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Abstract

In the last decade, graphene-based materials have received increasing attention for both
academic research and industrial uses. However, products containing graphene must meet the
same standards for quality, safety and efficacy as products not containing nanomaterials. Our
aim is to shed light on the toxicological characterization of few-layer graphene (FLG)
dispersions. In the present study, graphene was easily dispersed in water using biocompatible
riboflavin-5'-phosphate sodium salt (Rib). A highly concentrated FLG dispersion (G-Rib) was
stable for months. G-Rib suspension was characterized by HR-TEM, Raman spectroscopy and
C-potential. Our results showed that even at high concentration of G-Rib, cell survival was
always above 85%. Then, we investigated the tissue distribution and toxic effects of G-Rib in
mice up to 30 days after intravenous injections. Histological analysis of the tissues revealed
hepatic accumulation and excretion through the kidneys. The biochemical and hematological
parameters remained within the reference range showing no hematotoxicity. Finally, no signs
of inflammation were detected in the cells isolated from the lymph nodes and spleen. The
results of the study show that highly water dispersed FLG is a material with a very low toxic
profile, which is one of the first requirements for the future development of biomedical

applications.



1. Introduction

Graphene is very often used to refer to a family of materials including single-layer graphene
(G), few-layer graphene (FLG), graphene oxide (GO), and reduced graphene oxide (rGO).
Graphene members are extensively studied nowadays for their potential in biomedical and
(bio)technological applications.[1] Their unique and fascinating mechanical and thermal
properties make them ideal candidates for the development of flexible and robust devices,
composites or implants.[2] The electronic properties of graphene are also studied to act as
conducting components, electrodes or support in electronic devices.[3] The possibility to
functionalize the surface shows promising results in the development of drug delivery carriers
with precise control of the amount of drug and the release profile.[4,5] However, drug products
containing nanomaterials must meet the same standards for quality, safety and efficacy as for
drug products not containing nanomaterials. Consequently, many research efforts are focused
on the assessment of the toxicity of graphene-based nanomaterials.[6-8]

Another challenge in the use of G in bioapplications is to modulate its hydrophobic surface.
Unfortunately, the dispersibility of graphene and its derivatives is almost inversely proportional
to its hydrophobic properties (hydrophilicity: GO > rGO > G~FLG). Chemical
functionalization of these materials can improve their dispersibility,[9] but can also increase
their defectiveness and have a negative impact on their properties. Additionally, a desirable G
dispersion in aqueous media for biological applications should have a long shelf life or be
easily re-dispersible. There is also a need for highly concentrated dispersions of graphene,
particularly in water, not only to reduce costs and risks of transporting and storing large diluted
solutions in the pharmaceutical industry, but also to provide to end users the possibility to dilute

the dispersions in their own formulations.

In recent years, different articles showed in vivo assessment of many graphene derivatives.[6]
Most of the studies were carried out using GO. In general, experiments were focused on the
toxicity of graphene derivatives in the lungs, liver, kidney and spleen.[10,11] The common
administration routes were inhalation or instillation for airway exposure studies,[12] oral for

gastrointestinal tract absorption or intraperitoneal[13] or intravenous administration.[11]

In contrast, the in vitro and in vivo toxicological characterization of G and FLG dispersions
have been poorly studied.[7] One of the first studies showed that inhaled graphene
nanoplatelets, up to 25 um in lateral size, deposited in the lungs, causing frustrated

phagocytosis and inflammation.[14] In a similar study, intratracheal instillation of thinner (~10



layers) and smaller (2 um lateral size) graphene nanoplatelets into the lungs was monitored for
up to 3 months, showing slow clearance and disturbance of the immunological and
physiological homeostasis of treated mice.[15] Intratracheally inhaled FLG with a smaller
lateral size (up to 1.25 pm) still persisted in the lungs up to 28 days after exposure, provoking
instead only transient pulmonary effects.[12] More recently, graphene nanoplatelets, forming
agglomerates of more than 4 um in size, showed a dose-dependent toxicity leading to high
levels of reactive oxygen species (ROS) and depletion of mitochondrial membrane
potential.[16] These results are in agreement with the study of Pelin et al. using FLG on skin
cells.[17]

Most of the studies involved very thick and large graphene sheets. As already mentioned above,
there is a strong need for highly stable suspensions of G and FLG in water, which are likely to
have a different impact once exposed to a living organism. Ayan-Varela et al., were the first to
demonstrate the potential use of riboflavin to prepare highly concentrated dispersions of FLG
in water.[18] However, this study focuses on the expedite preparation of a material with high
catalytic activity in the reduction of nitroarenes and good performance as electrocatalyst toward
the oxygen reduction reaction. Riboflavin is an essential water-soluble vitamin involved in
different biological functions such as transporter specific cell internalization, implication in
redox reactions, fluorescence and photosensitizing. For these reasons, researchers of various
fields, from targeted drug delivery and tissue engineering to optoelectronics and biosensors,
have attempted the functionalization of different nano-objects with this vitamin.[19]
Furthermore, tumor cells exhibit increased riboflavin metabolism as compared to normal cells
and when riboflavin have been conjugated to ultrasmall iron oxide nanoparticles, polyethylene
glycol polymers, dendrimers, and liposomes, they have shown a high affinity towards tumors
in preclinical studies.[20] Since graphene related materials are proposed as a prospective
platform for therapeutics including cancer therapy, it could be sensible to provide an overview

on the toxicological profile of these materials.

In the present work, we report a comprehensive toxicological study of the material, which, in
our opinion, is considered to be essential in a nanobiotechnological scenario. We sought to
understand how FLG exfoliation with this biocompatible molecule affects the physicochemical
properties (e.g. size, number of layers, stability in aqueous media) and its toxicological impact
in vitro and in vivo. Therefore, it was essential to characterize the toxicity using a combination
of in vitro cell culture models and an in vivo murine model, where the FLG was administered

intravenously at a low and a high dose. In summary, this study provides insights on how FLG



exfoliated with a biocompatible molecule like riboflavin impacts on immune cells from the

reticuloendothelial system and biochemical and hematological parameters after 30 days.



2. Materials and Methods
2.1. Synthesis and characterization

Graphite (LOT #BCBS5850V) powder (< 20 um) and riboflavin-5'-phosphate sodium salt
(Rib) were purchased from Sigma-Aldrich. MilliQ water, purified using a Millipore filter
system MilliQ® and free endotoxin Polisseur Biopak®, was used for the preparation of the
solutions. Sonication bath ElIma model Elmasonic P was used for the exfoliation of graphite.
Omnipore polytetrafluoroethylene membrane filters 0.1 um were used for the filtration of all
dispersions of graphene. The centrifugation of the dispersions was performed using a Beckman
Avant J-25 centrifuge. The lateral size dimension was measured using a Hitachi 7500
transmission electron microscope (Hitachi High Technologies Corporation, Tokyo, Japan)
equipped with an AMT Hamamatsu digital camera (Hamamatsu Photonics, Hamamatsu City,
Japan). High resolution TEM (HR-TEM) and selected area electron diffraction (SAED)
analyses were performed on a JEOL 2100F TEM/STEM electron microscope operating at 200

kV. C-potential was evaluated using a high-performance particle sizer (HPPS) from Malvern.

