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Energetic technologies, nanoelectronics, biomedicine including gene therapy, cell imaging or tissue engineering are only few from
all possible applications for graphene, the thinnest known carbon configuration and a basic element for other more complicated,
better discovered and widely used nanostructures such as graphite, fullerenes and carbon nanotubes. The number of researches
concerning graphene applications is rising every day which proves the great interest in its unique structure and properties. Ideal
pristine graphene sheet presents a flat membrane of unlimited size with no imperfections while in practice we get different flakes
with irregular edges and structural defects which influence the reactivity. Nanomaterials from graphene family differ in size, shape,
layer number, lateral dimension, surface chemistry and defect density causing the existence of graphene samples with various
influence on biological systems. Whether graphene induces cellular stress and activates apoptosis, or on the contrary facilitates
growth and differentiation of the cells depends on its structure, chemical modifications and the growth process. A certain number
of in vitro studies has indicated cytotoxic effects of graphene while the other show that it is safe. The diversity of the samples and
methods of the production make it impossible to establish clearly the biological impact of graphene.

1. Introduction

The age of stone, copper, and iron is now prehistory.
Nowadays, steel, carbon, and almost perfect silicone are
the materials of choice [1]. Nevertheless, carbon is the one
which still gets a lot of attention. Known as a nonrenewable
source of energy, carbon is a ubiquitous molecule capable of
forming many allotropes with many potential applications.
The major ones are graphite and diamond [2]. Recently,
carbon has become again an object of intense scientific
research which resulted in many discoveries. In 1996 Smal-
ley and his colleagues received the Nobel Prize in Chem-
istry “for their discovery of fullerenes,” zero-dimensional
nanospheres formed by 60 carbon atoms which resemble
the soccer ball and exist only in the molecular form of
carbon in contrast to the crystalline forms of the graphite
and diamond [3]. Iijima in 1991 described one-dimensional
helical microtubules of graphitic carbon called nanotubes
[4]. Again the Nobel Prize in Physics in 2010 was awarded
jointly to Andre Geim and Konstatntin Novoselov “for

groundbreaking experiments regarding the two-dimensional
material graphene” [5]. The scientists obtained 2D graphene
only one atom thick, strikingly reminiscent to a honeycomb
structure by the simple use of ordinary sticky tape. Not
only did they make graphene but they also studied and
described its unique properties and possible applications
[5–8]. Graphene is a basic element for the other graphitic
materials and it is possible to transform one structure to
another under appropriate conditions (Figure 1). The last 20
years of research have shown many possibilities of chemical
functionalization of different synthetic carbon varieties such
as fullerenes or carbon nanotubes which led to many sig-
nificant achievements in improving the solubility, processing
capabilities, fixing with other compounds, and exploring
the unique properties of graphene [9]. Different distribution
of the benzene rings in the two-dimensional structure of
graphene determines the shape, size, edges, and number of
layers and additional covalent or noncovalent bonds with
other atoms which results in modifications of the electrical
or chemical properties of graphene. Like in semiconductors
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Figure 1: Graphite is a common and naturally occurring mineral in nature. Graphene is a basic element for the other graphitic materials
and it is possible to transform one structure to another in appropriate conditions. Reprinted fromThe Nobel Prize in Physics 2010. The Royal
Academy of Sciences.

and in graphene the electrical current is transferred either
by negatively charged electrons or by the positively charged
holes that are left behind. However, on the contrary to
conventional semiconductors the two-dimensional graphene
layer exhibits a strong ambipolar electric field effect in the
room temperature with a minimum band gap between the
valence and the conduction bands. It enables ballistic electron
transfer over long distances and with high speed that is only
300 times slower than that of the light speed and from 10 to
100 times greater than that in the currently used silicon chips.
Graphene is a flexible, transparent, and well-conductive
material with remarkable mechanical properties and is the
thinnest known structure being 200 times stronger than steel
and harder than diamond [10–12].The ubiquitous and widely
available carbon is the basal unit of graphene and it is not
surprising that it has become a rising star in the present
world of nanomaterials, while being competitive for silicone,
an essential material of modern electronics. To enable the
use of graphene and its unique properties and to assure
cost-effective production and application in the industry it
would be necessary to bypass some major obstacles. Those
are high cost and difficulties in the production of graphene
on amassive scale and the quantitative and qualitative control
of the resulting product [13]. Moreover, each of the graphene
production methods results in various types of the same
material which has different properties, quality, and number
and type of defects. Gathering evidence from laboratories
concerning unusual properties of graphene has been carried
out on small, high quality, and single layer samples without
impurities or structural defects, whichmay not necessarily be
reflected in graphene obtained on a large scale. Creating ideal
crystals composed of a single layer at low cost and precise
manipulation on the microlevel is still a big challenge despite
the numerous known methods of graphene production and
synthesis [14–16]. Researchers from different fields of science

