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The development of materials and strategies that can influence stem cell attachment, proliferation, and differentiation towards
osteoblasts is of high interest to promote faster healing and reconstructions of large bone defects. Graphene and its derivatives
(graphene oxide and reduced graphene oxide) have received increasing attention for biomedical applications as they present
remarkable properties such as high surface area, high mechanical strength, and ease of functionalization. These biocompatible
carbon-based materials can induce and sustain stem cell growth and differentiation into various lineages. Furthermore, graphene
has the ability to promote and enhance osteogenic differentiation making it an interesting material for bone regeneration research.
This paper will review the important advances in the ability of graphene and its related forms to induce stem cells differentiation

into osteogenic lineages.

1. Introduction

Bone tissue regeneration is of high interest to promote faster
healing and reconstruction of large bone defects created
by tumor resection, skeletal abnormalities, fractures, and
infection. The development of this field requires the use
of substrates that enable cell attachment, proliferation, and
differentiation [1-3]. Several different materials can initiate,
stimulate, and sustain the series of complex events that lead
to cell differentiation and osteogenesis [3, 4]. For example,
collagen can offer suitable surface chemistry for cell growth
and differentiation [5, 6] but possesses poor mechanical prop-
erties and is prone to immune response [3, 6, 7]. Hydrogels
with tunable physical and chemical properties may positively
direct stem cell fate [6, 8]. However, their limitations may
include lack of cell-specific bioactivities and it is challenging
to create large structures due to the need of a highly cross-
linked network that can interfere in cell behavior [4, 6, 8, 9].
Therefore, materials with intrinsic characteristics that can

sustain cell growth and induce differentiation possess a great
potential for stem cell research.

Graphene is a single atomic sheet of conjugated sp” car-
bon atoms and is the thinnest, lightest, and maybe the strong-
est"material known [10, 11]. Its electrical conductivity and
charge carrier mobility surpass the most conductive polymers
by several orders [12] making graphene a revolutionary mate-
rial for electronic devices such as batteries, semiconductors,
electrochemical sensors, and others. As it can be easily
functionalized, graphene has also opened avenues for use
in biomedical applications (e.g., biosensors, nanocarriers for
drug and gene delivery, and devices for cell imaging and
phototherapy for cancer) [12-17]. As graphene can be synthe-
sized in a relatively pure form and offers tunable surface, it
has emerged as an interesting substrate for experiments with
anchorage-dependent cells such as mesenchymal stem cells
(MSCs), neuronal stem cells, induced pluripotent stem cells,
and others [12, 15, 18-23].
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2. Graphene and Its Unique Properties

Since its discovery in 2004 by Nobel laureates Geim and
Novoselov [24], graphene has attracted massive interest
because of its unique physical, mechanical, and chemical
properties [10-12, 25-27, 29-32].

Graphene Physical, Chemical, and Mechanical Properties

(i) Thinnest, strongest, and stiffest imaginable material
[24].

(ii) Almost transparent [25, 26].
(iii) Most stretchable crystal (20% elasticity) [24].

(iv) Recording thermal conductivity [24].

(v) Highest current density at room temperature [26].
(vi) Completely impermeable [27].

(vii) Highest intrinsic mobility (100 times more than in Si)
[26].

(viii) Conducting electricity in the limit of no electrons
[26].

(ix) Large surface area (~2600 m? g_l) [28].

(x) Longest mean free path at room temperature (micron
range) [26].

Due to its unique structure and a pure aromatic carbon
system [29], it has high electron mobility at room temperature
[26]. It also has exceptional thermal and chemical stability
and can work as an impermeable barrier supporting pressure
differences larger than one atmosphere [24, 27]. Though it is
almost transparent, it absorbs approximately 2.3% of white
light which makes it slightly visible to the naked eye [25].
Moreover, it is flexible and can adapt and deform in the direc-
tion normal to its surface. The large surface area, close to
2600 m* g!, makes it an attractive platform for anchorage of
large amounts of molecules 28, 33].

