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Abstract: Although graphene and its derivatives have been proven to be suitable for several
biomedical applications such as for cancer therapy and biosensing, the use of graphene for stem
cell research is a relatively new area that has only recently started to be investigated. For stem
cell applications, graphene has been utilized by itself or in combination with other types of
materials such as nanoparticles, nanofibers, and polymer scaffolds to take advantage of the several
unique properties of graphene, such as the flexibility in size, shape, hydrophilicity, as well as its
excellent biocompatibility. In this review, we will highlight a number of previous studies that have
investigated the potential of graphene or its derivatives for stem cell applications, with a particular
focus on guiding stem cell differentiation into specific lineages (e.g., osteogenesis, neurogenesis,
and oligodendrogenesis), promoting stem cell growth, stem cell delivery/transplantation, and
effective monitoring of their differentiation. We hope that this review promotes and accelerates
the use of graphene-based materials for regenerative therapies, especially for stem cell-based
approaches to cure various incurable diseases/disorders such as neurological diseases (e.g.,
Alzheimer’s disease and Parkinson’s disease), stroke, spinal cord injuries, bone/cartilage defects,
and cardiovascular diseases.

Keywords: graphene; graphene oxide; graphene hybrid materials; graphene scaffolds; stem cells;
differentiation; transplantation; detection; biomedical applications; stem cell engineering

1. Introduction

Graphene is a formation of carbon atoms in a two-dimensional honeycomb structure [1-3].
It has been intensively studied and is known to possess several unique properties such as high
opacity (~97.7%), excellent electrical conduction ability (carrier mobility: 10,000 cm?-V~1.s71), and
superior mechanical strength (Young’s modulus: 1100 GPa), which have propelled the utilization of
graphene for electronic, electrochemical, and optical applications [4-8]. Besides the aforementioned
characteristics, recent studies have also uncovered a number of fascinating properties of graphene,
including high photoconversion efficiency, tunable amphiphilicity, excellent drug loading capacity,
flexibility in size, and low cytotoxicity, all of which are useful features for nanomaterial-based
biomedical applications such as cancer and stem cell therapies [9-16].

Compared to their use in cancer researches, the use of graphene-based materials in stem cell
applications is a relatively new area of research [17-23]. As discussed in numerous research articles,
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stem cells have emerged as one of the most promising candidates for regenerative therapies because
of their unique properties of self-renewal and differentiation. It is predicted that differentiated stem
cells will be implantable in various tissues, which will ultimately be useful for the treatment of
a wide range of diseases. Although promising, there are several issues that hinder the practicality
of stem cells for regenerative therapies, including (1) low ex vivo differentiation efficiency; (2) low
engraftment efficiency after transplantation; and (3) lack of the tools that would allow scientists
and doctors to rapidly, easily, and precisely implant stem cells without sacrificing their viability and
functionality [24-30].

The most common method for guiding the differentiation of stem cells involves the use of
soluble factors including proteins, small molecules, and mixed supplements, all of which have to
be carefully tuned based on the individual application [31,32]. In addition to the soluble cues,
it has been reported that insoluble cues, which encompass the establishment and manipulation
of extracellular microenvironments, especially the underlying substrates wherein cells attach and
grow, have significant roles in controlling stem cell behaviors such as migration, proliferation,
differentiation, and apoptosis [33—40]. Interestingly, graphene has proven to be capable of directing
stem cell differentiation into specific cell types such as neurons, oligodendrocytes, osteoblasts,
and adipocytes, based on the type of material (e.g., graphene, graphene oxide, and graphene
hybrid scaffolds), as well as the type of progenitor cell (e.g., neural stem cells and mesenchymal
stem cells) [41-47]. It can be used to tune such physical properties as elasticity, porosity, and
micro/nano structure.

Besides the ability of graphene derivatives to guide differentiation of stem cells, graphene
has shown an immense potential as an implantable material; it can help stabilize the growth
and differentiation of stem cells embedded in three-dimensional hydrogels, thereby enhancing
the efficiency of engraftment after transplantation [46,48,49]. Additionally, graphene has value as
a detection molecule. Its surface absorbs specific molecules released from cells or embedded on
cell membranes and enhances optical and/or electrical signals detectable by external analytical
techniques [50]. Hence, despite a short history of utilization, considering the impact of stem cell-based
regenerative therapies, it is worthwhile to summarize and highlight the recent progress of the use of
graphene and/or graphene-based hybrid scaffolds for stem cell applications.

Therefore, in this review, we will discuss the biomedical applications of graphene-based
materials, with a particular focus on guiding stem cell differentiation, stem cell
transplantation/delivery, and monitoring/detection of stem cell differentiation. There are several
review articles that discuss the use of graphene derivatives as therapeutic materials [51,52]. However,
the utilization of graphene-based materials for stem cell applications is a rapidly emerging area and,
thus, needs to be highlighted in order to fully understand their applicability and to envision the full
potential of graphene in stem cell research.

2. Graphene and Graphene Oxide

Among the host of graphene derivatives, graphene and graphene oxide (GO) have been
the most popular materials used for stem cell-based researches [53-55]. Graphene is composed
of pure carbon atoms; however, graphene oxide contains many hydroxyl groups on its surface
(-COOH, -C-O-C-, C-0O-H, etc.), which makes it resistant to electron transfer. The controllable
hydrophilic/hydrophobic nature of GO is one major difference between GO and graphene, and
it leads to a difference in directing stem cell differentiation. A reduced graphene oxide (rGO) is
another commonly used graphene derivative that is obtained from GO via chemical, thermal, or
electrochemical reduction processes [56-58]. The rGO possess different surface characteristics (i.e., of
a hydrophilic/hydrophobic nature) that are different from both graphene and GO and thus affect
stem cell behaviors in a different manner. Still debatable, the toxicity of graphene derivatives has
been intensively investigated for more than five years and, as shown in Table 1, they have turned out
to be safe even at high concentrations [59-65]. In this subsection, we will discuss several strategies
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for guiding stem cell differentiation using different types of graphene derivatives and their potential
for stem cell-based regenerative therapies.

Table 1. Toxicity evaluation of graphene and graphene oxide (GO).

Material Model Maximum Dose (ug/mL) Safe Dose (ug/mL) Reference
Graphene Monkey renal cells 300 <50 [59]
Neuroblastoma 100 <80 [60]
Humap ret.mal pigment 100 <100 [61]
co epithelium cells
Red blood cells 75 <75 [62]
Human fibroblast 100 <50 [63]
Human alveolar basal
epithelial cells 200 <200 [64]
Mouse embryonic fibroblast 1000 <1000 [65]

2.1. Enhancing Osteogenesis with Graphene/Graphene Oxide

The first study investigating the potential of graphene in guiding stem cell differentiation
was reported by Nayak et al. in 2011 [41]. The authors utilized a graphene-coated silicon wafer
fabricated by chemical vapor deposition (CVD), a method proven to be highly efficient in generating
high-quality graphene, to guide osteogenesis of bone marrow-derived mesenchymal stem cells
(bmMSCs). Mesenchymal stem cells are one of the major progenitor cell lines achievable from
a number of sources including adipose tissues, bone marrow, embryonic stem cells (ESCs), and
induced pluripotent stem cells (iPSCs). They are capable of generating multiple cell types such
as fibroblasts, myoblasts, adipocytes, chondrocytes, and osteoblasts, all of which are important
for the regeneration of damaged tissues in the human body. Interestingly, graphene was
found to significantly accelerate and enhance osteogenesis of bmMSCs, regardless of the type of
underlying substrate (such as glass slide, Si/SiO, wafer, polyethylene terephthalate (PET), and
polydimethylsiloxane (PDMS)), based on the level of osteocalcin (a marker for osteogenesis) and
calcium mineralization level (Figure 1la—f). The reason for enhanced stem cell differentiation to
an osteogenic lineage was explained by Lee et al. in 2011 [42]. They studied the capability of graphene
and GO to absorb surface factors including proteins (insulin) and small molecules (dexamethasone,
beta glycerol phosphate, and ascorbic acid), which are the essential components for adipogenic
and osteogenic differentiation of MSCs (Figure 1g—j). GO showed the best absorption of proteins
because of a strong electrostatic interaction between oxygenated groups present on its surface and
components of the protein. Interestingly, graphene was also found to be effective in attracting
protein components; PDMS, which is also highly hydrophobic, shows a very low level of protein
absorption. It is thought that this is due in part to the m-electron cloud in graphene, which is
capable of interacting with hydrophobic protein cores. Osteogenesis-related small molecules showed
different absorption kinetics towards graphene, GO, and PDMS. Both graphene and GO were found
to effectively attract dexamethasone; however, GO did not adhere to beta glycerol phosphate, while
graphene strongly adhered to that molecule. Ascorbic acid (Vitamin C), which is important for several
stem cell differentiation processes (e.g., neurogenesis, chondrogenesis, and osteogenesis), was more
stably absorbed on the surface of GO than was graphene. Later on, Alzhavan et al. also reported
a graphene nanogrid that was effective for selective and fast osteogenic differentiation of human
mensenchymal stem cells (hMSCs) [66]. Here, the authors utilized graphene obtained from graphene
nanoribbons through the unzipping of carbon nanotubes. The rGO ribbon grid showed accelerated
osteogenic differentiation of the hMSCs with enhanced differentiation efficiency that was 2.2-fold
greater than rGO film. Hence, we conclude that both graphene and GO are suitable materials for
enhancing bone cell regeneration from MSCs. Graphene was more effective than GO in the presence
of osteogenic media.
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Figure 1. Acceleration of osteogenic differentiation of mesenchymal stem cells. (a) Image of
partially graphene-coated Si/SiO, substrate; (b) Cells on graphene showing enhanced expression
of one of the representative osteogenic marker, osteocalcin (OCN); (c—f) Enhanced calcifications of
cells on graphene-coated substrate confirmed by alizarin red staining. Reprinted with permission
from [41]. Copyright 2011 American Chemical Society. Scale bars = 100 um; (g) Chemical structures
of three different molecules responsible for osteogenic differentiation: (1) dexamethasone, (2) beta
glycerol phosphate anion, and (3) ascorbic acid; (h—j) Loading capacity of (1-3) on graphene (G),
graphene oxide (GO), and PDMS. Reprinted with permission from [42]. Copyright 2011 American
Chemical Society.