are interested in graphene and are still learning how to
work with it and take advantage of its unlimited potential
which can be confirmed by a growing number of publications
regarding its recent applications [15–22].

2. Synthesis

The discovery of graphene in 2004 was not the first contact
with this revolutionary material. Already in 1986 Boehm
and coworkers identified a monolayer graphene and officially
named it using a combination of the word graphite and
the suffix “en” relating to polycyclic aromatic hydrocarbons
[23]. It was the development of the new techniques which
allowed to identify and characterize the single-atom structure
of graphene and its unusual properties, though. Graphene is
probably produced every time while using a pencil. However,
it is difficult to observe it among other stacked layers of
graphite. In fact, the observation of graphene is not possible
using traditional visualization techniques (with the exception
of electron microscopy or atomic force) due to the lack of the
clear visible differences in the atomic structure of graphene
monolayer and many layers of graphite [15]. To obtain the
desired image intensity and contrast and to identify the
single-atom structure of graphene in the optical microscope
it is required to select the appropriate substrate of certain
thickness and wavelength. Except of the optical microscopy
there are techniques useful in observing and determining
the structure of graphene such as Atomic Force Microscopy
(AFM), Transmission Electron Microscopy (TEM), Angular
Distribution Photoemission Spectroscopy (APRES) and the
Spectroscopy of Rayleigh and Raman [16]. Raman spec-
troscopy is one of the best methods for the insight into the
structure of graphene, fast and accurate characterization, and
direct measurements of electron interactions which allow
determining the number of layers and identify defects and
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impurities.The Raman spectrum presents threemajor bands:
the G band ∼1580 cm−1, band D ∼1350 cm−1 activated by
defects, and band 2D ∼2700 cm−1 which informs about the
value of the cumulative load and number of layers [24].
Increase in the ratio of the D peak intensity to that of the
G peak and broadening of both of them are caused by
increased number of defects on the surface of graphene. The
Raman spectroscopy particularly gives information about
the consistency of graphene carbon skeleton. In turn, the
intensity of D peak increases gradually together with the
number of holes in the structure or new centers with sp3
hybridization created by covalent bonds (Figure 2). However,
it is hard to distinguish between them. In the presence of less
than 1% of the structural defects the analysis of the D band
can be used to determine the quality of graphene obtained
by reducing the graphene oxide or to state the degree of the
functionalization [13].

Andre Geim and Konstantin Novoselov used simple and
effective method to obtain graphene by the repeated use of
the adhesive tape to rip off thin flakes from graphite and then
attached them to a plate of oxidized silicon SiO

2

to reveal
and determine the number of graphene layers. Mainly due
to the use of high quality crystals of graphite (HOPG: highly
ordered pyrolytic graphite) as a startingmaterial themechan-
ical exfoliation still remains one of the best methods to obtain
structurally and electrically homogenous and single-layer
graphene [25]. Despite being limited by its low production
and the possibility of practical use, themechanical exfoliation
method led to numerous discoveries of graphene electronic
and mechanical properties and resulted in the development
of new methods of the production [14–20].

There are two approaches to obtain graphene (Figure 3,
Table 1). One involves the graphite and weakening of the
van der Waals forces to separate the layers from each other
and the second is based on the alternative carbon sources.
The effective dissection without damaging the structure and
protection against reaggregation are the key elements to
obtain graphene from graphite. The disadvantages of these
methods are low yield, many steps of the production, and the
fact that natural graphite is not easily available and it is listed
in the European List of Critical Raw Materials [26].

In turn, graphite synthetic form obtained at high temper-
atures is not suitable for production of high quality graphene
because of its irregular structure. Noncovalent interactions
between each layer in natural graphite form extremely stable
and thermodynamically favorable arrangement which is the
reason of the reaggregation of graphene flakes, for example,
during graphite exfoliation in solution using chemical meth-
ods [27].

