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Surface Functionalization of Graphene-Based Materials:
Biological Behavior, Toxicology, and Safe-By-Design Aspects
Zhiling Guo, Swaroop Chakraborty, Fazel Abdolahpur Monikh, Dimitra-Danai Varsou,
Andrew J Chetwynd, Antreas Afantitis, Iseult Lynch, and Peng Zhang*

Graphene is a 2D sp2-hybridized carbon sheet, which is composed of single-carbon atoms. This structure makes graphene
the world’s thinnest and strongest material as well as being an
excellent heat and electricity conductor.[1] Graphene and graphene-based materials (GBMs) have attracted strong interest in
biological and biomedical applications such as for biosensors,

drug delivery, bioimaging probes, antibacterial agents, and tissue engineering.[2]
The advantage of GBMs over other nanomaterials (NMs) in biomedical application
is their high specific surface area which
allows high density functionalization and
drug loading on both sides of the planar
structure.[3] The π-conjugated system
offers high capacity for GBMs to interact
with various organic compounds with
aromatic structures through π–π stacking
during fabrication of graphene composites or for immobilization of biomolecules
such as nucleic acids, peptides, antibodies,
or other therapeutic substances.[4] The
same properties may also raise concerns
regarding the potential risk that GBMs
may cause to human health through
binding of key signaling molecules for
example. GBMs may interact with biomolecules, changing the structure of protein
or DNA or induce oxidative damage, and
so on.[5] Therefore, prior to the widespread use of GBMs, it is
imperative to evaluate their potential risk to environmental and
human health and to establish a proactive approach for the safe
design of these materials.
In a recent review article, Fadeel et al. comprehensively examined the literature on the effects of GBMs on human health and
the environment and gave an overview of the state-of-the-art
of safety assessment of GBMs, highlighting the importance of
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The increasing exploitation of graphene-based materials (GBMs) is driven by
their unique properties and structures, which ignite the imagination of scientists and engineers. At the same time, the very properties that make them
so useful for applications lead to growing concerns regarding their potential
impacts on human health and the environment. Since GBMs are inert to
reaction, various attempts of surface functionalization are made to make
them reactive. Herein, surface functionalization of GBMs, including those
intentionally designed for specific applications, as well as those unintentionally acquired (e.g., protein corona formation) from the environment and biota,
are reviewed through the lenses of nanotoxicity and design of safe materials
(safe-by-design). Uptake and toxicity of functionalized GBMs and the underlying mechanisms are discussed and linked with the surface functionalization. Computational tools that can predict the interaction of GBMs behavior
with their toxicity are discussed. A concise framing of current knowledge and
key features of GBMs to be controlled for safe and sustainable applications
are provided for the community.

1. Introduction
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understanding the structure–activity relationships that underlie
the potential toxicity of these materials.[6] The biological interactions of GBMs are highly related to their intrinsic physicochemical properties such as lateral size, number of layers,
chirality, defects, surface chemistry, and surface functionalization. For example, the size of graphene has a remarkable
impact on the route and rate of translocation and clearance of
graphene in vivo. Small-sized (3–5 nm) graphene quantum dots
(GQDs) can be cleared fast in vivo, while large-sized graphene
(10–30 µm) circulates slowly in the blood and accumulates in
organs leading to long-term impacts.[7] The shape of graphene
also matters; although no reports are available to date for graphene, shape-dependent toxicity has been reported for other
nanoparticles such as gold[8] or hydroxyapatite,[9] from which
lessons can be leveraged. A ribbon like graphene may behave
differently from a hexagon graphene in terms of cellular uptake
since the shape can affect the membrane interaction during
the endo- or phago-cytosis. Edges and defects in the graphene
play a significant role in determining the biological effects.[10]
A sharp edge can directly penetrate the cell membrane thus
causing physical damage to living organisms.[10b] The edge is
also reactive due to the presence of active groups and dangling
bonds, which can react with biomolecules. Defects may arise
during the chemical processing of graphene. For example,
nanoholes form during the reduction of graphene oxide (GO),
which affect the hydrophilicity, rigidity, and affinity for binding
with other molecules.[11] Surface functionalization changes the
surface chemistry such as charge and hydrophobicity and thus,
the biological behavior and effects. In fact, the interactions of
graphene with cells / organisms and the biological recognition
processes are largely dependent on the surface.[12]
Surface functionalization is an essential process to enable
use of graphene for biomedical purposes because the pristine
graphene is relatively inert with low chemical reactivity and
solubility. GO is a highly oxidized form of graphene, which
contains carboxylate groups on the periphery, providing a pHdependent negative charge and colloidal stability, as well as
hydroxyl and epoxide groups on the basal plane which are polar
and hydrophilic. The remaining regions of the basal plane are
unmodified and thus remain hydrophobic and are capable of
binding with biomolecules or drugs via π–π interactions.[13]
Reduced GO (rGO) is the form of GO with lower oxygen content, which is produced by reduction of GO by thermal or
chemical treatments.[14] With its lower surface oxygen content,
rGO has a lower surface charge, water dispersibility, and hydrophilicity compared with GO. Due to this, the interaction of GO
and rGO with biomolecules and consequent biological effects
are different. With the functional groups on their surfaces, GO
or rGO can be further modified on demand either covalently or
non-covalently with molecules such as DNA, proteins or drugs
for a range of biological applications.[13]
Functionalization of graphene influences the surface charge
and hydrophobicity of graphene by changing the degree of
ionization which consequently changes the biological effects.
For example, GO, which is rich in carboxyl groups (COOH),
results in negatively charged surfaces. Through coupling reactions, the COOH groups can be functionalized with amino
groups (e.g., NH2PEGNH2), which renders the surface positive, while functionalized with poly-m-aminobenzene sulfonic
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acid- (NH2/SO3H) or methoxyl- (OCH3) terminated
functional groups makes the surface neutral.[15] It is generally believed that cationic particles are more toxic than anionic
particles whereas neutral particles are more biocompatible,
which is mainly due to different affinities for negative phospholipids or proteins.[15] In addition to intentional functionalization, GBMs can be further functionalized unintentionally by
biomolecules (corona) upon contact with biological systems[16]
and upon release into the environment.[17] Herein, we review
the approaches for surface functionalization of GBMs for biological applications. Unintentionally acquired surface functionalization (e.g., protein corona) from the environment and
biota is also introduced. Uptake and toxicity of GBMs and the
underlying mechanism are discussed and linked with the surface functionalization. Computational tools that can predict the
interaction of GBMs behavior with their toxicity are discussed.
The results are integrated into a safe-by-design summary for
GBMs for biomedical applications.

2. Surface Functionalization Approaches for
GBMs
There are different types of surface functionalization strategies
including covalent and non-covalent functionalization, plasma
hydrogenation as well as nanoparticles functionalization
(Figure 1 and Table 1) which are discussed as follows.
2.1. Covalent Organic Functionalization (DNA, Polymer,
Proteins)
The stable dispersion of graphene is an essential prerequisite
for making composite materials with GBMs.[13] The primary
goal of surface functionalization is to enhance GBMs’ dispersion and stability in solvents by attaching specific organic
groups. For biomedical applications, GBMs are covalently functionalized with DNA, protein, and polymers to enhance their
biocompatibility and introduce additional properties for specific
biological purposes, for example, targeting a specific location in
cells and organisms for diagnosis or disease treatment.[2,18] In
most cases, the organic functional groups are linked covalently
to the surface of GBMs.
The covalent bonding-based surface functionalization of graphene with organic molecules follows two main routes: (a) the
covalent bond formation between the oxygen groups of GO and
the organic functional group, or (b) the covalent bond formation between CC bonds of pristine graphene and dienophiles
or free radicals.[13] GBMs are typically functionalized using reactive intermediates of arynes, nitrenes, radicals, and carbenes.
These reactive intermediates can modify GBMs covalently
through the addition of free radicals, via cycloaddition reaction
or by CH insertion. The additions of free radicals are among
the common reactions and the generation of these radicals
occurs from benzoyl peroxide and diazonium salts. There is a
transfer of electrons from the GBMs for photoactivation of benzoyl peroxide or to aryl diazonium ions that are added to GBMs
and form covalent adducts. Due to photochemical or thermal
activation of organic azides, electron deficient species called
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Figure 1. Schematic showing the different types of surface functionalization strategies of GBMs.

Table 1. Various types of graphene, and functionalization strategies, used for biomedical applications.
Form of graphene used

Functionalization strategy used

References

CVD grown graphene

Type of graphene

Monolayer

Plasma hydrogenation

[72]

graphene

Monolayer

Hydro fluorination

[71]

Exfoliated graphene

Monolayer

Covalent

[21]

Sheets

Covalent

[22]
[23]

Reduced graphene oxide
Graphene oxide

Sheets

Covalent

Graphene oxide

Sheets

Covalent

[24]

Graphene oxide

Sheets

Covalent

[25b]

Graphene oxide

Sheet

Covalent

[26]

Graphene oxide

Sheet

Nanoparticles

[27]

Graphene oxide

Multilayer stacked

Covalent

[28]

Multilayer

Covalent

[29]

Graphene oxide

Single layered sheet

Covalent

[30]

Graphene oxide

NA

Covalent

[31]

Graphene

Sheet

Covalent

[33]

Graphene oxide

Sheet

Covalent

[37]

Reduced Graphene oxide

Graphene

Single layer

Non covalent

[44a]

Reduced graphene oxide

Sheets

Non covalent

[44b]

Graphene

Sheets

Non covalent

[44c]

Graphene

Sheets

Non covalent

[47]

Graphene oxide

Sheets

Nanoparticles

[54]

Graphene

Sheets

Nanoparticles

[55]