2.2. Graphene production
Exfoliation of graphene was carried out directly in water using 1.5 g of graphite dispersed in
200 mL of a solution of Rib at 1 mg/mL.%8 The solution was sonicated at 37 MHz for 5 hours
at temperature < 30°C by the replacement of warm water with ice every 30 min. After
sonication, the dispersion was centrifuged at 1500 g for 1 h to recover the most stable sheets.
The supernatant containing the exfoliated layers of graphene was collected, filtered and washed
with 300 mL of water to remove the excess of Rib. The powder was then sonicated for 5 min

in 20 mL of MilliQ water obtaining the final graphene aqueous dispersion (G-Rib).

2.3. Cellular studies
2.3.1. Cell culture.

HeLa (epithelial, human cervical adenocarcinoma) and RAW 264.7 (macrophages, Abelson
murine leukemia virus-induced tumor) cells were cultured as mono-layers in Dulbecco’s
modified Eagle medium supplemented with 10 pg/mL gentamycin (Lonza BioWhittaker), 10
mM HEPES (Lonza BioWhittaker), 0.05 mM B-mercaptoethanol (Lonza BioWhittaker) and 10
% FCS, in a humidified incubator (37°C, 5% CO3). For the toxicity experiments, cells were
seeded in 24-well plates (approximately 1x10° cells/well, 1 mL/well). The cells were left to
grow until 70-80% confluency and exposed for up to 24 hours to G-Rib. G-Rib was diluted in



the cell culture medium at different concentrations and subsequently the cells were exposed for
24 h.

2.3.2. Cytotoxicity assay.

Cell viability was determined by flow cytometry using the standard assay with FVD (Fixable
Viability Dyes) 24 h after exposure to the materials. Cells were detached from the plates using
a scraper in the case of RAW 264.7, and for HelLa cells a solution of 0.25% trypsin/0.53 mM
EDTA was used. Supernatants were always pooled in order to avoid the loss of non-attached
cells. The cells were washed with PBS, 2% fetal calf serum and then were incubated (20 min,
4°C) with the dye (dilution 1:2000). Thereafter, cells were washed with PBS, 2% FCS and
resuspended in 300 pL and immediately acquired on the cytometer. At least 10,000 cells were

counted for each sample and experiments were performed in triplicate.
2.3.3. Data analysis and statistical methods.

Flow cytometry data were saved as LMD files and subsequently analyzed using FlowJo
software (FlowJo LLC, software version 7.6.5. Ashland, OR, USA). Cell viability (%) was
calculated as [(A — B)/A x 100], where A and B are the number of dead cells of control and
treated cells, respectively. Values represent mean + SD (n = 3). Two-way analysis of variance
(ANOVA) and Bonferroni's multiple comparisons test were adopted for statistical significance
(p<0.05).

2.4. Animal studies

2.4.1. General toxicity.

Toxicological characterization of exfoliated graphene after a single intravenous administration
was performed in a murine model (BALB/c mice, 11-13 weeks, 18-20 g, n=5/group). Mice
were housed in the IBMC animal facility (agreement number G67-482-2). They were
maintained under controlled conditions before and during the experiments (i.e., room
temperature at 25°C; relative humidity of 65%; 12 h light/dark cycle). Access to food and water
was provided ad libitum. All experiments were carried out in conformity with the 2010/63/UE
European animal bioethics legislation (French decree #2013-118 — 1% February 2013) and were
approved by the Regional Ethics Committee of Strasbourg (CREMEAS) and by the French
Ministry of Higher Education and Research (APAFIS#3280-2015121815099907 v2). An acute
toxicity assay was performed using exfoliated graphene at two dose levels: 5 and 15 mg/kg

body weight (injections of 100 and 300 pg/mouse, respectively). After a single intravenous



injection of graphene suspensions in a 5% dextrose solution, clinical observations were
performed daily for up to 30 days. Animals were terminated at 24 h, 14 days, and 30 days after
injection and liver, kidneys, and spleen were collected for analysis. After extraction, the organs
were fixed in 10% paraformaldehyde and embedded in paraffin blocks. Sections of 8 um were
deparaffinized and rehydrated before staining. Hematoxylin and eosin staining was used for
the determination of histopathological changes in the tissue. Blood was collected in EDTA
(10%) and analyzed using a cell counter. The biochemical and hematological analyses were
performed at the Mouse Clinical Institute (MCI, Illkirch, France).

2.4.2. HR-TEM of the urine.

A urine sample was dialyzed against MilliQ water using a 300,000 MWCO dialysis membrane
(Spectrum Laboratories, Inc.) and lyophilized. The solid was dispersed in MilliQ water and
deposited on a TEM grid made of a holey carbon membrane of 10 nm thickness on copper
grids, and then dried under a lamp. HR-TEM and SAED analyses were performed on a JEOL
2100F TEM/STEM electron microscope operating at 200 kV.

2.4.3. Immunofluorescence staining.

The following antibodies purchased from BD Bioscience (BD) (Le Pont-De-Claix, France) or
Biolegend (Bio) (Fell, Germany) were used to stain the cells: fluorescein isothiocyanate (FITC)
labelled anti-mouse CD3 (clone 145-2C11, BD 553062), peridinin-chlorophyll proteins
(PerCp)-Cyanin 5.5 (Cy5.5) labelled anti-mouse CD3 (clone 145-2C11, 45-0031-82 eBio),
PerCp-Cy5.5 labelled anti-mouse CD11b, allophycocyanin (APC) labelled anti-mouse CD11b,
FITC labelled anti-mouse CD19, PerCP-Cy5.5 labelled anti-mouse CD19 (clone ID3, 551001),
phycoerythrin (PE)-Cyanin7 (Cy7) labelled anti-mouse CD44 (clone IM7, 103030, Bio), PE
labelled anti-mouse CD69 (clone H1.2F3, 553237, BD), PE labelled anti-mouse CD86 (clone
GL1I, 553692, BD), APC labelled anti mouse, APC-Cy7 labelled anti-mouse TCRp (clone
H57-597, 560656, BD) and the fixable viability dye (FVD) eflour 450 (65-0863-18,

eBioscience).