2.2. Enhancing Neurogenesis by Graphene/Graphene Oxide

Neural stem cells (NSCs), which are capable of generating different types of neuronal cells
such as neurons, oligodendrocytes, and astrocytes, are also possible candidates for interference
by nanomaterials. It has been reported that hNSCs tend to generate more glial cells, especially
astrocytes, than neurons in natural states, even though neurons are largely considered to be more
critical than glial cells for the treatment of neurological diseases/disorders [67-69]. Hence, directing
differentiation of hNSCs into neurons has been a major interest in the field of stem cell-based
regenerative medicine. Interestingly, in 2011, Park et al. investigated the effects of graphene
on differentiation of hNSCs and found that graphene coated with an extracellular matrix (ECM)
protein essential for the adhesion of neuronal cells, laminin, was useful in cellular support [45].
Interestingly, the authors reported that hNSCs rapidly accumulated on the graphene-coated surface
after 10 h of incubation, which indicates that neuronal cells may prefer graphene-modified surfaces
for their growth.

This graphene-induced difference in cell adhesion and growth was found to be completely
negligible when cells were cultured for more than five days. When cells were treated with
differentiation induction medium, a graphene-coated surface produced better cell adhesion, resulting
in increased cell numbers, cellular growth, and differentiation toward neuronal lineages that
was confirmed by two representative markers of glial [Glial fibrillary acidic protein (GFAP)] and
neuronal [33 Tubulin (Tuj1)] cells (Figure 2). Later on Akhavan et al. reported a graphene-based
approach to direct differentiation of hNSCs into neurons [70]. In this study, the reduced graphene
oxide nanoribbon (rGONR) grids, in conjunction with photocatalytic stimulation, were found to
significantly enhance neuronal network formation when compared to normal quartz substrates
after three weeks of differentiation. Additionally, GO was also found to promote dopaminergic
differentiation of mouse embryonic stem cells (mESCs) [71]. Interestingly, among many different
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carbon-based materials including CNTs, GO and graphene, only GO was found to be effective in
guiding the generation of dopaminergic neurons from mESCs. While they are still promising, one
major hurdle in the use of hNSCs for regenerative therapies is that hNSCs are generally located
in deep brain tissues, and therefore inaccessible. Hence, certain types of stem cells, such as bone
marrow- or adipose tissue-derived MSCs, which are convenient, safe, and easy to obtain with
minimal patient discomfort, are good options in the treatment of neurological diseases/disorders.
However, the conversion of MSCs to functional neuronal cells is highly challenging since it
necessitates germline transition from ectodermal to mesodermal cells, which is difficult to achieve
using conventional differentiation methods. Interestingly, Kim et al. recently reported a potential
applicability of graphene to this process [44]. The authors utilized a highly uniform graphene
generated by sequential CVD on PMMA-covered copper foil and transferred the CVD graphene
to a glass cover slip. Remarkably, MSCs grown on graphene-coated substrates showed a higher
expression level of several important neuronal cell markers, such as Nestin, Tujl and Map2, as
confirmed by qRT-PCR, with or without neurogenic induction media. Therefore, it can be concluded
that graphene itself, without any chemical and/or physical modifications, holds huge potential as an
effective nanomaterial for directing the differentiation of stem cells; that characteristic may very well
influence the practical use of stem cells in regenerative medicine.
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Figure 2. The enhancement of growth and differentiation of human neural stem cells (hNSCs) on
graphene-coated cover glass. 33 Tubulin (Tujl) and glial fibrillary acidic protein (GFAP) are the
representative markers of neurons and glial cells, respectively. Reprinted with permission from [45].
Copyright 2011 John Wiley and Sons.

3. Graphene-Based Scaffold Materials

Since graphene is a flexible sheet-like material, it can be easily modified on the surface of
polymeric structures, allowing for the unique physicochemical properties of graphene derivatives
while maintaining their topographic features.  Besides graphene-polymer hybrid scaffolds,
interestingly, graphene itself was reported to be able to form complex three-dimensional structures
that are suitable for long-term cell growth without showing cytotoxicity and other adverse effects.
Recently, graphene was also found to be useful as a cellular adhesive that is effective in preventing
implanted cells from reactive oxygen species (ROS)-mediated cell death, thereby enhancing the
therapeutic efficiency of MSCs. In this subsection, we will discuss several applications of graphene
or graphene hybrid scaffolds used in various stem cell applications, such as stem cell differentiation,
delivery, and transplantation.

3.1. Graphene Polymer Scaffolds for Guiding Stem Cell Differentiation

Polymer scaffolds are highly desirable cell-supporting materials because of their flexibility
in various aspects including size, shape, mechanical properties, surface functionalities, structural
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formations, and biocompatibility. ~Among the large number of polymer materials available,
electrospun nanofiber scaffolds, which are normally generated by electrical force applied between
metallic collectors and spinning tips, are one of the most widely used polymer constructs for
cell/tissue engineering because of their structural formation that mimics natural ECM scaffolds.
Gelatin, collagen, polycaprolactone (PCL), and poly(lactic-co-glycolic acid) (PLGA) have been widely
utilized to generate electrospun nanofibers because they are superior in biodegradability and
biocompatibility [72-75].

Recently, Shah et al. showed the effects of GO-modified PCL nanofibers on the differentiation
of neural stem cells [46] (Figure 3a—e). In this study, GO was directly deposited on the surface of
an oxygen plasma-treated PCL polymer scaffold, followed by ECM protein (laminin) absorption,
essential for the adhesion, growth, and differentiation of NSCs. Remarkably, the GO-functionalized
PCL nanofibers were shown to enhance oligodendrogenesis of NSCs, which was confirmed by several
early oligodendrocyte markers (e.g., CNP, PDGFR, Oligl and Olig2) and mature oligodendrocyte
markers (e.g., PLP, MBP, MAG and MOG). The enhancement of oligodendrogenesis of NSCs
on PCL-GO nanofiber scaffolds was found to be linked to several integrin-related key signaling
proteins including focal adhesion kinase (FAK), integrin-linked kinase (ILK), Akt, and Fyn kinase
(Fyn). Since oligodendrocytes are known to be important for the regeneration of damaged parts of
neuronal networks, the authors claimed that the GO-PCL hybrid scaffolds will be highly beneficial
for developing future substrate-based therapies for central nervous system (CNS)-related injuries,
diseases, or disorders.
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Figure 3. Graphene hybrid scaffolds enhancing stem cell differentiation into specific lineages:
(a) nanofiber scaffold; (b) graphene-nanofiber hybrid scaffold; and (c-d) differentiated neural stem
cells on graphene-PCL nanofiber scaffolds. Scale bars = 10 um; (e) Quantitative analysis of several
markers such as GFAP (astrocyte), Tujl (neuron), and MBP (oligodendrocyte). GO-modified PCL
nanofibers showed the highest expression of MBP. Student's unpaired t-test was used for calculating
significance (* p < 0.05, ** p < 0.01, n.s. = no significance). Reprinted with permission from [46].
Copyright 2014 John Wiley and Sons; (f) Schematic diagram depicting the preparation of the 2D /3D
hybrid cell culture platform; (g) Enhancement of chondrogenic marker (COLII) during the TMSCs
culture in GO-containing polymer scaffolds. Reprinted with permission from [48]. Copyright 2014
John Wiley and Sons.
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In addition to the effectiveness in two-dimensional culture platforms, GO was also
reported to be suitable in generating 2D/3D hybrid cell culture systems when combined with
temperature-responsive biocompatible polymers [48] (Figure 3f). One example is a hydrogel
composed of poly(ethylene glycol)-poly(L-alanine) diblock copolymer (PEG-L-PA), GO/rGO, and
tonsil tissue-derived mesenchymal stem cells (TSMCs), wherein GO or rGO is used for the
purpose of encapsulating TSMCs within hydrogel scaffolds. Interestingly, TSMCs cultured in
an rGO-embedded hybrid culture system showed a 30%-50% increase in proliferation when
compared with GO/PEG-L-PA hybrid scaffolds, while both GO and rGO hybrid systems were proven
to maintain the spherical morphology of TSMCs. In contrast, in terms of chondrogenic differentiation,
polymer-GO hybrid scaffolds were found to be better than rGO hybrid cell culture platforms when
treated with TGF-f3-containing medium, and showed enhanced expression of several chondrogenic
markers such as SOX 9, COL 2A1, COL 2, and COL X (Figure 3g). Since chondrogenic differentiation
of MSCs is extremely important for the treatment of chondral or osteochondral damages, the use of
graphene hydrogels to enhance chondrogenesis of MSCs is an attractive strategy for treatment.