In assumption, themethods of production of graphene de
novo aremuch easier and allow getting larger area surfaces on
chosen substrates but require high temperatures and generate
lots of defects and structure damage. These methods include
epitaxial growth [28–30] on solid substrate and chemical
vapor deposition [31, 32] which requires specialized equip-
ment, strict control, and laborious preparation techniques.
The epitaxial growth method originally involves placing
silicon carbide in a vacuum at a temperature of 1300∘Cwhich

results in sublimation of Si atoms and reorganization of the
remaining carbon atoms. The exact time and temperature
control of the process should lead to the formation of thin
layers of graphene on the entire surface of SiC wafers which
occasionally forms monolayer. However, the detailed studies
of these structures show very weak bonding and rotation
of the individual layers, surface roughness, and presence of
numerous holes and cavities [16]. Over time and in order to
obtain more stable and homogenous graphene monolayers
the new improvements have been introduced such as the
change of the temperature or atmosphere of the sublimation
process.

The methods based on the distribution of hydrocarbons
and deposition of the graphene on the chosen substrate have
gained a lot of interest because of its previous application in
the carbon nanotubes production [33]. The chemical vapor
deposition onmetallic surfaceswhich catalyzes the supported
growth of graphene requires specific conditions. In early
method the process was carried out in the ethylene atmo-
sphere at 800K temperature with Pt as a surface substrate.
In order to improve the process, the temperature, type of
the gas (e.g., benzene), and metal surface (e.g., Ru, Ir, Ni,
or Cu) were changed. The combination of the terms of the
chemisorption of the graphene on metal surfaces allowed
obtaining regular and homogenous graphene layer which
could be transferred later on any type of material [32].
The growth of the monolayer graphene was also achieved
by the thermal decomposition of polymer films or small
molecules and even from unconventional carbon sources
such as biscuits, chocolate, grass, or cockroach legs [34, 35].

The methods of supported growth of graphene require
expensive templates which would be useful in more demand-
ing and high performance applications.Muchmore attractive
from an economic point of view are the chemical methods
for the production of graphene in the solution [27, 36–
41]. They give the possibility of the mass production with
the satisfactory electrical and optical properties of graphene.
However, during the production of graphene from graphene
oxide [42] the strict control of the process conditions is
required in order to prevent excessive oxidation, release of
CO
2

, and formation of impossible-to-remove lattice defects.
Graphene oxide is a highly oxidized form of chemically
modified graphene produced by oxidation of crystalline
graphite in solution preceded by sonication or other methods
of dispersion. The oxidation of graphene to GO allows
effective separation of layers from each other but in order
to ensure that they can remain in the free state they should
by fixed to the surface, masked with the functional groups,
or separated with surfactant molecules. The size of graphene
oxide flakes in the solution ranges from 10–100 nm to 100 𝜇m
and for biological applications scientists use those with a
minimum dimension, even 20 nm, in order to facilitate the
entry into the cells [43]. To restore the electrical conductivity
and other properties of pristine graphene it is necessary to
receive reduced graphene oxide (rGO)which is the product of
the reduction of graphene oxide (GO) by the use of reducing
agents such as high temperature or chemicals. Most of the
researches concern GO and its reduced form rGO due to
the ease of the preparation, good solubility, and stability
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Figure 2: Raman spectra of graphene with simplified structural models. (a) GOwith defect density of 1–3%. (b) GOwith almost intact carbon
framework with 0,03% defects. Reprinted from [13].

Top downBottom up

Figure 3: A schematic of bottom-up and top-down approaches for graphene synthesis. Reprinted from [19].

in aqueous solutions in comparison to the other forms of
graphene. Pristine graphene is insoluble in organic solvents
and the monolayers will be prone to reaggregate in aqueous
solutions [44].The stabilization of the structure of monolayer
graphene involves weak interactions of noncovalent bonding
with the surfactant molecules. Covalent modifications are
accompanied by the creation of new bonds together with the
change of sp2 to sp3 hybridization. Depending on the type of
modification the electrical conductivity of the functionalized
graphene is changed or reduced [45]. Numerous attempts
to functionalize graphene using chemical methods with
graphite as a starting material have allowed so far to obtain
mainly multilayer graphene (G < 10) and only in a few cases
a single-layer form. Although there are lots of methods to
functionalize graphene, many problems still remain unsolved
including the size of the flakes, quality control, the number
of defects, and the distinction between single- or few-layer
graphene. The method for the mass production of graphene
has also not been identified.