3. Results and discussion

3.1. Exfoliated graphene synthesis and characterization.

Direct exfoliation of graphene in water requires the use of surfactants due to its hydrophobic

surface.[21] One of the most popular methods to obtain stable graphene water dispersions is


https://www.thermofisher.com/order/catalog/product/65-0863-18

the use of mechanical forces like sonication in presence of surfactants, which are able to
intercalate between graphene sheets and increase the layer distance on graphite, enhancing the
exfoliation process.[22] For the biological applications of graphene it is mandatory to use non-
toxic molecules capable of producing high concentrations of graphene.[23] In this study, we
used as the exfoliating agent the sodium salt of riboflavin-5’-phosphate, a derivative of vitamin
B2, because of its biocompatibility and high capacity to stabilize graphene aqueous
dispersions.[18] Graphene was produced directly in water by bath sonication of graphite in a
solution of Rib. Steps of ultracentrifugation and filtration were applied to isolate the most stable
sheets and remove the excess of Rib. A highly concentrated G-Rib dispersion (2 mg/mL) was
obtained, with a production yield of ~2.5 wt. percentage. This was stable for months without
the formation of eye-visible agglomerates and precipitates. The suspension of the exfoliated
graphene was then characterized using different complementary analytical and microscopic
techniques. TEM micrographs showed individual sheets with an average size of ~840 nm
(Figure 1A). The lateral size distribution was calculated from TEM images by measuring at
least 300 sheets of graphene. The histogram of this distribution, with values ranging between
200 and 1800 nm, shows that the total amount of particles with lateral dimension > 1000 pm
is lower than the 11% (Figure 1B). To further elucidate the state of aggregation of G-Rib in the
dispersion, HR-TEM micrographs were used to calculate the number of layers on G-Rib sheets
(Figure 1C). Interestingly, an average of 5 layers per sheet was observed for ~70% of the sheets,
confirming the few-layer nature of the material (Figure 1D).[24] This result is consistent with
other previous studies that reported the successful exfoliation of graphene in water.[21,25]
Furthermore, Raman spectroscopy showed a small increase in defects in comparison with
starting graphite (Figure 1E, red line), with an average Io/lg ratio for the sheets of ~0.28 (black
line). Because it is important for further biological investigations, we evaluated the stability of
the dispersion at different pH by {-potential measurements. High stability of the sheets between
pH 4 and 12 was observed. In this range of pH, the material showed a strong negative surface
charge (-40 to -50 mV) thanks to the phosphate group of Rib, which is indicative of a colloidal

suspension suitable for carrying out different tests in a biological environment (Figure 1F).
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Figure 1. A) TEM image of representative G-Rib sheets. B) Histogram of lateral size
distribution of G-Rib sheets by TEM. C) HR-TEM image of G-Rib. D) Histogram of the
number of layers evaluated, observing more than 50 particles by HR-TEM. E) Raman spectra
of G-Rib (black line) and of starting graphite (red line). F) Evolution of -potential of an
aqueous dispersion of G-Rib (conc. 100 pg/mL) with the pH.

The amount of riboflavin adsorbed onto the graphene surface was calculated from the
percentage of nitrogen measured by elemental analysis. Surprisingly, the result showed that the
dispersion of G-Rib contains 7% weight of riboflavin, corresponding to roughly 1.9x10*
mol/g, a lower amount compared with other studies reporting the surfactant-assisted exfoliation
of graphite.[26] Considering that the theoretical area available in a monolayer of graphene is
2630 m?/g, using as a reference a sheet with a lateral size of 1 um,[27] we were able to calculate

10



the approximate amount and distribution of the surfactant onto the graphene surface. Since the
vitamin can interact with both sides of the graphene sheets, we estimated that ~30% of graphene
surface is involved in the interaction with the surfactant. This is an interesting result that allows
further functionalization of the nanomaterial with other biomolecules, drugs or active agents.
The loading capacity of graphene-based carriers has been extensively studied and depending

on the molecule it can go up to 300% (wt.%).[28]

3.2. In vitro studies

The in vitro toxicological evaluation of a new material is an important aspect of research,
especially when aimed at biomedical applications. Cytotoxicity of nanomaterials, and
particularly the graphene family, is a complex field. Recent publications highlight the
importance of testing toxicity on endothelial cells, which act as the first contact and barrier for
nanomaterials entering circulation. Moreover, oxidative stress and inflammation induced by
nanomaterials have been suggested as the mechanisms associated with their toxicity to
endothelial cells. Dysfunction of autophagy (excessive autophagy induction) has also been
suggested as one of the mechanisms associated with the toxicity of NPs to human ECs.[29]
Recently, a comprehensive study has been published demonstrating how FLG does not affect
the function and the autophagic activity of primary lymphocytes.[30] The results showed that
FLG neither impacts the viability and activation of T and B cells nor their autophagic activity.
Similar results shed light on the impact of FLG on primary macrophages and show that FLG
does not elicit immunological responses leading to cell death.[31] On the other hand, the use
of immortalized cell lines is a commonly used model for toxicological evaluation of
nanomaterials. Liao et al., summarizes important work about the interactions of graphene-
based materials with these cells: e.g. uptake process, interaction with the cell membrane,
mechanisms of toxicity, etc; where HelLa cells and RAW 264.7 macrophages have been

frequently used.[32]

Before studying the effects of G-Rib in an animal model, we wanted to evaluate the cytotoxic
effects in two different cell lines. The cytotoxicity of the material was evaluated through the
degree of cell survival by flow cytometry using the standard assay with violet FVD (Figure
2A, D). We used HeLa cells as both non-phagocytic epithelial and cancer cell model and RAW
264.7 macrophages as immune and phagocytic cell model. Interestingly, after a 24-hour

incubation with G-Rib up to 300 pug/mL, the cells showed practically no toxicity as per the
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survival rate. We observed that G-Rib was slightly less toxic for RAW 264.7 macrophages
compared to HeLa cells. Pursuant to ISO 10993-5, percentages of cell viability above 80% are
considered as non-cytotoxicity; within 80%—60% weak; 60%—-40% moderate and below 40%
strong cytotoxicity respectively.[33] Overall, values of survival were always above 85% for
the nanomaterial, hence it could be considered as non-toxic. A solution containing the same
percentage of Rib was used as a control to assess if there was a possible impact of the surfactant
in the cell viability. As expected, this natural molecule had no significant effect on both cell
lines. Bright field microscopy showed that G-Rib uptake after 24 hours did not affect cell
adherence and morphology compared to the control (Figure 2B, C, E and F). Interestingly,
RAW 264.7 macrophages showed a higher uptake of the material compared with HelLa cells

due to their phagocytic nature.