Graphene oxide

Sheets

Nanoparticles

[61]
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nitrenes are generated to functionalize GBMs covalently in an
efficient manner. Perfluorophenyl nitrenes are more efficient
than phenyl or alkyl nitrenes. Nitrenes are more frequently
used compared to carbenes because the latter undergo CC
cycloaddition and CH insertion reaction with GBMs. Additionally, arynes also act as dienophiles to facilitate Diel Alder reaction with GBM.[19]
The surface of GO possesses oxygen containing groups
which facilitate enhanced covalent bond functionalization compared to graphene. There are large numbers of hydroxyl groups,
epoxy groups, and carboxyl groups present on the surface of
GO. The presence of these groups facilitates some common
reactions like carboxylic acylation, isocynation, diazotization,
epoxy ring opening, and more.[20] A convenient and flexible
approach for functionalization of graphene for biomedical and
sensor applications has been proposed by Jin et al. (2011), producing 4-propargyloxyphenyl graphene (GCCH) which can
then be further functionalized with azido polyethylene glycol
carboxylic acid through an addition reaction.[21]
Another important route of covalent functionalization of
graphene is hydroxy functionalization wherein, GO has several
hydroxyl groups present on its surface that allow hydroxyl based
functionalization through amidation reaction or production
of esters by GO and then further medication with other functional groups.[22] Esterification followed by substitution of the
hydroxyl groups was employed to prepare aziolated GO. The
esterification reaction was carried out by stirring 2-bromoisobutyryl bromide with GO for 2 days followed by the dispersion of
esterified GO in sodium azide and dimethylformamide for 24 h
to obtain azido functionalized GO. These functionalized GO
possess better solubility in polar solvents such as chloroform
and tetrahydrofuran and the method can also be used to functionalize GO with polymers.[23] The carboxyl groups present on
the edges of GO are highly reactive, so can also be employed
for GO functionalization.[24] The functionalization of carboxyl
groups corresponds to reaction activation to facilitate amide or
ester bond formation through the dehydration of hydroxyl and
amino groups present on the graphene.[25]
GO are extensively used for the sensing applications because
of their excellent aqueous stability, high surface area, optical
and electrical properties, varied functional groups, and more.
DNA probes attached covalently to the GBMs are resistant to
nonspecific displacement thus enhancing the stability of biosensors.[26] The covalent attachment of DNA onto GO can be
obtained by EDC coupling chemistry (i.e., carboxyl group of
GO coupled with the amino-functionalized DNA, shown in
Figure 2).[27] Typically, the yield of these conjugation reactions
is ≈50% after performing an essential washing step to remove
the unreacted DNA, which prevents false signal detection from
physisorbed and non-covalently attached probes. Bonnani
et al. (2011) demonstrated an efficient protocol for covalently
linking singe stranded DNA (ssDNA) to graphene by applying
carbodiimide chemistry and their use in genosensing.[28] Four
different chemically modified graphene were covalently functionalized with ssDNA. Yet, there are drawbacks associated
with EDC-based covalent functionalization of DNA to graphene, including difficulties in removing physisorbed DNA on
the graphene materials that do not participate in the coupling
reactions. To overcome the issue, Sharma et al. (2020) designed
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a label-free, ultra-sensitive aptasensor to detect cardiac myoglobin using poly
ethylenimine (PEI) functionalized reduced
GO films through covalent modification.[29] The positive charge
introduced by PEI functionalization on rGO helped in indirect
immobilization of negatively charged DNA aptamers without
using coupling chemistry or linkers. Similarly, Liu et al. (2014)
addressed nonspecific probe displacement and reduced the
false-positive signal by covalent functionalization of DNA
aptamers on the graphene for efficient ATP detection.[30] The
authors achieved 50% of coupling efficiency by linking the GO’s
carboxyl group with amino and fluorophore modified aptamers.
The intracellular ATP detection signaling was enhanced by
31.8% using the covalently modified sensor which had a high
fluorescence signal compared to that of physisorbed sensors.
Since the interactions between GO and DNA molecules are
hindered by the presence of small molecules such as lipids,
proteins and nucleic acids that result in nonspecific probe desorption, Shin et al. (2020) attached fluorescence-labeled dsDNA
probes onto the GO by covalent coupling reaction to improve
the detection limit of miRNA sensing to the picomolar level.[31]
The polymeric functionalization of graphene can be performed using polymers with reactive functional groups such
as amines and hydroxyls like polylysine, polyethylene glycol,
polyvinyl alcohol, and polyallylamine.[32] These polymers
confer mechanical strength and dispersibility in the specific
solvent and morphological characteristics to graphene. Several methods have been reported for polymer functionalization
on GBMs, grouped in two different strategies, that is, “graft
from” or “graft onto”.[33] The “graft onto” approach introduces
the polymer functionalization onto graphene through covalent
linking by amidation or esterification reaction, such that the
polymers used must have an amino or hydroxyl group limiting
the number of suitable polymeric materials.[34]
The “graft from” strategy is compatible with various vinyl
monomers and methods like ring-opening polymerization,
reverse addition–fragmentation chain transfer polymerization,
atomic transfer radical polymerization, and more, so could
be used for polymeric functionalization of graphene materials. However, the majority of these methods require unique
reaction conditions along with complicated post-treatment
methods. Stimuli-responsive poly (N-isopropyl acrylamide)
and poly (acrylic acid) were grafted covalently onto the surface of GO through redox polymerization,[35] leading to the
graphene acquiring solution temperature and pH-responsive
assembly / disassembly behavior. Pham et al. (2010) demonstrated an efficient strategy for preparing water dispersible polyglycerol functionalized GO through covalent linking
using ring-opening polymerization of glycidol.[36] The hybrid
nanostructures were synthesized using Fe/Au core-shell nanoparticles functionalized with 4-mercaptophenylboronic acid
through Au–S chemistry. Further, magnetic nanoparticles were
attached via boron ester bonds on the polyglycerol functionalized graphene nanosheet surfaces. The surface functionalization using polymers provided high dispersion stability of these
hybrid materials, as confirmed through digital images. Xu et al.
(2014) reported the use of six-armed poly(ethylene glycol) for
functionalization of the surface of GO using a facile amidation
reaction resulting in a stable and biocompatible polyethylene
glycol (PEG) functionalized GO (GOPEG).[37] Further, the
© 2021 The Authors. Advanced Biology published by Wiley-VCH GmbH
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Figure 2. Scheme showing the covalent functionalization of graphene with ssDNA: a) formation of SufoNHS esters when the carboxyl group present
on graphene surface reacts to amine modified ssDNA and forms an amide bond that leads to b) covalent functionalization of ssDNA on graphene.
c) Hybridization occurs after the incubation of ssDNA functionalized graphene with ATGC (adenine, guanine, cytosine, and thymine). Reproduced with
permission.[28] Copyright 2012, Wiley-VCH GmbH, Weinheim.

chemotherapeutic drug Paclitaxel (PTX) was conjugated to the
GOPEG through hydrophobic interaction and π–π stacking to
form the complex GO–PEG–PTX for anticancer applications.
Protein functionalization of graphene has also been extensively reported to achieve favorable biomedical applications.
Shen et al. (2010) functionalized GO surfaces with bovine serum
albumin (BSA) through a diimide-activated amidation-based
conjugation,[38] involving the activation of COOH groups on
the GO by EDAC (N-ethyl-N′-(3-dimethyl aminopropyl) carbodiimide hydrochloride) with the formation of stable ester, followed by the formation of an amide bond by reaction of the
active ester on GO and the amine functional group present on
BSA without any denaturation of the BSA. Ye et al. (2019) functionalized graphene quantum dots with BSA for sensing the
isomers of tryptophan,[39] using the same amidation reaction as
described above between the graphene quantum dots and BSA,
altering the spatial configuration of BSA to enable sensing of
chirality. Tyagi et al. (2018) developed a protocol for functionalizing graphene with recombinant protein using SpyTagSpyCatcher chemistry.[40] SpyTag forms covalent isopetide bond
under physiological conditions by spontaneous amidation reaction with its encoded partner SpyCatcher. Short proteins were
used as the linker for functionalization wherein graphene
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binding peptides were attached to the two ends of SpyTag and
further covalent bonding occurred with the SpyCatcher fusion
proteins. This methodology can be used to decorate graphene
with proteins including antibodies or fluorescent proteins to
target cancer cells.
2.2. Noncovalent Methods, Including Self-Assembly
Chemical stability, large surface area, and biocompatibility
are some of the main features of GBMs that enable them to
be used in biomedical applications like gene delivery, drug
delivery, bioimaging, and antibacterial applications.[41] The
aromatic structure of graphene facilitates surface modification through π–π stacking interactions. These non-covalent
interactions can be observed in various materials where forces
of attraction and/or repulsion exist and are present in several
natural and synthetic systems for detection or recognition. GO
sheet edges have various oxygen-containing functional groups,
while their surfaces can be functionalized using electrostatic
interaction and hydrogen bonding. For example, Omidi et al.
(2017) loaded a series of Schiff bases composed of chromene
and azo pyridinium segments onto the surface of reduced GO
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Figure 3. Schematic representation of noncovalent functionalization of graphene nanoplatelets and its mechanism of interaction with polyketone
matrix. Reproduced with permission.[47] Copyright 2017, American Chemical Society.

and graphene through noncovalent interaction.[41] The surface
functionalization was expected to be achieved through π–π
stacking, and electrostatic interaction between the graphene
materials and the ligands, resulting in the formation of new
hybrid nanomaterials.
Many applications of GBMs require their dispersion into a
polymer matrix, which is difficult to achieve homogenously due
to the presence of π–π interactions in graphene that cause the
restacking of layers. Approaches to achieve homogenous dispersion in the polymer matrix using covalent or non-covalent
based surface modification of graphene are being explored to
overcome this issue. Covalent functionalization of graphene
materials with isocyanates, aliphatic amines, and aromatic
molecules is a practical approach to achieving stable dispersion
in organic solvents.[42] However, many of the useful properties of GBMs, like barrier property, electrical and mechanical
properties, are reduced by covalent functionalization. Georgakilas et al. (2016) reported that non-covalent functionalization approaches cause less damage to the graphene structure
and its intrinsic material properties and therefore has a major
advantage over covalent functionalization approaches.[43] There
are various methods to achieve noncovalent functionalization
of GBMs, such as polymeric grafting and π–π interaction by
small molecules containing aromatic rings, or by surfactants.[44]
Such non-covalent functionalized graphene materials disperse
readily in polar aprotic solvents. Marcia et al. (2017) reported
the use of pyrene derivatives non-covalently functionalized on
GBMs to overcome agglomeration and facilitate better compatibility between polymer matrix and GBMs.[45] Layek et al. (2012)
reported that the functional groups present on the pyrene
basal plane edge also facilitated better interaction of graphene
with the polymeric matrix.[46] Similarly, Cho et al. (2017) synthesized non-covalently functionalized graphene composites
using pyrene derivates and polyketones with improved barrier
properties and graphene dispersion.[47] The noncovalent functionalization approach shown in Figure 3 enhances the interfacial interaction and dispersibility of graphene in the polymeric
matrix, increasing their potential for use of GBMs in barrier
film applications. Surface functionalization of reduced GO
with anionic surfactant and pyrene increased the stability of
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aqueous dispersion.[42a] Using atomic force microscopy analysis, the formation of strong non-covalent functionalization
and π-surfactants attachment on both sides of reduced GO
nanosheets was demonstrated. XPS and Raman measurement
demonstrated that electronic properties of these graphene flakes
could be tweaked by the surfactant. Jung et al. (2017) designed
a single-stranded DNA functionalized graphene probe for high
precision analysis of H2S and NH3 in exhaled breath despite
the high humidity condition.[48] Functionalization of graphene
with ssDNA leads to effective carrier density modulation by creating an ion-conducting path for proton hopping at humidity
> 80%, enabling potential detection of disease biomarker for
diagnosis of kidney disorders and halitosis. The chemiresistive
probe was designed and fabricated using a hybrid configuration wherein the interaction of ssDNA with graphene occurred
through noncovalent π–π stacking interactions.
Layer-by-layer self-assembly is another inexpensive and
simple technique that can form multilayer films with mechanical properties. In this process, the assembly of negatively and
positively charged materials occurs through electrostatic interaction and bilayer structure formation. The same process is
repeated multiple times to obtain multilayer structures. Several
materials could be decorated with charged groups, and various
functional materials could be attached to the multilayer structure. Examples of such materials can be graphene and carbon
nanotubes. Zhang et al. (2014) reported that graphene’s selfassembled form could make 3D structures useful and stable
for sensing applications.[49] The intrinsic property and the structure allow the self-assembled graphene for biosensor application with efficient performances. For example, Luo et al. (2013)
reported self-ledged graphene with polyalinine composites for
achieving high electrochemical capacitance and fabricating
supercapacitors.[50]
Similarly, the self-assembled graphene structure decorated
with glucose oxidase was used to cater to glucose sensing with a
detection limit of 20 µm.[51] Wang, Kim and Cu (2018) designed
copper nanoparticles, decorated self-assembled graphene to
detect nitrate. Negatively charged poly(sodium four styrene
sulfonate) layer and positively charged poly(diallyldiamine
chloride) were assembled on the substrate to facilitate a firm
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Figure 4. Schematic showing functionalization of nanoparticles on graphene. Both ex situ and in situ binding mechanisms are used for loading
nanoparticles on the graphene sheets. The nanoparticles are functionalized either by CC covalent coupling or non-covalent π–π stacking reactions.
Reproduced with permission.[56] Copyright 2015, Royal Society of Chemistry.

