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Gmphene is considered the future revolutionary material. For its
development, it is of fundamental importance to evaluate the safety
profile and the impact on health. Graphene is part of a bigger family
which has been identified as the graphene family nanomaterials
(GFNs). Clarifying the existence of multiple graphene forms allows
better understanding the differences between the components and
eventually correlating their biological effects to the physicochemical

characteristics of each structure. Some in vitro and in vivo studies
clearly showed no particular risks, while others have indicated that
GFNs might become health hazards. This Minireview critically
discusses the recent studies on the toxicity of GFNs to provide some
perspective on the possible risks to their future development in mate-

rials and biomedical sciences.

1. Introduction

Graphene, the new allotrope of carbon, is defined as
a single layer of monocrystalline graphite with sp>-hybridized
carbon atoms. Since the pioneering work by Novoselov and
Geim,["! graphene has emerged as a new carbon nanoform
with great potential in many applications in materials
science.”! It is also gaining a lot of interest in the biomedical
field as a new component for biosensors, tissue engineering,
and drug delivery.’®! Very recently a road map for graphene
has been proposed with the aiming of providing future
directions for its development in the fields of electronics,
photonics, composite materials, energy generation and stor-
age, sensors and metrology, and biomedicine.”!

One key paradigm is that nanosafety research must be
part of the development of new nanotechnologies. As for all
new types of nanomaterials, graphene is not devoid of
possible risks to human health or the environment. Indeed,
graphene cannot be excluded from this type of investigation
when considering responsible use of this emerging nano-
material, which is beginning to be produced in substantial
amounts. However, before speaking of the “devil” it is of
fundamental importance to explore the level of toxicity of
graphene and to what degree it is safe. Resolving the safety

[*] Prof. A. Bianco
CNRS, Institut de Biologie Moléculaire et Cellulaire
Laboratoire d'Immunopathologie et Chimie Thérapeutique
15 Rue René Descartes, 67084 Strasbourg (France)
E-mail: a.bianco@ibmc-cnrs.unistra.fr

SWILEY i

ONLINE LIBRARY

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

and toxicity issues associated with this
new nanomaterial will be not only
beneficial to its integration into new
composites, nanoelectronics, etc. but
also in the case of possible biomedical
applications, which are currently being
explored. Recent reviews have already
covered the biomedical potential of
graphene and other grapheme-derived
materials.®”! However, a limited
amount of data exists in the literature on the impact of
graphene on health and the environment.!*

This review is summarizes the current state-of-the art on
the toxicity studies of graphene and its related congeners,
including graphene oxide (GO), reduced graphene oxide
(rGO), few-layer graphene, graphene nanosheets and flakes,
graphene ribbons and dots, all of which are part of the
graphene family nanomaterials (GFNs). As the graphene
family comprises these different members endowed with
different chemicophysical characteristics, their toxicological
profile is little understood and more thorough studies are
required. What is emerging from the available results is
a variety of effects which are strictly related to the nature of
the graphene used. We will try to correlate these effects to the
features of the different graphenes tested, with the goal of
explaining the available data and providing an outlook on the
potential future applications, particularly in the biomedical
domain. It is evident that chemical modifications of graphene
modulate the toxicity impact (see the following sections) as it
has been also demonstrated for carbon nanotubes.®®*'* This is
certainly a favorable point in the development of such types
of nanomaterials in biomedicine. The recent findings on the
possible biodegradability of GO is another positive factor
which needs further exploration to assess the safe use of the
graphene family members.'! With the development of mass-
scale production of graphene, the multiplication of their uses,
and arrival in the marketplace, it is also essential to assess
exposure under real conditions and fully understand the life
cycle of this material.
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2. Graphene Family Nanomaterials

Graphene is part of a bigger family that has been
identified as GFNs. Identifying the existence of multiple
graphene forms allows better recognition of the differences
between the components of the family and eventually
associating the toxic effects with the physicochemical char-
acteristics of each family member. GFNs comprise single-
layer graphene, few-layer graphene (2-10 graphene layers),
GO (normally a single layer), rGO (normally a single layer),
graphene nanosheets, ultrafine graphite (more than 10 sheets
but below 100nm in thickness), graphene ribbons, and
graphene dots. Figure 1 shows the chemical structure of some
GFNs.

Within each of these forms a variety of structures is
possible. For example for GO, it is extremely difficult to
describe at the molecular level the type, the degree, and the
position of the oxygenated groups introduced during the
process of graphite exfoliation.'”? Even more complicated is
understanding what happens when GO is transformed under
reductive conditions.'®!*) Are we able to reconstitute the
intact graphitic plane ? Are just the oxygen-containing groups
simply eliminated? Are these functions replaced by the
reducing reagents? All these issues are currently under
investigation. Indeed, a thorough description of the different
graphene forms is mandatory to elucidate their biological
effects and to correlate them to the structure of the material.

In addition, a single graphene layer might have different
dimensions in terms of surface area, thus allowing definition
of small graphene flakes and large graphene sheets which
might reach ten to a hundred square microns (Figure 2). The
analysis of this parameter is also extremely important for the
evaluation of the toxicity risks of GFNs.