3. Structure Defects

Nowadays, graphene is one of the most promising materials
in nanotechnology. However, little is known about the influ-
ence of structural defects of graphene nanostructures caused
by the synthesis on a large scale and there is a discrepancy
between the ideal graphene and its excellent properties
predicted by theory and in practice. Most of the laboratory
studies showing its unique properties were carried out on

the small, uncontaminated model samples. Since defect-free
materials do not exist it is important to understand the
mechanisms of their formation and the influence on the
material propertiesmainly becausewhen induced onpurpose
and in a controlled manner they can even become desirable
and suitable for some new solutions [17]. Various types of
defects can be formed spontaneously, can be generated during
the production process depending on the temperature and
chemicals used, and can be artificially introduced to change
the properties of the material. The reduced dimensionality
of graphene in these cases may be a disadvantage because it
increases the number of possible types of defects. The cause
and the probability of their formation are not known. Carbon
atoms in the 2D honeycomb structure of graphene have the
ability to relocate and reorganize the hexagonal lattice to form
nonhexagonal carbon rings [46]. The defects in graphene
form the net of carbon=carbon double bonds whose number
depends greatly on the method used for the graphene pro-
duction [47]. Symmetry-breaking point defects mostly occur
in graphene plane and include vacancies and substitutional or
interstitial impurities. In any case the changes in the graphene
structure are due to the absence of one or more sp2 carbon
atoms or presence of one or more different atoms with sp3
hybridization. The defects can also migrate which has an
influence on the properties of a defective crystal. The defects
change electronic structure and the susceptibility to chemical
reactions which modifies the chemical reactivity of graphene
[48]. The simplest example of in-plane reconstruction is the
5-7-7-5 Stone-Wales defect which lies in rotation of the two
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Table 1: Two main approaches with different methods of graphene synthesis [19].

Method Description Advantages/disadvantages
Top-down methods

Micromechanical
cleavage

First method used to isolate graphene from graphite
using adhesive tape. Involves repeated cleavage and
yields mono-, di-, and few-layer graphene.

High quality graphene sheets. Slow method, used
mainly for study of the graphene properties.

Electrochemical
exfoliation

Exfoliation of graphite as a sacrificial electrode and
collecting graphene from the electrolyte solution (e.g.,
surfactant, H2SO4-KOH).

Produces a mixture of different thicknesses of graphite
flakes with the possibility to isolate few-layer graphene
by centrifugation. Surfactant molecules are difficult to
remove and influence the electrical and electrochemical
properties of graphene.

Solvent-based
exfoliation

Solvent-assisted or thermal exfoliation methods for the
production of graphene from GICs.
Exfoliation of unmodified graphite via sonication in
solvents.
Exfoliation of graphite oxide.
(Mostly used method of solvent exfoliation and
reduction to obtain graphene including Hummers [81]
method to synthesize graphite oxide.)

Expensive and hazardous solvents or surfactant
molecules are difficult to remove and affect properties
of graphene. Increased concentration of graphene is
accompanied by the decrease in flake size and increase
in defect contamination.
Exfoliation of graphite oxide results in rGO with
different properties than pristine graphene due to high
levels of defects induced by the harsh conditions of the
production process.

Unzipping carbon
nanotubes

Few-layer graphene synthesis through unzipping single
or multiwall carbon nanotubes using wet chemistry
methods or physical methods.

The unzipping results in graphene nanoribbons with
different widths considered as quasi-one-dimensional
material with different properties than pristine
graphene.

Bottom-up methods

Epitaxial growth

The formation of graphene on silicon carbide (SiC) at
high temperatures (>1000∘C) and generally in ultrahigh
vacuum (UHV) conditions or in different atmospheres
by the preferential sublimation of silicon from SiC
surface and graphitization of the carbon atoms left
behind.

Relatively high quality but rarely ≤2 layers of graphene.
Possible transfer of graphene from SiC substrates. SiC
substrates are commercially available but are too
expensive for commercial applications.