Graphene-related materials can be classified based on
either number of layers (e.g., mono- or multilayered gra-
phene) or their chemical modification such as graphene oxide
(GO) or reduced GO (rGO) (Figure1). GO is a highly oxi-
dized form of graphene prepared by oxidation of graphite.
This amphiphile compound allows surface functionalization
and can be dispersed in aqueous solution, making it an
attractive candidate for gene and drug delivery and substrate
modification [12, 16, 17, 34-37]. rGO can be further reduced
to graphene-like sheets by removing the oxygen-containing
groups with the recovery of a conjugated structure [12, 32].

Graphene in different forms can be obtained using “top-
down” and “bottom-up” methods. The “top-down” approaches
include mechanical and/or chemical exfoliation of graphite.
The mechanical method, also known as the “Scotch tape”
or peel-off technique, allows the detachment of micrometer-
sized graphene flakes from a graphite crystal using adhesive
tape [24, 32, 38]. In the chemical exfoliation, graphite is oxi-
dized using strong acids such as sulphuric or nitric acid. This
procedure inserts oxygen atoms between individual graphene
sheets and forces them apart, resulting in a suspension of
GO sheets that can be filtered to isolate GO flakes [30, 39].
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As GO presents oxygen functionalities it can be well dis-
persed in water, physiological media, and other organic
solvents [40].

Graphene can also be obtained using “bottom-up”
approaches like epitaxial growth and chemical vapor depo-
sition (CVD) [38, 41]. The latter is a versatile and scalable
method for production of large scale and high quality
graphene that can be transferred to various substrates [42]. In
typical CVD process, a copper or nickel substrate is annealed
and precursor gases (CH, and H,) are pumped into a
reaction chamber (usually a quartz tube) at high temperatures
(~1000°C). The high temperature leads to the pyrolysis of
precursors and dissociates carbon atoms which then react
with the substrate to produce the thin film of graphene [38].
CVD-grown graphene is flexible and hydrophobic that can be
used as a substrate to promote cell proliferation and enhance
some of their functions [12, 33, 35, 43-47].

The different methods to produce graphene result in
materials with different number of layers and/or chemical
groups. Raman fingerprints for different groups and number
of layers reflect changes in the electron bands and allow
unmistakable identification and characterization of graphene
by the analysis of three peaks: G, 2D, and D (Figure 2).
The G and 2D bands are the most prominent in graphene
samples: the G-band (~1587 cm™") arises from the stretching
of the C-C bond in graphitic materials whereas the D band
(~1340cm™) is only activated if disorder or defects are
present. The 2D band (2500-2800 cm™") is present in all types
of sp* carbon materials and is used to determine the number
of layers of graphene [48].

3. Cytotoxicity and Biocompatibility
of Graphene

Graphene and its derivatives are interesting materials for
biomedical applications since carbon is the basis of organic
chemistry [24, 34]. However, the shape and physical and
chemical characteristics of carbonaceous nanomaterials play
an extremely important role in how they interact with cells,
tissues, and organs [49].

Anchorage-dependent cells need to adhere to substrates
in order to spread, proliferate, and perform their functions
[3, 14, 46, 47, 50, 51]. The CVD-grown graphene allows
human MSCs attachment and proliferation similar to other
substrates used for cell culture [33, 46, 47, 52]. Bone marrow-
derived MSCs from goats are also capable of proliferating in
culture plates coated with GO (0.1 mg/mL) [37].

Although substrates coated with graphene-based mate-
rials are not cytotoxic, the use of the material in solutions
might pose hazards to cells and tissues. Cell viability may
decrease significantly in solutions with high concentrations
of pristine graphene (50 yug/mL) as it accumulates on the
cell membrane leading to high levels of oxidative stress [53].
Graphene microsheets with lateral dimensions lower than
5um can enter mammalian cells initiated by spontaneous
penetration of lipid bilayers in a dominant edge-first or
corner-first mode. Nonetheless, the uptake of microsheets
larger than 5pm in lateral dimensions is often incomplete
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Graphene

« Mechanical exfoliation
« Chemical exfoliation

« Chemical vapor deposition (CVD)

Graphene oxide

COOH COOH OH

Chemical treatment of graphite
through oxidation, followed by
dispersion and exfoliation in water

or suitable organic solvent

Reduced graphene oxide

COOH COOH OH

Thermal or chemical reduction of
graphene oxide

FIGURE 1: Methods of obtaining graphene and its derivatives.