A certain number of studies have been devoted to assess
the in vitro and in vivo toxic effects of GFNs. Some of the
studies clearly showed no particular risks while others have
indicated that GFNs might become health hazards. Inhala-
tion, for example, is one of the key routes of human exposure.
Some GFNs have an aerodynamic size which can lead to
inhalation and deposition within the respiratory tract with
possible implications on the formation of granulomas and
lung fibrosis.”” However, the biological responses certainly
vary depending on the number of layers, lateral size, stiffness,
hydrophobicity, surface functionalization, dose administered,
and purity of the material.'''* Not much is known about the
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Figure 1. Representative chemical structures of some of the members
of GFNs: a) graphene, b) few-layer graphene, c) graphene oxide (oxy-
gen atoms are in red) and d) reduced graphene oxide.

possible differences in the biological behavior between large
and small sheets of graphene, or even few-layer versus
multilayer graphene. This is a potentially interesting topic
which certainly deserves a thorough analysis. In the next
sections we discuss and critically present the major results and
propose additional studies that could be used in the context of
assessing the safety of GFNs. The current studies are not
exhaustive nor do they cover all aspects associated with the
impact of graphenes on health. Most of the available studies
have used GO and rGO. This focus on GO and rGO is likely
related to their better solubility/dispersibility in water and
physiological conditions in comparison to the other GFNs.
The parameters that have been considered in these studies
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Figure 2. Optical (left) and AFM (right) images of graphene oxide spin
coated onto a surface of silicon oxide (Courtesy of Vincenzo Palermo
and Emanuele Treossi).

comprise the type and quality of material (the presence of
impurities might give false positive results), the type of cells,
the doses (concentration range goes from 0.01 to
1000 ugmL™"), the times of incubation and, in the case of
animal experiments, the routes of administration. In most
cases, the tested doses which can be associated to a potential
danger are higher than the concentrations of nanomaterials
generally used for therapeutic, imaging, or diagnostic pur-
poses.

3. In vitro Effects of GFNs

In all studies related to new materials and their impact on
living systems, the first screening is generally performed at the
cellular level, thus leading to the in vitro assessment of
potential cytotoxic effects. What happens to GFNs when in
contact with cells? It can be anticipated that if they have the
correct dimensions they can be internalized by different
mechanisms (see below). Once inside the cells this material
might then escape from subcellular compartments, travel
within the cytoplasm, and translocate into the nucleus (Fig-
ure 3). In addition, GFNs might eventually undergo an
oxidative degradation. Besides their mechanical behavior,
GFNs can display a certain degree of cytotoxicity. The
following examples illustrate the biological effects of GFNs,
and the possible mechanisms leading to undesired effects.

In an initial comparative study, graphene and single-
walled carbon nanotubes were tested on rat neuronal PC12
cells at concentrations ranging from 0.1 to 100 pygmL™!
(Table 1).”"! Both materials showed a dose-dependent cyto-
toxicity. At low concentration (<1 pugmL™) graphene in-
duced a stronger metabolic activity than single-walled nano-
tubes. This behavior was reversed at the higher concentra-
tions. High oxidative stress was also measured for graphene,
with reactive oxygen species generated in a concentration-
and time-dependent manner. Caspase-3 activation was indi-
cative of the beginning of an apoptotic process. The effects
evidenced by comparing the behavior of graphene versus
carbon nanotubes indicate that the shape of the material plays
a primary role. This study has assessed a cytotoxicity profile of
graphene in terms of oxidative potential depending on cell
exposure doses. In another study, GO (inappropriately called
pristine graphene) and carboxylated GO (GO which under-
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Figure 3. Possible interactions of GFNs at the plasma membrane level,
during cell uptake at the nuclear membrane, and in the cytoplasm
where degradation may occur.

went a mild acid treatment to add more COOH groups) were
tested on monkey renal cells at concentrations between 10
and 300 pgmL "2 While GO accumulated mainly at the cell
membrane, thus provoking significant destabilization of the
F-actin alignment, more of the hydrophilic carboxylated GO
was internalized by the cells and accumulated in the
perinuclear region without affecting the cytoskeletal mor-
phology, even up to the maximum dose tested (300 uygmL™).
No physical damage of the cell membrane leading to necrosis
was observed for either of the nanomaterials, thus supporting
the hypothesis that another mechanism of cell death, likely
involving intracellular stress triggering programmed -cell
death, was contributing to cytotoxicity. Particular attention
is required regarding the definition of the material presented
in these latter studies as pristine graphene corresponded
instead to GO, and this might create certain confusion when
the cytotoxic behavior of the materials is compared. F-actin
filament localization of GO, modified with polyethylene
glycol amine, has been also very recently reported.”! Cell-
cycle alterations, apoptosis, and oxidative stress were ob-
served at a 75 uygmL ™' concentration. Other similar studies
have shown that cytotoxicity of GO and oxidized graphene
nanoribbons (tested in the range 10-400 uygmL ™) can be also
strongly dependent on the type of cells and the cell culture
conditions.?+>¢!

In relation to the discovery of the antibacterial activity of
GO (see section on Bacterial toxicity) and the possibility to
exploit this property to treat eye related diseases, an
interesting study reported the results on intraocular biocom-
patibility of such materials.””!! The influence of GO on
morphology, viability, membrane integrity, and apoptosis
was studied on human retinal pigment epithelial cells.
Changes in cell viability and morphology were observed only
after long culture times.