A) B) C)
Control HeLa HelLa, 150 pg/mL G-Rib, 24 hours

I Control
B 10 pg/mL
B 50 pug/mL
100 pg/mlL
B 150 pg/mL
B 300 pg/mL

Cell viability (%)

G-Rib Rib
Dosing solutions

D) E) F)

RAW 264.7 . Control RAW 264.7 RAW 264.7, 150 u/@L G-Rib, 24 hors

Il Control
B 10 pg/mL
100: T B 50 pg/mL
I 100 pg/ml
50 Bl 150 pg/mL
B 300 pg/mL

Cell viability (%)

G-Rib Rib
Dosing solutions

Figure 2. Invitro toxicological characterization. Cell viability after 24 hours of incubation was
evaluated by flow cytometry using the standard assay with violet FVD. (A) HeLa cells; (D)
RAW 264.7 cells. The cells were treated with G-Rib, and a solution of Rib at equivalent
concentration was used as control. The data shown represents the mean £ SD (nh = 3 of 3
independent experiments). Two-way ANOVA followed by Bonferroni’s post-test: ns p>0.05,
*p<0.05, **p<0.01 was used for statistical analysis. Cells were visualized by optical
microscopy (bright field) 24 hours after incubation with the material. (B) HelLa cells control,
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(C) HeLa cells treated with G-Rib at 150 pg/mL, (E) RAW 264.7 cells control, (F) RAW 264.7
cells treated with G-Rib at 150 pg/mL.

Most of the studies exploring graphene-based candidates for biomedical applications focus on
the use of GO because of its higher hydrophilicity compared with graphene.[34-36] Only a
few articles have evaluated the toxicity of graphene and depending on the cell line used a
significant decrease (up to 50%) in cell viability was observed after incubation with 25 pg/mL
of nanomaterial in the cell culture medium.[37,38] In these cases, the authors postulate that the
poor dispersibility of the material in biological media provoked the agglomeration and
accumulation of graphene on the cell membrane, which greatly hindered the uptake of essential
nutrients and proteins, and blocked calcium ion channels, leading to intracellular stress. In
RAW 264.7 cells, Li et. al demonstrated that graphene can induce cytotoxicity (~78% cell
death was observed at 100 pg/mL treatment concentration) through the depletion of
mitochondrial membrane potential resulting in the increase of ROS leading to the activation of
MAPK and TGF-B that in turn activated caspase-3 and PARP proteins resulting in
apoptosis.[39] A comparable cytotoxicological study with other graphene-based materials like
GO and GO functionalized with quantum dots in HeLa and RAW 264.7 cells has been carried
out.[9] Whilst the materials were not harmful for HeLa, RAW 264.7 resulted in a more sensitive
cell line with a drop in toxicity to 40%. These results suggest that graphene exfoliation in the
presence of riboflavin could improve the biocompatibility of the nanomaterial. Riboflavin
likely alleviates graphene cytotoxicity as it facilitates a high dispersibility and stability in
aqueous media, avoiding agglomeration onto the cell surface and the consequent damage of
the membranes. Special significance is the result obtained with RAW 264.7 macrophages,
which are more sensitive than epithelial cells and usually show higher in vitro toxicity when
nanomaterials are tested.[9,40] However, further studies are required to understand G-Rib
biointeractions with cells in terms of uptake, intracellular trafficking, mechanisms of

biodegradation and possible impact in cytotoxicity in a longer term.

3.3. In vivo studies
After demonstrating that G-Rib does not affect cell viability at very high doses, we decided to
study the effects in vivo in a murine model. A crucial step in the toxicological evaluation of
graphene-based materials is their dose- and/or time-dependent safety pharmacological
assessment in animal models under various modes of administration (e.g. intravenous,

intraperitoneal, or oral). In the case of graphene-related materials most studies have been
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carried out using GO or graphene functionalized with polymers to enhance its biocompatibility,
avoiding the formation of aggregates leading to undesired side effects.[36] Only a few studies
have been carried out analyzing the toxicological effects of FLG. For instance, a complex of
graphene with 2% Pluronic in water was evaluated for pulmonary toxicity. Inflammation,
apoptosis, increase of mitochondrial respiration and pulmonary inflammation were observed
in the lungs of the mice.[41] Another study described how graphene was able to induce the
development of the local inflammatory reaction and the development of granulomas in
parenchymal organs.[42] From a careful review of the literature we found important differences
across dosing concentrations used in in vivo toxicological studies of graphene-based materials.
We identified two ranges of concentrations in different studies: from 1 to 20 mg/kg [43-48]
and from 50 to 500 mg/kg [49-51]. We believe that public health risk assessments for
nanomaterials must evaluate realistic doses in order to draw meaningful conclusions from both
in vitro and in vivo studies. Although exposure of high doses of graphene-based materials can
lead to a rapid detection and quantification of the unsafe threshold, the main public health
concern related to nanomaterials should refer to chronic low-dose exposures and asses on future

studies longer exposure times.

3.4. General toxicity and biodistribution
We have evaluated the biological impact of G-Rib after a single intravenous (i.v.)
administration in Balb/c mice. G-Rib was injected intravenously at two dose levels: 5 mg/kg
(~100 pg/mouse) and 15 mg/kg (~300 pg/mouse) body weight. Clinical observations were
performed daily for up to 30 days. The experiments concluded with a 100% rate of survival,
and no general signs of toxicity (e.g. seizures, disheveled hair, irregular respiration,
gastrointestinal symptoms, immobility, convulsions, severe decubitus paralysis or death) or
dose-related effects were observed. Body weight of the animals did not drop below 5% from
the start to the end of the study. Immediately after the animals were euthanized, organs were
harvested and immersed in PBS to remove any excess of blood for their macroscopic
evaluation. No pathological changes were seen during this observation. To our surprise the
color of the liver, kidneys, lungs and spleen retained their normal color without changes
compared to the control. This observation contrasts with other studies that used 4 mg/kg of
bodyweight of GO, Graphite or Diamond in a rat model, showing noticeable accumulation in
the stomach serous membrane, between the connective tissues of the abdominal skin, muscles,
and peritoneum, in abdominal lipid tissue, and in organs like the liver or the spleen.[52] Organs

of mice were collected for hematoxylin and eosin (H&E) staining and histological examination.
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The liver accumulation has been considered as one of the major obstacles of nanomedicine
delivery. The liver is the main organ responsible for the detoxification of metabolites and the
clearance of exogenous compounds. In the liver tissue, blood plasma freely passes through the
fenestrations into the perisinusoidal space, where the voluminous membrane of hepatocytes
acts to remove blood components and nutrients for storage and processing. Within the liver
microarchitecture, blood flow is significantly slower than in the systemic circulation. This
reduced flow promotes preferential nanomaterial accumulation within the sinusoid and the
nanomaterials will then have increased probabilities of clearance by the cells.[53] Ultimately,
nanomaterials are cleared primarily by Kupffer cells, endothelial cells, B cells, etc.
Nanomaterials that are not taken up, leave the organ through the central vein, re-joining the
systemic circulation and may return to the liver during a subsequent pass. In this way, it’s
important to characterize the clearance process in the long term. Sasidharan et. al., have
reported the long term hepatic toxicity of FLG synthesized using an arc discharge method.[43]
Swiss albino mice were intravenously injected with a single dose of 20 mg/kg. In agreement
with our results, FLG treated animals showed large numbers of Kupffer cells that engulfed
graphene in the liver. However, the authors describe inflammatory changes such as portal
congestion, occasional sinusoidal congestion and severe degeneration in hepatocytes after 90
days.