[54]. When PCI2 cells, a pheochromocytoma of the rat
adrenal medulla, are exposed to graphene sheets in solution
(0.1 ug/mL), there is an increase in reactive oxygen species
production and decrease in metabolic activity. However, at
concentrations of 0.01 and 0.1 ug/mL, there is no increase in
lactate dehydrogenase, an enzyme released upon membrane
damage [49].

Carbon-based materials present different effects when
administered in vivo as they present diverse patterns of bio-
distribution [55, 56]. Mice injected with graphene nanosheets
exhibited a Th2 immune response in the lung, whereas those
injected with multiwalled carbon nanotubes (CNT) pre-
sented it in the spleen. The pulmonary instillation of multi-
walled CNT in mice induces IL-33 production and may
function as an alarm in response to nanomaterial exposure
[56].

One strategy used to improve graphene’s biocompatibility
relies on the generation of covalent bonding of polyethy-
lene glycol (PEG) to minimize oxidation. There was no
considerable toxicity after injecting mice with 20 mg/kg
with PEGylated graphene as evidenced by histological and
hematological analysis after 90 days. In fact, the graphene
sheets levels in most organs were very low after three days
from the injection. The relatively slow but persistent decrease
of the material concentration in the liver and spleen suggests
that the clearance of graphene nanosheets from the mouse
body happens through both renal and fecal excretions [55].

As graphene-based materials can be functionalized, there
is an increased interest in using them for biomedical applica-
tions. In fact, the surface functionalization may be an impor-
tant step for pacifying its strong hydrophobicity that may
be associated with toxic effects. Nonetheless, the potential
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FIGURE 2: Characterization of graphene, graphene oxide, and three-
dimensional graphene-based scaffold by Raman spectroscopy.

long-term adverse effects of functionalized graphene cannot
be neglected [53]. Further studies regarding the safety, biodis-
tribution, and adverse effects are needed before the material
can be used at large in biological systems.

4. Graphene’s Capability to
Induce and Improve Stem Cell
Osteogenic Differentiation

Major bone reconstruction represents a major challenge and
is a global health problem. Stem cell-based therapy might be a
promising solution but it requires the constant development
of biocompatible platforms that can promote and enhance
cell viability, attachment, migration, and differentiation [1,
3]. Several materials such as poly-L-lactic acid (PLLA),
polycaprolactone (PCL), chitosan, and composites based on
these materials are constantly developed and improved to
match some properties of native bone [3, 57, 58]. However,
fine-tuning the mechanical properties and chemical and
physical characteristics to match native bone properties is
rather challenging [58]. In some polymers, such as PLLA and
PCL, the lack of sites for cell adhesion may require chemical
modification to provide such cues to allow stem cell adhesion.
Furthermore, their byproducts upon degradation can trigger
immune responses [59]. Bioactive inorganic materials are
also widely used in bone research. However, due to their
brittle nature, they often fail to match the fracture toughness
of bone and may not be suitable for load bearing applications
[60].