To extend the studies on the effects of GO in terms of cell
viability and cellular responses, layers having different lateral
sizes (i.e., 350 nm and 2 pm) were tested. Within six different
cell lines cultured with GO, only the two phagocytic cell lines
were able to internalize both nano- and microsized GO.”! In
terms of cell viability, little difference was observed for up to
20 pgmL™" of GO (the maximum tested dose). The presence

Angew. Chem. Int. Ed. 2013, 52, 4986 —4997


http://www.angewandte.org

Graphene

of manganese within the samples as a contaminant, derived
from a non-accurate purification during the oxidative process
to prepare GO, induced instead a general high cell mortality.
This result hihglights the importance of the purification steps
so as to avoid false positives which might be erroneously
associated with an undesired effect of the tested nanomate-
rial. The uptake by macrophages was studied in a concen-
tration range between 2 and 6 pgmL~'. Cellular internal-
ization kinetics showed that GO of 350 nm and GO of 2 um
had an identical intracellular accumulation after 24 hours. To
clarify the size-independent uptake, the mechanisms of cell
penetration were analyzed. This analysis clearly showed that
the two GOs had different initial cell interaction processes
(i.e. the 350 nm GO was wrapped by the active filopodia of
macrophages while 2 um GO entered the cell membrane
nearly perpendicularly) and the intracellular localization was
dictated by their size, thus leading to different compartmen-
talizations. Once inside the cells, the bigger 2 um GO formed
wrinkles and tended to fold with sequestration into lysosomes
to some extent. After internalization it was observed that the
bigger GO flakes induced a much stronger inflammatory
response with high release of key cytokines. These results are
extremely interesting as the different behaviors of the two
types of GOs can be exploited in alternative biomedical
contexts. The unexpected up-regulation of the cytokines by
microsized GO can be used, for example, as an adjuvant effect
in vaccine systems to activate weak immune responses. Low
inflammatory profiles exerted by nanosized GO can be
beneficial for applications in cancer therapy, where improved
biocompatibility is demanded. In a similar study, C2C12
(mouse mesenchymal progenitor) cells were treated with
protein-coated (with bovine serum albumin) GO of different
sizes to elucidate the uptake mechanisms.””! GO with a lateral
dimension of about 500 nm was internalized by clathrin-
mediated endocytosis, whereas larger sheets (about 1 pum)
underwent a phagocytosis uptake. Very little inhibition of cell
proliferation was observed for both types of graphenes up to
100 pgmL~". Figure 4 illustrates an example of GO uptake by
murine peritoneal macrophages as performed in our labo-
ratory.

The study on macrophages was also extended to pristine
graphene dispersed in 1% pluronic F108.5”! Murine macro-
phages, treated with graphene at a concentration between 20
and 100 pgmL~', underwent a dose-dependent apoptosis
through a mechanism involving a decrease of mitochondrial
potential and an increase of reactive oxygen species (ROS).
The identification of different mechanisms that trigger
macrophage apoptosis is extremely useful and provides
important information for developing possible strategies to
control programmed cell death induced by graphene. Murine
macrophages incubated with GO (maximum dose of
100 pygmL ") were also able to elicit autophagy and Toll-like
receptor associated inflammatory responses.’!! Interestingly,
autophagy is exploited by cells to eliminate endogenous
molecules, thus suggesting one possible way used by cells to
clear internalized graphene-based nanomaterials. Besides
macrophages, dendritic cells (DCs) are another class of key
immune cells. DCs are important because they induce and
maintain T-cell-mediated immunity and immune tolerance.
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Figure 4. GO is internalized by murine peritoneal macrophages. The
arrows indicate the presence of GO sheets into the phagosomes.

DCs treated with GO (in the concentration range 1-
25 pgmL ") were affected in their functional activity.' DC
antigen presentation was inhibited by GO. This alteration was
associated to a down-regulation of the intracellular levels of
one unit of the immunoproteasome responsible for antigen
processing in DCs. This study underlines the importance of
carefully assessing the immunomodulatory effects of new
nanomaterials.

Along with the development of graphene and the other
family members as delivery systems for systemic administra-
tion of therapeutic molecules,™” it is important to evaluate
the haemocompatibility as the material encounters blood
components.*** In the comparison between graphene and
GO, the former showed a slightly higher cytotoxic effect as
a result of the strong hydrophobic interaction with cell
membranes. However, both graphenes showed little haemol-
ysis of red blood cells (in the range 10-75 ugmL~' concen-
tration).® Graphene did not influence the coagulation
pathways, thus suggesting a low risk of thrombosis once
intravenously administered. Although it is difficult to com-
pare the tested materials, the previous results are clearly in
contrast to those of two studies which proved the thrombo-
toxicity potential of GO.?*?* GO was demonstrated to have
a significant haemolytic activity and be highly thrombogenic,
thus inducing strong aggregation of human platelets (at
2 ugmL™). To modulate the cytotoxicity, GO was either
coated with chitosan®" or its carboxylic functions were either
reduced by thermal annealing®3 or transformed into
ammonium groups by Curtius rearrangement. The second
transformation led to a new functionalized material with no
effect on stimulation of platelets, no lysis of erythrocytes, and
the absence of thromboembolysis induction. What still
remains unclear is what really happens during the chemical
transformation of the carboxylic groups into amines as
graphene oxide also contains hydroxy groups, epoxides,
ketones, and aldehydes which should not undergo Curtius
rearrangement. These studies illustrate how the toxic effects
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of GO on red blood cells can be alleviated by chemical
modification of the material.