3.2. Graphene as a Biocompatible Material for Stable Stem Cell Growth and Implantation

Besides the ability of graphene derivatives (GDs) to steer stem cell differentiation, owing to
their distinct physical and chemical characteristics, GDs are able to protect stem cells and provide
microenvironments suitable for long-term in vivo survival, both of which are critical for successful
stem cell transplantations. Park et al. recently reported a possible strategy of using GOs to prevent.

ROS mediated death of implanted cells, which could be effective for cardiac repair [49]
(Figure 4a,b). The use of MSCs to treat myocardial infarction is normally hindered by generation
of ROS in the ischemic myocardium after the restoration of blood flow. However, when GO was
mixed with MSCs prior to the injection, GO was found to be absorbed on extracellular matrix
(ECM) proteins, resulting in protection of implemented MSCs from ROS-mediated damages or cell
death. The ability of GO to protect MSCs from ROS species was also further confirmed by in vitro
experiments wherein hydrogen peroxide (HpO;) was used as a ROS-generator to damage MSCs.
Several indicators of cell function, such as cell adhesion, viability, and protein secretion (e.g., FGF2
and VEGF), were all enhanced in MSCs mixed with GO in the presence of H,O,, indicating that GO
has an exceptional capability to protect MSCs from ROS, even in harsh conditions. As expected, when
cells were delivered to infarcted and reperfused myocardium with GO layer protection, cells showed
successful secretion of reparative paracrine factors and decreased apoptosis of cardiac tissue, which
in turn improved cardiac function.

In addition to cell encapsulation using GO, Sung et al. reported several studies in which
three-dimensional structures composed of graphene and nickel template, termed graphene foams
(GFs), were generated; GFs are biocompatible and suitable for stem cell growth [47,76] (Figure 4c—e).
Interestingly, GFs were found to induce elongated morphologies of MSCs and enhance osteogenesis,
which was consistent with previous reports utilizing graphene as a cell differentiation-controlling
material, especially for osteogenesis on two-dimensional substrates. The authors also reported that
GFs have the potential to culture NSCs: GFs were used as a three-dimensional cell supporting
material to enhance cell growth and to facilitate the neurogenesis and astrocytogenesis of NSCs
(Figure 4f). Owing to the excellent electrical properties of graphene, GFs allowed for electrical
stimulation on differentiated neuronal cells, resulting in changes in intracellular calcium ion
concentrations, which were confirmed by fluorescence imaging using Fluo-4 acetoxymethyl ester
(Fluo-4 AM) dye. Besides graphene-modified porous composite materials, graphene was reported
to be able to generate 3D free-standing porous scaffolds without incorporating any other supporting
materials [77].

Serrano et al. reported this 3D scaffold structure purely composed of graphene, which
allowed for stable growth of embryonic neural progenitor cells, with exceptional ability to generate
interconnected neural networks including both neurons and glial cells having large number
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of dendrites, axons, and synaptic connections. Hence, it can be concluded that graphene or
graphene-cell hybrid scaffolds are excellent materials for stable stem cell growth, spreading and
differentiation in vitro and in vivo.
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Figure 4. Protection of ROS-mediated cell death via graphene oxide (GO). (a) Viability of
mesenchymal stem cells (MSCs) cultured on an agar plate with or without GO addition; (b) Amounts
of two different proteins (FGF2 and VEGF) secreted by MSCs and GO-protected MSCs with or without
hydrogen peroxide (H;O;). * p < 0.05 compared to any group; # p < 0.05; n = 3. Reprinted with
permission from [49]. Copyright 2015 American Chemical Society; (c-d) SEM images of 3D graphene
foams (3D-GFs); and (e) its Raman spectrum. Enhanced differentiation of neural stem cells cultured
on 3D-GFs confirmed by western blot analysis. * p < 0.05, ** p < 0.01; (f) Western blot analysis of
Nestin, Tuj-1, GFAP and RIP protein expression of differentiated NSCs on 2D graphene films and
3D-GFs. The Data are presented as mean + standard error (s. e. m.), * p < 0.05, ** p < 0.01. Reprinted
by permission from Macmillan Publishers Ltd.: Scientific Reports ([47]). Copyright 2013.

4. Graphene Patterns

Recently, the control of stem cell fate by modulating biophysical cues (e.g., micropatterns,
nanopatterns, elasticity and porosity of the substrates) has emerged as an attractive stem cell-based
therapy [33,37,78,79]. Interestingly, stem cells were found to have the ability to sense changes in
their microenvironment, resulting in controlled differentiation via cell-substrate interactions that
alter upstream cytoskeletal dynamics and downstream gene expression. Among the many different
strategies available for the modulation of stem cell behavior, micropatterns (the periodic structures
having specific shapes and sizes) have been reported to be highly efficient for controlling stem cell
differentiation by restricting cell attachment, spreading, and morphology. Many different cell lineages
have been reportedly acquired from stem cells whose differentiation lineages were controlled by
micropatterning technologies [36,37,39,80,81]. The challenge, however, is the instability of ECM
proteins, which control cell morphological behaviors through cell-substrate interactions, as well as
the chemical linkers, which are essential for the absorption of ECM proteins and must be varied with
different types of substrates. As a result, this instability compromises the tremendous potential of
combinatorial hybrid pattern-based stem cell applications.

In 2015, Kim et al. reported an interesting study utilizing graphene oxide as a patterning material
to control stem cell morphologies, to ultimately steer their differentiation into specific cell types such
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as osteoblasts and neurons [82]. Because of the physical characteristics of GO used in this study, which
were small in size (100 nm) and highly hydrophilic (highly oxidized), GO was found to be effectively
patterned on any kind of biocompatible substrate including conventional tissue culture plates (TCPs),
gold-coated glass, flexible PDMS, and biodegradable polymer (PLGA) in different shapes and sizes.
Remarkably, the generated GO patterns were highly stable for a long period of time even in harsh
conditions, which may provide a possible solution to the problem of instability of protein-based
micropatterns. The GO line patterns, in combination with cell-repulsive molecules, which mimic
the terminal morphology of elongated differentiated osteoblasts, showed highly efficient osteogenic
differentiation of human adipose-derived mesenchymal stem cells (hADMSCs) that were 54.5% and
41% higher than bare gold and GO-coated substrates, respectively. The GO-laminin hybrid patterns,
which mimic the shape of interconnected neuronal network, were also reported to be effective to
convert hADMSCs into neuron-like cells that were up to 30% higher than the control group (Figure 5).
Since the neuronal differentiation of hADMSCs necessitates a germ layer transition that is highly
challenging, the enhanced efficiency of neurogenesis of hADMSCs is quite remarkable, and could
be useful in curing a number of existing neurological diseases and disorders such as Alzheimer’s
disease, Parkinson’s disease, stroke and spinal cord injuries.
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Figure 5. Neuronal differentiation of hADMSCs using NGO grid-patterned substrate. (a) Pictures of
hADMSCs cultured on PLL-coated Au [Au], NGO-coated Au [Au-NGO], and NGO grid-patterned
substrates [Au-NGO (Grid)]. Differentiation of hADMSCs confirmed by the neuronal marker TuJ1
(red) and nucleus (blue). Scale bars = 20 um; (b) Optical and fluorescence images of hADMSCs stained
for F-actin (green) and nucleus (blue). Scale bar = 50 um; (c¢) Quantitative analysis of the length of
cellular extension on various substrates (n = 3; * p < 0.01, Student’s unpaired t test); (d) Quantitative
analysis of the percentage of cell showing the neuronal marker TuJ1 on various substrates (n = 3;
*p <0.01, Student’s unpaired t test). Reprinted with permission from [82]. Copyright 2015 American
Chemical Society.
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In addition to this study, Bashir ef al. also recently investigated the effects of graphene patterns,
which mimic the elongated structure of muscle cells, on the differentiation of skeletal muscle
myoblasts (C2C12) [83]. The C2C12 cells grown on graphene line patterns followed geometric
features of graphene patterns and, as a result, the differentiation of C2C12 was enhanced significantly
compared to control groups.