Graphene has emerged as a promising material for stem
cell research due to its unique mechanical, physical, and
chemical properties (Table 1) [20, 24, 61]. Graphene-based
materials allow stem cell attachment and growth and enhance
osteogenic differentiation supporting its introduction as an
alternative material for bone regeneration research [14, 21, 23,
33, 45-47, 52].
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Cell adhesion, viability, and proliferation rate are directly
related to the biocompatibility of the substrate [3, 6, 51]. In
fact, cell attachment and differentiation are greatly affected
by the surface characteristics of materials and by forces gen-
erated at the cell/material interfaces. [46, 61, 62]. Graphene-
based coatings are noncytotoxic and allow the attachment
and proliferation of fibroblasts, osteoblasts, and mesenchy-
mal stem cells (MSC) and have been shown to enhance
stem cell differentiation [33, 43, 45-47, 62-64]. Human
osteoblast-like cells (SAOS-2) and MSC seeded on CVD
graphene presented higher proliferation than silicon dioxide
(SiO,) after 48 hours of incubation. Furthermore, MSCs
on graphene assume a spindle shaped morphology whereas
those cultured on SiO, substrates form separate islands
of polygonal cells [46]. As cell morphology is related to
stem cell commitment to different lineages [65] the spindle
shaped cell structure of MSC on graphene may possess
higher potential for osteoblast differentiation as compared
to the SiO, substrate [46]. Furthermore, cells cultured on
CVD graphene present higher proliferation in comparison
to Si0,, graphene oxide, and polydimethylsiloxane (PDMS)
substrates [33, 46] but similar to those cultured on glass, one
of the most used substrates for cell culture [47].

Although cell proliferation is not improved by pristine
graphene, the material enhances stem cell differentiation
towards osteoblastic lineage [33, 45, 47, 52]. MSCs exhibit
accelerated osteogenic differentiation when cultured on
two-dimensional graphene sheets as compared to GO and
PDMS in the presence of an osteogenic induction medium
(Figure 3) [33, 47]. Self-supporting graphene hydrogel film
induced higher levels of osteogenic differentiation of rat
bone marrow stem cells (BMSC) in growth medium [66].
MSC cultured on graphene oxide nanoribbon (GONR) and
reduced GONR (rGONR) grids showed 3.4- and 2.7-fold
increase in the mineralized deposition than those cultured
on PDMS and glass [45]. When glass and Si/SiO, were
coated with CVD graphene, MSCs present high expression
of osteocalcin (OCN) as compared to the uncoated materi-
als [47]. OCN is identified as a late bone marker in oste-
oblasts [67]. These increments in differentiation might be
attributed to the high modulus of elasticity and stiffness of
graphene [47]. Furthermore, graphene can sustain lateral
stress that may influence cytoskeletal tension leading to
changes in cytoskeleton organization and structures which
influence cell differentiation [47, 68]. It is known that soft
matrices that mimic brain are neurogenic, stiffer substrates
that mimic muscle are myogenic, and comparatively rigid
matrices similar to collagenous bone induce osteogenic
differentiation [69]. Other factors for the increased differ-
entiation may be attributed to the presence of wrinkles
and ripples on graphene [33, 45, 47]. These are created
during the production of graphene. The CVD graphene is
usually synthesized at high-temperatures (~1000°C) and it
experiences negative thermal expansion while cooling. Thus,
graphene expands laterally while the metal used as the sac-
rificial substrate shrinks, resulting in the formation of those
wrinkles and ripples. Examples of superficial characteristics
for both CVD-grown graphene and GO are presented in
Figure 4 [34].
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TABLE 1: Summary of studies using graphene for osteogenesis.