Complementary tests to assess the impact of carbon
nanomaterials on cells consisted of the analysis of the possible
changes on the protein profile.”*® rGO (inappropriately
called graphene as obtained by hydrazine treatment of GO)
and single-walled carbon nanotubes were compared for the
expression of proteins involved in the metabolic pathway,
redox regulation, cytoskeleton formation, and cell growth.
While carbon nanotubes severely interfere with the expres-
sion of a series of these proteins, only moderate variation of
the protein levels was observed on human hepatoma cells
treated with rGO. This data indicates that reduced graphene
oxide is less cytotoxic than carbon nanotubes in terms of
possible alterations of the protein function. GO, free or
dispersed with surfactants, was also tested on human and
murine fibroblasts.***! Dose-dependent toxicity on cells was
observed (i.e., 3-100 uygmL™"' concentration). An opposite
result was reported in two independent studies showing that
GO induced only a slight decrease on proliferation of the
AS549 cell line without signs of apoptosis or cell death in
a range of concentrations between 7.8 and 200 pgmL [
The same material, treated with hydrazine to generate rGO,
resulted instead in high cytotoxicity, thus significantly low-
ering the viability of the same type of cells.*!

An alternative to the reduction with hydrazine, other
chemical approaches can be used to modify GO. Covalent
PEGylation (PEG = polyethylene glycol) or functionalization
with biocompatible polymers (i.e., dextran) modulates the
cytotoxic effect on a series of cell lines, thus leading to an
increased cell viability up to a dose of 200 ugmL 1644
PEG-GO, with a less than 50 nm side edge, was stable under
physiological conditions and penetrated the cells, most likely
through an endocytosis mechanism, and displayed no evident
toxicity at the various concentrations.

The current results can be considered important initial
data which have been gathered on the in vitro toxicity of
GFNs. However, to avoid a situation similar to carbon
nanotubes, it is important to not generalize but rather take
into consideration the great variability of the materials. It is
essential to compare the different types of GFNs and
correlate their impact on cells to their physicochemical
characteristics and, in some case, to the chemical modifica-
tions introduced. This approach will avoid generalization and
the description of all types of graphenes as being eventually
dangerous for human health when it is in fact not the case for
some of them.

4. In vivo Effects of GFNs

The assessment of the in vivo toxic effects of GFNs in
animal models has also been investigated, albeit to a lesser
extent (Table 2). GO and rGO were used to analyze the effect
on blood platelets, the cells responsible for the maintenance
of homeostasis and thrombus formation.’>*! GO elicited
a strong aggregatory response in platelets, whereas intra-
venous administration in mice induced extensive pulmonary
thromboembolism. This behavior was associated with the
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charge distribution on the surface of GO as the aggregation
properties were significantly lowered when the material was
chemically treated to generate rGO. In vivo toxicity of GO
was evaluated in mice and rats after intravenous adminis-
tration.®*! Significant pathological changes including in-
flammatory cell infiltration, pulmonary aedema, and forma-
tion of granulomas were found using a dose of 10 mgkg™'
body weight. In contrast, GO showed good biocompatibility
with red blood cells at very low doses while haemolysis was
induced at 80 pygmL ™",

Pulmonary toxicity is a major concern in case of the
industrial production of nanomaterials, as their respirability
might cause damage and eventually long-term diseases in
humans who come into contact with this type of material. It
has been shown that GO and aggregated graphene provoked
severe and persistent injury in the lungs after direct injection
(i.e. 50 pg per animal) into the organs of mice.[*”) But the toxic
effects were clearly reduced in the case of pristine graphene
dispersed in pluronic surfactant. Apparently the oxidation of
graphene is the cause of pulmonary toxicity. In another recent
study, the risk to the respiratory system was also demon-
strated for pristine graphene nanoplatelets which were
constituted of few-layer graphene, up to 25 pm in size,
dispersed in 0.5% bovine serum albumin.” Graphene nano-
platelets were found to deposit beyond the ciliated airways
after inhalation (i.e., 50 ug of nanoplatelets per animal).
Acute inflammatory responses in mice, cell inflammation, and
frustrated macrophage phagocytosis were evidenced. The
inflammogenicity in vitro and in vivo was attributed to the
respirable aerodynamic diameter, the index that determines
the respirability of a particle and the site of deposition.
Eventually, the deposition in the lung could originate, in long-
term mesothelioma or other pleural pathological conditions.
It is difficult to understand what the differences in these two
studies are and how they account for the opposite behavior of
pristine graphene. It is likely that the morphology of the
tested materials, the number of layers, the surface area, and
the dispersion procedures are among the parameters which
can give rise to the different toxicity properties. It is not
surprising that materials at the micrometer size display
a worrying degree of toxicity.*** In contrast, the presence
of contaminants as unreacted graphite oxide or graphitic
fractions might be also responsible for inflammation. Indeed,
when GO is extensively purified using several washings and
centrifugation steps it did not show an increase in the level of
proteins and polymorphonuclear leukocytes on days 1 and 7
after peritoneal administration (injected dose of 50 pg per
animal).*’) No collection of giant cells, inflammatory re-
sponse, and formation of granuloma were evidenced in
comparison to long pristine multiwalled carbon nanotubes
(Figure 5). As the model used to assess the carcinogenic
potential after the exposure to GO was designed for fiber-
shaped materials,*! it is still not clear if the same model is
appropriate for nanomaterials with alternative shapes.