connection between the glass substrate and graphene.[52] Xie
et al. (2016) reported the non-covalent functionalization of
graphene with dextran and chitosan on GO surface by layer
assembly for anticancer application.[53] The chitosan/dextran
functionalized GO composites possess a thickness of 60 nm
and a diameter of 300 nm. Doxorubicin was loaded on the
nanocomposites through electrostatic and π–π interaction with
the doxorubicin’s pH sensitive release in an acidic environment. The surface functionalization of GO improved the drug’s
dispersibility and loading capacity and hindered the nonspecific
attachment of protein on the GO nanosheets.
2.3. Surface Functionalized with Nanoparticles
Nanoparticle (NP) binding on support surfaces of different
properties is a highly topical research field, particularly for heterogeneous catalysis. The 2D network of carbon with flat basal
planes makes graphene the ideal support surface for attachment of metallic NPs and facilitates direct study of the metal
support interaction.
Polydopamine (PDA) functionalized rGO nanosheets and
AuPd NP-based nanocomposites were synthesized using chemical reduction.[54] Photothermal irradiation for 3 min at 915 nm
resulted in a temperature rise of 51 ± 3 °C and led to ablation
of MDAMB-231 cancer cells. This high-performing AuPd-rGO/
PDA nanocomposite demonstrated photothermal ablation of
cancer cells at a low concentration of 25 µg mL−1 due to the synergistic effect of AuPd and rGO. The reported nanocomposites
were highly biocompatible toward non-cancerous cells which
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had > 85% survival rate suggesting that the AuPd-rGO/
PDA nanocomposites could be an ideal candidate for tumour
therapeutics.
Xin et al. (2016) used graphene as a 2D structural model to
investigate NPs’ interactions on their interface.[55] A strategy
to covalently graft p-phenyl NH2 or p-Phenyl SO3H onto graphene’s surface facilitated the homogenous distribution of
platinum (Pt) NPs onto graphene surfaces and reduced the NP
size. The interaction of the Pt NPs was stronger with the functional groups which reduced the coalescence and migration of
the NPs, thus improving the activity and durability of Pt NPs
(Figure 4).
Among the commonly used approaches for NPs functionalization of graphene, metallic salt reduction using sodium
borohydride, sodium citrate, ethylene glycol, and so on, is
common.[57] Notably, the negatively charged functional group
on GO surfaces facilitates positively charged metal salts’
nucleation reaction, resulting in NP growth on the GO surface. This method of synthesizing GO-metal NP composites
preserves the electrical properties of graphene. Further, if the
density of the oxygen-containing groups on GO is controlled,
the density of NP formation can be tuned. Generally, the synthesis of graphene NPs composites by reduction involves a
single step whereby the GO is dispersed in the aqueous system
and simultaneously reduced by a reducing agent. The reaction is similar to the conventional method of synthesizing
metal oxide NPs, that is, reduction, nucleation, and growth.
The cationic metal ions are subsequently reduced after addition of reducing agents, resulting in the growth of NPs on the
graphene surface.[58] The method is easy to perform and gives
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good yield, but the NP morphology and size are difficult to control and can be polydisperse.[59] Xin et al. (2016) deposited Pt
NPs onto three different graphene supports.[55] The preparation
of unmodified graphene was via a modified Hummers method
with chemical exfoliation of graphene followed by GO reduction. Surface functionalization of the graphene was carried out
by grafting p-phenyl NH2 onto the π–π honeycomb network of
the carbon and shows the influence of the graphene’s chemical
properties on the resulting Pt NP morphology. Electron microscopy was used to investigate the platinum–graphene interaction
and the possible orientation of Pt NPs by different GO-surface
functional groups. The activity and durability of the metal NPs
could be tailored through the functionalization of graphene. A
green, simple, and environmentally friendly method to deposit
gold (Au) NPs on polydopamine functionalized graphene was
reported.[60] The self-polymerization of dopamine took place in
an aqueous solution containing graphene. Addition of HAuCl4
led to absorption of AuCl4–1 ions onto the functionalized graphene surface, followed by reduction to Au NPs in situ. Polydopamine thus acted as the surface functional group and the
reducing agent, stabilizing Au NP formation. Chauhan et al.
(2017) synthesized an Au NP GO composite by functionalizing
GO surfaces with folic acid for active tumor targeting.[61] Folic
acid was conjugated chemically onto the GO surface followed
by in situ reduction of gold salt to decorate Au NPs onto the
GO surface.
The hydrothermal method is another widely used method
for synthesizing NPs with narrow size distribution and high
crystallinity on graphene without the need for calcination or
post-annealing processes.[62] The hydrothermal process involves
high pressure and temperature that allow the growth of NPs
and simultaneously partially or fully reduce GO due to the long
reaction time and high temperature. In some cases, reducing
agents are used to ensure the reduction process is completed.[62] Metal oxide NPs such as ZnO, SnO2, and TiO2, are
commonly used to make hybrid graphene-metal oxide NPs by
hydrothermal methods. There are several advantages to functionalizing metal oxide NPs onto graphene, depending on the
size, structure and crystallinity. This method also restacks graphene and suppresses its agglomeration.[33] Enhanced surface
area, increased electron conductivity, and shortened ion paths
are some of the advantages of graphene metal oxide composites
compared to standalone graphene.[63] Park et al. demonstrated
a method of synthesizing completely reduced GO and SnO2
nanocomposites using hydrazine by hydrothermal one-pot
synthesis.[64] Decreased aggregation of reduced GO supported
SnO2 NPs compared to the pure SnO2 NPs synthesis method
was an additional advantage. Zhang et al. synthesized CdS NP–
graphene nanocomposites using a hydrothermal method to
simultaneously form reduced GO and CdS NPs of controlled
size and density,[35] leading to promising photoactivity and light
driven photocatalysis.
2.4. Plasma Hydrogenation of Graphene
Recently, researchers have extensively used hydrogenation of
graphene as a novel surface functionalization method. There
are several routes through which preparation of hydrogenated
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graphene can be performed,[65] wherein there is a requirement
for either graphene lattice activation (C-activation) or hydrogen
activation (H-activation) to make the reaction functional. One
of the most extensively used techniques for hydrogenation of
graphene is through plasma, wherein graphene is exposed to
an argon or hydrogen plasma.[65] In this technique, the activation of hydrogen gases is performed through radio frequency
or electric discharge to form plasma. Upon exposure to plasma,
graphene reacts with the hydrogen atom and forms hydrogenated graphene. On exposure of graphene to the plasma,
there are other kinds of reactions that could take place such
as oxidation, fluorination, hydrogenation. According to Jones
et al. (2010), plasma contains energetic electrons that lead to
fragmentation of water molecules physisorbed on graphene
causing graphene hydrogenation.[66] Removal of the water later
by high temperature annealing of graphene and then exposing
the graphene to hydrogen plasma revealed, through Raman
spectroscopy, that there were no significant defects on the surface of graphene post hydrogen plasma exposure in this case.
Wojtaszek et al. (2011) found that argon plasma did not create
increased defect density on the graphene surface, whereas graphene exposure to hydrogen/argon plasma did, further suggesting a role for physisorbed water, where argon holds enough
energy to cause fragmentation of water molecules.[67] Felten
et al. (2014) found that the major species involved in the hydrogenation reactions are H+, H2+, and H3+, the abundances and
energy distribution of which vary at different locations within
the plasma chamber, hence giving rise to different reaction
chemistries[68] and explaining discrepancies of earlier research
outcomes.
The major benefits of plasma hydrogenation over other
conventional methods include the simplicity of the chemical reaction, that is, the reaction involves hydrogen and
carbon. This reduces the chances of contamination during
the functionalization of graphene with unwanted elements
or molecules.[69] Plasma hydrogenation is finetunable, and
the majority of the reaction parameters (composition, temperature, etc.) can be altered based on experimental needs.[70]
Another advantage of hydrogenating the surface of graphene is the good level of hydrophilicity that results, which
can be exploited for biological application. Son et al. (2019)
fabricated a novel hydro fluorinated graphene by indirectly
exposing xenon difluoride and hydrogenated graphene.[71]
The surface properties of these materials can be tailored by
controlling the concentration of hydro fluorinated graphene.
This technique also helps in tailoring properties such as surface friction, wettability, and electrical conductivity. Hydro
fluorinated graphene demonstrates intermediate surface
properties, like wetting angle between 42° ± 2° (hydrophilic)
and 95° ± 5° (hydrophobic). The resulting novel functionalized graphene with innovative surface patterning acts as a
flexible platform for electrically/chemically modulated surfaces for biomedical application or lab on a chip-based biological applications. Moschetta et al. (2021) reported that
monolayer graphene, grown with the help of chemical vapor
deposition, treated with hydrogen plasma, resulted in hydrogenated graphene.[72] The author demonstrated enhanced
cell to cell communication with primary cortical neurons
was achieved by hydrogenated graphene as compared to
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the non-functionalized graphene. The fabricated hydrogenated graphene demonstrated higher wettability (improved
hydrophilicity) as compared to pristine graphene with water
contact angle of 83° and 40° for hydrogenated graphene and
pristine graphene, respectively. The electrical conductivity of
the fabricated hydrogenated graphene wasn’t compromised.
Such functionalization of graphene enabled a detailed understanding of the neuronal behaviour on graphene interfaces
and gave a novel insight into the biomedical application of
graphene.

3. Unintentional Biological Surface
Modification-Corona Formation
For biomedical applications, GBMs will enter the blood circulatory system through intravenous, intramuscular, or intraperitoneal administration. Upon entering the bloodstream
microenvironment, GBMs will be surrounded by a large
number of haematological moieties such as plasma proteins
and blood cells, which will interact and unintentionally functionalize the graphene surface. This biomolecular corona,
which was initially defined as protein adsorption onto the NM
surface, describes the spontaneous adsorption of biological
molecules including proteins, metabolites,[73] and DNA[74] to
the NM surface. This biomolecular corona alters the surface
chemistry of the particles and provides a “biological identity”
to the NMs, whereby the body recognises them as “self”.[75] As
a result, proteins and potentially small molecules in the corona
interact with cellular receptors thus initiating cellular uptake
mechanisms and other signaling pathways that may eventually
lead to adverse outcomes or toxicity.

The proteins in the corona of GBMs have been studied.
Adsorption to the surface of GBMs rapidly following exposure
to the biological fluid affects the colloidal stability, uptake, and
eventual toxicity.[76] The presence of fetal bovine serum (FBS)
significantly enhanced the cell viability from 51% to 87% following treatment with 200 mg L−1 GO (Figure 5a,b).[76b] The
mitigation effects are ascribed to the formation of protein
corona on the surface of GO, which changes the interaction mode of GO with the cell membrane from penetration
(damage) to simply attachment (Figure 5c). As revealed by
molecular dynamics (MD) simulations, the protein corona
increased the thickness of GO which limited GO insertion
into the cell membrane and reduced its lipid extraction power
toward the cell membrane (Figure 5d).
In the case of metallic NMs, it is well documented that the
corona varies as a result of particle composition, size, shape,
and surface modifications.[77] These NM features also affect
the protein corona of GBMs, making the characterisation
of GBMs based corona important as it is distinct from other
carbon based NMs. A study in 2015 showed that compared
to carbon black and carbon nanotubes, GO had both qualitative and quantitative differences in protein corona composition. For example, complement proteins, an important family
of immune response proteins, were found at higher concentrations in the corona of GO and some complement proteins
were only in the GO corona, whereas albumen was present
at higher concentrations in the coronas of carbon black and
the CNTs.[76a] This was attributed to GO’s lack of surface curvature and the negative surface charges via the availability of
oxygenated functional groups on the particle surface leading to
hydrogen bonding and electrostatic interactions with proteins.
It is also significant to note that while proteins impact upon