The clear advantage of using graphene-based patterns is their ability to modulate stem
cell morphologies, resulting in enhanced differentiation of mesenchymal stem cells into two
different lineages (bone and neuronal cells), based on the types of patterns utilized (line and
grid patterns). Additionally, compared to protein micropatterns to guide stem cell morphologies,
graphene/GO is highly stable for a long period of time, which is important for affecting cells during
a differentiation process that normally takes more than two weeks. Thus, it can be concluded that
besides graphene-coated substrates and 2D or 3D graphene hybrid scaffold materials, graphene- or
GO-patterned substrates could be highly effective in guiding the differentiation of many different
types of stem cells into various lineages, such as osteoblasts, neurons, and myocytes.

5. Graphene-Based Hybrid Nanoparticles

There have been a number of interesting studies investigating the potential of graphene-based
hybrid nanoparticles in biomedical applications such as biosensors, biochips, and stem/cancer
therapies [84].  Graphene polymer nanoparticles, nanoparticle-decorated graphene sheets,
graphene-embedded nanoparticles, and graphene-encapsulated nanoparticles are the forms most
useful for biomedical applications. Of the many different types of graphene hybrid nanoparticles, in
this subsection, we will highlight graphene-embedded and graphene-encapsulated nanoparticles and
will discuss how these materials affect stem cell behaviors including cell growth and differentiation.
Additionally, we will highlight interesting ways to utilize graphene-based hybrid nanoparticles to
monitor differentiation of neural stem cells in a non-destructive and non-invasive manner, using
surface-enhanced Raman spectroscopy as a detection tool.

5.1. Graphene-Embedded Hybrid Nanoparticles for Guiding Stem Cell Growth

In 2013, Solanki et al. reported a study investigating the effects of graphene-embedded
nanoparticle hybrid structures on stem cell growth [85]. In this study, GO was encapsulated
on the surface of positively-charged silica nanoparticles (SINP-GO) via electrostatic interaction
and then GO-encapsulated nanoparticles were packed on the surface of typical glass substrates.
To allow cells to grow on the substrate, ECM protein (laminin) was further absorbed on the
surface of GO prior to cell cultivation (Figure 6a). The fabricated hybrid nanoparticle-modified
substrate was biocompatible, producing approximately 20% higher cell viability than both glass and
SiNP-decorated glass substrates. Interestingly, the authors claimed that cells tended to be aligned
on the SiINP-GO as they differentiate into the neuronal cells, which was evident compared to cells
grown on other substrates (glass, SINP-coated, and GO-coated), based on actin-stained fluorescence
images and scanning electron microscopic (SEM) images (Figure 6b). SiNPs were previously shown
to be effective in increasing the lengths of extending axons; SINP-GO was also found to increase
the lengths of extending axons, which were 20.76% and 11.3% higher than those cultured on glass
and GO-coated substrates, respectively. In addition to cell alighment and extended axonal growth,
interestingly, both SiNP-GO-coated glass and flexible PDMS substrates were shown to enhance the
neuronal differentiation of NSCs, which was confirmed by several neuronal markers such as Tujl,
GAP43, MAP2, and synapsin. GO was better than graphene because of its many different polar
groups (e.g., epoxide, hydroxyl and carboxyl groups), which facilitate immobilization of GO on the
surface of NPs via electrostatic charge and also contribute to rapid absorption of laminin, which
is critical for stable cell growth and differentiation. Interestingly, when other two-dimensional
materials, such as molybdenum disulfide (MoS2), which has a structure is similar to that of graphene,
were functionalized on the surface of NPs, axonal alignment was not observed in neuronal cells
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derived from NSCs. Since both axonal guidance and neuronal differentiation are very important
in the treatment of spinal cord injuries, in this study, the authors suggested an interesting strategy to
utilize SINP-GO substrate in the transplantation process, wherein the implanted substrate helps the
regeneration and reconnection of neuronal circuits (Figure 6c¢).

a control 1 (glass) control 2 (NPs) control 3 (GO) EXP. (NPs+GO) C Spinal Cord Injury
11

Descending

corticospinal
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Substrate B
Lower
spinal motor
neurons

OG'.“""ene Neurons
Xide fGO)

Neural Stem Cell
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Figure 6. (a) Schematic diagram representing the effects of GO-coated nanoparticle hybrid
construct on the differentiation of hNSCs and the alignment of the axons of differentiated
neurons; (b) Comparison of aligned growth of differentiated hNSCs on different substrates
[(i) Glass, (ii) SiNP-modified glass, (iii) GO-modified glass and (iv) SiNP-GO-modified glass].
Scale bars = 10 um; (c) Possible strategy for utilizing the GO-coated nanoparticle hybrid construct
(SINP-GO) to treat spinal cord injury. Reprinted with permission from [85]. Copyright 2013 John
Wiley and Sons.

5.2. Graphene Hybrid Gold Nanoparticles for Monitoring Stem Cell Differentiation

The potential of graphene hybrid nanoparticles is not restricted to the control of stem cell
behaviors such as cell growth, adhesion, spreading, migration, and differentiation. As previously
mentioned, besides controlling stem cell functions and behaviors, monitoring their differentiation
process is a critical step for the practical use of stem cells in regenerative therapies. However,
to identify terminal states of stem cells precisely, destructive steps such as cell lysis or fixation
are essential for conventional analytical techniques including immunostaining, polymerase chain
reaction (PCR) and/or biological tools including southern/northern/Western blotting. Addressing
this issue, in 2013, Kim ef al. reported a new method that enabled non-destructive in situ monitoring
of stem cell differentiation [50]. They utilized a graphene-encapsulated gold nanoparticle (GO-GNPs)
as a core material to induce surface-enhanced Raman scattering (SERS). To generate GO-GNP
hybrid material, in this study, the GNPs were first functionalized with cysteamine to produce
positive charges on their surface, and then the cysteamine-modified GNPs were further reacted
with GO, resulting in formation of a stable GO shell on the surface of GNPs via electrostatic
interaction. Interestingly, when GO-GNPs were immobilized on the surface of indium tin oxide
(ITO), undifferentiated stem cells showed higher SERS signals because undifferentiated stem cells
possess higher numbers of polyunsaturated membrane molecules than do differentiated cells. Since
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the unsaturated molecules, which generally contain benzyl groups, are highly adhesive on the
surface of graphene and GO due to strong 7—m interactions, it was hypothesized that the difference
in the number of polyunsaturated molecules resulted in a difference in adhesion force between
the GO-GNPs and the molecules, which in turn produced changes in Raman signals between
undifferentiated and differentiated stem cells (Figure 7). This hypothesis was confirmed by analyzing
Raman peaks obtained from two different molecules having different number of C=C bonds
(Cidofovir and hydroxybenzoate) that exist in stem cells. The Raman signal corresponding to the C=C
bond was highly enhanced on GO-GNP substrate compared to the normal GNP-modified substrate
when analyzing hydroxybenzoate, while Cidofovir containing one C=C bond failed to show any
difference in Raman signals between GNP-GO and GNP-modified substrates. It is important to note
that the GNPs were incorporated to enhance Raman signals more effectively since the enhancement
of Raman signals that GO can generate is much less than that of noble metal NPs such as gold and
silver NPs.
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Figure 7. (a) Schematic diagram depicting the method to distinguish the undifferentiated
and differentiated state of mouse neural stem cells (mNSCs) using 3D GO-encapsulated gold
nanoparticles; (b) Raman signals achieved from undifferentiated (black) or differentiated (blue)
mNSCs on different substrates including indium tin oxide (ITO, Substrate A), GO-modified ITO
(Substrate B), gold nanoparticle-modified ITO (Substrate C), and ITO modified with GO-encapsulated
gold nanoparticles (Substrate D); (c) Fluorescence images of differentiated mNSCs on Substrate
D proving the successful differentiation of mNSCs to neurons; (d) Intensities of Raman peak
(1656 cm™1) obtained from undifferentiated mNSCs subtracted by differentiated cells; (e) Relative
Raman intensities at 1656 cm~! divided by the intensities at 1470 cm~!. * p < 0.05, Student’s t-test.
Reprinted from [50], Copyright 2013, with permission from Elsevier.

Hence, it can be concluded that a GO hybrid nanoparticle is highly useful not only for controlling
stem cell behaviors, but also for monitoring their differentiation in a completely non-destructive and
non-invasive manner, which expands the potential of GO hybrid nanoparticles as key materials for
stem cell characterization.
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6. Conclusions and Remarks

In this review, we highlighted a number of previously reported studies utilizing graphene or
GO in various stem cell applications. Graphene and its derivatives, such as GO, graphene-based
scaffolds, pure graphene hydrogels, and graphene hybrid nanoparticles, were reported to be effective
in accelerating and guiding stem cell differentiation, controlling their growth and direction within
2D/3D environments, and, further, were shown to be useful in monitoring stem cell differentiation
in an easy, precise, and non-destructive manner. Although the research has been promising, there
are several issues that need to be clarified prior to the practical use of graphene derivatives in
stem cell research, such as their potential cytotoxicity, adverse effects, and the speed of clearance of
transplanted graphene. However, as recently reported by several studies investigating the in vivo
biocompatibility of graphene and GO, which turned out to be safer than most other types of
nanomaterials, it is highly likely that more intensive studies will be carried out in the near future
to find proper ways to utilize graphene derivatives for stem cell applications, which may have an
important role in accelerating the development of many different kinds of currently incurable diseases
and disorders.