Chemical vapor
deposition (CVD)

Formation of graphene films by the high temperature
carbon pyrolysis in gaseous atmosphere on metal
substrates. The optimum conditions of the process
depend on the chosen metal substrate. Possible synthesis
of graphene nanosheets without preparing the substrate.

Production of monolayer graphene, but the number of
layers strongly depends on various process factors.

carbon atoms by 90∘ which results in the conversion of
four six-carbon rings for two pentagons and two heptagons
(Figure 4(a)). Second simple defect concerning any material
is the missing lattice atom. To lower the total energy of the
system caused by nonlinear atomic rearrangements (Jahn-
Teller distortion) two of the three bonds saturate towards
the missing atom which leads to the formation of two new
rings, one with the five and another with nine carbon atoms
(5-9) (Figure 4(b)). Another common rearrangement of the
graphene symmetry is double vacancies resulting in two
pentagons and one octagon (5-8-5) instead of four hexagons
which also do not affect the atomic network (Figure 4(c)).
Except for 5-8-5 defect there aremore possible configurations
caused by two missing atoms; for example, the rotation of
one of the bonds in the octagon forms three pentagons
and three heptagons with even lower total formation energy
(Figure 4(d)) or the rotation of the another bond resulting
in a 5555-6-7777 defect (Figure 4(e)). With more than two
atoms missing more possible defect configurations can occur
[49–51].

Other types of defects change the charge of the graphene
to a positive or negative or alter the total atomic weight of the
whole crystal. In fact, these defects degrade charge mobility
but when introduced intentionally facilitate themanipulation
of the charge transport. These impurities can be introduced
into the carbon lattice by substitution or functionalization
of some original carbon atoms [51]. The doping of graphene
can be done by intrinsic defects modification or by adding
foreign atoms to the graphene structure [52]. Additional
atoms replace one or two carbon atoms and depending on
the size or charge much larger ones will be displaced outward
from the graphene plane. Graphene planarity is determined
by the arrangement of defects mainly because of placing an
atom in in-plane position which engages the third dimension
and changes in hybridization. However, when two carbon
atoms migrating over the graphene surface meet each other
and form a dimer, they can be incorporated into the sp2
carbon lattice but with the expense of local curvature. The
properties of graphene depend on the bonding between
foreign atoms and graphene. If the van derWaals interactions
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Figure 4: Point defects of graphene structure ((a)–(d)). (a) Stone-Wales defect SW(5-7-7-5). (b) Single vacancy defect V
1

(5-9). (c) Double
vacancy defect V

2

(5-8-5). (d) Double vacancy defect V
2

(555-777). (e) Double vacancy defect V
2

(5555-6-7777) formed from (c). Reprinted
from [46].

occur the bonding is weak. When foreign atom covalently
bonds with the carbon the interaction will be much stronger.
Different strength involves various bonding configurations
which changes the symmetry and occurs mainly on top of a
carbon atom, on top of the center of a hexagon, or on top of
the bridge position [46].

Together with in-plane variations the grain-boundary
defects can also be observed especially in graphene prepared
by chemical vapor deposition or mechanical exfoliation.
Zigzag and armchair configurations are two main present
graphene boundary terminations and show different electri-
cal and magnetic properties. There are other possible termi-
nations but these two are the mostly preferable. Synthesis of
graphene structure with defined edges is not an easy task and
for the majority of graphene materials consists of a mixture
of the two motifs. Local changes in the reconstruction type
or sustained removal of carbon atoms from the edge provides
the defects. Armchair edges can be transformed into the
zigzag ones and all the intermediates can be considered defec-
tive together with chemical groups that can saturate dangling
bonds at the edge [46, 49–51]. Obviously, sharp edges and
dangling bonds can directly break themembranes of cells and
living organisms regardless of graphene properties.

Many outstanding properties of graphene are due to the
low concentration of defects but the commercial production
of graphene on a large scale introduces changes in curvature,
sharpens edges, and makes holes, cavities, or protrusions. All
structural defects change physical and chemical properties

even at low concentrations. Defectless pristine graphene is
relatively inert and exhibits low chemical reactivity with high
anisotropic charge transport. It may not be the ideal for
some electronic applications but it can be used as a safe and
biocompatible biomaterial in various biological systems.