For mice i.v. injected with G-Rib, large brown areas were observed in the liver (Figure 3),
especially around the centrilobular veins, or in the hepatic parenchyma such as the interlobular
connective tissue or liver sinusoids. Dark brown dots, likely corresponding to aggregated
nanomaterial, were found in the tissue 30 days after administration. The black arrow in Figure
3 depicts the recruitment of Kupffer cells in the liver 24 h after injection confirming the uptake
by the reticuloendothelial system (RES) of the nanomaterial. Although their exact body
absorption mechanism still needs further investigation, it is likely that the macrophages in the
liver could gradually engulf the injected G-Rib, leading to its biodegradation. A possible
explanation for the differences observed with the results of Sasidharan et. al., could be that the
method of exfoliation of graphene in the presence of riboflavin produces a more dispersible
and stable nanomaterial compared with that obtained via arc discharge. This translates in a
biological scenario into milder inflammatory responses and reduced general toxicity.

The spleen is the lymphoid organ involved in the filtration of blood and production of
antibodies and activated lymphocytes, making it an important organ in the defense against
antigens. Intravenous administration of FLG produced by arc discharge resulted in extensive

spleen damage including the loss of the dividing line between red pulp and the marginal zone,
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the abundance of megakaryocytes in the red pulp 90 days post injection, and a lack of
lymphocytes in the white pulp.[43] In our H&E stained spleen slices from mice injected with
G-Rib (Figure S1), we also noticed some dark brown spots, which, however, were relatively
difficult to be differentiated from the stained nuclei of the spleen cells. Similar results were
obtained by Yang et al., in a toxicity study with PEGylated nanographene sheets injected in a
Balb/c animal model at 20 mg/kg.[48] Overall, G-Rib showed high accumulation in the mouse
liver and possibly the spleen, which are RES organs responsible for the clearance of foreign
materials by macrophage uptake. Moreover, as commented above, surface modification of FLG
appears to be a key factor to reduce general toxicity. Those findings are in agreement with the

reported biodistribution for other graphene related materials.[13,44]

Control Low Dose High Dose

24 hours

Figure 3. H&E staining of liver sections from control or G-Rib-treated mice (Low dose: 5
mg/kg body weight and high dose: 15 mg/kg body weight) at different times post-
administration. Dotted-circles indicate possible nanomaterial accumulation in the tissue. The
black arrow indicates the recruitment of Kupffer cells in the liver 24 h after injection. Scale bar:

20 pm.

Upon i.v. administration, nanomaterials could enter the kidneys through the renal artery and
flow into the glomerular capillaries. Urinary excretion without affecting the glomerular
structure is desirable for any nanomaterial intended for biomedical application.[54] This is why
we further investigated whether graphene induced any damage to the kidneys’ tissue. Previous
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studies have described chronic interstitial nephritis caused by FLG after i.v. administration.[43]
Authors described large numbers of darkly stained necrotic cells and dilation of tubules in FLG
treated mice. After 24 hours post-administration, a significant darkening of the tissue was
observed in the slices corresponding to the kidneys, which could be due to a transient deposition
of G-Rib in these organs (Figure 4.). However, we could not find large aggregates suggesting
no accumulation in this tissue. Furthermore, no organ damage or other structural changes were
observed in all examined organs at any time point confirming our hypothesis that graphene
exfoliation in presence of riboflavin can improve the biocompatibility of the nanomaterial.
Future studies complementing histology must be carried out in order to elucidate the entire life
cycle of G-Rib in vivo. Since FLG is a material without functional groups on the surface, it will
be challenging to covalently attach markers to achieve radiolabeling for in vivo tracking of the
material. This has been described before by Sasidharan et al., where FLG was excluded from
the in vivo biodistribution analysis carried out in Swiss albino mice.[43] Instead, ex vivo
analysis of the organs could be carried out on dehydrated tissue sections imaged under confocal
Raman microscope, as reported by Syama et al., in a study for the detection of organ distribution
and clearance of PEGylated reduced graphene oxide.[55] Finally, FLG hasn’t shown damage
on brain, heart, or testis in previous studies suggesting that material couldn’t pass through the
blood-brain barrier (BBB).[43] However, brain accumulation shows variable results across the
literature. Whilst some authors have shown no accumulation or disruption of the BBB[51,56],
an extensive review on the safety assessment of graphene-based materials summarizes different
publications that have shown brain accumulation or a transitory decrease in the tightness of the
blood-brain barrier.[6] A future study on the properties of G-Rib, exploring its biointeractions

with the BBB and whether it can be delivered to such an important organ, should be explored.
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Control Low Dose High Dose

24 hours

mg/kg body weight and high dose: 15 mg/kg body weight) at different times post-

administration. Scale bar: 20 um.

3.5. Urine analysis

In order to characterize G-Rib clearance, urine was collected and analyzed by HR-TEM. For
this purpose, urine was recovered from mice administered with the high dose of G-Rib and
purified by dialysis in water to eliminate macromolecules and salts that may hamper the
characterization by TEM. We were able to detect graphene sheets on the urine samples,
analyzing the samples 18 hours after injection. (Figure 5a-b). A selected area electron
diffraction analysis confirmed the crystalline nature of the sheet based on the typical six-fold
symmetric diffraction spots for graphene (Figure 5c¢). This result indicates the possibility of
urinary excretion of G-Rib, although it is impossible to state to what extent this material is
eliminated in the urine. The total amount of graphene excreted in the urine was quantified when
it was radiolabelled. For instance, in our previous work GO was covalently functionalized with
DOTA allowing the chelation of In or ®*Cu.[57,58] Other studies also reported the
quantification of PEGylated graphene labelled with 121 or GO with 1®Re.[44,45,48]

The renal journey of G-Rib was surprising, taking into account the restriction in size that the
glomerular capillary wall imposes, where the functional or physiologic pore size is significantly
smaller, measuring only 4.5-5 nm in diameter.[54] Nevertheless, carbon nanotubes with 20-30
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nm in diameter were observed to pass through the glomerular barrier indicating that the
filtration through the glomerular barrier is a complex process.[59] We hypothesize that the
smallest and thinnest graphene sheets can certainly roll or fold during blood circulation
allowing glomerular filtration and subsequent renal elimination.[11,60] This result is in
agreement with other studies reporting the renal clearance of graphene materials.[57,58,61] For
instance, we observed extensive urinary excretion of GO (lateral size dimension of the majority
of the sheets < 1 um).[11] Furthermore, as suggested by Russier et al., another mechanism
could be the sliding of the thin graphene sheets perpendicularly through the cellular membranes

as observed in vitro and supported by in silico analysis.[62,63]

Figure 5: a) HR-TEM of G-Rib found in the urine of mice treated at the high dose (15 mg/kg

body weight) of G-Rib. b) Magnified image on the selected area from panel a. ¢) SAED

diffraction pattern corresponding to the structure observed.