The modulation of toxicity invivo can be achieved
through chemical functionalization.”” PEGylation of GO
reduces, for example, the toxic effect in mice. In looking at the
use of GO as a component of injectable hydrogels for tissue
engineering, no severe toxicity was measured in vivo.®! What
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Table 1: Different GFNs used for in vitro studies and their biological effects.

Material In vitro model Tested dose  Biological effects Ref.

Graphene Neuronal PC12 cells 0.01- Increase of activation of caspase-3; Low release of [21]
100 uygmL™'  LDH; High generation of ROS

Pristine graphene ~ Monkey renal cells (Vero) 10- Cell membrane accumulation; F-actin destabiliza- [22]
(GO) 300 ugmL™'  tion; Dose-dependent oxidative stress; Cell death

at 50 pgmL™’
Carboxylated GO Monkey renal cells (Vero) 10— Cell uptake; No LDH leakage; No cell death or [22]

300 pgmL™'  apoptosis up to 300 ugmL™’

GO decorated with Saos-2 osteoblasts; MC3T3-E1 preosteoblasts; 75 pgmL™’ F-actin localization; Cell-cycle alteration; Apopto-  [23]
polyethylene gly-  Murine RAW 264.7 macrophages sis; Oxidative stress

col-amine

GO Neuroblastoma SH-SY5Y cells 10— Dose and time dependent effect on cell viability ~ [24]

100 pgmL™"  above 80 ugmL™"; Enhanced differentiation in-
duced by retinoic acid

GO Normal human lung cells (BEAS-2B) 10- Concentration- and time-dependent apoptosis [25]
100 pgmL™'

Oxidized graphene Hela cells; NIH 3T3 cells; SKBR3 cells; MCF-7cells 10— Dose-dependent and time-dependent decrease of  [26]

nanoribbons coat- 400 ugmL™"  viability; Cell-specific cytotoxicity; Significantly

ed with PEG-DSPE higher cytotoxicity for HelLa cells (at 10 uygmL™") as

a consequence of a higher uptake by these cells in
comparison to the other cells

GO Human retinal pigment epithelium cells 5- Little influence on cell morphology: No significant [27]
100 uygmL™"  apoptosis; Low release of LDH

GO (350 nm and  Human hepatocarcinoma cells (HepG2); Human 1-20 pgmL™" No cell uptake by non-phagocytic cells; No size-  [28]

2 um lateral size)  breast MCF-7 cancer cells; Human umbilical vein dependent internalization in macrophages; No
endothelial cells (HUVEC); Lewis lung carcinoma differences on cell viability up to 20 pgmL™";
cells (LLC); J774A.1 murine macrophages; PMQ Strong inflammatory response by 2 um GO; High
peritoneal macrophages release of cytokines by 2 um GO

BSA-coated GO C2C12 (mouse mesenchymal progenitor) cells 10— Different uptake mechanisms; No alteration of [29]

(420 nm and 860 100 pgmL™'  metabolic activity

nm lateral size)

Pristine graphene  Murine RAW 264.7 macrophages 20— Apoptosis through depletion of mitochondrial [30]
in 1% pluronic 100 ugmL™"  potential and increase of ROS; Different signaling
F108 pathways activated; Liberation of pro-apoptotic
cytokines
GO Murine RAW 264.7 macrophages 5 and Induction of autophagy; Activation of TLR4 and  [31]
100 uygmL™"  TLR9Y; Cytokine secretion (IL2, IL10, INFy and
TNFa)
GO Bone-marrow-derived dendritic cells (DCs) 1-25 pgmL™" No alteration of antigen engulfment; No effect on [32]

MHC-/peptide-TCR interaction; Downregulation
of the level of the subunit LMP7 of immunopro-

teasome

Graphene and Red blood cells (RBCs) 10- No haemolysis up to 75 ugmL™"; No platelet [33]
GO 75 pgmL™! activation or aggregation; No risk of thrombosis

GO Human erythrocytes (RBCs) 3.125- High haemolytic activity [34]

200 pgmL™

Chitosan-coated Human erythrocytes (RBCs) 100 pgmL™"  No haemolytic activity [34]
GO

GO Erythrocytes (RBCs) 5-25 uygmL™" Thrombotoxicity; Human platelet aggregation [35]
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Table 1: (Continued)

Material In vitro model Tested dose  Biological effects Ref.

rGO Erythrocytes (RBCs) 2-20 ugmL™" Reduced platelet aggregation [35,36]

Amino-GO Erythrocytes (RBCs) 2-20 ugmL™" No thrombohaemolysis; No platelet stimulation; [36]

No cell lysis

rGO Human hepatocarcinoma cells (HepG2) 1pgmL™ Moderate variation of protein levels [37,38)

GO Human fibroblasts (HDF) 5— Toxicity at doses >50 ugmL™'; Decrease of cell [39]
100 pgmL™"  adhesion; Cell apoptosis

GO dispersed us- 1929 fibroblasts 3.125- Low toxicity up to 25 ugmL"™" [40]

ing PEG 100 pgmL™!

