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Abstract
Tissue engineering is the study to reconstruct tissue and organs of living
things by applying material science engineering and biological principles.
It has been reported that according to the change of size, shape, and
conformation of nanostructure, cellular adhesion, proliferation, and
differentiation can be modulated. In other words, regulation of
nanostructure can engineer cellular fate. Another method to control
cellular function is using nanomaterials. The nanomaterials can derive
synergic effects if the nanomaterials have additional functionality.
Nowadays, graphene is getting spotlight. The graphene, recently
discovered in 2004, also have high thermal and electrical conductivity,
large specific surface area, and good mechanical properties. Further, it
can be functionalized, indicating graphene can be used as diverse forms.
Due to those unique characteristics, the graphene have been frequently
used in biosensors, drug delivery, and gene delivery but it is recently
focused in tissue engineering field. The graphene, which can flow
electric current, serve as electrical stimulator, too. Moreover, it can emit
microelectric current when it is exposed to magnetic or electromagnetic
field. The general goal of this doctoral thesis is to fabricate
graphene-based platforms, investigate the interaction of nanostructure
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and graphene-based nanomaterials, in case of structural, morphological,
chemical characteristics, and assess synergic effects by on cell adhesion,
cell

proliferation,

differentiation,

and

tissue

regeneration.

Biostimulation-inducing systems on graphene will be also composed and
it will be applied on graphene-based nanostructural platforms. Its
synergic effects will be thoroughly investigated. First, we combined
reduced graphene oxide (RGO) and EMF on osteogenesis and
neurogenesis of MSCs. Combination of RGO and PEMFs synergically
increased ECM formation, membrane protein, metabolisme, etc. It is
expected that the combination of RGO and PEMFs will be an efficient
platform for stem cell and tissue engineering. Second, graphene was
incorporated into bone cements to reinforce mechanical properties.
Owing to the ability that graphene can induce osteogenic differentiation
of stem cells, the graphene-incorporated nanocomposite bone cement
enhanced

osteogenic

differentiation.

Moreover,

the

graphene-incorporated nanocomposite bone cement under PEMFs
synergically enhanced osteogenic differentiation. Because EMFs can be
induced on the implants noninvasively, this system would be applied not
only in vivo study but also clinical application, resulting in the innovation
of regenerative medicine. It can be applicable in clinical study as well as
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in vivo study by combining with biodegradable scaffolds. Particularly,
EMFs can be exerted on the transplanted scaffolds noninvasively. These
systems can be easily applied in clinical study as well as in vivo study.
Other stimulation systems, electrical, light, etc., have limitations to be
applied in in vivo study. On the other hand, EMFs stimulation is already
commercialized in clinical application. Thus, it is expected that EMFs
stimulation system would come true in tissue engineering-based therapy.
That would become a turning point in tissue engineering and regenerative
medicine.

Keywords
reduced

graphene

oxide,

calcium

phosphate

cements,

pulsed

electromagnetic fields, human alveolar bone marrow stem cells,
osteogenic differentiation, DNA microarray
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1. Introduction