Material

Analysis

Outcomes

Reference

SEM, Alizarin Red staining,

The differentiation on rGO-chitosan
substrate was higher than the ones

rGO-Chitosan and immunofluorescence obtained on the chitosan substrata and (21]
polystyrene regardless of the use of
osteogenic induction media
The multifunctional rGO-PEDOT
Immunofluorescence bioelectronic interface was used for
tGO-PEDOT staining. Alizarin Red S manipulating attachment and orientation (83]
s taining, of MSC. The device acted as a drug
& releasing model under electrical
modulation
Lrlrilzrrlg?:éllu(l);:zcence, The osteogenetic differentiation of human
GO tomoera }I: and Goldner BMMSCs on Ti/GO substrate was higher (84]
trichr%)mI:: Y compared to Ti substrate
Immunofluorescence Graphene nanogrids increase the
GONR, rGONR staining and Alizarin Red osteogenic differentiation of BMSC; the [45]
stainin differentiation coincides with the patterns
& of the nanogrids
Immunofluorescence The cells adhered and proliferated more
CVvD stainin on CVD-grown graphene than on SiO, [46]
& substrates
Immunofluorescence Graphene was capable of .
CVD, GO .. N preconcentrating osteogenic 33
z::ﬁigg and Alizarin Red differentiation factors. GO strongly (331
& enhances adipogenic differentiation
ﬁiﬁﬁgﬁggra:;?;ce CVD-grown graphene allowed the
CVD stainine. and Alizarin Red proliferation of MSC and increased the [47]
s taining, differentiation towards osteoblast
Immunofluorescence 3DGp maintains MSC viability and
3DGp staining and SEM promotes osteogenic differentiation [52]
& without the use of chemical inducers
Cell adhesion was enhanced by adding
CaS-G MTT, SEM, and RT-PCR 1.5% of graphene to the material as [72]
compared to the calcium silicate alone
The self-supporting graphene hydrogel
?ﬁlrfl;rl,nll_f)ﬁ(ui;escence (SGH) film allows cell adhesion and
SGH stainine. and Alizarin proliferation and accelerates the [66]
s taining’ osteogenic differentiation without
& chemical inducer
Alizarin Red S staining RT The GO-CaP nanocomposite exhibited
GO-CaP superior osteoinductivity compared to 73
¢ f)rr?r}:lsggﬂuorescence individual or combined effects of GO and (73]
CaP
Cells in PLLA composite scaffolds
. containing 3% wt of graphene presented
Carbon nanotubes and graphene f’ili\ﬁi:hsa) and H &E higher expression of osteogenesis-related [80]
8 proteins, calcium deposition, and the
formation of type I collagen
Graphene 3D hydrogel allows cell
Graphene hydrogel MTT and SEM proliferation and attachment confirming 82]

the biocompatibility of the graphene
hydrogel scaffolds
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FIGURE 3: (a) Alizarin Red staining after 12 days of incubation of BMSC on PDMS, graphene (G), and GO with ((i), (ii), and (iv)) and without
osteogenic medium ((ii), (iv), and (vi)). (b) Quantification demonstrated a significantly higher amount of Alizarin Red staining in the MSCs
differentiated on graphene. Reprinted with permission from [33] (Copyright (2011) American Chemical Society).

It is known that the transport phenomena of cytokines,
chemokines, and growth factors are drastically different
between two- and three-dimensional (3D) microenviron-
ments interfering in signaling transduction, cell-cell com-
munications, and tissue development [3, 6, 70]. Graphene
3D construct (3DGp) can be synthesized via CVD using
a nickel foam as template and are capable of inducing
spontaneous neuronal and osteogenic differentiation of MSC
[52, 64]. Cells in 3DGp presented a spindle shaped and
elongated morphology with thin and aligned nuclei, typical of
osteoprogenitor cells and expressed osteogenic markers OCN
and osteopontin (OPN) even without the use of osteogenic
medium [52]. Recently, our group has succeeded in culturing

periodontal ligament stem cells (PDLSC) in 3DGp (Figure 5).
After 5 days, the surface of 3DGp was covered by cells having
an elongated shape, showing that 3DGp is a suitable substrate
for PDLSC attachment and proliferation.

Although graphene holds the potential to induce sponta-
neous osteogenic differentiation of stem cells, this property
is significantly enhanced by the use of chemical inductors
for osteogenic differentiation [33, 45, 47, 52]. When MSCs
were cultured on CVD graphene with osteogenic medium,
the extent of mineralized deposition was remarkably higher
than that observed for PDMS and GO sheets [33]. Similarly,
CVD graphene substrate was able to induce osteogenic differ-
entiation of MSC at the same rate as Si/SiO, substrates treated
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FIGURE 5: Periodontal ligament stem cell in 3DGP after 3 (a) and 5 days (b) on culture. Cells are able to attach and proliferate into the

three-dimensional surface of the graphene-based scaffold.

with BMP-2 [47]. The extent of the induced differentiation
of MSC cultured on GONR and rGONR grids was 6.4- and
16.3-fold higher than those obtained for PDMS substrates
[45]. These higher levels of differentiation are possible due
to the capability of graphene-based materials to adsorb
typical osteogenic inducers such as dexamethasone and f3-
glycerophosphate [33, 45]. Dexamethasone can be adsorbed
due to m-m stacking between the aromatic rings in the
molecules and the graphene basal plane [33]. GO is prone to
bind to ascorbic acid due to the degree of hydrogen bonding

that is formed between the OH moieties of the acid and
GO [33, 45]. Hence, graphene and its derivatives allow the
loading and release of drugs and proteins that can enhance
the osteogenic differentiation of stem cells.