Acknowledgments: This research was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korean government (MSIP) (No. 2014R1A2A1A10051725) and the Basic Science Research Program
through the National Research Foundation of Korea (NRF), funded by the Ministry of Science, ICT & Future
Planning (2014M3A7B4051907).

Author Contributions: Tae-Hyung Kim, Taek Lee, and Jeong-Woo Choi searched references, collected
information, and established the structure of whole manuscript. Waleed A. El-Said managed the table, figures
and figure captions. All authors wrote and reviewed the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Geim, A K.; Novoselov, K.S. The rise of graphene. Nat. Mater. 2007, 6, 183-191. [CrossRef] [PubMed]

Li, J. H.; Niu, L.Y.; Zheng, Z.].; Yan, F. Photosensitive graphene transistors. Adv. Mater. 2014, 26, 5239-5273.
[CrossRef] [PubMed]

3. Stankovich, S.; Dikin, D.A.; Dommett, G.H.B.; Kohlhaas, KM.; Zimney, EJ.; Stach, E.A.; Piner, RD.;
Nguyen, S.T.; Ruoff, R.S. Graphene-based composite materials. Nature 2006, 442, 282-286. [CrossRef]
[PubMed]

4. Balandin, A.A.; Ghosh, S.; Bao, W.Z.; Calizo, I.; Teweldebrhan, D.; Miao, F.; Lau, C.N. Superior thermal
conductivity of single-layer graphene. Nano Lett. 2008, 8, 902-907. [CrossRef] [PubMed]

5. Gomez-Navarro, C.; Weitz, R.T.; Bittner, A.M.; Scolari, M.; Mews, A.; Burghard, M.; Kern, K. Electronic
transport properties of individual chemically reduced graphene oxide sheets. Nano Lett 2007, 7, 3499-3503.
[CrossRef] [PubMed]

6. Lee, C.; Wei, X.D.; Kysar, ] W.; Hone, J. Measurement of the elastic properties and intrinsic strength of
monolayer graphene. Science 2008, 321, 385-388. [CrossRef] [PubMed]

7. Parlak, O.; Turner, A.PF; Tiwari, A. On/off-switchable zipper-like bioelectronics on a graphene interface.
Adv. Mater. 2014, 26, 482-486. [CrossRef] [PubMed]

8.  Stoller, M.D.; Park, S.J.; Zhu, YYW.; An, ].H.; Ruoff, R.S. Graphene-based ultracapacitors. Nano Lett. 2008, 8,
3498-3502. [CrossRef] [PubMed]

9.  Chung, C.; Kim, Y.K; Shin, D.; Ryoo, S.R.; Hong, B.H.; Min, D.H. Biomedical applications of graphene and
graphene oxide. Acc. Chem. Res. 2013, 46, 2211-2224. [CrossRef] [PubMed]

10. Dong, H.Q.; Li, Y.Y,; Yu, ].H,; Song, Y.Y.; Cai, X.J.; Liu, ].Q.; Zhang, ] M.; Ewing, R.C.; Shi, D.L. A versatile
multicomponent assembly via-cyclodextrin hostguest chemistry on graphene for biomedical applications.
Small 2013, 9, 446-456. [CrossRef] [PubMed]

11. He, C; Shi, Z.Q.; Ma, L; Cheng, C,; Nie, CX,; Zhou, M.; Zhao, C.S. Graphene oxide based
heparin-mimicking and hemocompatible polymeric hydrogels for versatile biomedical applications.
J. Mater. Chem. B 2015, 3, 592-602. [CrossRef]

8686


http://dx.doi.org/10.1038/nmat1849
http://www.ncbi.nlm.nih.gov/pubmed/17330084
http://dx.doi.org/10.1002/adma.201400349
http://www.ncbi.nlm.nih.gov/pubmed/24715703
http://dx.doi.org/10.1038/nature04969
http://www.ncbi.nlm.nih.gov/pubmed/16855586
http://dx.doi.org/10.1021/nl0731872
http://www.ncbi.nlm.nih.gov/pubmed/18284217
http://dx.doi.org/10.1021/nl072090c
http://www.ncbi.nlm.nih.gov/pubmed/17944526
http://dx.doi.org/10.1126/science.1157996
http://www.ncbi.nlm.nih.gov/pubmed/18635798
http://dx.doi.org/10.1002/adma.201303075
http://www.ncbi.nlm.nih.gov/pubmed/24142541
http://dx.doi.org/10.1021/nl802558y
http://www.ncbi.nlm.nih.gov/pubmed/18788793
http://dx.doi.org/10.1021/ar300159f
http://www.ncbi.nlm.nih.gov/pubmed/23480658
http://dx.doi.org/10.1002/smll.201201003
http://www.ncbi.nlm.nih.gov/pubmed/23047287
http://dx.doi.org/10.1039/C4TB01806K

Materials 2015, 8, 8674-8690

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Lee, Y,; Bae, JJW,; Thi, TTH. Park, KM, Park, K.D. Injectable and mechanically robust 4-arm
PPO-PEO/graphene oxide composite hydrogels for biomedical applications. Chem. Commun. 2015, 51,
8876-8879. [CrossRef] [PubMed]

Liu, Y,; Dang, Z.H.; Wang, Y.Y.; Huang, J.; Li, H. Hydroxyapatite/graphene-nanosheet composite coatings
deposited by vacuum cold spraying for biomedical applications: Inherited nanostructures and enhanced
properties. Carbon 2014, 67, 250-259. [CrossRef]

Singh, S.K.; Singh, M.K.; Kulkarni, PP,; Sonkar, VK.; Gracio, ].J.A.; Dash, D. Amine-modified graphene.
Thrombo-protective safer alternative to graphene oxide for biomedical applications. ACS Nano 2012, 6,
2731-2740. [CrossRef] [PubMed]

Turcheniuk, K.; Boukherroub, R.; Szunerits, S. Gold-graphene nanocomposites for sensing and biomedical
applications. J. Mater. Chem. B 2015, 3, 4301-4324. [CrossRef]

Zhang, Y.; Nayak, T.R.; Hong, H.,; Cai, W.B. Graphene: A versatile nanoplatform for biomedical
applications. Nanoscale 2012, 4, 3833-3842. [CrossRef] [PubMed]

Xie, H.; Cao, T.; Gomes, J.V.; Neto, A H.C.; Rosa, V. Two and three-dimensional graphene substrates to
magnify osteogenic differentiation of periodontal ligament stem cells. Carbon 2015, 93, 266-275. [CrossRef]
Kang, S.; Park, ]J.B.; Lee, TJ; Ryu, S; Bhang, S.H.,; La, W.G,; Noh, MK, Hong, B.H. Kim, B.S.
Covalent conjugation of mechanically stiff graphene oxide flakes to three-dimensional collagen scaffolds
for osteogenic differentiation of human mesenchymal stem cells. Carbon 2015, 83, 162-172. [CrossRef]
Yoon, HH.; Bhang, SH.; Kim, T, Yu, T; Hyeon, T, Kim, B.S. Dual roles of graphene oxide in
chondrogenic differentiation of adult stem cells: Cell-adhesion substrate and growth factor-delivery carrier.
Adv. Funct. Mater. 2014, 24, 6455-6464. [CrossRef]

Tatavarty, R.; Ding, H.; Lu, G.J.; Taylor, R.J.; Bi, X.H. Synergistic acceleration in the osteogenesis of human
mesenchymal stem cells by graphene oxide-calcium phosphate nanocomposites. Chem. Commun. 2014, 50,
8484-8487. [CrossRef] [PubMed]

Akhavan, O.; Ghaderi, E.; Abouei, E.; Hatamie, S.; Ghasemi, E. Accelerated differentiation of neural stem
cells into neurons on ginseng-reduced graphene oxide sheets. Carbon 2014, 66, 395-406. [CrossRef]

Ryu, S.; Kim, B.S. Culture of neural cells and stem cells on graphene. Tissue Eng. Regen. Med. 2013, 10,
39-46. [CrossRef]

Kim, J; Kim, Y.R; Kim, Y,; Lim, K.T.; Seonwoo, H.; Park, S.; Cho, S.P; Hong, B.H.; Choung, PH.;
Chung, T.D.; et al. Graphene-incorporated chitosan substrata for adhesion and differentiation of human
mesenchymal stem cells. J. Mater. Chem. B 2013, 1, 933-938. [CrossRef]

Sharma, M.; Afrin, F; Tripathi, R.P; Gangenahalli, G. Transgene expression study of CXCR4 active
mutants potential prospects in up-modulation of homing and engraftment efficiency of hematopoietic
stem/progenitor cells. Cell Adhes. Migr. 2014, 8, 384-388. [CrossRef] [PubMed]

Shetty, P.; Thakur, A.M.; Viswanathan, C. Dopaminergic cells, derived from a high efficiency differentiation
protocol from umbilical cord derived mesenchymal stem cells, alleviate symptoms in a parkinson's disease
rodent model. Cell Biol. Int. 2013, 37, 167-180. [CrossRef] [PubMed]

Parte, S.; Bhartiya, D.; Telang, J.; Daithankar, V.; Salvi, V.; Zaveri, K.; Hinduja, I. Detection, characterization,
and spontaneous differentiation in vitro of very small embryonic-like putative stem cells in adult
mammalian ovary. Stem Cells Dev. 2011, 20, 1451-1464. [CrossRef] [PubMed]

Lequeux, C.; Oni, G.; Mojallal, A.; Damour, O.; Brown, S.A. Adipose derived stem cells: Efficiency, toxicity,
stability of brdu labeling and effects on self-renewal and adipose differentiation. Mol. Cell Biochem.
2011, 351, 65-75. [CrossRef] [PubMed]

He, H.A.; Emmert, M.R.; Marshall, A.G,; Ji, YJ.,; Conrad, C.A,; Priebe, W.; Colman, H.; Lang, FF;
Madden, T.L. Induced phenotypic differentiation of glioblastoma stem cells revisited-detection of glycomic
response based on metabolic labeling. Neuro Oncol. 2010, 12, 119-127.