4. Graphene as a Biomaterial

The biomaterial is any substance other than drug or a combi-
nation of natural or synthetic substances intended to interface
with biological systems to evaluate, treat, augment, or replace
any tissue, organ, or function of the body [European Society
for Biomaterials]. Tissue engineering is a combination of the
knowledge about the cells, cellular environment, and materi-
als used to improve or regenerate tissues and their function.
No matter what biomaterial has been used, a suitable scaffold
for tissue engineering should meet certain requirements.
First of all any biomaterial must be biocompatible. After
implantation the scaffold cannot induce immune response
which could reduce the healing process and allow the cells
to adhere, proliferate, migrate, and function normally. As
implants are not intended to be permanent, the biomaterial
should be biodegradable and allow the cells to produce their
own extracellular matrix (ECM). All byproducts left after
the degradation should not be toxic and should be able to
leave the body without any harm. Ideal biomaterial should
have specified mechanical properties together with porous
architecture to allow cell infiltration and adequate diffusion of
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nutrients. And finally the manufacturing technology should
be cost effective and possible for scale-up processing and
should be made available to the clinicians [53]. Choosing the
right synthetic or natural biomaterial plays a critical role in
tissue engineering. The material properties such as surface
chemistry (e.g., hydrophobicity, functional groups, and types
of bonding) and topography, roughness, or porosity can
modulate cell response and it is well known that biomaterial
surface plays an important role influencing cell phenotype
and other growth essential factors. The cell viability, prolif-
eration, and fate depend strongly on the extracellular matrix.
A scaffold that mimics ECM and regulates cell behavior and
tissue progression would be essential in clinical applications.
Owing to its ideal properties, graphene has found potential in
a wide range of areas, including tissue engineering. Graphene
can provide a perfect surface for cell culture because of
its good biocompatibility, chemical inertness, high elastic-
ity, flexibility, and electrical conductivity. Graphene-based
materials are a promising tool for tissue engineering, mainly
because of its compact, regular structure susceptible to func-
tionalization andmodification, and ability to bind a variety of
molecules such as proteins, DNA, or drugs [54, 55]. Together
with the fact that carbon is the basic element of all bio-
logical structures graphene-based nanomaterials can serve
as a bioactive scaffold and as a structural reinforcement for
other biomaterials currently being used in tissue engineering
[56].

So far graphene and its derivatives have been used as a
substrate for the stem cells in regenerative medicine [57]. To
use stem cells in transplantation and tissue engineering it is
necessary to stimulate them properly and provide suitable
synthetic or natural growth conditions. An additional benefit
would be a scaffold material which has controllable and
interactive interface with the living cells. There are mainly
three types of stem cells used in regenerative medicine:
pluripotent embryonic stem cells isolated from inner cell
mass of a blastocyst (ESC), adult stem cells (ASC) with
similar regenerative potential but reduced ability to differ-
entiate, and induced pluripotent stem cells (iPS) generated
in vitro from somatic cells [58]. Mesenchymal stem cells
can be isolated from many adult tissues and can differenti-
ate into adipocytes, osteocytes, or chondrocytes depending
on the growth conditions. The first research of Kalbacova
and coworkers showed that graphene produced through
chemical vapor deposition (CVD) on copper foils is not
toxic for human osteoblasts or for mesenchymal stem cells
(hMSC) but is even suitable for their growth, proliferation,
and later differentiation into osteoblasts [59]. Studies of
Nayak et al. also showed that graphene does not affect the
morphology, viability, or growth of hMSCs. Moreover, they
proved that mesenchymal stem cells differentiate into bone
cells in a comparable manner to samples with addition of
appropriate growth factors used for osteogenic differentia-
tion [60]. A little bit later Lee et al. proposed the theory
due to which hMSCs are so likely to differentiate into
osteoblasts on graphene and its derivatives by connecting
the strong noncovalent graphene binding abilities towards
different growth agents and the degree of 𝜋–𝜋 stacking
[61].