3.6. Biochemical analyses
To assess the general toxicity of G-Rib, a complete biochemical analysis of blood samples was
carried out after the intravenous administration of the material. Blood samples were collected
at 24 h, 15 days and 30 days post-administration. The data is summarized in Table 1. Normal
values across the study were obtained for the serum levels of AST, ALT, ALP, and creatinine
as an expression of the correct function of the liver. Furthermore, normal levels of urea and
creatinine confirmed no toxicological effects on renal function. FLG has been shown to cause
a significant impact in classic hepatic and renal injury markers (e.g. the altered levels of AST,
ALT and ALP over a period of 3 months, and high levels of blood urea nitrogen and

creatinine).[43] Interestingly, our results suggest that the method of preparation of highly water
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dispersible FLG using a biocompatible molecule like riboflavin could minimize FLG hepatic

and renal injury.

Table 1. Clinical biochemical data obtained from control and experimental animals. The data

shown represents the mean £ SD (n=5). Two-way ANOVA followed by Bonferroni’s post-test:

ns p>0.05, *p<0.05, **p<0.01, *** p<0.001 was used for statistical analysis.

24 hours 15 days 30 days
Ctrl LD2 HD2 Ctrl LD2 HD2 Ctrl LD2 HD2
Glucose 13.50+1 12.22+ 12.52+ 11.95+ 14.92+ 8.65+ 11.35¢ 10.87+ 15.02+
(mmol/L) 41 1.02 2.81 7.2 2.34 4.23 4.17 1.94 2.52
Urea 6.75% 6.25+ 6.87+ 6.9+ 7.05% 7.625+ 8.65% 6.35% 6.8+
(mmol/L) 0.49 0.51 0.76 0.42 0.78 0.79 0.07 0.43 1.09
Uric acid 60.00+ 74.25+  55.25+ 144+ 49+ 259+ 33.5+ 35.5+ 44.0+
(umol/L) 4.24 32.69 26.84 104.65 17.75 50.44 19.09 6.13 14.62
Na 144.5+ 147+ 145.3+ 142+ 147.5+ 137.5+ 149+ 153.7+ 150.5+
(mmol/L) 0.7 3.55 35 8.48 1.0 1.73 2.82 4.57 2.88
K 4.80+ 4.9+ 4.7+ 13.35% 4.7+ 20.32+ 4.15+ 4.75% 4.35+
(mmol/L) 0.0 0.33 0.62 12.09 0.40 0.95 0.49 0.56 0.42
Cl 107.5+ 108.7+  106.5+ 107+ 109.5+  104.7+ 112+ 111.7+ 108.7%
(mmol/L) 0.7 1.25 1.91 4.24 0.57 1.70 1.41 1.70 1.25
T.proteins  49.00+  47.66+  47.33% 46.5% 45.0+ 45.5% 50.0+ 42.75+  45.5%
(g/L) 0.0 251 1.52 3.53 2.58 251 0.0 3.20 251
Albumin 27.50+ 26+ 25.75¢ 28+ 26.75% 27.5% 29.0+ 21.25+ 24.0+
(g/L) 0.7 2.58 2.21 0.0 0.95 1.0 0.0 4.03 2.58
Ca 2.25+ 2.25+ 227+ 2.25+ 2.1+ 2.07+ 2.3+ 2.3+ 2.2+
(mmol/L) 0.07 0.05 0.12 0.07 0.08 0.05 0.14 0.08 0.0
P 2.64+ 2.3+ 3.07+ 2.64+ 2.74+ 3.12+ 2.48+ 2.145+ 1.845+
(mmol/L) 0.44 0.32 0.99 0.50 0.54 0.30 0.38 0.24 0.31
Mg 0.91+ 0.85+ 0.94+ 1.135+ 0.94+ 1.28+ 0.93% 0.895+ 0.73x
(mmol/L) 0.09 0.07 0.18 0.27 0.13 0.06 0.14 0.07 0.10
Iron 37.00+ 32.75¢ 29+ 49+ 53.25+  32.25+ 38.0+ 25.5+ 32.75¢
(umol/L) 4.24 4.03 3.55 15.55 6.13 3.30 4.24 4.43 2.87
T. bilirubin 2.75% 257+ 2.35% 3.1+ 2.67+ ) 1.4+ 1.85+ 1.57+
(umol/L) 0.07 0.71 0.66 0.0 0.23 0.0 0.1 0.57
CK 4361+ 954+ 2688+ 923+ 1222+8 ) 1343+ 398+ 190+
(U/L) 272.94 579 1841 0.0 21.4 0.0 254.2 1154
LDH 1406+ 879.3+ 976.7+ 1028+ 683t14 ) 688.0+ 560.5+ 329+
(U/L) 251.73 412.5 452.9 0.0 6.5 0.0 83.25 127.2
ASAT 286.5+ 157+ 205.7+ 143+ 146.5+ ) 160.0+ 102.2+ T4+
(U/L) 16.26 46.8 104.05 0.0 41.55 0.0 20.10 29.26
ALAT 112.5+ 69.33+ 82+ 161+ 68.25+  31.33+% 96.0+ 56.75+  28.25%
(U/L) 36.06 46.19 39.64 0.0 30.5 15.37 35.35 33.71 9.03
ALP 116.0+ 100.3+ 83.25+¢ 135+ 144+ 117.7+ 91.0+ 53.5+ 72.5+
(U/L) 1.41 23.89 23.41 21.21 1.15 9.25 15.55 28.05 19.13
a-Amylase 645.0+ 653.5% 580+ 649.5+ 652+ 670+ 718.5+ 509.5+ 673.2+
(U/L) 76.36 46.04 74.11 91.21 26.25 104.61 7.77 87.20 95.64
Glycerol 511.0¢ 459.3+ 437.3% 646.5+ 688.3+ 7157+ 573.5% 403+ 531.5+
(umol/L) 89.09 27.1 30.9 26.16 75.73 93.65 275.1 201.73 89.45
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b-HBA 0.16+ 0.16+ 0.18+ 0.275+ 0.29+ 0.135+ 0.15+ 0.155+ 0.20+

(umol/L) 0.07 0.04 0.03 0.09 0.01 0.03 0.042 0.012 0.08
Bile acids 4,70+ 9.86+ 1.97+ 4.25+ 7.65+ 3.55+ 7.4+ 2.8+ 2.75+
(umol/L) 0.98 16.05 1.10 3.18 2.80 1.63 6.08 4.07 4.04
Creatinine 12.00+ 11.0+ 11.66% 12.5+ 13+ 13.5+ 12+ 11.25+ 11.5+
(umol/L) 0.0 1.7 1.15 0.70 2.0 2.38 0.0 0.95 1.29

aLD (low dose) corresponds to 5 mg/kg; HD (high dose) corresponds to 15 mg/kg.