Figure 5. a) SEM images of cell membrane interactions with GO and protein-coated GO. Images from left to right are untreated A549 cells, A549
cells treated with GO in serum-free condition, A549 cells treated with GO in 1% FBS culture medium, A549 cells treated with GO in 10% FBS culture
medium, and A549 cells treated with BSA-coated GO. Arrow indicates edge penetration of cell membrane by GO. Scale bar = 5.0 μm. b) Viability of cells
in the presence of GO and protein-coated GO. c) Live / dead staining of A549 cells after treatment with GO or protein-coated GO for 24 h (Green: live
cells, Red: dead cells). d) Representative structures for dipalmitoylphosphatidylcholine (DPPC) extraction by graphene. Upper row shows BSA-coated
graphene on a DPPC membrane. The bottom row shows bare graphene on a DPPC membrane. From left to right: Initial configuration for molecular
dynamics simulations, early stages of lipid extraction at graphene coverage of about 0.1, late stages of lipid extraction at graphene coverage near the
maximum. Adapted with permission.[76b] Copyright 2015, Royal Society of Chemistry.
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the surface properties of GBMs, the reverse is also true. MD
and lab studies have shown that while proteins rapidly adsorb
to GBMs, the structural characteristics of beta-sheet and alpha
helix rich proteins are altered in as little as 100 ns with changes
in secondary and tertiary structures occurring also.[76a,78] These
are important considerations as protein unfolding may inactivate or mask epitopes meaning, they are unable to interact
with the surrounding environment. This may result in loss of
desired functionality for nanomedicines or change the uptake
and toxicity of the GBMs.
The colloidal stability of GBMs is enhanced through the
adsorption of proteins to their surface.[76d,79] GBMs in a proteinfree environment are prone to aggregation via π–π interactions
and this is also influenced by electrolyte concentration.[79a] As
the concentration of proteins in biological matrices increase,
more protein adsorbs to the GO and this overcomes any electrostatic attraction between lysine residues and the oxygen
moieties at the GO surface. As a result, the GO’s colloidal
stability increases as increased protein concentration induces
steric repulsion.[79a] Conversely, there is growing evidence that
aggregation is a key driving force in the formation and composition of the corona,[80] providing a two-way interaction between
GO and proteins. In the case of graphene nanoflakes, stable
colloids can be formed following 2 h of ultra-sonication with
complete serum where it is thought that the proteins in the
acquired corona stabilize the highly hydrophobic nature of the
nanoflake surface.[81]
The toxicological profiles of GBMs (as all NMs) are determined by their biomolecular corona due to it being the first
component of the GBMs to interact with cellular receptors and
membranes. In many studies, the corona is limited to just a
single protein such as BSA which provides an indication of
how proteins interact with GBMs and affect their toxicity. At
low concentrations of protein, ≈1%, which is far below that
found in blood products or tissues, GO shows a concentrationdependant cytotoxicity via cellular damage caused by direct
interactions between the graphene sheet and the cell membrane.[82] However, at higher concentrations, the protein corona
significantly decreases cytotoxicity by reducing interactions
with the phospholipid bilayer membranes, thus, cells maintain
the native morphology.[75,76b,82,83] As GBMs are released into
the environment, they are likely to interact with non-human
proteins and biomolecules. Pattammattel et al. showed that
exposing graphene to proteins from six species improved colloidal stability and reduced cytotoxicity in 2 human cell lines
and in an in vivo study of Caenorhabditis elegans.[79b]
Recent studies have revealed that tailoring of the protein corona can be achieved by modifying the content of
oxygen-containing functional groups on the graphene surface (Figure 6).[84] Increasing the number of hydroxyl groups
on the graphene surface reduces the adsorption of proteins
(Figure 6a). Adsorption of proteins onto graphene surface may
change the secondary structure of the proteins (Figure 6b). Preadsorption ApoE onto graphene rendered the materials less
vulnerable to macrophage recognition and consequent engulfment (Figure 6c). However, the uptake of IgE pre-coated graphene showed no difference from that of pristine graphene,
suggesting that specific proteins in the corona are responsible
for cellular recognition and uptake of graphene. Significantly
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enhanced blood circulation of graphene in vivo is also observed
after pre-coating with ApoE, compared with IgE coated or
pristine graphene (Figure 6d).If GBMs are to be utilized as
nanomedicines, it is important to characterize their behavior
in patients who are ill and thus express different proteins. A
number of studies have now demonstrated that GBMs can
recruit a disease-specific biomolecular corona[76c,85]. In one such
study on GO with a range of disease specific plasmas such as
diabetes, blood cancer, and rheumatism, it was found that the
specific coronas can lead to different hydrodynamic sizes and
zeta potentials, which affects their behavior and biological endpoints such as cellular toxicity, uptake, ROS generation, and
lipid peroxidation. These are vital studies to perform prior to
the application of GBMs as nanomedicines. It is also essential to consider the structure of proteins within the corona. In
a recent study investigating graphene nanoflakes, it was demonstrated that ≈50% of the corona was comprised of albumen,
apolipoproteins, and immunoglobulins.[81] This is significant as
all of these proteins contain epitopes that allow them to interact
with cellular receptors or other proteins in the serum. Uniquely
in this study, immunoassays were performed using anti-ApoA-1
and anti-apoB100 antibodies which were used to confirm the
presence of presenting epitopes for the anti-APOA-1 antibodies.
The apoB100 antibodies returned no positive results due to it
not being present in the graphene nanoflake corona. These
findings suggest that the proteins bound to the graphene retain
some of their functionality and can still interact with receptors,
leading to mechanistic insights as to the graphene distribution
and biological endpoints.[81]
PEGylation is widely regarded as an accepted method to
limit the formation of the protein corona on NMs including
GBMs[86] although no such studies have been demonstrated
for other molecules in the biomolecular corona. Despite this,
there is some evidence to suggest PEGylation does not entirely
mask GBMs from the immune system, when assessed in vivo
with human macrophages. Studies have shown that PEGylated
graphene elicits an immunological response and increases
cytokine excretion.[86c] Furthermore, the surface chemistry
could be modified to change the composition of proteins
recruited and thus, the cytotoxicity of GO; for example, functionalization with mannose significantly altered the content of
the protein corona while also reducing cytotoxicity.[87] Another
option is to decorate the graphene with purified plasma proteins to help evade the immune system; this has the added
benefit over PEGylation of being an endogenous protein addition rather than an unnatural polymer. In particular, albumin
and compliment factor H have been shown to reduce complement system activation by 40% and >90% respectively. The
latter is particularly potent and more efficient than PEGylation
potentially due to complement factor H acting as a compliment system inhibitor.[88]
While the bulk of the research on the biomolecular corona
of GBMs has focussed on proteins, there is growing evidence
that small molecules, or metabolites, which are sub 1000 Da
in size and act as substrates, intermediaries, and reactants of
enzymatic reactions, can also play a key role in the formation of
the corona.[73a] In the case of GO, it has been demonstrated that
in the corona formed from blood products, these small molecules dominate the corona and regulate the generation of ROS
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Figure 6. a) Computational simulation of the interaction of IgE and ApoE with three different graphene NMs. b) Secondary structure content of IgE
and ApoE on the graphene after a 200 ns MD simulation. Free indicates the secondary structure of the proteins in water. c) Macrophage uptake of dyelabelled GallOH and counterparts coated with IgE and AopE. Lysosome compartment and nucleus were stained to guide the eyes. d) Biodistribution
profiles of GhalfOH and GallOH in blood, liver, spleen, lungs, and tumor. Adapted with permission.[84] Copyright 2021, Nature Publishing Group.

which can both drive corona formation and biodegradation of
GO sheets.[89] Given that biodegradation is an important factor
in the elimination of GO from the body, further investigation
of the small molecule portion of the biomolecular corona is
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required to elucidate the endpoints of graphene exposures in
addition to understanding the impact of corona composition
on molecular initiating events in adverse outcome pathways
related to GO and GBMs.
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GO is becoming of significant interest for bioremediation
and recent work has looked at how proteins covalently linked
to GO may aid heavy metal binding[76d,90]. In a recent study,
BSA was covalently bound to GO to enrich the availability of
carbonyl and amino groups to increase the number of active
sites for the adsorption of uranium. This approach led to more
uranium being adsorbed in a shorter time-period, and proved
effective for the adsorption of uranium from seawater, demonstrating its environmental applicability in samples of high
salinity.[90] Martinez et al. evaluated the impacts of BSA on the
stability of GO and its ability to adsorb cadmium and mitigate
its toxicity to the model aquatic organism Daphnia magna.
This work showed that BSA increased GO stability by 60% by
reducing its tendency to aggregate, and that the BSA corona
allowed 4.5 times more cadmium to be adsorbed compared
to GO alone. However, if this is to be used for environmental
remediation, it’s vital that the GO–BSA–cadmium complex
does not increase toxicity to aquatic organisms. In an acute
toxicity study assessing D. magna immobilization, GO–BSA
reduced the toxicity compared to GO and cadmium alone by
110% and 238%, respectively.[76d]

4. Toxicity of Functionalized GBMs
Modification of GBMs with functional groups or macromole
cules, as discussed in the previous sections, are promising
strategies to improve aqueous dispersibility, biocompatibility
and stability, and biodegradability of the GBMs as well as
facilitating high drug loading capacity, target ability, and more,
which consequently enhance their biotherapeutic efficacy.[91]
However, pharmacogenomic and toxicity assessments of these
bionanocomposites are needed to broaden our understanding
of their potential toxicity and to direct further studies into
overcoming negative biological effects through safe- by-design
approaches in order to enable their safe use in biomedical
applications. GBMs, like many nanomaterials, can access the
human body in different ways, for example, inhalation, intentionally via intravenous or intranasal administration for drug
delivery, or as implants for tissue engineering. The potential
adverse effects of GBMs on human health and the environment
have been comprehensively evaluated in a recent review paper
by Fadeel et al.[6] The present review does not intend to be a
duplication of that work. Rather, we focus on the role of surface
functionalization on the toxicity of GBMs, although few studies
have addressed this directly to date.
4.1. In Vitro Toxicity of Functionalized GBMs
The toxicity of graphene is largely dependent on the surface
properties as the surface is the substrate for interaction with
biomolecules and cell membranes. Therefore, the toxicity of
GBMs can be changed by modifying the surface properties,
that is, by functionalizing the surface. Coating GO with biocompatible macromolecules such as PEG or dextran (DEX)
was shown to significantly attenuate the toxicity of GO. Li et al.
found that compared to plain unfunctionalized GO, GO–PEG
exhibited remarkably reduced cell growth inhibition (reduced
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by 30%) and DNA damage (reduced by 40%) after 72 h exposure at 200 µg mL−1 to the human liver cell line HL-7702,
human lung fibroblast cell line MRC-5, and human macrophage line U937.[92] When covalently conjugated with DEX,
the inhibition of Hela cells proliferation was notably less significant as compared to the as-prepared GO.[82] Sasidharan
et al. found that pristine graphene accumulated on the cell
membrane of monkey renal cells due to its highly hydrophobic
interaction with cell membrane lipids and caused cell apoptosis, whereas carboxyl functionalization inverted the hydrophobic nature and the GO–COOH NMs were internalized by
the cells and accumulated in the perinuclear region without
causing any membrane destabilization or toxicity even at a
dose of 300 µg mL−1.[93]
However, there are contradictory results demonstrating cytotoxicity of functionalized GBMs. For example, GO nanosheets
(GOs) decorated with 1-arm (1-GOs) and 6-arm (6-GOs) PEG
localized on F-actin filaments following internalization and
resulted in cell-cycle alterations, oxidative stress, and apoptosis in MC3T3-E1 murine pre-osteoblasts, Saos-2 osteoblasts, and RAW-264.7 macrophage cells.[94] Halogenated graphene (GOCl, Br, I, F) demonstrated a dose-dependent
cytotoxicity to A549 cells over the concentration range of
0–200 µg mL−1, with cytotoxicity increasing with increasing
halogen functionalization[95] or higher mono-fluoro substituted carbon atoms.[96] Hydrogenated graphene (HHG) showed
higher toxicity than GO when exposed to A548 cells at concentrations from 0–400 µg mL−1, which was attributed to the
limited nutrient availability due to the preferential adsorption
of essential micronutrients onto the hydrophobic surfaces of
HHG compared to the hydrophilic surfaces of GO sheets.[97]
Graphene oxide has shown potential to enhance neuron cell
growth, the effect of which can be manipulated by tuning their
surface charge with varying functional groups. For example,
positively charged GONH2 showed stronger stimulatory
effects than zwitterionic GOPABS, neutral GOOCH3 and
the GOCOOH (Figure 7).[15] However, another study showed
that functionalized pristine graphene, i.e. G-COOH, GNH2,
and GOH, caused neurotoxicity to SKNSH cells at concentrations as low as 0.1 mgL−1 after 24 h.[98] However, the toxicity
was attenuated over longer exposure times, with the exception
of GNH2. The overall acute toxicity followed the order: GOH
≈GCOOH > rGO > GNH2, while GNH2 induced more
persistent toxicity and more metabolic disturbance compared to
the other GBMs, with lipid and carbohydrate metabolism being
the most affected. This suggests that GNH2 might not be as
safe as reported in some studies which identified it as a cell
growth enhancer, and thus longer-term studies are required to
understand the chronic effects of GBMs on cell growth.
4.2. In Vivo Toxicity of Functionalized GBMs
The in vivo toxicity of GBMs is also highly affected by surface
functionalization, which is due to the surface-dependent biological interactions. It has been reported that mice orally administrated with high doses (4 mg per kg) of 125I labelled PEGylated
GO derivatives (nGO-PEG, RGO-PEG, nRGO-PEG) showed
no obvious tissue uptake of those NMs, while intraperitoneally
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Figure 7. Immunochemistry staining images of hippocampal neurons (upper row) and magnified single neurons (bottom row) after 7 days of culture
on GOCOOH, GOOCH3, GOPABS, and GONH2. Adapted with permission.[15] Copyright 2014, Royal Society of Chemistry.

