and autoradiography
are powerful techniques to assess its distribution from the
animal to the cell level. Further and more comprehensive ana-
lyses would be interesting to gain a deeper understanding of
the degradation mechanisms of FLG in vivo.
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