1.1. Introduction
Tissue engineering is the study to reconstruct tissue and organs of
living things by applying material science engineering and biological
principles. [1] It is interdisciplinary field that consist of three elements:
(1) cells, (2) bio- or physio-chemical factors, and (3) scaffolds. Among
them, scaffolds are the substances that cells can reside on or into, which
can support cells not only to be adhered and be grown properly, but also
become functional tissues. The scaffolds have been made in various
forms, e.g. 2-dimensional (2D) film [2], 3-dimensional (3D) platforms
[3], bone cements [4], and 3-dimensionally printed platforms. [5] It is of
utmost importance that the scaffolds should mimic the nature of tissue
and organs to regenerate fully functioned tissues. Because extracellular
matrix, a support of cells in native tissues, is composed of nano-sized
fibrils or clusters, importance of nanostructure in scaffolds is
significantly addressed. [6] It has been reported that according to the
change of size, shape, and conformation of nanostructure, cellular
adhesion, proliferation, and differentiation can be modulated. [7] In other
words, regulation of nanostructure can engineer cellular fate.
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Another method to control cellular function is using nanomaterials.
For example, incorporating nanomaterials into 2D or 3D polymer-based
scaffold is known as one of the easiest way to induce nanostructure and
nanotopography in the scaffold. The nanomaterials can derive synergic
effects if the nanomaterials have additional functionality. [8] The most
preferred functional nanomaterial is carbon nanotube (CNT). [9]
Capability to absorb near infrared (NIR) light as well as high
conductivity and ultrahigh stiffness of CNT were fascinated by many
researchers. [10] Nowadays, graphene is getting spotlight. The graphene,
recently discovered in 2004, also have high thermal and electrical
conductivity, large specific surface area, and good mechanical properties.
[11] Further, it can be functionalized, indicating graphene can be used as
diverse forms. Due to those unique characteristics, the graphene have
been frequently used in biosensors, drug delivery, and gene delivery but
it is recently focused in tissue engineering field. [11] For instance,
graphene not only enhanced mechanical properties of scaffolds but also
promote osteogenic or neurogenic differentiation of stem cells. [12, 13]
The graphene, which can flow electric current, serve as electrical
stimulator, too. Moreover, it can emit microelectric current when it is
exposed to magnetic or electromagnetic field. [14]
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There are four fundamental forces in nature; strong, weak,
gravitational,

and

electromagnetic

force.

[15]

Among

them,

electromagnetic force is composed of electric and magnetic forces, which
can be influenced by each other. [16] The flux of electromagnetic forces
can be changed depending on the displacement and the change of
electromagnetic force depending on the displacement is called
electromagnetic field (EMF). EMF have many subtypes according to
frequency, e.g., extremely low frequency-EMF (ELF-EMF), and pulsed
EMF (PEMF). Among them, PEMFs are low-frequency fields which
have specific amplitudes and wave forms. [17] All lifes living on the
Earth is exposed by the magnetic fields ranging from 25 to 65 μT. [18]
Expose on EMFs may result in various aspects; Strong irradiation may
induce cancers or severe diseases. On contrary, weak irradiation can
regenerate damaged tissues or organs. Thus, their biological effects have
been investigated for 3 decades. It was reported that EMFs can modulate
cell proliferation, DNA replication, wound healing, cytokine expression,
and differentiation. [19] Particularly, PEMFs enhanced osteogenic
differentiation as well as neurogenic differentiation of mesenchymal stem
cells (MSCs). [20] EMFs also enhanced the direct reprogramming of
mouse embryonic fibroblast into induced pluripotent stem cells. [21] The
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main reason why EMFs can induce biological is that EMF, unlike electric
fields (EFs), can easily permeate into cell membranes. [22] EFs can
stimulate the receptor of outer membrane. However, It cannot permeate
into cell membranes because cell membranes act as capacitors. On
contrary, EMFs easily permeate into plasma membrane, that is, it can
induce the change of EF of inner cell membrane. The permeated EMFs
can induce changes of Ca2+ efflux and sequently modulate various
biological effects, for instances, growth factor secretion, nitric oxide
signaling,

mitogen-activated

protein

kinase

(MAPK)/extracellular

signal-regulated kinase (ERK), and wnt signaling. [17, 23-27]
Graphene, a two-dimensional crystal of sp2-hybridized carbon atom,
is composed of six-membered rings. [28] Their unique structure made
free π electrons that facilitate good electrical conductivity (104 S/cm). [29]
Furthermore, it has very high elastic modulus (1000 GPa), optical
transmittance (97.7%), and thermal conductivity (~5000 W/mK). [30-32]
Such electrochemical properties made the graphene being focused on
physics, chemistry, materials engineering, and electrical engineering
fields. [33] Recently it was focused on cell and tissue engineering
because the biological activities of graphene, e.g., good biodegradability,
cell adhesion, cellular uptake, and interaction with RNA and DNA, have
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been reported. [34] The graphene and its subfamily also improves
osteogenesis,