administrated mice showed high accumulation of PEGylated
GO derivatives but not GO in the reticuloendothelial system
(RES) including retention in liver and spleen for a long period
of time (30 days), with larger-sized RGO-PEG showing nearly
twofold higher RES uptake compared to smaller nGO-PEG
and nRGO-PEG. However, the toxicity of these functionalized
GO (50 mg per kg) toward the treated animals was not significant.[99] Zhang et al. coated GO with DEX through covalent
modification before the NMs were intravenously injected into
mice at a dose of 20 mg per kg. The GO-DEX mainly accumulated in RES organs including the liver and spleen, from which
the majority of GO-DEX were excreted within a week, and no
noticeable short-term toxicity was found in GO-DEX treated
mice.[82] In another study by Yang et al., the long-term in vivo
biodistribution and toxicity of 125I-labeled nanographene sheets
(NGS) functionalized with PEG following intravenous injection (20 mg per kg) into Balb/c mice found that PEGylated
NGS accumulated mainly in the RES and that treated animals
showed gradual clearance of graphene without obvious toxicity
after 3 months.[100]
However, contradictory results found that intravenously
injected nanographene oxide (NGO) functionalized with poly
sodium 4-styrenesulfonate (PSS) was retained in liver, spleen,
and lungs for at least 6 months and resulted in acute liver
injury and chronic inflammation of the lung, liver, and spleen
in mice given a dosage of 16 mg per kg.[101] Another 3-month
consecutive whole-animal in vivo tracking study revealed that
after intravenous administration of mice with 20 mg per kg fewlayer graphene (FLG) and its carboxylated (FLG-COOH) and
PEGylated (FLG-PEG) derivatives, the animals showed persistence of FLG and FLG-COOH in lung, spleen, liver, and kidney,
leading to acute immune and inflammatory responses and significant organ damage in mice. FLG-PEG, in spite of its persistence within liver and spleen tissue for 3 months, did not induce
any toxicity or damage to the organs.[102] Modification of GO with
NH2, poly (acrylic acid) (PAA) and PEG reduced the lethality
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by pristine GO, while surface modification by polyacrylamide
(PAM) exhibited similar in vivo toxic effects to pristine GO.[103]
Among all tested variants, GO-PAA showed the least toxicity
and greatest biocompatibility in vivo, which was due to the differential compositions of the acquired protein corona, especially
immunoglobulin G (IgG), that determined their cell membrane
interaction and cellular uptake, the extent of platelet depletion in
blood, thrombus formation under short-term exposure, and the
pro-inflammatory effects during long-term exposure. Inflammatory changes (e.g., increased neutrophil counts, increased
IL-1β and TGF-1β level, and LPS-induced CXC chemokine) in
bronchoalveolar lavage fluid (BALF) and pulmonary fibrosis
(increased collagen production) were observed in mice administered a pharyngeal aspiration of 2 mg per kg of BSA-coated
GP (BAS-GP). However, aspiration of Pluronic F108 -coated GP
(PF-GP) failed to exert fibrogenic effects after aspiration. The
authors noted that surface reactivity and size have important
roles in the induction of pulmonary fibrosis.[104] The toxicity
of dextran-coated GO nanoplatelets (GNP-Dex) was assessed
by intravenously administering rats with GNP-Dex at doses
10–100 times higher (1–500 mg per kg) than the projected therapeutic dose, as recommended by the preclinical safety pharmacology guidelines on toxicity assessment. The authors found that
the maximum tolerable dose of GNP-Dex is 50–125 mg per kg.
At doses under 125 mg per kg, GNP-Dex does not significantly
affect the respiratory, cardiovascular, or haematological factors
(blood, lipid, and metabolic panels), but histopathology changes
were noted at ≥250 mg per kg in the heart, liver, lung, spleen,
and kidney.[105] Based on these studies, we deduced that in vivo
behavior and toxicity of GBMs are closely associated with the
chemical composition of the functionalized surface (functional
groups) as well as the applied dose, size, corona on the surface,
and the administration routes.
Lee et al. compared the toxicity of six types of graphene nanoplatelets (GNPs) using a rat intratracheal instillation model,
including pristine GNPs (GNPdot), and different functional
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Figure 8. a) Schematic representation of the structure of pristine GO, rGO, and hGO. b) Assessment of carbon radical formation, quantification by
EPR, and schematic describing the link to ROS generation. c) Confocal imaging of FITC–BSA-labeled GO samples in BEAS–2B cells. d) Flow cytometry
analysis to quantify the percentage of cells undergoing lipid peroxidation, and propidium iodide (PI) staining to assess membrane permeability in
primary alveolar macrophages. Animal exposure to rGO-2, GO, and hGO-2 nanosheets was performed using oropharyngeal aspiration of 2 mg per
kg of each sample. Animals were sacrificed after 40 h to collect primary alveolar macrophages. e) H&E staining to visualize pulmonary inflammation
(arrows represent GO flakes), and the cytokine release in the BALF. BALF was collected from animals exposed to 2 mg per kg of the various GO sheets
for 40 h. Adapted with permission.[107] Copyright 2018, American Chemical Society.

groups: COOH (GNPCOOH), COH (GNPO2), NH (GNPN2),
Fx (GNPF), and NH (GNPNH2). All types of GNPs produced
acute neutrophilic inflammation in the lungs and showed
similar patterns of extrapulmonary translocation into the mediastinal lymph nodes, but the positively charged GNPs (GNPN2
and GNPNH2) showed higher inflammogenicity (significantly
higher number of polymorphonuclear leukocytes (PMN)) than
negatively charged ones.[106] This implies that the surface charge
plays an important role in GNPs-induced lung inflammation,
while functional groups may not play a role in the extrapulmonary translocation into the mediastinal lymph nodes.
Surface oxidation state and reactive surface groups are also
critical factors determining the toxic responses in vivo. Li et al.
compared pristine GO, rGO, and hydrated GO (hGO) with
increased surface oxygen density and carbon radical density
(Figure 8a).[107] The hGO, which possesses the highest surface
carbon radical density, induced lipid peroxidation of the surface
membrane, membrane lysis, and cell death (Figure 8b,c). In
contrast, pristine GO showed less effects, while rGO showed
extensive cellular uptake with minimal effects on viability.
After 40 h of oropharyngeal aspiration, hGO was more prone
than the other GO materials to generate acute lung inflammation, accompanied by the highest lipid peroxidation in alveolar
macro
phages, cytokine production (LIX, MCP-1), and LDH
release in bronchoalveolar lavage fluid (Figure 8d). Pristine GO
showed less toxicity than hGO, while rGO had minimal effects.
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4.3. Ecotoxicity of Functionalized GBMs
The chances of ecosystem contact with GBMs increase when
they are used for environmental remediation. Functionalized GBMs, for example, PEI-modified rGO (PEI-rGO),
silver NP functionalized PEI-rGO (PEI-rGO-AgNPs),[108] poly
(N-vinylcarbazole) graphene (PVK-G),[109] PVK-GO,[110] magnetic
rGO functionalized with glutaraldehyde (MRGOGA),[111] and
more, have been found to efficiently kill bacteria by interacting
with intracellular contents or reducing the microbial metabolic
potential.[112] Although the toxicity of GBMs to microorganism
is vital for antimicrobial products in environmental and clinical
applications, it also poses a threat to the environmental microbial community structure and activity, which potentially affects
the balance of the whole ecosystem.[113] Indeed, GBMs have
also been reported to exert cytotoxic effects on other invertebrate or monocellular organisms.[114] For example, functionalized GO have caused toxicity in D. magna due to accumulated
graphene.[115]
When present in the environment, graphene properties
may alter and thus influence their environmental behavior. For
example, ambient water and visible-light irradiation resulted in
alteration of the morphology, structure, and surface chemistry
of graphene, transforming large-sheet graphene to long-ribbon
graphene, decreasing graphene thickness, enhancing the disordered structure of graphene, and increasing the d-spacing
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of the graphene. All these alterations / unintentional functionalization reduced the toxicity of graphene to algal cells due to
the reduced structural effects, rigidity, and photoreactivity.[116]
Under normal physiological conditions (20 °C), GO and GO
functionalized with PEGylated poly-L-lysine (GO/PP) did not
induce any changes in the mean longevity, integrity of the
body wall, reproduction, or locomotive behaviour of C. elegans
at 5–20 µg mL−1, however, under stress conditions (oxidative
stress or heat stress), GO/PP significantly impaired the stress
resistance capacity of the worms, with the mean lifespan of
the nematodes decreased by 15–48% at 5 and 20 µg mL−1. The
authors speculate that under stress conditions, GO/PP may
facilitate the electron transfer of cytochrome c to H2O2 and
generate active free radicals which may be detrimental to the
worm.[117] These studies highlight the necessity to unravel the
toxicity of functionalized GBMs under environmental or pathophysiological conditions in the future.
4.4. Role of Surface Functionalization on the Toxicity of GBMs
By reviewing the literature, it can be concluded that surface
functionalization with large polymers (e.g., PEG, dextran, polyL-lysine, polycaprolactone or polyvinyl alcohol), proteins or
DNA largely decrease the toxicity and improve the biocompatibility of GBMs. However, the effects of functionalization with
small functional groups or elements depends on the chemical
nature of the functional groups, surface defects on the GBM, as
well as the cell type tested. For example, hydroxylation generally enhances the toxicity based on the existing reports. Amine
groups reduce the acute toxicity of GBMs; however, long-term
negative effects are possible, as observed in neuronal cells.[98]
Increasing surface oxygen content generally increases the toxicity of GBMs.
The origin of the surface-functionalization induced alteration of toxicity is related to the accompanying change of the
surface chemistry and charge. Surface passivation is perhaps
the main mechanism for the attenuation of material toxicity,
through surface functionalization with large molecules. GBMs
have the capability to insert and extract phospholipids from the
cell membrane, which is driven by the strong dispersion interaction between the GBM surface and the lipid molecules, and
can be reduced by coverage of the GBM surface by functional
agents. Instead of membrane penetration, covering GBMs with
large biomolecules can completely change the surface of the
GBMs, increasing their cellular recognition and receptor mediated uptake, biocompatibility and clearance,[82] thus attenuating
GBM toxicity. Another key mechanism of GBM induced biological effect is the recruitment of membrane cholesterol. It has
been reported that graphene or graphene oxide increases the
content of membrane cholesterol content, thereby triggering
different responses such as disruption of Ca homeostasis or
potentiation of neurotransmission.[118] Surface functionalization
may mask such effects due to the coverage of the GBM surface,
which requires further studies.
Surface functionalization also affects the surface charge
distribution on GBMs sheets, thereby determining the interactions of GBMs with cell membranes and molecules.[119]
Negatively charged carboxyl groups can physically damage the
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cells through charge transfer to the cell while positively charged
amine groups have no charge transfer to cell thus showing
lower cytotoxicity.[119b]
The oxidative potential of GBMs, which is one of the mechanisms that contributes to their toxicity (via generation of
reactive oxygen species and resulting oxidative stress), varies
with the surface functionalization. This is typically examined
by measuring the reaction of GBMs with antioxidants such as
glutathione (GSH). Oxidation of GSH causes reduction of its
antioxidative capacity thereby inducing oxidative damage. For
example, it has been shown that carboxylated graphene has
stronger GSH oxidation capacity than hydroxylated and aminated graphene, so thus has higher cytotoxicity.[98] The oxidative potential can also be examined by measuring the free
radicals generated by GBMs. For example, high carbon radical density due to hydration increased the toxicity of GO.[107]
Another study shows that endoperoxides, which are redoxactive moeties on the GO surface, are directly invovled in the
oxidative damage of the cells.[120] Whether surface functionalization affects the oxidative capacity of GBMs needs to be systematically explored.
Surface functionalization with different functional groups
may change the physical interaction mode of GBMs with the
cell membrane. For example, GO with oxygen-containing functional moieties tends to interact with bacterial cells by aligning
parallel to the bacteria while rGO with less surface oxygen tends
to contact with cell membrane side-on via their sharp edges.[113]
It is also reported that graphene functionalized with carboxyl
and hydroxyl groups contacted cell membrane with the edge of
wrinkles on the flat plane, while aminated graphene attached
to the cell surface parallelly.[121] Contact with the sharp edges of
graphene generally favors the penetration of GBMs into the cell
membrane thereby causing membrane damage.[122]
The effects of GMB surface characteristics and their interplays need to be systematically investigated in order to enable
determination of the drivers of toxicity which can then be used
as descriptive factors (descriptors) for developing predictive
GBM toxicity models as shown schematically in Figure 9.
An emerging direction in toxicity assessment is the establishment of so-called adverse outcome pathways (AOPs),

Figure 9. Factors to be considered for evaluating the toxicity of surface
functionalized GBMs and for developing predictive attachment, uptake,
and toxicity models. The wedge indicates increase of the factor and the
arrows indicate increase (upward facing) or decrease (downward facing)
of toxicity.
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which aim to mechanistically connect the steps from exposure to a chemical through the series of signaling events
induced to an eventual adverse outcome. An AOP is triggered
by a molecular initiating event (MIE), leading to a signaling
response via a series of key events that can be determined
from systems biological (omics) measurements of changes
in the expression of key proteins, lipids, or metabolites.[123]
The AOP framework is beginning to be applied to NMs,[124]
with surface attachment being considered as a candidate MIE
as this triggers a number of signaling pathways that can be
directly steered by NM interactions with biomolecules.[125]
The molecular level description of the initiating event and the
underlying physical interaction make it possible to relate the
physicochemical properties of the NM to the probability of a
MIE via quantitative structure– or property–activity relationships (QSAR/QSPR)[125] (see also section 6.2.1). While there
have not been any reports of AOPs for GBM as yet as they
are a relatively new family of materials, a draft AOP on the
fibrogenic activity of CNT has been developed, linking the
physico-chemical properties of CNT to induction of fibroblast
proliferation, differentiation, and collagen production.[126]
Additionally, a systematic methodology was created for
curating, organizing, and applying the available nanosafety
literature for identifying key events (KEs) in AOPs.[127] Thus,
as a detailed understanding of the attachment of GBM to cellular surfaces and the consequent impacts for uptake, toxicity, and biodistribution emerge, it will become possible to
establish AOPs for GBM, and to identify the key surface characteristics driving the biological responses.

