


three-dimensional (3D) diamond and graphite. Graphene has
been discussed in theory for about 60 years. In 2004, gra-
phene was & isolated by Novoselov and Geim. ** Since
then, graphene has attracted much interest from various
scientigis, and its discovery won the 2010 Nobel Prize

in physics.

Graphene is a one-atom-thick sheet of carbon atoms ar-
ranged in a 2D honeycomb structure. The strong carbon-
carbon bonding in the plane, the aromatic structure, the
presence of free p electrons, and reactive sites for surface
reactions make graphene a unique material with excellent
properties: the thinnest material ever measured; a large
specifurface area (2600m 2 g~1)'%: a Youngiiodulus of
1 TPa and intrinsic strength of 130 GPa, which is close to
that predicted by theory'®!”; a high room temperature
electron mobility of 2.5
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the surface charge of graphene have a large impact on the
biological and toxicological response to red blood cells. At
the smallest size, GO showed the greatest hemolytic ac-
tivity, whereas aggregated graphene sheets exhibited the
lowest hemolytic activity. Their study also demonstrated
that compacted graphene sheets are more damaging to
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FIG. 1. Schematic diagram
depicting the possible mech-
anisms of the biological
effects of graphenes on
mesenchymal stem cells or
osteoblastic cells in vitro.

? Means inconclusive results.
Arrow, promotion; bar, inhi-
bition. G, graphene; Dex,
dexamethasone; b-GP,
b-glycerophosphate. Color
images available online at
www.liebertpub.com/teb

concentration above 50 mg/L. In another study by Kim
et al., the proliferation rate of hMSCs decreased with the
incorporation of higher amounts of rGO into the rGO-
chitosan substrata.'® On the other hand, G and GO exhibited
negligible in vitro toxicity to BMMSCs, ASCs, or osteo-
blasts when they were used as coating materials, as men-
tioned earlier. Thus, further systemic studies are required to
wholly understand the potential biological effects and to
address concerns over health hazards before any practical
application.

The differentiation of MSCs into osteogenic lineages
on graphene

A study by Kim et al. showed that GO/graphene-CaCOg3,
hybrid materials exhibited remarkably enhanced hydroxy-
apatite formation when incubated in a simulated body B
solution compared with bare GO and graphene Bs.
Later, other studies indicated that the formation of extra-
cellular matrix of osteoblasts or preosteoblasts on CS-GO
and FRGO was signifiatly enhanced. ”*

In addition, positive results for the osteogenic differenti-
ation of MSCs on graphene have been obtained.*’*? Nayak
et al. cultured BMMSCs in osteogenic medium without
bone morphogenetic protein-2 (BMP-2), which did not lead
to osteogenic differentiation over the whole duration of the
experiment (15 days). However, once the substrates (PDMS,
PET, glass slide, and silicon wafer) were coated with CVD-
grown graphene, BMMSCs successfully differentiated into
osteoblasts, which was conieed by quantitative alizarin
red staining. Interestingly, both BMP-2-treated and CVD-
grown graphene-coated substrates induced cell differentia-
tion at the same rate, suggesting that graphene might be a
driving force of bone cell formation.* In another study, after
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12 days of osteogenic induction, there was a sevenfold in-
crease in the extent of mineralization in BMMSCs cultured
on CVD-grown graphene compared with those on PDMS.®
Tang et al. reported spontaneous osteogenic differentiation
of MSCs on a cross-linked GO B, without the use of any
chemical inducers. Furthermore, the extent of mineralization
increased with an increase in the roughness of the GO &.
Thus, the GO B may represent a chemical-free method of
inducing osteoblastic differentiation.’* The enhanced dif-
ferentiation of ASCs, including osteogenesis and adipo-
genesis, on GO B has also been reported. © In addition,
Alizarin Red S staining and western blot analysis by Kim
et al. showed up-regulation of the osteogenic differentiation
of hMSCs in the rGO-chitosan substrata compared with the
chitosan substrata and tissue culture polystyrene, in both the
proliferative and osteogenic induction media.'® These recent
investigations indicate an active or potential pro-osteo-
differentiation capability of G or GO.

Cell behavior of MSCs on 3D graphene

All the reports mentioned earlier investigated stem cell
behavior on 2D graphene sheets. Crowder et al. employed
3D graphene foams (3D GFs) as culture substrates for
BMMSCs for the &time. GFs were fabricated by growing
graphene on 3D nickel scaffolds, and the nickel was sub-
sequently removed by FeCls etching. GFs were shown to
maintain BMMSCs viability and to stimulate changes in
morphology. When cultured on GFs for 7 days, BMMSCs
exhibited spindle-shaped, elongated morphology with thin,
aligned nuclei and strongly expressed both osteocalcin and
osteopontin, indicating spontaneous osteogenic differentia-
tion of BMMSCs without the need for extrinsic biochemical
manipulation.**



Mechanism of GraphenefPositive Effects on the
Proliferation and Osteogenic Differentiation of MSCs

The ability of graphene to promote the proliferation and
osteogenic differentiation of BMMSCs and ASCs has been
demonstrated (Fig. 1). It has been reported that topography,
chemistry, and physical properties of biomaterials are critical
parameters for directing cell fates® In recent years, the
mechanism has been explored from different aspects (Table 1).

Adhesion mechanism

FAs are large protein complexes that indicate the con-
nections between cells and the extracellular matrix. FAs
play a keg role in the mediation of adhesion and migration
of cells.®® Several studies have suggested that nanoscale
structures of substrates may regulate FAs. Kim et al. hy-
pothesized that the unique nanotopography of the GO &
would infnce the formation of FAs. °©

Cell morphology mechanism

Micromorphology regulates multiple biological pro-
cesses, including adhesion,®® proliferation,®* and differen-
tiation.®? Moreover, studies suggest that cell shape is a key
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with regard to graphene®ffects on the adhesion, prolifer-
ation, and differentiation of MSCs, and its potential to
promote osteodifferentiation, which point to its future use in
surface modifition of implants or scaffold materials. To
date, studies on grapheneBbntribution to bone tissue en-
gineering are still quite new, and knowledge on the effects
of graphene is limited. Within the limitation of the present
investigation, we believe that graphene may have a prom-
ising future, and further research will realize its potential. In
spite of the signifiat progress mentioned earlier, there are
still some important challenges. First, the potential long-
term toxicity and the nonbiodegradable nature of graphene
should be further investigated. Second, our understanding of
graphene-cell interactions and its internal mechanisms are
incomplete, and many hypotheses remain to be tested.
Third, a comparison of the osteogenic effects of graphene
with those of current successful implants or scaffold mate-
rials should be performed before we can conclude whether
graphene is a promising nano-material for promoting sur-
face modiékion of implants or scaffold materials. Lastly,
the exact effects of graphene on cells, tissues, or organs, and
their metabolic pathway in vivo remain unclear and require
further studies.
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