GO A549 cells 20 and Slight decrease on cell proliferation; No apoptosis [41]
85ugmL™  or cell death up to 85 ugmL™

rGO A549 cells 20 and Remarkable reduction of cell viability [41]
85 ugmL™!

GO A549 cells 10— No cell uptake; Dose-dependent oxidative stress; [42]
200 ugmL™"  Slight loss of cell viability at 200 pgmL™"

Purified GO A549 cells 7.8 Dose-dependent cytotoxicity; 80% cell viability at  [43]
125 pgmLl™ 125 pgmL™!

PEG-GO RAJI cells; HCT-116 cells; OVCAR-3 cells; U87MG  0.5- No effect on cell viability up to 100 ugmL™"; [6,44]

cells; MDA-MB-435 cells; MCF-7cells 150 pgmL™"  Reduced toxicity

Dextran-GO Hela cells 10, 50, and  Enhanced cell viability; Normal cell proliferation  [45]
200 ugmL™

GO NIH 3T3 cells 1000 ugmL™" No effect on cell viability [58a]

is not really clear from this study is the role of graphene within
the material besides reducing the concentration of the
surfactant necessary to form a thermosensitive hydrogel.
The capacity of GO to absorb in the near-infrared region is
one of the advantages of integrating such material in
a composite for regenerative medicine, as it can improve, by
controlled irradiation, the release of a drug eventually
embedded into the hydrogel.

Invivo studies have been expanded to animal models
other than rodents.”” Caenorhabditis elegans is a free-living
nematode which offers the advantages of a laboratory culture.
C. elegans (treated with a 250 ugmL ™' solution) has been used
as host to assess the efficacy of graphite nanoplatelets,
composed of 3 to 60 graphene layers with a lateral size of
1 to 10 um, as antimicrobial agents after exposure to the
pathogen Pseudomonas aeruginosa. The presence of this
material inside the nematodes clearly reduced the number of
infective cells, likely a result of mechanical damage of the
bacterial membrane, but it did not alter the organisms
longevity and reproductive capacity (i.e., no genotoxicity).
C. elegans has also been used in recent attempts to elucidate
the chemical processes besides the toxicity of GO in vivo.”!
GO was coated with PEGylated poly-L-lysine or used un-
coated. No changes in mean longevity, damage at the cell-wall
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level, impairment of locomotion, and reproducibility reduc-
tion of the nematode were observed when the organism was
treated with GO in the concentration range of between 5 and
20 ugmL~'. Instead, the polymer-coated GO significantly
reduced the resistance of the nematode, particularly under
oxidative or heat stress conditions, thus leading to death. The
excessive presence of ROS impaired the inherent antioxidant
defence system, thus provoking a dramatic toxic effect on C.
elegans in pathophysiological conditions.

As for the in vitro impact, many parameters need to be
taken into consideration when GFNs are tested for toxicity
in vivo. Indeed, the variability of the samples is extremely
high. Here the situation is similar to that observed for carbon
nanotubes. Fundamentally, the morphological and physico-
chemical characteristics of each type of sample should be
considered and described without making any generaliza-
tions, which can risk introducing a bias when statements on
the safety or toxicity of GFNs are presented or emphasized.
Toxicity of GFNs can be closely associated to their surface
functionalization. The size is the second important parameter
which needs to be carefully considered.
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Figure 5. Granuloma formation on the diaphragm membrane after

7 days. Female C57BI/6 mice were intraperitoneally injected with 50 ug
of vehicle control (0.5% bovine serum albumin/saline), pristine multi-
walled carbon nanotubes (NT long, pristine), and graphite and pure
GO (pGO). The mice were killed after 1 day and 7 days and the
diaphragms excised, fixed, and prepared for visualization. SEM images
of the diaphragm surface (A-B), and the histology using hematoxylin
and eosin staining (C), show the collection of giant cells and highlight
the presence of granulomatous inflammation with NT long, but not
with graphite and pGO. Low and high magnifications of the SEM
images are shown. Reproduced with permission.’! Copyright 2012,
Wiley-VCH Verlag GmbH & Co.
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5. Bacterial Toxicity of GFNs

Concerning the toxic effects of GFNs on microorganisms,
there is a series of recent studies on different types of bacteria
and fungi. The apparent antibacterial activity might find
interesting future applications of graphene in antimicrobial
products (Figure 6). GO and rGO, deposited on a stainless
steel substrate, showed antimicrobial activity against gram-
negative E. coli and gram-positive S. Aureus.” rGO was
more efficient in inactivating both types of pathogens. The
effect on the metabolic activity was combined with the
damage of the microorganism cell membrane.*!! To further
expand these studies, the antimicrobial mechanism was also
analyzed by comparing different types of graphene materials,
including graphite, graphite oxide, GO of different lateral
sizes, and tGO (5-80 ygmL~! concentration; Figure 6).
Again, higher antibacterial activity was found for GO, which
had the smallest average size among the different types of
graphene derivatives.

The physicochemical characteristics of graphene materials
seem to play an important role in the efficiency of the
bacterial killing and therefore can be tailored to reduce the
adverse impact on health and the environment. However, the
results were questioned by another study,® wherein GO was
added to E. coli and the bacteria grew faster by forming dense
biofilms around the suspended nanomaterial. Only the
combination with silver nanoparticles showed cell death.[*>")
In view of these findings, the exploration of the bacteriostatic
properties of GO is challenging and will certainly stimulate
further studies.