To assess the hemocompatibility of G-Rib, selected hematological parameters were measured
(Table 2). Most of all hematological parameters remained within the reference range showing
no hematotoxicity compared to the control. Surprisingly, only the platelet counts showed a
statistically significant higher value in the group treated with the low dose after 30 days of the
injection. Activated platelets can act as pro-adhesive mediators for leukocytes, but since
lymphocytes, granulocytes, and monocytes counts remained in the same range as the control
we believe that this higher value is not a direct effect of the administration of G-Rib; which
makes this material highly promising for biomedical applications through intravenous
administration.

Several issues still need to be addressed. Further studies on the bio-interactions of G-Rib with
other macromolecular components of the plasma, the formation of covalent or noncovalent
protein corona, and the effect on the interaction with the surfactant, will further elucidate their
impact on the stability, dispersibility, cell uptake, and, most importantly, the pharmacokinetics
and pharmacodynamics of G-Rib. The relatively slow translation of graphene-based materials
into clinical applications is their undetermined fate in vivo, which is revealed to be associated
tightly with the protein corona effect formed immediately after administration.[64] This
complex and dynamic process could be conducive to a gradual release of the molecules of
riboflavin in the surface of the material that could be replaced by more thermodynamically
favorable interactions with specific serum proteins. As showed by Huang et al., in a study using
all-atom molecular dynamics simulations, stability of mono-layer graphene with Rib is strongly
dependent upon the amount of surfactant absorbed on the surface, showing that low or high
concentrations lead to agglomeration and loss of stability in water.[65] However, the study did
not investigate the interactions of G-Rib complex in the presence of other molecules or salt.
Further studies in silico using molecular dynamics (MD) simulations, in vitro, and in vivo will
help to understand adsorption profiles on G-Rib in a biological milieu and how we can control
its pharmacokinetics and biodistribution.

21



Table 2. Hematological data obtained from control and experimental animals. The data shown
represents the mean = SD (n=5). Two-way ANOVA followed by Bonferroni’s post-test: ns
p>0.05, *p<0.05, **p<0.01, *** p<0.001 was used for statistical analysis.

24 hours 15 days 30 days
Ctrl LD HDa Ctrl LD HD? Ctrl LD HDa
WBC 7.47+ 6.31+ 8.73% 5.16% 6.17+ 719+  3.74% 5.01+ 8.73+
103 cells/pL 1.60 1.46 1.13 0.13 1.52 0.76 1.07 1.00 1.61
RBC 10.16+  9.53+ 10.01+ 10.07+  9.70+ 10.05+ 10.16+ 8.35+  10.01+
106 cells/uL 0.42 0.43 0.15 0.25 0.54 0.16 0.20 1.24 0.45
HGB 1470+  13.60+ 14.40+ 1475+ 13.68+ 14.37+ 1450+ 11.80+ 14.40+
(g/dL) 0.71 0.87 0.40 0.35 0.75 0.15 0.14 1.84 0.91
HCT 49.70+  48.00+ 49.40+ 4890+ 4820+ 50.47+ 50.50+ 43.55+ 49.40+
(%) 1.84 1.73 0.82 1.56 1.98 1.17 2.12 5.42 2.73
MCV 4890+ 50.37+  49.38+ 4855+ 49.80+x 50.27+ 49.75+ 52.35x 49.38%
(fL) 0.28 0.51 1.13 0.35 1.11 0.47 1.06 2.24 0.67
MCH 1450+ 14.30+ 1435+ 1460+ 14.10+ 14.30+ 1435+ 14.13+ 14.35+
(P9) 0.00 0.26 0.22 0.00 0.14 0.10 0.21 0.24 0.44
MCHC 29.60x  28.40+ 29.15+ 30.15+ 28.38+ 28.50x 28.80+ 27.05+ 29.15z%
(g/dL) 0.14 0.79 0.99 0.21 0.69 0.36 0.99 1.55 1.05
NEUTRO 11.70+  27.27+ 20.63= 15.60+ 19.10+ 21.93+ 12.40+ 33.08+ 20.63+
(%) 1.13 3.18 5.77 0.85 5.78 1.58 0.99 9.76 4.62
LYMPHO 82.10+ 65.93+ 73.15+ 75.75+ 75.63+ 70.97+ 75.80+ 49.23+ 73.15%
(%) 0.28 3.52 6.79 2.76 4.01 3.70 7.21 18.30 5.13
MONO 3.25+ 2.47+ 1.65+ 2.25+ 1.55+ 2.20+  1.40% 0.93% 1.65+
(%) 1.91 0.61 1.35 0.07 0.57 0.75 0.28 0.58 0.78
EOSINO 2.50+ 3.47+ 3.23x 5.30% 2.53% 3.63x 955+ 1513  3.23%
(%) 0.57 1.16 1.04 2.12 1.27 2.06 5.87 8.66 1.18
LUC 0.35% 0.83% 1.25+ 0.95+ 1.08+ 1.10+  0.80z 1.58+ 1.25+
(%) 0.07 0.35 0.60 0.35 0.15 0.10 0.14 0.69 0.82
BASO 0.10+ 0.03% 0.10% 0.15% 0.13% 0.17+  0.10% 0.08+  0.10%
(%) 0.00 0.06 0.08 0.07 0.05 0.06 0.00 0.05 0.08
NEUTRO 0.92+ 1.69+ 1.77+ 0.82+ 1.16% 158+  0.44+ 1.49+ 1.77+
103 cells/pL 0.03 0.27 0.54 0.00 0.45 0.12 0.11 0.53 0.24
LYMPHO 6.48+ 4.14% 6.48+ 4.00% 457+ 518+  2.73% 2.13+ 6.48+
103 cells/pL 0.82 1.05 0.63 0.35 1.24 0.91 1.15 0.67 1.60
MONO 0.27+ 0.16% 0.15% 0.12+ 0.09+ 0.16x  0.05% 0.04+  0.15%
103 cells/uL 0.18 0.07 0.13 0.01 0.05 0.06 0.01 0.02 0.08
EOSINO 0.20+ 0.21+ 0.28+ 0.28+ 0.15+ 0.25+  0.31 0.68x  0.28%
103 cells/pL 0.03 0.02 0.02 0.10 0.07 0.11 0.10 0.40 0.08
LUC 0.03+ 0.05% 0.12+ 0.05% 0.07+ 0.08+  0.02% 0.07+  0.12+
103 cells/pL 0.01 0.03 0.05 0.01 0.01 0.01 0.00 0.04 0.08
BASO 0.00+ 0.00+ 0.01% 0.01% 0.01% 0.01+  0.00% 0.00+  0.01%
102 cells/uL 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.01
PLT 958.00+ 1120+ 1010.00 878.00 1094+ 989+ 897.0  1204™ 1010+
103 cells/uL 90.51 144.02  +203.28 +45.25 146.9 113.4  £120.2 +394.8 439.2
MPV 4.10+ 4.20+ 4.65+ 4.00+ 400+ 413+  4.60+ 468+  4.65%
(fL) 0.00 0.00 0.17 0.14 0.00 0.15 0.14 0.31 0.70