5. Uptake and Biodistribution of GBMs
5.1. Cellular Uptake
The mechanism of cellular internalization of NMs, in general,
is not well-known.[128] The lipid bilayer of the cell membrane
has a dynamic nature that facilitates the membrane trafficking
of proteins and other macromolecules into the cell.[129] These
dynamic processes can also play a critical role in the cellular
internalization of GBMs, for example, they may enter cells
through some known mechanisms of phagocytosis, macropinocytosis, caveolar-mediated endocytosis, or clathrin-mediated
endocytosis.[130] Lessons learned from the cellular uptake of
other nanomaterials showed that what cells see is the surface of nanomaterials, implying that surface functionalization of GBMs can play a significant role in mediating their
cellular uptake.[131] GBMs have considerably high free surface
energy owing to their structure where, in the case of mono
layered sheets, all the atoms of the sheets are on the surface
and exposed to the surrounding medium on two sides.[5] Consequently, if a naked sheet interacts with a cell membrane, it is
expected to attach strongly to the membrane lipids.[132] When
the Brownian motion and entropic driving forces in the nearmembrane region position graphene sheets on the bilayer
plane, edge-first uptake of the sheets can take place.[10b] Li
et al. calculated a high energy barrier for membrane penetration of GBMs.[10b] They demonstrated that entry could be initiated at the irregular edges of graphene sheets followed by local
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piercing and membrane propagation along the graphene edge.
However, for effective cellular internalization, the graphene
sheets should also be sufficiently small,[133] otherwise, as with
long rigid CNTs, frustrated phagocytosis may result.[134]
Physicochemical properties of GBMs such as chemical composition, size, shape, surface chemistry, state of oxidation, and
more, may play a considerable role in their interaction with
cells and cellular internalization.[130] While most of the medical
oriented scientific efforts have been focused on controlling
NMs internalization through phagocytosis and by functionalization of the surfaces,[135] the geometry of NMs, in general,
can modulate their phagocytosis.[136] To date, no comprehensive
study was carried out to reveal the effect of GBMs geometry
on their cellular uptake. Graphene sheets have a 2D structure;
thus, unique nano-bio interfaces could be formed when these
NMs encounter the cell membrane.[137] This can further complicate understanding the mechanisms of cellular internalization of GBMs compared to other uniform NMs.[138] This hinders the promotion of GBMs applications in biomedicine and
understanding of the toxicity of these NMs for environmental
risk assessment.
The lateral dimension of graphene sheets, which ranges
from 10 nm to <10 µm, affects the interaction of the sheets with
cells and membrane propagation. It is expected that cells might
struggle with the uptake of graphene sheets with large lateral
size as observed for silicon and carbon nanowires.[139] However,
a previous study showed that despite having a large length,
some needle-like GBMs (length of 1.1 mm) can efficiently internalize into the cytoplasm of human dermal fibroblast cells.[140]
By labeling GO with gold NMs and tracing them using surfaceenhanced Raman scattering spectroscopy, Huang et al. documented that GO can enter Ca Ski (human cervix (small bowel
metastasis)) cells mainly through clathrin-mediated, energydependent endocytosis and distribute inside the cells.[27] A
small variation in lateral size could result in a big difference
in the pathway through which GBMs enter cells.[141] Using
computer simulations, Guo et al. found that graphene sheets
could directly penetrate the cell membrane (in the case of small
sheets) or undergo a vesiculation process (in the case of large
sheets) with the formation of a hemisphere lipid vesicle.[142]
By decreasing the lateral dimensions of GO, the cellular internalization of the sheets increases in human monocyte-derived
macrophages.[133] It was hypothesized that the parallel arrangement of the graphene sheets on the cellular surface could promote the internalization of the GO by the cells. The number
of the membrane receptors required for cellular uptake of
graphene is also influenced by the lateral dimension of the
sheets.[5] By increasing the number of layers in the structure of
graphene, the cellular uptake might decrease.[143]
Multi-layer graphene sheets are thicker and have a smaller
volume-specific surface area compared to monolayer sheets.
Thus, various graphene sheets may have different colloidal
behavior and form different nano-bio interfaces when encountering cells’ membranes, which in turn can influence their cellular uptake. Guo et al. concluded that the smooth edges of graphene NMs can enhance the translocation of the sheets across
the membrane and the size of the sheets influences their entry
pathway and rotation in the lipid bilayer.[142] Oxidation of the
graphene surface, to form GO, changed the surface functional
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Figure 10. a) Graphene derivatives with the same polymer coverage and fluorescence intensity but different sizes and surface charges used for a
systematic cellular uptake study. IDCC, a fluorescent dye and derivative of Cy5, is used to label the graphene. GA, GH, and GS represent the graphene
functionalized with ethylenediamine, hyperbranched polyglycerol, and sulphur trioxide pyridine to achieve positive, neutral, and negative surface
charges. −S, −M, and −L indicate the size of the graphene as small, medium, or large. b) Fluorescence-activated cell sorting (FACS) results showing
the uptake of graphene into MCF7 cells after 24 h of incubation. c) Confocal laser scanning microscopy images of IDCC labeled graphene derivatives
after 24 h incubation with living MCF7 cells. Scale bars correspond to 50 µm. d) The cellular uptake mechanisms of graphene derivatives with different
sizes and surface charges. Letters in the figure show a) phagocytosis, b) clathrin-mediated endocytosis, and c) sulphate-receptor-mediated endocytosis.
Adapted with permission.[150] Copyright 2017, Wiley.