Graphite nanoplatelets and other types of GFNs have
demonstrated bactericide properties in vitro on isolated P.
aeruginosa and in vivo on a host nematode challenged with
the same pathogen.’” Antibacterial activity of GO was
preserved or even improved when dispersed in poly-N-
vinylcarbazole and electrodeposited on a substrate, without

reduced
Graphene Oxide

Graphite  Graphene

Graphite Oxide Oxide

Figure 6. AFM image of GO sheets dried on a mica surface (top left). E. coli cells after incubation with GO dispersion (40 ugmL™") for 2 h; most
of bacteria become flattened, and lose their cellular integrity after exposure to GO dispersions (bottom left). Cell viability measurement after
incubation with graphite, graphite oxide, GO, and rGO dispersions (graph). A 5 mL portion of graphene-based materials (80 pgmL™") was
incubated with E. coli for 2 h at 37°C. Loss of cell viability was obtained by colony counting method. Isotonic saline solution without graphene-
based materials was used as control. Reproduced with permission.®> Copyright 2011, American Chemical Society.
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Table 2: Different GFNs used for in vivo studies and their biological effects.

Material In vivo model  Tested dose Biological effects Ref.
GO Rabbits 100-300 pg/eye No eye changes: Normal intraocular pressure; Normal eyesight [27]
GO Mice 250 ugkg™ Thrombotoxicity; Extensive pulmonary thromboembolism; Human [35]

platelet aggregation

rGO Mice 250 pgkg™ Less effective in platelet aggregation [35,36]
Amino-GO Mice 250 ugkg™ Absence of thrombotoxicity; Vessels appear [36]
normal with no sign of occlusive pathology
GO Mice 100, 250, and 400 pug/ Chronic toxicity and animal death at the highest dose; Lung, spleen and [39]
animal liver granulomas; No kidney clearance
Purified GO Mice 50 pug/animal Absence of acute and chronic inflammation after intraperitoneal [43]

administration

Dextran-GO Mice 20 mgkg™' Accumulation in liver and spleen; Gradual clearance within one week; [45]
No short-term toxicity

GO Mice/rats 1 and 10 mgkg™ Dose dependent pulmonary toxicity; Granulomatous lesions at [46]
(animals) 10 mgkg™'; Pulmonary aedema fibrosis at 10 mgkg™'; Inflammatory cell
10 and 80 pgmL™' infiltration at 10 mgkg™'; RBC haemolysis at 80 ugmL™"'
(cells)
GO and Mice 50 ug/animal Generation of ROS; Inflammation; Apoptosis; Increase of the rate of  [47]
aggregated graphene mitochondrial respiration; Pulmonary toxicity inflammation
Graphene in 2% pluron-  Mice 50 pg/animal Reduced toxic effects [47]
ic F108
Graphene nanoplatelets Rats 50 ug/animal (phar-  Inflammatory cytokine release (IL1f); Acute pulmonary inflammatory  [20]
(25 pm size) in 0.5% yngeal aspiration) response
BSA 5 pg/animal (intra-

pleural injection)

PEG-GO Mice 20 mgkg™! High tumor accumulation; Low uptake by RES; No sign of abnormality [50]
on kidney, spleen, heart, liver and lung; Gradual elimination

GO-pluronic hydrogels  Mice Gel composition: No severe toxicity [57]

0.4% GO-0.25-1%

pluronic
Graphite nanoplatelets  Caenorhabditis  50-250 pgmL™ No alteration of nematode longevity; No alteration of reproductive [52]
(1-tens pum) elegans capacity
GO and PEG—(poly- Caenorhabditis  5-20 pgmL™" No alteration of nematode longevity; No damage at the level of cell [53]
L-lysine)-coated GO elegans walls; No alteration on reproductive capacity; No reduction of

locomotion

PEG—(poly-L-lysine)- Caenorhabditis  5-20 pgmL™" Cells are cultured under oxidative or heat stress: [53]
coated GO elegans Reduced resistance leading to death; Intracellular ROS formation;

Impaired electron transfer process

PEG-GO Mice 20 mgkg™! RES accumulation; Renal and faecal elimination; No alteration of [61]
biochemical blood parameters

GO (large 1-5um and  Mice 1-10 mgkg™ Quick elimination from blood; Accumulation mainly in lung and liver  [62]
small 110-500 nm)

cytotoxic effects on mammalian cells exposed to a dose of  oxygen-containing functional groups) drop-casted on a Si,O/
1000 pg mL P Interestingly, the interaction of GO with E.  Si(100) substrate.”” During this process the bacteria showed
coli led to a reduction of the graphene sheets (loss of 60% of  an inhibition of the proliferation and a surface detachment,
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thus accounting for an antibacterial activity of rGO generated
by the bacterial metabolic action. rGO (tested between 1 and
500 ugmL~") also displayed antifungal activity on the non-
pathogenic Aspergillus oryzae and on the pathogenic Asper-
gillus niger and Fusarium oxysporum.® While this property
can be useful for pathogenic fungi, a certain concern needs to
be considered in the case of toxic effects on nonpathogenic
microorganisms important for the metabolism or the environ-
ment.