La Rocca, G.; Anzalone, R.; Corrao, S.; Magno, F,; Loria, T.; Lo Iacono, M.; Di Stefano, A.; Giannuzzi, P.;
Marasa, L.; Cappello, F; et al. Isolation and characterization of Oct-4+/HLA-G+ mesenchymal stem
cells from human umbilical cord matrix: Differentiation potential and detection of new markers.
Histochem. Cell Biol. 2009, 131, 267-282. [CrossRef] [PubMed]

Brenner, S.; Whiting-Theobald, N.L.; Malech, H.L. Relationship between length of cell culture, cell division,
transduction efficiency and engraftment in NOD/SCID mice of human mobilized CD34" peripheral blood
stem cells. Blood 2002, 100, 184A.

8687


http://dx.doi.org/10.1039/C5CC02511G
http://www.ncbi.nlm.nih.gov/pubmed/25925723
http://dx.doi.org/10.1016/j.carbon.2013.09.088
http://dx.doi.org/10.1021/nn300172t
http://www.ncbi.nlm.nih.gov/pubmed/22376049
http://dx.doi.org/10.1039/C5TB00511F
http://dx.doi.org/10.1039/c2nr31040f
http://www.ncbi.nlm.nih.gov/pubmed/22653227
http://dx.doi.org/10.1016/j.carbon.2015.05.071
http://dx.doi.org/10.1016/j.carbon.2014.11.029
http://dx.doi.org/10.1002/adfm.201400793
http://dx.doi.org/10.1039/C4CC02442G
http://www.ncbi.nlm.nih.gov/pubmed/24891127
http://dx.doi.org/10.1016/j.carbon.2013.09.015
http://dx.doi.org/10.1007/s13770-013-0384-6
http://dx.doi.org/10.1039/c2tb00274d
http://dx.doi.org/10.4161/cam.29285
http://www.ncbi.nlm.nih.gov/pubmed/25482641
http://dx.doi.org/10.1002/cbin.10029
http://www.ncbi.nlm.nih.gov/pubmed/23339105
http://dx.doi.org/10.1089/scd.2010.0461
http://www.ncbi.nlm.nih.gov/pubmed/21291304
http://dx.doi.org/10.1007/s11010-011-0712-x
http://www.ncbi.nlm.nih.gov/pubmed/21246262
http://dx.doi.org/10.1007/s00418-008-0519-3
http://www.ncbi.nlm.nih.gov/pubmed/18836737

Materials 2015, 8, 8674-8690

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Reubinoff, B.E.; Pera, M.F,; Fong, C.Y.; Trounson, A.; Bongso, A. Embryonic stem cell lines from human
blastocysts: Somatic differentiation in vitro. Nat. Biotechnol. 2000, 18, 399-404. [PubMed]

Lowell, S.; Jones, P; Le Roux, I.; Dunne, J.; Watt, EM. Stimulation of human epidermal differentiation by
delta-notch signalling at the boundaries of stem-cell clusters. Curr. Biol. 2000, 10, 491-500. [CrossRef]

Yao, X.; Peng, R.; Ding, ].D. Cell-material interactions revealed via material techniques of surface patterning.
Adv. Mater. 2013, 25, 5257-5286. [CrossRef] [PubMed]

Wang, X.; Song, W.; Kawazoe, N.; Chen, G. The osteogenic differentiation of mesenchymal stem cells by
controlled cell-cell interaction on micropatterned surfaces. J. Biomed. Mater. Res. A 2013, 101, 3388-3395.
[CrossRef] [PubMed]

Song, W.; Kawazoe, N.; Chen, G.P. Dependence of spreading and differentiation of mesenchymal stem cells
on micropatterned surface area. J. Nanomater. 2011, 2011. [CrossRef]

Tay, C.Y,; Yu, HY,; Pal, M; Leong, W.S.; Tan, N.S.; Ng, KW.; Leong, D.T.; Tan, L.P. Micropatterned matrix
directs differentiation of human mesenchymal stem cells towards myocardial lineage. Exp. Cell Res.
2010, 316, 1159-1168. [CrossRef] [PubMed]

Solanki, A.; Shah, S.; Memoli, K.A.; Park, S.Y.; Hong, S.; Lee, K.B. Controlling differentiation of neural stem
cells using extracellular matrix protein patterns. Small 2010, 6, 2509-2513. [CrossRef] [PubMed]

Kilian, K.A.; Bugarija, B.; Lahn, B.T.; Mrksich, M. Geometric cues for directing the differentiation of
mesenchymal stem cells. Proc. Natl. Acad. Sci. USA 2010, 107, 4872-4877. [CrossRef] [PubMed]

Gao, L.; McBeath, R.; Chen, C.S. Stem cell shape regulates a chondrogenic versus myogenic fate through
RACI1 and n-cadherin. Stem Cells 2010, 28, 564-572. [CrossRef] [PubMed]

McBeath, R.; Pirone, D.M.; Nelson, C.M.; Bhadriraju, K.; Chen, C.S. Cell shape, cytoskeletal tension, and
rhoa regulate stem cell lineage commitment. Dev. Cell 2004, 6, 483-495. [CrossRef]

Nayak, T.R.; Andersen, H.; Makam, V.S.; Khaw, C.; Bae, S.; Xu, X.E; Ee, PL.R,; Ahn, ] H.; Hong, B.H.;
Pastorin, G.; et al. Graphene for controlled and accelerated osteogenic differentiation of human
mesenchymal stem cells. ACS Nano 2011, 5, 4670-4678. [CrossRef] [PubMed]

Lee, W.C.; Lim, C.H.Y.X,; Shi, H.; Tang, L.A.L.; Wang, Y.; Lim, C.T.; Loh, K.P. Origin of enhanced stem cell
growth and differentiation on graphene and graphene oxide. ACS Nano 2011, 5, 7334-7341. [CrossRef]
[PubMed]

Talukdar, Y.; Rashkow, J.T.; Lalwani, G.; Kanakia, S.; Sitharaman, B. The effects of graphene nanostructures
on mesenchymal stem cells. Biomaterials 2014, 35, 4863-4877. [CrossRef] [PubMed]

Kim, J.; Park, S.; Kim, YJ.; Jeon, C.S.; Lim, K.T.; Seonwoo, H.; Cho, S.-P; Chung, T.D.; Choung, P.-H.;
Choung, Y.-H.; et al. Monolayer graphene-directed growth and neuronal differentiation of mesenchymal
stem cells. J. Biomed. Nanotechnol. 2015, 11, 2024-2033. [CrossRef] [PubMed]

Park, S.Y,; Park, J.; Sim, S.H.; Sung, M.G.; Kim, K.S.; Hong, B.H.; Hong, S. Enhanced differentiation of
human neural stem cells into neurons on graphene. Adv. Mater. 2011, 23, H263-H267. [CrossRef] [PubMed]
Shah, S.; Yin, PT.; Uehara, TM.; Chueng, S.T.D.; Yang, L.T.; Lee, K.B. Guiding stem cell differentiation into
oligodendrocytes using graphene-nanofiber hybrid scaffolds. Adv. Mater. 2014, 26, 3673-3680. [CrossRef]
[PubMed]

Li, N,; Zhang, Q.; Gao, S.; Song, Q.; Huang, R.; Wang, L.; Liu, L.W.,; Dai, ] W.; Tang, M.L.; Cheng, G.S.
Three-dimensional graphene foam as a biocompatible and conductive scaffold for neural stem cells.
Sci. Rep. 2013, 3. [CrossRef] [PubMed]

Park, J.; Kim, LY.; Patel, M.; Moon, H.].; Hwang, S.J.; Jeong, B. 2D and 3D hybrid systems for enhancement
of chondrogenic differentiation of tonsil-derived mesenchymal stem cells. Adv. Funct. Mater. 2015, 25,
2573-2582. [CrossRef]