neurogenesis,

epithelial

differentiation,

and

cardiomyogenic differentiation of stem cells. [35-38] Recently the
functionality of graphene is getting a spotlight on the cell and tissue
engineering fields. Electrical stimulation-combined graphene was
synergically effective on osteogenesis and neurogenesis. [39-40] Its high
thermal conductivity is used in curing thermo-responsive hydrogel for
cell delivery using near infrared irradiation. [41] However, combination
of graphene and EMFs have never been applied in tissue engineering.
The free electron residues on outer edge can move owing to the magnetic
fields irradiated on graphene, resulting in electric currents flowing
through the graphene. [42] Because electric currents generated by the
irradiation of EMF can influence on cells together, the synergic effects by
electric currents as well as graphene and EMF would enhance the
osteogenesis and neurogenesis of MSCs. Moreover, the platform can
easily applied in in vivo study as well as clinical applications because
EMFs can be applied on the implants noninvasively.
Bone cements, which fill in bone defects and rapidly harden
inside the defects, are widely used to heal the increasing number of
traumatic bone defects due to the aging population. Currently,
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polymethylmethacrylates (PMMA) are the most frequently used
substance in clinical application because it has in situ setting ability and
good mechanical properties. [43] However, due to the lack of bioactivity,
PMMA cannot be degraded, in other words, they have neither
osteoconductivity nor osteoinductivity. Moreover, their high hardening
temperature, over 100 degrees, causes necrosis of cells. Although
N-butyl-2-cyanoacrylate (BCA) [44] and 2-octylcyanoacrylate (OCA)
[45] were developed to resolve this problem, their biological inactiveness
remains a critical problem. To complement these weaknesses, calcium
phosphate cements (CPCs) were developed. Because CPCs have similar
chemical components as native bone, they are bioresorbable, resulting in
easy substitution by tissues. They also have good osteoconductivity,
osteoinductivity, and low setting temperature. [46] To date, synthetic
calcium phosphate (CaP) biomaterials, i.e., hydroxyapatite (HA),
dicalcium phosphate (DCP) and α or β-tricalcium phosphate (α or β-TCP)
have been utilized as CPCs resources. [47] In addition, natural sources,
e.g., sintered animal bones and clamshells, were also used in CPCs due to
their similarity with native human bone. These types of CPCs, called
natural CPCs, frequently used porcine, [48, 49] bovine, [50], chicken, [51]
and horse bone. [52] However, CPCs still have serious problems. Their
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mechanical strength is low, which is a critical flaw for use in clinical
applications. Thus, many researchers attempt to promote the mechanical
strength of CPCs. The mechanical strength of CPCs is deeply related
with the micro/nanostructure of the particle size, for instance, porosity,
[53] crystal size, [54] powder distribution, [55] and nano/micro CaP
particle composition. [56] The addition of additives, e.g., citric acid, [57]
cellulose, [58] and fiber [59], significantly improved the mechanical
properties, as well. However, because the methods affect CaP synthesis,
the additives cannot be used in natural CPCs. Therefore, an easier and
more effective method to reinforce the mechanical properties of CPCs
should be developed.
Graphene, discovered experimentally in 2004, consists of a
two-dimensional (2D) honeycomb lattice structure of carbon. [60]
Graphene has many subtypes depending on the fabrication method, for
example, graphene made by chemical vapor deposition (CVD), [61]
graphene nanoribon (GNR), [62] graphene oxide (GO), [63] and reduced
graphene oxide (RGO) [64]. Its good biological properties – interaction
with RNA and DNA, cellular adhesion, cellular uptake, antibacterial
ability, and good biodegradability - led to its application in the biological
field. In tissue engineering, graphene has been used in two ways: 1) stem
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cell engineering and 2) strengthening the mechanical properties of
scaffolds. First, graphene/GO was involved in osteogenesis, [64]
epithelial genesis, [65] and neurogenesis [66] of mesenchymal stem cells
(MSCs) and neurogenesis of neural stem cells (NSCs). [67] Furthermore,
GO-CaP nanocomposite synergically enhanced osteogenic differentiation
of MSCs. [68] Secondly, graphene has been used to enhance the
mechanical properties of tissue-engineered scaffolds. Yang et al. reported
that the elastic modulus and maximum tensile strength were enhanced by
the addition of GO. [69] Baradaran et al. and Fan et al. also reported that
the mechanical strength of HA-RGO and HA-GO nanocomposites was
improved compared with HA composite. [70, 71] These two properties –