The comparison between the available data on antibacte-
rial and antifungal activity of GFNs is difficult because the
conditions of cell culture and the type of starting materials
differ within the reported experiments. In contrast, some of
the conflicting data can stimulate the research towards the
assessment of the antimicrobial role of GFNs as a function of
their physicochemical properties.

6. Biodistibution and Pharmacokinetics of GFNs

The in vivo study of the biodistribution, accumulation,
and elimination of graphene nanomaterials is a fundamental
step to understanding the risks associated with their uses.
Biodistribution studies (injected doses of 1 or 10 mgkg™)
have shown that intravenously injected GO accumulates
predominantly in the lungs, and low uptake by the reticu-
loendothelial system (RES) was observed (Table 2).*! GO
exhibited a long circulation time in comparison to other
carbon forms. No pathological modifications in different
organs were evidenced after injection of 1 mgkg™ body
weight, but significant changes were evidenced in the lung at
a dose of 10 mgkg". Interestingly, PEG-GO accumulates
mainly in the tumor of xenografted animals with a lower
uptake than that by the RES, and there are no significant toxic
effects.’” Following an initial accumulation in RES organs,
a gradual elimination was observed between 3 and 15 days.
After three months the graphene sheets were completely
eliminated without signs of abnormality in major organs (i.e.,
kidney, liver, spleen, heart and lung). This type of modified
graphene radiolabeled with I was also used to evaluate
more thoroughly the pharmacokinetics, the long-term biodis-
tribution, and the toxic effects.!!! The intravenously admin-
istered graphene sheets were gradually cleared by both renal
and faecal elimination. The tested dose of 20 mgkg™' did not
provoke evident toxicity within a 3 month period, as proved
by measuring the biochemical parameters in blood, and the
haematological markers (white and red blood cells, haemo-
globin, platelets, etc.). Histological examination of the differ-
ent organs did not show evidence of damage or lesions, but an
increase of color of the spleen and liver resulting from
accumulation of brown GO was observed. The impact of the
lateral size of GO sheets on organ distribution and accumu-
lation was also assessed with iodinated material.® Large GO
(1-5um) and small GO (110-500 nm) were labeled with
Na'”I. Regardless the size, GO was eliminated quickly from
the blood and accumulated mainly in the lung and liver. While
small GO was found in the liver, large GO accumulated in the
lungs. As the doses of injected small GO increased from 1 to
10 mgkg™', its distribution changed, thus showing higher
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localization in the lungs as a consequence of the aggregation
occurring at high concentrations. The comparison between
the pharmacokinetic profile of the two types of GO suggests
that a material with a small lateral dimension is more suitable
for potential biomedical applications.*’!

The data of these studies are extremely interesting and
they will encourage additional investigations. It is indeed
necessary to compare the behavior of other graphene nano-
materials, other animal models, higher doses, and alternative
routes of administration. These studies will allow an under-
standing of the effects of GFNs either administered on
purpose or brought into by accidental exposure, in order to
facilitate their development for use in materials science and
biomedicine.

7. Summary and Outlook

This Minireview summarizes the different case studies on
the in vitro and in vivo impact of GFNs. Are therefore GFNs
safe or toxic? The results available show that this new
nanomaterial might become a health hazard, but chemical
manipulation can alleviate the potential risks associated with
the future development of GFNs for different applications
(i.e., composites, electronic devised biomedical tools, etc.).
Along these lines, very recently a comparison between GFNs
and carbon nanotubes appeared, thus giving some guidelines
about how to modulate the toxic effects of graphenes.” If we
consider such rules, we might avoid to accumulate retard in
addressing the problem as it has been done for carbon
nanotubes. In this context, this Minireview can be also
considered anticipatory and it is aimed at drawing the
attention of the researcher towards developing new nano-
materials. It is not possible to give a clear answer to the initial
question, but there is strong evidence that the toxic effects are
modular. In addition, a generalization on the toxicity of GFNs
should be avoided as the risks associated with these new
nanomaterials are dependent on the specific applications and
development.

Future research is however necessary to thoroughly
explore the biological responses and the safety issues of
GFNs by taking into consideration the different physico-
chemical properties. The more studied GO and rGO are more
hydrophilic than single- and multilayer graphene. The diffi-
culty in maintaining stable colloidal dispersions of hydro-
phobic graphene surfaces is one of the limitations on the
evaluation of the safety profile of this nanomaterial. How-
ever, the analyses should be clearly expanded to all members
of the graphene family (i.e., graphene dots).[%]

There are several key factors associated with the toxicity
of new nanomaterials. The generation of oxygen reactive
species, the indirect toxicity because of GFN adsorption of
important biomolecules, and physical toxicity associated with
the interaction with the lipids constituting cell membranes,
tissues, and organs need to be carefully studied and analyzed.
In addition, study of the uptake as a function of the dimension
is necessary. Side dimensions of graphene might affect the
different receptors responsible of the energy-dependent
mechanisms of cell penetration (i.e., endocytosis/phagocyto-
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sis active mechanisms). If passive mechanisms, as in the case
of carbon nanotubes,®! are taking place, it is interesting to
understand how the flat form of the material affects the
membrane organization (i.e., membrane disruption or simple
sliding between the lipid bilayers).[”) All these studies will
help formulate a safer design, production, and manufacturing
of GFNs to minimize the risks for human health and the
environment.
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