a LD (low dose) corresponds to 5 mg/kg; HD (high dose) corresponds to 15 mg/kg.
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3.7. Immunofluorescence staining

Following the analysis of the injected mice, which showed normal behavior, we focused on the
potential inflammatory reactions. Recent studies have shown that riboflavin presented an
immunomodulatory effect in different in vivo studies (mice challenged with LPS, mice with
induced peritonitis or acute lung injury).[66] However, those studies were carried out using
riboflavin doses in the range of 20 to 100 mg/kg of body weight. In our study, the dispersion
of G-Rib contains 7% weight of riboflavin. Mice injected with 100 or 300 pug of G-Rib will
have a dose of riboflavin of 0.35 or 1.05 mg/kg of body weight, hence we believe that the use
of riboflavin would not have a significant impact on the immunological response.

Lymph nodes and spleens were harvested, and grinded on a 100 pum strainer. The recovered
cells were washed twice in PBS medium supplemented with 2% FBS and stained with
fluorescently-labeled antibodies to evaluate the proportion of the different immune cell types
and their activation status by flow cytometry, at the different time points and G-Rib i.v.
administrated doses. Figure 6 displays the results of the immunophenotyping and the activation
of the cells isolated from the lymph nodes. From the data gathered at 24 h after injection, no
significant differences in immune cell proportion (~20% of B cells, ~80% T cells and <1% of
macrophages and dendritic cells) nor in T or B cell activation (evaluated by CD69 or CD86
staining of both cell types) were seen. Despite the fact that at 15 and 30 days post-injection, we
were able to see variations in B and total T cells (increase of B cells balanced by a decrease in
T cells 30 days after injection, Figure 6D) from the mice injected with the low dose of graphene
in comparison to the control mice, no real tendency to decrease or increase in activation seemed
to emerge.

The same strategy was applied to the splenocytes (Figure 7), and in contrast to the lymph nodes,
we noticed an increase of activation marker CD86 in macrophages for the mice injected with a
high dose of G-Rib after 24 h (Figure 7B). This could point towards early signs of inflammation
associated to the injection route, favoring an interaction of the material with splenocytes before
affecting immune cells within the lymph nodes.[67] This situation appeared to be resolved at
later time points, since the expression of activation markers was at the same level as the controls
at 15 and 30 days after treatment in all the cell types (Figure 7D and 7F). Interestingly and as
previously mentioned, the inflammatory phenotype was not observed at later time points in
lymph nodes as could have been expected. It is worth to point out that similarly to the lymph
nodes, a variation in the main immune cell populations (B and T cells) present in this secondary

lymphoid organ could be observed as well. An impact (even indirect) of the G-Rib on
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lymphocyte viability by induction of apoptosis could not be excluded as it has already been
observed with other graphene-based material.[68] However, the CD4" T cells that were
decreased at 15 days in the low dose injected mice, were rather increased 15 days later,
suggesting a disruption followed by a recovery of lymphocyte homeostasis, reducing a
potential G-Rib associated lymphopenia. Even though G-Rib seemed to affect lymphocyte
proportions in both lymph nodes and the spleen, no obvious signs of increase in immune cell
activation at late time points post-injection could be reported, suggesting no link between
injections of either the low nor the high dose of FLG and long lasting inflammatory responses.
It’s noteworthy to mention that even when riboflavin has shown in recent studies an important
role in the modulation of the immune response of the organism [66], in this study the activation
level of the cells isolated from the lymph nodes and spleen did not show obvious signs of
inflammation that could be associated to the injection of FLG.
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Figure 6. Cells isolated from lymph nodes of Balb/c mice at 24 hours, 15 days or 30 days post-
injection with a 5% dextrose solution (control), a low or a high dose of graphene, were stained
with (A, C, E) anti-mouse CD19, TCRp, CD4, CD8, CD11b, and I*-IF to determine the
proportion of B, T, CD4" and CD8" T cells, macrophages and dendritic cells (DCs) respectively.
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To determine the immune cell activation, the gating was focused either on B, T cells or
macrophages/DCs and evaluated for their expression of CD86 (B, D, F). Values represent the
mean £ SD (n=5). Two-way ANOVA followed by Bonferroni’s post-test: ns p>0.05, *p<0.05,
**p<0.01, *** p<0.001 was used for statistical analysis.
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Figure 7. Cells isolated from the spleen of Balb/c mice, 24 h, 15 days or 30 days post-injection
with a 5% dextrose solution (control), a low or a high dose of graphene, were stained with (A,
C, E) anti-mouse CD19, TCRB, CD4, CD8, CD11b and I*-IF to determine the proportion of B,
T, CD4" and CD8" T cells, macrophages and dendritic cells respectively. To determine the
immune cell activation, the gating was focused either on B, T cells or macrophages/DCs and
evaluated for their expression of CD86 (B, D, F). Values represent the mean £+ SD (n=5). Two-
way ANOVA followed by Bonferroni’s post-test: ns p>0.05, *p<0.05, **p<0.01, *** p<0.001
was used for statistical analysis.
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4. Conclusions

The present study described the preparation of a stable and highly concentrated dispersion of
graphene in aqueous media through a facile route of exfoliation using a biocompatible
surfactant. The safety of the material was demonstrated in vitro and in vivo. Cell survival was
above 85% in HeLa and RAW 264.7 cells across all concentrations studied and no
morphological changes were observed 24 h after treatment. In vivo studies showed that
biochemical and hematological parameters remained within the reference range showing no
hematotoxicity compared to the control. Immunophenotyping and activation level of the cells
isolated from the lymph nodes and spleen were also analyzed and no obvious signs of
inflammation could be associated to the injection of either the low or the high dose of FLG.
The transient activation of macrophages in the spleen after 24 h of injection and the detection
of the material in the urine suggested a rapid and safe clearance, which is of utmost importance

in the process to develop future biomedical applications and its translation into the clinic.
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