acceleration of osteogenic differentiation and reinforcement of
mechanical strength – can also be utilized in natural CPCs.
If nanomaterials, especially graphene, are combined on scaffolds,
synergistic effects in cell function and tissue regeneration can be
estimated. Those scaffolds can induce structural and biostimulative cues
simultaneously if graphene-derived stimulation-inducing systems are
constructed. The system which can provoke biostimulation via graphene
will advance the synergic effects of nanostructure and graphene-based
nanomaterials. Thus, the general goal of this doctoral thesis is to
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fabricate graphene-based nanostructural platforms, investigate the
interaction of nanostructure and graphene-based nanomaterials, in case of
structural, morphological, chemical characteristics, and assess synergic
effects by on cell adhesion, cell proliferation, differentiation, and tissue
regeneration. Biostimulation-inducing systems on graphene will be also
composed and it will be applied on graphene-based platforms. Its
synergic effects will be thoroughly investigated.
First, we combined graphene and EMF on osteogenesis and
neurogenesis of MSCs. (Fig. 1.1) As a graphene substrata, reduced
graphene oxide (RGO) were coated on Glass coverslips. Among EMFs,
PEMF was used due to its well-known efficacy on osteo- and
neurogenesis of MSCs. At first, the characteristics of RGO were analyzed.
Their chemical properties were measured by X-ray photoelectron
spectroscopy (XPS), X-ray diffraction (XRD), and raman spectroscopy
and its magnetic properties were analyzed. After evaluation, the RGO
were adsorbed on glass and its morphological and electrical properties
were investigated. Then, in vitro study was conducted using human
alveolar bone marrow stem cells (hABMSCs) exfoliated from mandible.
Their cell viability, cell adhesion, and ECM formation by RGO and
PEMFs were assessed. After that, their osteogenic capability was studied
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by alkaline phosphatase (ALP) activity study, immunocytochemistry
(ICC), reverse transcription polymerase chain reaction (RT-PCR),
alizarin red staining (ARs), and von Kossa staining (VKs). Their
neurogenic as well as chondrogenic and adipogenic capability was also
studied. Moreover, microarray was conducted to reveal the mechanism of
RGO and PEMFs on osteogenic and neurogenic differentiation.
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Fig. 1.1. Schematic diagram of the research concept of part II.
HABMSCs adhere on RGO substrates. PEMFs were exerted on the
cell-cultured RGO substrates. Not only PEMFs, induced electric currents
generated on RGO due to PEMFs would also result in synergic effects on
the behavior of hABMSCs.
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Second, we hypothesized that if we incorporate graphene in natural
CPCs, we could reinforce the mechanical properties as well as the
osteoinductivity of natural CPCs. (Fig. 1.2) Therefore, we fabricated
graphene-incorporated natural CPCs and evaluated their various
properties. As a graphene ingredient, RGO was chosen because of its
several advantages – easy synthesis and easy incorporation. At first, their
characteristics, e.g., morphology, chemical composition, and mechanical
properties, were analyzed. In vitro study was conducted using a murine
osteoblast cell line (MC3T3-E1) and rat-derived adipose stem cells
(rASCs). Their cytotoxicity, viability, and adhesion were analyzed. Then,
a migration assay was assessed to verify the osteoconductivity. Finally,
their osteogenic differentiation was evaluated by western blot analysis,
ICC, and ARS, suggesting that RGO-reinforced CPC (RGO-CPC) is a
promising tool for clinical application.
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Fig. 1.1. Schematic diagram of the research concept of part I. Natural
CaP powder and RGO were thoroughly mixed. Then, the mixed powder
was hardened by CS solution to fabricate RGO-CPCs. The RGO in
RGO-CPCs is expected to reinforce the mechanical properties and
improve osteogenic differentiation, which would contribute to better
bone regeneration.
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1.2. Objectives
It is the driving force of this research that the combination of
nanostructure and nanomaterials may have synergic effects and influence
on the scaffold configuration, cell function, and tissue regeneration.
Therefore, in this study, the scaffolds that have nanostructure and
graphene-based nanomaterials simultaneously will be fabricated and their
unique properties will be investigated. Then, they will be utilized in
tissue engineering. Biostimuli-inducing graphene based system will be
fabricated and investigated, too. Finally, these developed scaffolds will
be used in in vivo study and be examined for tissue regeneration.
Detailed goal is as follow:

Aim 1: To fabricate nanomaterial-based nanostructural scaffold
(nanofibrous 2D scaffolds, nanocomposite bone cements, etc.)

Aim 2: To investigate the relation between nanostructure and
nanomaterials, especially in the structure, conformation and chemical
binding
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Aim 3: To assess the synergic effects of nanostructure and nanomaterials
on cell function, e.g. cell adhesion, cell viability, differentiation,
commitment, and tissue regeneration

Aim 4: To build systems that can provoke biostimulation via graphene
and apply it to graphene-based platforms.
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2. Literature Review: Regulation of Stem Cell
Behaviors by Graphene-Based Platforms
2.1. Introduction
Stem cells are characterized by their unique abilities to reproduce
themselves (i.e., self-renew) and differentiate into various tissue types of
cells, and stem cell-based therapies have been recognized as a promising
new approach for various disease treatments including tissue
regeneration [73-77]. Stem cells reside within instructive and
tissue-specific niches in the body, such as complex and controlled
biochemical mixtures of soluble or insoluble factors, as well as
extracellular

communication

via

direct

or

indirect

cell-cell

communication [73,78-79]. It has been known that these complex
microenvironments can strongly affect the stem cell function [73-81]. In
particular, it is widely accepted that stem cells display high sensitivity to
the local topographies or chemical compositions of extracellular matrix
(ECM) which was typically composed of complex and well-defined
nanostructures of protein fibers such as fibrillar collagens and elastins
with feature sizes ranging from tens to several hundreds of nanometers
[78-80]. In conjunction with these aspects, it is important to develop a
synthetic ECM to regulate or improve stem cell functions for stem
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cell-based therapies toward better clinical applications of stem cells
[73-80].
Carbon-based nanomaterials have been considered as one of
interesting sources to develop synthetic ECMs as a stem cell platform
due to their unique physicochemical properties (Fig. 2.1) [81-82]. For
example, carbon nanotubes (CNTs), one of the representative
carbon-based nanomaterials, have been extensively studied for a variety
of applications for stem cells because of their unique dimension
structures [81-83] although their extreme one-dimensional morphology is
found to be somewhat cytotoxic [84]. On the other hand, it is expected
that graphene, the most recently discovered new carbon-based
nanomaterial,