5. Combining Graphene and Various Materials
to Enhance Osteogenic Differentiation

Although graphene has great benefits for osteogenic differ-
entiations due its excellent physical properties, it can also be
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GO-CaP

CaP

FIGURE 6: Immunofluorescence for osteocalcin and alkaline phosphatase (green) and DAPI (blue) after incubation with control osteogenic
medium on GO, calcium phosphate (CaP), and GO-CaP for two weeks. Scale bars represent 20 mm. Reprinted with permission from [73]

(Copyright (2014) American Chemical Society).

chemically modified [71] or combined with other materials
like polymers, ceramics, and metals to further improve the
differentiative potential [21, 62, 72-75]. GO is a widely
used form of graphene due to the presence of carboxylic,
epoxy, and hydroxide groups, which allow wide range of
reactions and functionalization opportunities [12, 32, 66, 76].
Ceramic/functionalized graphene composites can improve
biological outcomes of ceramic-based materials [72, 73, 75].
Hydroxyapatite (HA), for example, is a calcium phosphate
ceramic commonly used for bone repair or regeneration
due to its chemical similarity to that of natural apatite in
bones [18]. The addition of graphene nanoplatelets (GNP)
to 45S5 Bioglass results in a composite with high electrical
conductivity and increased concentration of GNP. The elec-
trically conductive biomaterials can be used in bone tissue
engineering to facilitate cell growth and tissue regeneration
with physioelectrical signal transfer [75]. The addition of GO
to HA coatings can increase the coating adhesion strength
on titanium sheets. The GO/HA composite coating also
exhibits higher corrosion resistance than pure HA coatings.
Furthermore, the GO-modified coating presents higher cell
viability in comparison with titanium substrate regardless of
the coating of HA [77]. By embedding graphene plates to
calcium silicate matrix it was possible to improve the wear
resistance of the composite created in a quantity-dependent
manner. Although the addition of graphene to the calcium
silicate does not increase osteoblastic-related gene expression
of MSC, cell adhesion was enhanced by adding 1.5% of
graphene to the material as compared to the calcium silicate
alone [72]. The incorporation of GO to ultrathin plate shaped
calcium phosphate nanoparticles improved the osteogenic
differentiation of MSC (Figure 6). GO acts synergistically
with calcium phosphate increasing calcium deposition, ALP
activity, and OCN expression of MSC [73].

Polymers have also been modified with graphene to pro-
vide better environments for cell survival and differentiation.

The addition of 1wt% of GO to gelatin-based composite
improves significantly the tensile strength, Young’s modulus,
and energy at break by 84, 65, and 158%, respectively [78]. The
addition of rGO to chitosan changes its nanotopography due
to the increase in roughness and surface area, thus enhancing
adhesion and osteoblastic differentiation of MSCs. Due to
the nanoscale disorder of graphene incorporated into the
chitosan substrata, the mineralized deposits observed were
higher as compared to chitosan and polystyrene substrate
regardless of the use of osteogenic or culture media [21]. GO
also increased the bioactivity of PCL during biomineraliza-
tion by promoting the nucleation of HA nanoparticles in
simulated body fluid [79].

Poly-L-lactide (PLLA) scaffold was modified with CNT
and graphene of 1-3% wt by thermal-induced phase separa-
tion technique. The scaffold containing 3% wt of graphene
enhances the differentiation of BMSC and increases the
calcium deposition and formation of collagen type I. This
can be attributed to the increase in specific surface area
of the scaffold and the surface roughness that can increase
adsorption of proteins. Furthermore, graphene provides
more contacting surface to cells as compared to the same
content of CNT [80].