Park, J.; Kim, B.; Han, J.; Oh, J.; Park, S.; Ryu, S.; Jung, S.; Shin, ].Y.; Lee, B.S.; Hong, B.H.; et al. Graphene
oxide flakes as a cellular adhesive: Prevention of reactive oxygen species mediated death of implanted cells
for cardiac repair. ACS Nano 2015, 9, 4987-4999. [CrossRef] [PubMed]

Kim, T.H.; Lee, K.B.; Choi, ].W. 3D graphene oxide-encapsulated gold nanoparticles to detect neural stem
cell differentiation. Biomaterials 2013, 34, 8660-8670. [CrossRef] [PubMed]

Menaa, E. 2-D graphene and derivatives-based scaffolds in regenerative medicine: Innovative boosters
mimicking 3-D cell microenvironment. J. Regen. Med. 2013, 2. [CrossRef]

8688


http://www.ncbi.nlm.nih.gov/pubmed/10748519
http://dx.doi.org/10.1016/S0960-9822(00)00451-6
http://dx.doi.org/10.1002/adma.201301762
http://www.ncbi.nlm.nih.gov/pubmed/24038153
http://dx.doi.org/10.1002/jbm.a.34645
http://www.ncbi.nlm.nih.gov/pubmed/23554043
http://dx.doi.org/10.1155/2011/265251
http://dx.doi.org/10.1016/j.yexcr.2010.02.010
http://www.ncbi.nlm.nih.gov/pubmed/20156435
http://dx.doi.org/10.1002/smll.201001341
http://www.ncbi.nlm.nih.gov/pubmed/20859950
http://dx.doi.org/10.1073/pnas.0903269107
http://www.ncbi.nlm.nih.gov/pubmed/20194780
http://dx.doi.org/10.1002/stem.308
http://www.ncbi.nlm.nih.gov/pubmed/20082286
http://dx.doi.org/10.1016/S1534-5807(04)00075-9
http://dx.doi.org/10.1021/nn200500h
http://www.ncbi.nlm.nih.gov/pubmed/21528849
http://dx.doi.org/10.1021/nn202190c
http://www.ncbi.nlm.nih.gov/pubmed/21793541
http://dx.doi.org/10.1016/j.biomaterials.2014.02.054
http://www.ncbi.nlm.nih.gov/pubmed/24674462
http://dx.doi.org/10.1166/jbn.2015.2137
http://www.ncbi.nlm.nih.gov/pubmed/26554160
http://dx.doi.org/10.1002/adma.201101503
http://www.ncbi.nlm.nih.gov/pubmed/21823178
http://dx.doi.org/10.1002/adma.201400523
http://www.ncbi.nlm.nih.gov/pubmed/24668911
http://dx.doi.org/10.1038/srep01604
http://www.ncbi.nlm.nih.gov/pubmed/23549373
http://dx.doi.org/10.1002/adfm.201500299
http://dx.doi.org/10.1021/nn507149w
http://www.ncbi.nlm.nih.gov/pubmed/25919434
http://dx.doi.org/10.1016/j.biomaterials.2013.07.101
http://www.ncbi.nlm.nih.gov/pubmed/23937915
http://dx.doi.org/10.4172/2325-9620.1000e107

Materials 2015, 8, 8674-8690

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Menaa, F; Abdelghani, A.; Menaa, B. Graphene nanomaterials as biocompatible and conductive scaffolds
for stem cells: Impact for tissue engineering and regenerative medicine. | Tissue Eng. Regen. Med. 2014.
[CrossRef] [PubMed]

Nair, M.; Nancy, D.; Krishnan, A.G.; Anjusree, G.S.; Vadukumpully, S.; Nair, S.V. Graphene oxide nanoflakes
incorporated gelatin-hydroxyapatite scaffolds enhance osteogenic differentiation of human mesenchymal
stem cells. Nanotechnology 2015, 26. [CrossRef] [PubMed]

Park, J.; Park, S.; Ryu, S.; Bhang, S.H.; Kim, J.; Yoon, ] K.; Park, YH.; Cho, S.P; Lee, S.; Hong, B.H.; et al.
Graphene-regulated cardiomyogenic differentiation process of mesenchymal stem cells by enhancing the
expression of extracellular matrix proteins and cell signaling molecules. Adv. Healthc. Mater. 2014, 3,
176-181. [CrossRef] [PubMed]

Chaudhuri, B.; Bhadra, D.; Mondal, B.; Pramanik, K. Biocompatibility of electrospun graphene oxide
poly(epsilon-caprolactone) fibrous scaffolds with human cord blood mesenchymal stem cells derived
skeletal myoblast. Mater. Lett. 2014, 126, 109-112. [CrossRef]

Shang, Y.; Zhang, D.; Liu, Y.Y,; Liu, Y. Simultaneous synthesis of diverse graphene via electrochemical
reduction of graphene oxide. J. Appl. Electrochem. 2015, 45, 453-462. [CrossRef]

Hayes, W.L; Joseph, P; Mughal, M.Z.; Papakonstantinou, P. Production of reduced graphene oxide via
hydrothermal reduction in an aqueous sulphuric acid suspension and its electrochemical behaviour. J. Solid
State Electrochem. 2015, 19, 361-380. [CrossRef]

Kauppila, J.; Kunnas, P.; Damlin, P; Viinikanoja, A.; Kvarnstrom, C. Electrochemical reduction of graphene
oxide films in aqueous and organic solutions. Electrochim. Acta 2013, 89, 84-89. [CrossRef]

Sasidharan, A.; Panchakarla, L.S.; Chandran, P.; Menon, D.; Nair, S.; Rao, C.N.R.; Koyakutty, M. Differential
nano-bio interactions and toxicity effects of pristine versus functionalized graphene. Nanoscale 2011, 3,
2461-2464. [CrossRef] [PubMed]

Lv, M.; Zhang, Y]J.; Liang, L., Wei, M., Hu, W.B,; Li, XM.; Huang, Q. Effect of graphene oxide
on undifferentiated and retinoic acid-differentiated SH-SY5Y cells line. Nanoscale 2012, 4, 3861-3866.
[CrossRef] [PubMed]

Yan, L.; Wang, Y.; Xu, X.; Zeng, C.; Hou, J.; Lin, M,; Xu, J.; Sun, E; Huang, X.; Dai, L.; ef al. Can graphene
oxide cause damage to eyesight? Chem. Res. Toxicol. 2012, 25, 1265-1270. [CrossRef] [PubMed]

Sasidharan, A.; Panchakarla, L.S.; Sadanandan, A.R.; Ashokan, A.; Chandran, P.; Girish, C.M.; Menon, D.;
Nair, S.V.;; Rao, C.N.R,; Koyakutty, M. Hemocompatibility and macrophage response of pristine and
functionalized graphene. Small 2012, 8, 1251-1263. [CrossRef] [PubMed]

Wang, K.; Ruan, J.; Song, H.; Zhang, J.L.; Wo, Y.; Guo, S.W.; Cui, D.X. Biocompatibility of graphene oxide.
Nanoscale Res. Lett. 2011, 6, 1-8. [CrossRef]

Chang, Y.L.; Yang, S.T,; Liu, J.H.,; Dong, E.; Wang, YW.; Cao, A.N.; Liu, Y.F; Wang, H.F. In vitro toxicity
evaluation of graphene oxide on A549 cells. Toxicol. Lett. 2011, 200, 201-210. [CrossRef] [PubMed]

Carpio, LE.M.; Santos, C.M.; Wei, X.; Rodrigues, D.F. Toxicity of a polymer-graphene oxide composite
against bacterial planktonic cells, biofilms, and mammalian cells. Nanoscale 2012, 4, 4746-4756. [CrossRef]
[PubMed]

Alzhavan, O.; Ghaderi, E.; Shahsavar, M. Graphene nanogrids for selective and fast osteogenic
differentiation of human mesenchymal stem cells. Carbon 2013, 59, 200-211.

Orive, G.; Anitua, E.; Pedraz, ].L.; Emerich, D.F. Biomaterials for promoting brain protection, repair and
regeneration. Nat. Rev. Neurosci. 2009, 10, 682-692. [CrossRef] [PubMed]

Ellis-Behnke, R.G.; Liang, Y.X.; You, SW.; Tay, D.K.C.; Zhang, S.G.; So, K.E,; Schneider, G.E. Nano neuro
knitting: Peptide nanofiber scaffold for brain repair and axon regeneration with functional return of vision.
Proc. Natl. Acad. Sci. USA 2006, 103, 5054-5059. [CrossRef] [PubMed]

Silva, G.A.; Czeisler, C.; Niece, K.L.; Beniash, E.; Harrington, D.A.; Kessler, J.A.; Stupp, S.I. Selective
differentiation of neural progenitor cells by high-epitope density nanofibers. Science 2004, 303, 1352-1355.
[CrossRef] [PubMed]

Akhavan, O.; Ghaderi, E. Differentiation of human neural stem cells into neural networks on graphene
nanogrids. J. Mater. Chem. B 2013, 1, 6291-6301. [CrossRef]

Yang, D.H,; Li, T.; Xu, M.H.; Gao, E; Yang, J.; Yang, Z.; Le, W.D. Graphene oxide promotes the differentiation
of mouse embryonic stem cells to dopamine neurons. Nanomedicine 2014, 9, 2445-2455. [CrossRef]
[PubMed]