groups of the sheets and increased their hydrophilicity and
capacity to form hydrogen bonds and covalent bonds.[144] This
might alter the interaction of GO with the hydrophobic surface
of the lipid membrane, and thus, internalization of the sheets
by cells.
Surface functionalization is the common approach to control
the capability of graphene sheets to cross cell membranes. Most
of the focus has been on the application of ligands with a specific affinity toward specific membrane receptors or molecules
differentially expressed at the target site.[145] PEG is commonly
used to functionalize graphene NMs to enhance the cellular
uptake of the sheets. For example, Liu et al. showed that functionalized GO with branched PEG increased the sheet cellular
uptake.[146] However, the effectiveness of the surface functionalization by PEG is affected by factors such as the molecular
weight and surface density of PEG on the GBMs. For example,
a high coverage of PEG on the GBM surface may reduce the
cellular uptake of GBMs.[147] Distinct biological behavior and
responses might be observed between in vitro and in vivo
studies and with different cell models. For instance, an in
vivo study by Yang et al. showed that intravenous administration of PEGylated graphene exhibited no obvious toxicity to
mice at a dose even up to 20 mg per kg.[100] However, contradictory results were reported in vitro where strong immunological responses in peritoneal macrophages were observed
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when the graphene was internalized.[148] Surface functionalization with protein is another way to manipulate the cellular
uptake of GBMs. Mu et al. found that GO coated with protein
could adhere to the cell membrane and internalize in the cell
as a function of the lateral size. They suggested that the protein-coated GO with a small lateral size enters the cells mainly
via clathrin-mediated endocytosis, while the large proteincoated GOs enter through both clathrin-mediated endocytosis
and phagocytosis.[141] The presence of proteins on the surface
of GBMs can initiate a receptor-mediated cellular uptake as a
result of the interactions of specific proteins with target receptors.[149] Internalization of GBMs in cells also depends on the
type of cells.[130] For example, Yue et al. reported that no uptake
of 350 nm and 2 µm GO sheets was observed in nonphagocytic
cells, while high internalization was observed in phagocytic
cells exposed to the GO.[139a] Tu et al. showed that the cellular
uptake of graphene depends on the combination of size and
surface charge (Figure 10),[150] whereby regardless of their surface charge, large graphene sheets (≈1 µm) prefer to enter into
the cells via the phagocytosis pathway. In contrast, for the small
graphene sheets (≈200 nm size), surface charge is a dominant
factor in determining the uptake mechanism whereby small
graphene sheets with a positive surface charge (GA-S) are taken
up by the cells via the CME pathway, while this pathway is not
significant for the uptake of small negatively charged graphene
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sheets (GS-S). Uptake of the neutral graphene (GH) was found
to be negligible, regardless of their sizes.
GBMs tend to aggregate quickly in physiological media
owing to their hydrophobic surface. Functionalization of
graphene NMs with hydrophilic functional groups such as
hydroxyl and carboxyl groups can facilitate their dispersion in
physiological media.[140,151] Zhang et al. applied sulfonic acid
and folic acid groups for stabilization of GO NMs under physiological conditions.[152] However, there are some challenges associated with the functionalization of graphene sheets to increase
their dispersion in physiological media. For example, Heo et al.
reported that ions and electrolytes in model physiological media
can interact with the edges of GO sheet, which are functionalized with carboxyl groups, and lead to sheet agglomeration
and/or the roll-up of the sheets.[140] A previous study claimed
that PEGylated GO exhibits excellent aqueous solubility.[146a] It
is also possible that GBMs may not be captured by the lipid
bilayer, and consequently, are not taken up.
Graphene sheets may also undergo spontaneous orientation
entering the cells at an angle as a result of Brownian motion
and entropic driving forces which can dramatically influence uptake pathways. If the sheets are captured by the membrane and rotate toward the centre of the lipid bilayer, they
form the sandwiched graphene-cell membrane superstructure
(Figure 11).[142,153] Chen et al. showed that the transport of GOs
sandwiched inside cell membranes may vary from Brownian to
Lévy dynamics and even directional dynamics.[153]
5.2. In Vivo Translocation and Distribution
To date, most studies on GBMs uptake were performed in
vitro. Like for other NMs, understanding the in vivo biodistribution of graphene NMs is challenging due to the absence
of fit-for-purpose analytical techniques.[154] This is even more
challenging in the case of GBMs because of the similarity in
the chemical composition of graphene and biological matrices
which make the differentiation between the two extremely difficult. However, to make useful biomedical application of GBMs,
it is necessary to determine their in vivo biodistribution and
to understand how surface functionalization influences this
process.
The most applied approach to trace the uptake of GBMs
in vivo is labeling of the GBMs. The labeling strategy could
be radiolabelling,[155] conjugation with fluorescent materials,
conjugation with rare metal,[156] or doping with metal oxide
NMs.[157] Such strategies circumvent the detection challenge
by allowing tracing of the labels as proxies for the GBMs. For
example, Rhenium (188Re) and gadolinium (125I) were used as
labels to investigate the in vivo accumulation of nanosized GO
in organisms, for example, mice.[157,158] PEG functionalized
GO was labeled with 125I and used to investigate the biodistribution of the NMs after oral administration and injection
in mice. The results showed that the administration pathways (oral or intraperitoneal administration) into organisms
significantly influence the biodistribution of graphene NMs:
while limited intestinal adsorption was observed, a high accumulation of GO derivatives was found in the liver and spleen
after injection.[99] By labeling the backbone of the few-layer
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graphene with different lateral sizes using 14C, Lu et al.
showed that the sheets mainly accumulated in the liver and
that larger graphene can be degraded into 14CO2 by Kupffer
cells.[159] Guo et al. exposed daphnids to 14C-labeled graphene
sheets for 24 h.[115] They reported that the graphene concentration in the organism was nearly 1% of the organism dry
mass; however, the daphnids could excrete the graphene and
achieve roughly constant body burdens after 24 h depuration
periods regardless of the initial graphene exposure concentration. Using 14C-labeled few-layer graphene, Lu et al. showed
that larger sized sheets (≈500 nm) accumulated several order
of magnitude higher than small sheets (≈30 nm) in zebrafish
after 48 h exposure.[160] They reported that large sheets mainly
accumulated in the gut of adult zebrafish, while the small
sheets were found in both the gut and liver of the organisms.
Lin and co-workers developed a post-administration labeling
strategy using DNA-conjugated gold NMs to selectively label
injected GO in treated tissue samples and used this method
to determine the in vivo biodistribution of GO in rats.[161] They
found that after intravenous administration, the GO distributed to the liver, spleen, kidney, lungs, brain, and blood at 1
and 12 h post-administration. The biodistribution of label-free
GBMs has been determined using mass spectrometry (matrixassisted laser desorption/ionization-time of flight) following
tail vein injection of GO in mice.[162] The results showed that
most single-layer GO was found in the outer parenchyma of
the kidney, and in the red pulp of the spleen. Most previous
results documented that, like other NMs, GBMs mostly end
up in the liver[101] due to the receptor mediated uptake by liverrelated cells[149] and in the kidney.[156a] It is yet to be understood
whether GBMs undergo biotransformation in organisms and
how this influences their biological fate (e.g., biodistribution,
bioaccumulation, clearance) in organisms for risk assessment
and in humans for medical applications.
Many factors could influence the biodistribution and clearance of GBMs in organisms such as the physicochemical
properties of the NMs, the organism type, and the environmental conditions.[163] Very limited data is available about
how the physicochemical properties of GBMs might influence their biodistribution, although functionalization of graphene NMs is known to modulate their biodistribution and
clearance. Zwitterion modified GOs were taken up by the
larvae of zebrafish and eliminated from the body within several days,[164] which implies that despite their bioaccumulative nature (because of their hydrophobicity), organisms may
excrete graphene NMs over time. For example, graphene sheets
functionalized with PEG accumulated initially in the RES, liver,
and spleen, and were gradually excreted from the organisms
after 3–15 days.[100] The aforementioned study using 14C-labeled
few-layer graphene and tracking its degradation into 14CO2 suggested that the degradation of large graphene could be as a
result of the Fenton reaction which occurs due to the release
of iron after graphene-induced membrane perturbation of red
blood cells.[100] It is also possible that the graphene NMs sorb
proteins on both sides which facilitates their quick clearance by
macrophages before they can be further biodistributed. Despite
the complexity of the issue, information on in vivo biodistribution and the fate of graphene NMs must be explored because it
of great importance in safety.
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Figure 11. Experimental evidence of the sandwiched graphene membrane superstructure and the following cell responses. a) Cartoon illustrating the
superstructure integrating GO inside the cell membrane. b) Cyro–TEM images (left) and tomography views (right) of the lipid vesicles in the presence of
GO. Scale bars, 20 nm. The sandwiched graphene-membrane superstructure was formed via three possible processes: primary contact, perpendicular/
slant insertion, and final settlement. The lipid vesicle in the presence of a GO nanosheet (as indicated by the arrows) shows higher mass density.
c) Super-resolution confocal images showing the GO sandwiched in the membrane of different cells (macrophage Mϕ and nonphagocyte Nonϕ). The
green fluorescence indicates the phospholipid bilayer membranes bound by the lipid probe [3,3′-dioctadecyloxacarbocyanine perchlorate (DiO)], while
the false-colored red spots indicate the GO signal. Yellow spots indicate the sandwiched GO in the membrane. Scale bars, 1 µm. d) TEM images exhibiting the GO-sandwiched superstructure. The GO is marked by the yellow triangle. Scale bar, 100 nm. e) AFM images and the roughness index of the
cell membrane with embedded GOs. f) The Young’s modulus indicating the rigidity change of the cell surface upon GO interaction. g) Fluorescence
recovery after photobleaching (FRAP) analysis showing the fluidity of the membrane lipids. Diff co. and the t1/2 represent the diffusion coefficient and
half-time for the fluorescence recovery of the membrane after photobleaching, respectively. Reproduced with permission.[153] Copyright 2019, Science.
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6. Computational Approaches for SbD of GBMs
When evaluating the potential risks caused by NMs, experimental techniques are time-consuming due to the complexity
of intrinsic and extrinsic properties to be considered. They are
also expensive in terms of consumables using laboratory equipment.[165] Furthermore, national and international legal restrictions exist regulating the use of animals in preclinical trials,
and the researchers’ personal ethical dilemmas regarding the
use and killing of animals (e.g., euthanasia to reduce animals’
suffering) for research purposes further complicate experimental toxicity testing.[165b]
For these reasons, alternative, non-experimental methodologies have been proposed for performing risk assessment
analysis, of NMs in general. These include computational
tools based on either physics-based or data-driven modeling
approaches. Among the data-driven computational approaches
are the “classic” quantitative structure–activity relationship
(QSAR) approaches often referred to as nano-QSARs or QNARs
(quantitative nanostructure–activity relationship approaches)
in the nanoinformatics field,[166] while comparative–analogous
models (read-across methodologies) are also being developed.
These methodologies are based on the development of statistical and machine learning (ML) algorithms to find correlations
between NMs structure, physicochemical, and other properties,
with their biological behavior and effects. In addition, the association of NMs with other biological molecules can be studied
by performing MD simulations which can produce useful information about the mechanistic interactions of NMs with biomolecules, lipid membranes, or cells based on physical principles.
It is important to note that to date, the vast majority of nano
informatics models have been developed for metal oxide NMs,
as there is more experimental data available for these NMs. Regulatory acceptance of nanoinformatics approaches is also still at
an early stage as validation of such models is challenging.[167]
In addition to facilitating the fast risk assessment-screening
of NMs already available on the market, computational
approaches provide information on potential toxic effects of
theoretically designed NMs, when the relative parameters or
properties of the designed NMs are input to developed nanoinformatics models (SbD). Consequently, the risks for human
health and environment can be eliminated in the early stages
of a rational design process, without performing trial-anderror experimental procedures, until the desired properties of a
designed NM are achieved.[168]
In the next paragraphs, we present the recent advances of the
two main computational approaches for the risk assessment of
GBMs, namely physics-based (molecular simulation) and datadriven (machine learning) modeling, including a brief explanation of their theoretical background and hot research areas.
6.1. Molecular Dynamics Simulations
Both the cytotoxicity in living organisms and the antibacterial
activity for biomedical applications of graphene nanosheets are
directly correlated to the interaction of the graphene sheet with
the cell membrane. In order to understand the underlying mechanisms of this interaction, several studies had been conducted
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applying MD simulations and uncovered that graphene sheets
are able to penetrate into the biological membrane and extract
large amounts of phospholipids. Membrane’s integrity is perturbed by this interaction, and holes may be formed.[169]
MD simulations are based on the solution of the Newton’s
equations of motion under volume and temperature constraints
for all the atoms that comprise a system. With these simulations, it is possible to “mimic” the corresponding experimental
system and unveil all of the molecular mechanisms that take
place under the specific conditions. To perform an MD simulation, a force field is necessary. There are three MD approaches
according to the type of force field used: ab initio simulations
where the forces between atoms are calculated based on first
principles; the all-atom simulations, where forces are calculated
based on intermolecular potentials; and the coarse-grained
(CG) simulations where groups of atoms are approximated
and replaced by “pseudo-atoms” to reduce the computational
time.[170] Several tools, both commercial and open-source
are available to perform MD simulations, such as NAMD,
LAMMPS, and GROMACS.
The modeling of a biological system comprising a complex
cell membrane, a rich extracellular environment, and the graphene sheet may result in an extremely large computational
time. Thus, the system is simplified using a simple lipid bilayer
for modeling the membrane and water for the extracellular
environment. According to Li et al. (2012)[171] who conducted CG
MD and all-atom steered MD, small pristine graphene sheets in
the biological environment spontaneously penetrate the lipid
bilayer starting from corners and asperities that are more likely
to overcome the energy barrier at room temperature. At longer
simulation times, the graphene sheet is integrated inside the
lipid bilayer driven by the hydrophobic forces between the graphene surface and the lipidic tails that form the membrane
core.[171,172] The sheet acquires an almost parallel position to
the lipid tails and affects the neighboring lipids.[172] Chen et al.
(2016),[172a] who also performed similar MD simulations, found
that GO sheets behave differently than pristine graphene
nanosheets, due to the hydrophilic GO surface arising from the
oxygen-contained groups. GO sheets are adsorbed on the bilayer’s surface due to the hydrophilic interactions with the lipids’
polar head groups and water. Nonetheless, when a GO sheet
is inserted into the membrane (e.g., through cell endocytosis),
the lipids are oriented toward the sheet, resulting in membrane
rupture that allows the water molecules to be transferred into
the cell, and where the damage irreversibility may cause cell
death (Figure 12).[132]
Dallavalle et al. (2018)[173] also studied the interaction of GO
sheets and lipid membranes computationally looking at the
functionalization pattern of GO (edge-functionalized or randomly-functionalized) and their size, and confirmed some differences in the behavior of GO and pristine graphene sheets.
They also demonstrated that although randomly-functionalized
GO sheets could penetrate the lipid bilayer, edge-functionalized
GO sheets always lay on the membrane surface provoking
alterations to the bilayer structure. In detail, lipid head groups
were oriented toward the hydrophilic oxygen-contained groups
of the GO edges and lipid tails were attracted to the GOs pristine main surface. In cases where the edge-functionalized GO
sheet had double the lipid’s length, lipids were ordered radially
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Figure 12. Representative simulated trajectories of graphene nanosheet insertion and lipid extraction in the a) outer membrane (pure POPE) and
b) inner membrane (3:1 mixed POPE–POPG) of E. coli (the snapshot times are shown in the top left corners). Water is shown in violet and the phospholipids in tan lines with hydrophilic charged atoms as coloured spheres (hydrogen, white; oxygen, red; nitrogen, dark blue; carbon, cyan; phosphorus,
orange). The graphene sheet is shown as a yellow-bonded sheet with a large sphere marked at one corner as the restrained atom in the simulations.
Extracted phospholipids are shown as larger spheres. Reproduced with permission.[132] Copyright 2013, Nature Publishing Group.

creating “a bike wheel-like structure” which induced rearrangement of the bottom-layer lipids into a spiral twist inside the
membrane.
The recent study of Zhu et al. (2020)[174] demonstrated that
graphene sheets may also affect the flip-flop transition of
membrane lipids, which is responsible for signaling events
and regulates the morphology of the cell. More specifically,
they performed atomistic MD simulations showing that the
graphene sheets adsorbed at the interface of water and cell,
affect the lipid density and membrane width (also in accordance with refs. [172b,173]) and may also affect the bidirectional
movement of the lipids. However, those graphene sheets that
penetrated the membrane changed its structure by affecting the
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neighboring lipids and significantly reduced the flip–flop rate.
It is noted that abnormalities in the transbilayer movement
could lead to cell apoptosis and to the development of Alzheimer’s disease.[175] Finally, the study of Puigpelat et al. (2019),[172b]
who performed CG MD simulations to investigate the interactions between graphene sheets and cholesterol-containing
lipid membranes (modeling of eukaryotic cells), reported that
graphene nanosheets integrated into the membrane tended to
migrate to regions where cholesterol molecules are sparse.
Apart from the integration/adsorption of graphene sheets
to lipidic membranes, other phenomena of interaction of graphene with diverse biomolecules have been studied. Golkaram
et al. (2015)[176] performed MD simulations using a reactive
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force field to investigate the secondary structure denaturation
mechanisms of two membrane peptides when interacting with
GO sheets with different functional groups. Among others,
it was confirmed that the epoxide functional groups can produce ROS in aquatic environments, due to the ability of oxygen
atoms to separate from the GO’s surface and the formation of
hydroxyl anions with water. Surface carboxyl groups can provide
an acidic environment and also intensify the thiol-bond deprotonation in the Cys residue of the peptide, which in turn may
lead to alteration of the peptide’s tertiary structure correlated
to Alzheimer’s, Parkinson’s, and other diseases. In the same
study, the Lerf–Klinowski model was applied to investigate the
synergic effects of the functional groups. It was observed that
the presence of various functional groups made the graphene
sheet less active; carboxyl and carbonyl groups for example,
cancelled out each other’s effects on the lipid membrane.
Increasing knowledge of the mechanisms that induce
nanotoxicity may lead to the development of SbD practices
to develop GBMs with the desired functional properties for
applications but with an improved safety profile. For example,
Duan et al. (2015)[177] combined experimental and computational approaches to assess the interactions of bare and BSA
pre-coated GO sheets. The performed MD simulations demonstrated that the protein corona protected the cell membrane
from graphene sheet penetration due to the reduction of the
available surface that could interact with the lipid bilayer and
due to the “physical” or steric obstacles imposed by the BSA
geometry. Therefore, the BSA-coated GO sheets were less cytotoxic than the uncoated ones, as they provoked less membrane
damage, in agreement with the experimental data. Similarly,
Chong et al. (2014) carried out MD simulations to study the
adsorption of four blood proteins (fibrinogen, immunoglobulin, transferrin, and serum albumin) on GOs and rGOs.[75]
Again, protein-coated GO sheets proved to be less cytotoxic
than pristine ones.