The graphene biocompatibility tomouse iPSCs with good
adherence and proliferation was also proved by Chen and
his colleagues together with the implication to the great
potential of graphene coated materials as platforms for
various medical applications and not only for hard tissue
engineering [62]. For neuronal regeneration and brain repair
it is critical to induce the proper hNSCdifferentiation towards
neurons. The research revealed that graphene substrates
possess excellent electrical and electrochemical properties
and support the growth of functional neurons and improve
their performance and electrical signaling [63]. The cells
growth can be stimulated by the change of the surface charge
through the contact of graphene with the voltage-gated ion
channels. Park and his team observed the promoted cell
adhesion, attachment, and enhanced neural differentiation
on graphene films in contrast to conventional substrates
such as glass [64]. Numerous reports suggest that graphene
is an excellent material for the studies with adherent cells
especially in the form of film where it can exhibit good
biocompatibility with no viability inhibition. The research
on adherent human fibroblasts cells NIH-3T3 grown on
graphene films and human cancer epithelial cells A549 results
in good attachment and favorable growth without inducing
deleterious effects while enhancing cellular functions [65,
66]. The studies also demonstrate that graphene oxide paper
enhances the attachment and proliferation of mammalian
cells without inducing cytotoxic effects [67].

The safety of nanomaterials is a key element for their
biomedical applications [68]. However, there are some
elements that influence the biocompatibility/toxicity of
graphene-related materials and determine how graphene will
be incorporated onto the scaffold such as the number of
layers, lateral size, surface chemistry, defect density, quality of
individual graphene sheets, purity, and first of all the method
of production [69, 70]. Graphene is a part of a bigger family
including graphene oxide (GO), reduced graphene oxide
(rGO), few-layer graphene, and graphene nanosheets, flakes,
dots, and ribbons. All these members have different chemical
and physical characteristics than pristine graphene and also
different toxicological profile. Toxicity of graphene and its
derivatives has been established in many studies both in
vitro and in vivo, however, the conclusions are often different
and sometimes even contradictory [71]. Some of the studies
clearly showed toxic effects of graphene but the majority of
them have focused on the nonadherent cells cultured in the
suspensions with graphene derivatives [72, 73]. The interac-
tion between dispersed graphenematerials using cell cultures
demonstrates that graphene could be cytotoxic in size-, dose-,
and time-dependent manner and can enter the cells and
cause ROS generation, hinder nutrient uptake, and activate
MAPKs and TGF-related signaling pathways inmacrophages
[74, 75]. Chen et al. demonstrated inflammatory response
regulated by the TLR pathway and autophagy in GO stimu-
lated macrophages [76]. Sasidharan et al. studies showed that
additional graphene carboxyl functionalization attenuates
the cytotoxic effect on cells [77, 78]. However, there are some
chemical modifications on nanosurfaces which increase their
solubility in water or serum, prevent aggregation, enhance
their biocompatibility, and allow creating new functions for
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other applications. Even different oxidation state of graphene
which regulates only the dispersibility gives similar toxic
response to HepG2 cells but through a different mechanism.
GO induced toxicological effect through TGF𝛽1 signaling
pathway whereas rGO elicited innate immune response
mediated by TLR4-NFkB pathway [79]. To reduce the toxic
effect of graphene there have been attempts to conjugate with
knownbiocompatible polymers such as PEG, PEI, or chitosan
or other functional groups [77–79].

Before the systemic administration it is also important
to evaluate the hemocompatibility as the graphene enters
the blood stream and encounters the blood components.
Research indicates that graphene shows little hemolysis of red
blood cells and does not influence the coagulation pathways;
however, it is difficult to compare all the results because
of the different graphene origin and functionalization [71].
Undoubtedly, the surface charge has a strong influence on
the stability of erythrocytes, which can be explained by the
interaction of negatively charged oxygen groups of GO and
positively charged phosphatidylcholine on the surface of
red blood cells or the hydrophobic interaction of pristine
graphene with the cell membranes. Sasidharan et al. using
human primary blood components showed that graphene
samples did not interfere with intrinsic and extrinsic coagula-
tion pathways [78]. Liao and his coworkers demonstrated that
the particle size, state, and oxygen content of graphene have
a strong impact on the red blood cells [80]. Graphene oxide
prepared by Hummers Jr. and Offeman [81] method showed
strong hemolytic activity at the smallest size, whereas aggre-
gated graphene sheets exhibited the lowest hemolytic activity,
suggesting that themore extensive and homogenous the layer
of graphene the better the hemo- and biocompatibility.