8689


http://dx.doi.org/10.1002/term.1910
http://www.ncbi.nlm.nih.gov/pubmed/24917559
http://dx.doi.org/10.1088/0957-4484/26/16/161001
http://www.ncbi.nlm.nih.gov/pubmed/25824014
http://dx.doi.org/10.1002/adhm.201300177
http://www.ncbi.nlm.nih.gov/pubmed/23949999
http://dx.doi.org/10.1016/j.matlet.2014.04.008
http://dx.doi.org/10.1007/s10800-015-0818-z
http://dx.doi.org/10.1007/s10008-014-2560-6
http://dx.doi.org/10.1016/j.electacta.2012.10.153
http://dx.doi.org/10.1039/c1nr10172b
http://www.ncbi.nlm.nih.gov/pubmed/21562671
http://dx.doi.org/10.1039/c2nr30407d
http://www.ncbi.nlm.nih.gov/pubmed/22653613
http://dx.doi.org/10.1021/tx300129f
http://www.ncbi.nlm.nih.gov/pubmed/22587431
http://dx.doi.org/10.1002/smll.201102393
http://www.ncbi.nlm.nih.gov/pubmed/22334378
http://dx.doi.org/10.1007/s11671-010-9751-6
http://dx.doi.org/10.1016/j.toxlet.2010.11.016
http://www.ncbi.nlm.nih.gov/pubmed/21130147
http://dx.doi.org/10.1039/c2nr30774j
http://www.ncbi.nlm.nih.gov/pubmed/22751735
http://dx.doi.org/10.1038/nrn2685
http://www.ncbi.nlm.nih.gov/pubmed/19654582
http://dx.doi.org/10.1073/pnas.0600559103
http://www.ncbi.nlm.nih.gov/pubmed/16549776
http://dx.doi.org/10.1126/science.1093783
http://www.ncbi.nlm.nih.gov/pubmed/14739465
http://dx.doi.org/10.1039/c3tb21085e
http://dx.doi.org/10.2217/nnm.13.197
http://www.ncbi.nlm.nih.gov/pubmed/24564300

Materials 2015, 8, 8674-8690

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Pezeshki-Modaress, M.; Mirzadeh, H.; Zandi, M. Gelatin-gag electrospun nanofibrous scaffold for skin
tissue engineering: Fabrication and modeling of process parameters. Mater. Sci. Eng. C 2015, 48, 704-712.
[CrossRef] [PubMed]

Xue, ].J.; He, M,; Liu, H.; Niu, Y.Z.; Crawford, A.; Coates, P.D.; Chen, D.F; Shi, R.; Zhang, L.Q. Drug loaded
homogeneous electrospun PCL/gelatin hybrid nanofiber structures for anti-infective tissue regeneration
membranes. Biomaterials 2014, 35, 9395-9405. [CrossRef] [PubMed]

Sulong, A.F; Hassan, N.-H.; Hwei, N.M.; Lokanathan, Y.; Naicker, A.S.; Abdullah, S.; Yusof, M.R.;
Htwe, O.; Idrus, R.B.H.; Haflah, N.H.M. Collagen-coated polylactic-glycolic acid (PLGA) seeded with
neural-differentiated human mesenchymal stem cells as a potential nerve conduit. Adv. Clin. Exp. Med.
2014, 23, 353-362. [CrossRef] [PubMed]

Iafisco, M.; Quirici, N.; Foltran, I; Rimondini, L. Electrospun collagen mimicking the reconstituted
extracellular matrix improves osteoblastic differentiation onto titanium surfaces. J. Nanosci. Nanotechnol.
2013, 13, 4720-4726. [CrossRef]

Crowder, S.W.; Prasai, D.; Rath, R.; Balikov, D.A.; Bae, H.; Bolotin, K.I.; Sung, H.]. Three-dimensional
graphene foams promote osteogenic differentiation of human mesenchymal stem cells. Nanoscale 2013, 5,
4171-4176. [CrossRef] [PubMed]

Serrano, M.C.; Patino, J.; Garcia-Rama, C.; Ferrer, M.L.; Fierro, ].L.G.; Tamayo, A.; Collazos-Castro, J.E.;
del Monte, F.; Gutierrez, M.C. 3D free-standing porous scaffolds made of graphene oxide as substrates for
neural cell growth. . Mater. Chem. B 2014, 2, 5698-5706. [CrossRef]

Guilak, F; Cohen, D.M.; Estes, B.T.; Gimble, ].M.; Liedtke, W.; Chen, C.S. Control of stem cell fate by
physical interactions with the extracellular matrix. Cell Stem Cell 2009, 5, 17-26. [CrossRef] [PubMed]
Pelham, R.J.; Wang, Y.L. Cell locomotion and focal adhesions are regulated by substrate flexibility.
Proc. Natl. Acad. Sci. USA 1997, 94, 13661-13665. [CrossRef] [PubMed]

Yan, C.; Sun, ].G.; Ding, J.D. Critical areas of cell adhesion on micropatterned surfaces. Biomaterials 2011, 32,
3931-3938. [CrossRef] [PubMed]

Peng, R.; Yao, X.; Ding, J.D. Effect of cell anisotropy on differentiation of stem cells on micropatterned
surfaces through the controlled single cell adhesion. Biomaterials 2011, 32, 8048-8057. [CrossRef] [PubMed]
Kim, T.H.; Shah, S.; Yang, L.T;; Yin, P.T.; Hossain, M.K.; Conley, B.; Choi, ].W.; Lee, K.B. Controlling
differentiation of adipose-derived stem cells using combinatorial graphene hybrid-pattern arrays.
ACS Nano 2015, 9, 3780-3790. [CrossRef] [PubMed]

Bajaj, P; Rivera, J.A.; Marchwiany, D.; Solovyeva, V.; Bashir, R. Graphene-based patterning and
differentiation of C2C12 myoblasts. Adv. Healthc. Mater. 2014, 3, 995-1000. [CrossRef] [PubMed]

Yin, PT; Shah, S; Chhowalla, M., Lee, KB. Design, synthesis, and characterization of
graphene-nanoparticle hybrid materials for bioapplications. Chem. Rev. 2015, 115, 2483-2531. [CrossRef]
[PubMed]

Solanki, A.; Chueng, ST.D.; Yin, PT.,; Kappera, R.; Chhowalla, M.; Lee, K.B. Axonal alignment and
enhanced neuronal differentiation of neural stem cells on graphene-nanoparticle hybrid structures.
Adv. Mater. 2013, 25, 5477-5482. [CrossRef] [PubMed]

@ © 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open
@ \ access article distributed under the terms and conditions of the Creative Commons by

Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

8690


http://dx.doi.org/10.1016/j.msec.2014.12.023
http://www.ncbi.nlm.nih.gov/pubmed/25579974
http://dx.doi.org/10.1016/j.biomaterials.2014.07.060
http://www.ncbi.nlm.nih.gov/pubmed/25134855
http://dx.doi.org/10.17219/acem/37125
http://www.ncbi.nlm.nih.gov/pubmed/24979505
http://dx.doi.org/10.1166/jnn.2013.7195
http://dx.doi.org/10.1039/c3nr00803g
http://www.ncbi.nlm.nih.gov/pubmed/23592029
http://dx.doi.org/10.1039/C4TB00652F
http://dx.doi.org/10.1016/j.stem.2009.06.016
http://www.ncbi.nlm.nih.gov/pubmed/19570510
http://dx.doi.org/10.1073/pnas.94.25.13661
http://www.ncbi.nlm.nih.gov/pubmed/9391082
http://dx.doi.org/10.1016/j.biomaterials.2011.01.078
http://www.ncbi.nlm.nih.gov/pubmed/21356556
http://dx.doi.org/10.1016/j.biomaterials.2011.07.035
http://www.ncbi.nlm.nih.gov/pubmed/21810538
http://dx.doi.org/10.1021/nn5066028
http://www.ncbi.nlm.nih.gov/pubmed/25840606
http://dx.doi.org/10.1002/adhm.201300550
http://www.ncbi.nlm.nih.gov/pubmed/24352858
http://dx.doi.org/10.1021/cr500537t
http://www.ncbi.nlm.nih.gov/pubmed/25692385
http://dx.doi.org/10.1002/adma.201302219
http://www.ncbi.nlm.nih.gov/pubmed/23824715

	Introduction 
	Graphene and Graphene Oxide 
	Enhancing Osteogenesis with Graphene/Graphene Oxide 
	Enhancing Neurogenesis by Graphene/Graphene Oxide 

	Graphene-Based Scaffold Materials 
	Graphene Polymer Scaffolds for Guiding Stem Cell Differentiation 
	Graphene as a Biocompatible Material for Stable Stem Cell Growth and Implantation 

	Graphene Patterns 
	Graphene-Based Hybrid Nanoparticles 
	Graphene-Embedded Hybrid Nanoparticles for Guiding Stem Cell Growth 
	Graphene Hybrid Gold Nanoparticles for Monitoring Stem Cell Differentiation 

	Conclusions and Remarks 