methods include algorithms such as regression linear models,
classification rules and trees, lazy learning methods, Bayesian
networks, neural networks, and ensemble algorithms, in order
to correlate the known NMs properties and their induced
adverse outcomes.[181b] In addition to the core-modeling part, an
ML workflow involves a series of steps to prepare data for modeling (data normalization, exclusion of noisy features, treatment
of missing values), validation of the produced model (externally
and internally), and release of the resulting model to the community (including definition of the applicability domain).[170,181b].
In addition to the assessment of adverse effects of GBMs,
ML approaches can be used in the SbD framework with the aim
to predict other GBM-related properties and feed information
related to the drivers of GBM toxicity back into the materials
design process. Sattari Baboukani et al. (2020)[182] developed a
Bayesian model to predict the maximum energy barrier of the
potential surface energy (correlated to intrinsic friction) of 2D
materials (including graphene sheets) based on structural and
phonon/atomic vibrations descriptors. Moreover, the development of predictive models using omics data is a key-factor to
enable deep understanding of the biological pathways that link
the interactions at gene-level to possible adverse effects.[170,181a]
Currently, many GBM toxicogenomics-related studies are
presented in the literature. For example, Sun et al. (2019)[183]
performed a combination of multi-omics (transcriptomics,
proteomics, metabolomics) and regular (molecular) analyses
in order to understand the mechanism of nanotoxicity of GO
sheets to adult zebrafish brains after 21 days of exposure. The
combination of the omics analyses revealed effects on different
functions, including mitochondrial dysfunction and disruption
of the citric acid cycle. In addition, protein corona analysis data
after incubation of GBMs with human plasma can be used in
enrichment analysis to identify alterations in biological processes and molecular functions.[184]
6.2.2. Read-Across Strategies for the Risk Assessment of GBMs

6.2. Machine Learning Approaches for Nanosafety and SbD of
GBMs
6.2.1. QSAR-Type Methodologies
One of the most common in silico approaches for the risk
assessment of NMs is the development of QSAR-type models,
that quantitatively correlate the bioactivity and toxicity of NMs
with descriptors encoding their structural characteristics.[170]
For the classic QSAR approach, there are several methods for
the calculation of theoretical-structural descriptors for GBMs
including the valency-based topological indices of chemical
networks proposed by Hayat et al. (2018),[178] the distance-based
topological descriptors presented by Arockiaraj et al. (2019),[179]
or other properties such as diffusion inside the GBM calculated
by rates as proposed by Kolokathis et al. (2019).[180]
Based on the QSAR approaches, different ML approaches
have been developed that make use, apart from the classic
molecular descriptors, of other nano-related properties (e.g.,
physicochemical characterization data, quantum-mechanical
descriptors, energy data calculated by MD simulations, omics
data etc.) to predict toxicity-related endpoints.[170,181] The ML
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Read-across and grouping methodologies, well-documented by
ECHA[185] and supported by different European Projects (e.g.,
GRACIOUS, NanoSolveIT, NanoCommons etc.),[170,186] can
be employed as alternatives to QSAR-type models when sufficiently “large” datasets are scarce or when filling of data gaps
is necessary. These methodologies are based on the assumption that structurally similar ENMs may present similar toxic
behavior[185a] and according to the European Chemicals Agency
(ECHA) guidance, read-across model development should be
based on a well-defined grouping hypothesis.[185b] The development of read-across models is promising for GBMs, as such
studies focused on MWCTs are already present in the literature.
For example, Varsou et al. (2019)[187] developed two read-across
models based on the k-nearest neighbor algorithm (kNN) for
the prediction of protein binding and cytotoxicity of functionalized MWCNTs. The models were fully validated according to
the OECD standards and disseminated as a web-service via the
Enalos cloud platform (enaloscloud.novamechanics.com/EnalosWebApps/CNT/) and supports users in the selection of surface functionalization ligands to minimize cytotoxicity of CNTs
as part of an SbD strategy.
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Figure 13. The decision-making framework for the grouping and testing of NMs (DF4nanoGrouping). Reproduced with permission.[194] Copyright 2019,
Science Direct.

Aschberger et al. (2019)[188] following the ECHA
guidelines,[185b] developed a grouping workflow for read-across
genotoxicity using a variety of MWCNTs and available physicochemical data. Grouping was based on hierarchical clustering
and principal components analysis (PCA), and alterations to
ECHA’s read-across workflow have been suggested to better
support the grouping hypothesis formation by considering all
available information. Arts et al. (2016)[189] presented a case
study of application of the DF4nanoGrouping framework[190]
to a dataset of carbon NMs including two different MWCNTs,
graphene sheets, graphite nanoplatelets, and carbon black.
After the application of the Tier 1 and 2 grouping criteria (see
Figure 13) -including intrinsic and system-dependent NMs
properties and in vitro effects- the two MWCTs samples were
assigned to “high aspect ratio biopersistent NMs” category,
the carbon black sample to “passive NMs” category, and the
graphene sheets and graphite nanoplatelets to “active NMs”
category. These initial groups of carbon NMs could be used as
source sample for future read-across model development and to
explain their toxicity mechanism or mode-of-action.
Another grouping study using carbon NMs (including
MWCNTs, graphene-based NMs, and carbon black) based on
ML and statistical algorithms was performed by Yanamala
et al. (2019)[191]. Carbon MNs with similar pulmonary toxicity
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effects in bronchoalveolar lavage (BAL) fluid were grouped
together and later, based on the two groups that emerged,
subsets of protein markers were selected as identifiers of the
toxicity profile of each group. The linking between GBMs toxicity profile and biomarkers could greatly contribute to the
understanding of their mode of action. The read-across field
is a promising alternative for the risk assessment of GBMs
especially due to its generic nature. For an initial and rapid
investigation of toxicity-related endpoints of GBMs with different functionalization, there are already freely-available tools
(e.g., toxFlow – www.toxflow.jaqpot.org,[192] Apellis – apellis.
jaqpot.org[193]) that perform read-across model development of
any toxicity endpoint by “bypassing” the need for a grouping
hypothesis and considering all available data to identify patterns. Using these or similar tools, interested users can rapidly predict the adverse effects of novel GBMs based on input
design parameters and appropriately adapt the properties (e.g.,
surface functionalization) in order to develop safer GBMs.The
development of computer models to predict the GBMs adverse
effects and unveil the mechanisms of toxic response, such as
those presented herein, aims to reduce the resources needed
for risk assessment by prioritizing GBMs for experimental
evaluation based on a rapid screening. Understanding the specific properties and modes of action that lead to undesirable
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behavior either in organisms or in the environment allows the
“on paper” development of GBMs with appropriate specifications as part of a SbD process of designing novel materials
that are safe and suitable for use in everyday applications. In
this context, the mindset of researchers in the field of nanoinformatics, who seek to disseminate their developed predictive models to stakeholders (experimentalists and regulators)
through free and easy-to-use tools, is encouraging.

7. Future Perspectives
Study of the biological effects of GBMs is still at an early stage.
Exact conclusion regarding the safety and toxicity of GBMs
cannot be drawn from the data available in the current literature, due to the variability of the materials and cellular or
biological systems used, and the range of approaches for their
production and functionalization. The reported results are
sometimes contradictory with two opposite opinions: some suggest that the GBMs are biocompatible with superior potential
for biomedical applications, while others suggest that GBMs
are toxic even at low exposure concentration.[98] Like with other
NMs, the inconsistency might be attributed to various factors
including differences in the GMBs themselves or their dispersion conditions, variations in experimental conditions in different labs, and variance in animal or cell models. More studies
are thus required to fully address these issues along with
detailed reporting of the GMB characteristics under the exposure conditions as well as full data and metadata[195] related to
the biological systems studied to facilitate re-use in modeling
and meta-analysis. Several points are listed here as references
for future studies.
Unlike some NMs properties, the physicochemical properties of 2D GBMs including lateral size, thickness, defects, and
surface oxygen contents are not easy to control, and these properties are interconnected, such that change of one property will
change the others. For example, controlling the size distribution to within a small range is challenging. Using uniformly
distributed GBM size is essential for understanding the uptake
and toxicity of GBMs, as the uptake pathways (e.g., endocytosis, phagocytosis) are highly affected by the material size. To
fully understand the size effects, separation and purification
procedures like gradient centrifugation should be performed.
Given their 2D nature, functionalization should consider the
coverage efficiency on the upper and lower surfaces of GBMs.
Non-uniform coverage of functionalization can lead to variance
in surface charge as well as hydrophobicity, leading to heterogenous interactions with proteins, membranes, and organisms
and thus, different biological effects. Clear definition of GO
is currently lacking in terms of surface oxygen content, which
leads to inter-lab differences in the obtained results. In short,
the physicochemical properties of GBMs should be fully characterized which allows inter-lab comparison and assessment of
the origins of differences between studies. The factors listed in
Figure 9 can be used as reporting guidelines and endpoints to
develop predictive models for SbD of GBMs.
Criteria should be set for experimental methods to allow
inter-laboratory comparison. In fact, some of the current test
methods such as absorbance- or fluorescence- based methods,
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for example, MTT/XTT assay for cell viability, fail to provide accurate and reliable results for GBMs materials due to
intrinsic light absorbance or fluorescence which blocks that
from the test chemicals. Inclusion of blanks and interference
checks should be reported as standard. Standard criteria should
be also set for in vitro (e.g., choice of cell lines, passages) and
in vivo (e.g., administration route, method, suspending agents)
to allow comparison. Difference in cell lines genetics/ passages
may lead to different responses to GBMs. Note that many of
these points are general to all NMs, and some have already
been described in, for example, the MIRIBEL guidelines for
bio-nano studies.[196]
To fully understand the risks and ensure the safe application of GBMs, beyond the acute toxicity testing which is
the case for most of the current studies, long term studies
should be performed to understand the chronic effects. Size
and surface functionalization can affect the circulation and
persistence of GBMs in blood and tissues which affect the
long-term effects. Long term persistence (one year) in tissues may lead to the transformation of GBMs, in which case,
it has been demonstrated that enzymatic degradation can
occur leading to release of CO2 in Kupffer cells in the liver;
this may lead to significantly different fates over the long
term compared to the effects induced by pristine GBMs in
short term studies.
Lastly, taking advantage of the development of increased
mechanistic understanding of the interactions of GBMs with
proteins, lipids, and metabolites accessible from application
of systems biology, approaches to identify molecular consequences and more specific signaling pathways are encouraged in order to fully understand the relationships between
surface attachment of GBMs, which may be considered a
molecular initiating event, and downstream events such as
oxidative stress leading to eventual adverse effects. With the
large sets of data that can be obtained on changes in expression of genes, proteins, and metabolites from omics studies
(toxicogenomics, proteomics, and metabolomics studies),
identification of MIEs and KEs and establishment of AOPs
for GBM will become possible in the near future, and adverse
effects identified can be correlated with the physicochemical
properties of GBMs to allow establishment of computational
tools for grouping and prediction of the behavior and toxicity
of GBMs and application of SbD principles to ensure that the
functional and safety profiles can be optimized in parallel for
biomedical and environmental applications of GBMs for the
benefit of society.
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