Graphene can form self-supporting graphene hydrogel
(SGH) by the principal of colloidal chemistry due to intrinsic
corrugation of graphene and solvation repulsion between
neighboring graphene sheets, resulting in a large amount of
separated graphene sheets in a collective manner inside SGH
(66, 81]. Multilayered SGH film allows the same level of cell
adhesion and proliferation of BMSC in comparison to glass.
The implantation of SGH film into subcutaneous sites of rats
leads to formation of new blood vessels with minimal fibrous
capsule formation after 12 weeks. Interestingly, this biocom-
patible film was able to stimulate osteogenic differentiation of
stem cells without additional chemical inducers. This ability
can be attributed to the corrugated and porous surface of
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the film that acts as anchor points for the cytoskeletons
and exerts influence on cytoskeletal tension changing cell
morphology [66]. A graphene-modified hydrogel prepared
by hydrothermal method also contributes to a biocompatible
three-dimensional environment as MG63 cells were capable
of flourishing in the hydrogel for seven days. Guided filopodia
protrusions of MG63 cell revealed that the cells were well
adapted to the graphene hydrogel substrate [82].

Due to the large surface area and delocalized electrons,
GO and rGO have the potential to bind and solubilize
molecules acting as drug delivery vehicles [12, 33, 35,
83, 84]. Poly(l-lysine-graft-ethylene glycol)- (PLL-g-PEG-)
coated PEDOT electrodes can be used as electroactive device
for spatial-temporal controlled drug-release. Such devices
can be used for long-term cell culturing and controlled
differentiation of MSC through electrical stimulation [83].

Given that the induction of osteogenic differentiation
of stem cells can take several weeks, the sustained release
of inducing proteins, such as BMP-2, can accelerate this
process. Recently the potential of titanium coated with GO
(Ti/GO) has been explored for sustained release of BMP-
2 to increase osteogenic differentiation in vitro and in vivo
[63]. Ti substrates coated with GO enable loading and sus-
tained release of BMP-2 without compromising the protein
bioactivity. The in vitro osteogenic differentiation of BMSC
was higher on Ti/GO combined with BMP-2 than on Ti
with BMP-2. Further in vivo experiment demonstrated the
efficacy of BMP-2 delivered by Ti or Ti/GO substrate after
implantation into mouse calvaria defects. After 8 weeks,
Ti/GO implants conjugated with BMP-2 showed extensive
bone formation revealed by microcomputed tomography and
histological analysis as compared to Ti/BMP-2 substrate [84].

These findings corroborate graphene as a promising
material that can increment bioactivity and differentiative
potential of candidate materials for bone tissue regeneration.

6. Conclusion

The characteristics of graphene such as large surface area,
excellent mechanical properties, and feasibility to be trans-
ferred to different substrates among others make it a unique
material for stem cell research. Graphene-modified substrates
and materials are biocompatible, allow cell adhesion and
proliferation, and increase differentiation of stem cells into
osteogenic lineage. In addition, it can be easily functionalized
to bind biomolecules or elements of choice to induce and con-
trol stem cell behavior. Although some challenges remain, the
advances obtained by using graphene to induce osteogenesis
are exciting. One of these challenges is the lack of thorough
and profound understanding of the mechanism and signaling
pathways involved in stem cell differentiation stimulated by
graphene. Further studies at cellular and subcellular level
beyond proof of concept and focusing on underlying mech-
anism are necessary. Moreover, comparisons of graphene
with current known and successful biomaterial and implants
must be performed to conclude the benefits of the material.
Furthermore, in vivo animal studies are needed to assess
biodistribution and their metabolic pathways in tissues and
organs to permit future clinical applications.

Due to the unique structures and remarkable properties,
graphene and its derivatives hold great potential for biomed-
ical applications. Although the research with graphene for
bone tissue regeneration is still in early stages of development,
the material may have bright future in clinical scenarios.
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