Controversial reports on the cytotoxicity of graphene
depend on the different preparation method, size of the
sheets, and the functionalization which greatly restricts its
potential applications. Analyzing the surface functionality
and reactivity of graphene nanomaterials is necessary to
determine the influence and the physiochemical properties
which further modulate the biological effects on living cells
and allow predicting the modes of action of graphene-based
materials.

5. Summary and Conclusions

A lot of researches are focused on the use of graphene in
electronics because of the most explored aspects of graphene
physics and electronic properties. However, graphene and
its derivatives are now rapidly developing in the field of
biotechnology and biomedicine.There are manymethods for
the production of graphene and graphene-based materials
such as graphene oxide (GO), reduced graphene oxide (rGO),
graphene powder, flakes, or solution, and graphene on the
surface of a metal or on any other material (e.g., Cu,
SiC). Each of these methods gives the same product but
different enough to make it useful in so many applications.
Together theoretical and experimental studies show that
the properties of graphene strongly depend on its mor-
phology, lateral size, and edge structure [82, 83]. With the
rapid development of the new production methods and

functionalization approaches graphene has a large potential
in genetic engineering, drug delivery approaches, cancer
therapy, bioimaging, or biosensing. A controlled method
used to tune the lateral size of GO in the nanometer range
and tailor its edge structure by oxidation with periodic acid
was firstly used to produce fluorescent GO nanosheets for
metal ion detection showing the modification of graphene
properties together with the change of oxidation state and
size in nanometer scale [83]. Graphene nanomaterials have
also shown a promise in the area of regenerative medicine
as a scaffold in tissue engineering, substrates for stem cell
differentiation, and components of implant devices [21, 22].
Different forms and functionalities of graphene determine
the hydrophobicity/hydrophilicity, solubility, surface charge,
topography, and stability in water solutions.Most of synthesis
techniques produce the mixture of graphene samples which
differ in size, shape, or number of layers. The various
mechanical or chemical methods generate structural defects
and contaminations with hydrocarbons or organic molecules
which change completely the surface energy and alter the
interactions with cells, tissues, or organs. The major obstacle
is the uncontrollable and large scale graphene synthesis
process which cannot produce good quality material repro-
ducibly. A number of different routes to synthesize graphene
have been demonstrated and some of them are better for
certain applications than others. The high quality and defect
free graphene is not soluble, so, instead, the majority of
graphene samples have been produced using graphene oxide
or reduced graphene oxide which allows better dispersion
and better interactions with the cells but disrupts the original
sp2 hybridization and changes all the pristine grapheme
unique physical properties.

Ideally flat graphene membrane with no defects and
superlative properties actually rarely exists. There is a large
gap between the theoretically predicted graphene proper-
ties and the actual state of view. In reality, 2D graphene
membranes have a tendency to crumble, form ripples and
bubbles, rearrange, and create all kinds of defects [84].
Together Meyer et al. revealed that suspended graphene
sheets exhibit roughening such that the membrane surface
varies out of the plane and that graphene structures cannot
exist in the free state and are always a part of larger three-
dimensional arrangements [85]. Pure graphene tends to form
irreversible agglomerates or restack to graphite, so the key
challenge in synthesis and processing a large amount of
graphene sheets is to control the aggregation. However, the
presence of some defects or structure modifications can alter
electronic or chemical properties of graphene in a useful way
but researchers must first learn how to introduce them in
controllable ways. The physiochemical properties together
with the biological effect of graphene familymaterials depend
on the particle state, size, and shape, surface functionalities,
and modifications or presence of contaminants. Different
fabrication methods generate different amounts of defects or
even different oxidative treatments result in the production
of graphene oxide with dissimilar properties [82, 83, 86].

There aremany potential applications for graphene which
developed rapidly in the past few years. However, making
and manipulating graphene still remain a challenge like the



Journal of Nanomaterials 9

controlled, large scale synthesis of high quality graphene.
Themethod of graphene synthesis depends on its application
and the toxicity of graphene is related to the exposure
environment (aggregation) andmode of interactionwith cells
(adherent cells versus suspension). However, because of the
inconsistency between studies and researches it is difficult
to compare and establish whether graphene is in fact safe or
toxic. There is still a limited amount of publications concern-
ing the impact of graphene on the immune systemand there is
a need to standardize the terminology and toxicology testing
methods and fabrication techniques for better understanding
of graphene characteristics and interactions with living cells
in biological systems.
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