may

provide

better

biocompatibility

than

other

carbon-based nanomaterials because of the two-dimensional mild shape
[84]. In particular, its similar properties in terms of physical structure and
chemical composition of native ECMs as well as remarkable mechanical
and electrical conductible properties has gained tremendous attentions as
a new material for stem cell culture platforms or scaffolds [80,84].
Furthermore, graphene has many advantages to develop effective stem
cell culture platforms; for example, (1) it is easy to modify the surface of
graphene with various functionalization methods, (2) graphene can
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reinforce the mechanical property of organic or inorganic platforms, and
(3) the high conductivity of graphene can be used as an effective
biocompatible electrode for electro-active stem cells [81,84].
Here, we review graphene-based platforms for stem cell culture
platforms and discuss how the engineered graphene platforms can be
used to regulate or improve the function of stem cells. In particular, we
focus on the most recent efforts to investigate the effects of these
platforms on cytotoxicity, adhesion, proliferation, and differentiation of
stem cells. We also highlight the possible mechanism on the controlled
stem cell behavior by cell-graphene interactions as well as strategies to
use graphene-based platforms for advanced stem cell-based therapy.

Fig. 2.1. Research trend on the carbon nanotube and graphene as
representative carbon-based nanomaterials for stem cell engineering.
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2.2. Graphene-Based Platforms

2.2.1. Graphene
Graphene is a flat monolayer of carbon atoms closely packed into
a

honeycomb

shaped

2-dimensional

lattice,

and

its

unique

nanotopography has gained tremendous attentions as new stem cell
culture platforms or scaffolds [84-85]. It is known that graphene have a
lateral dimension of about 8 to 10 nm and a height displacement of about
0.7 to 1 nm. In addition, it is reported that the properties of graphene are
different according to the synthesis methods. For example, graphene
which is chemically exfoliated from oxidized graphite has oxygen
containing hydrophilic functional groups (called as ‘graphene oxide
(GO)’) whereas graphene synthesized by chemical vapor deposition
(CVD) has hydrophobic and flexible properties [84].

2.2.2. Graphene-based platforms for stem cells
For the past years, various graphene-based platforms have been
developed and used for controlling or improving stem cell behaviors
(Table 2.1). First of all, two- dimensional (2D) graphene films were first
used for enhancing stem cell differentiation [87]. The CVD graphene
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films were transferred on substrates (e.g., glass) [87]. On the other hand,
the GO films were coated on substrates using using a self-assembly
method (i.e., using electrostatic interaction between negatively charged
GOs and positively charged substrates) [88].
Three-dimensional (3D) graphene foams were synthesized by
CVD method using Ni foam template for stem cells and tissue
engineering applications [89]. The 3D graphene forms showed porous
and interconnected structures even though they were constructed by
few-layer or multi-layer graphene sheets [89]. In particular, they showed
interesting properties such as the porosity of about 99% and pore size of
about 100–300 μm [89]. In addition, it was observed that the graphene
layers in 3D graphene were extremely thin, but the network possessed
excellent mechanical strength and flexibility, and can stand alone [89]
Moreover, graphene-incorporated platforms were reported to
promote functions of stem cells [90]. For example, reduced graphene
oxide (RGO)–chitosan films were fabricated after spin-coating of the
RGO–chitosan composite solutions on glass [91]. Interestingly, the
RGO–chitosan films showed transparent properties and nanodot-like
nanotopography while various layers of RGO were occasionally
observed in the RGO–chitosan films.
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In summary, for the past few years, CVD, GO, or RGO films, 3D
graphene foams, and graphene-incorporated polymer platforms have
been developed for stem cell engineering, particularly for improving
differentiation of stem cells.

Table 2.1. Graphene-based platforms for stem cells
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2.3. Stem Cell Behaviors on Graphene-Based Platforms
In this section, we describe the efforts on regulating the stem cell
behaviors by using graphene-based platforms so far.

2.3.1. Cytotoxicity of Grapyhene in Stem Cells
We first discuss the cytotoxicity of graphene in stem cells. Despite the
great potential graphene holds for stem cell and tissue engineering, the
in-depth study about cytotoxicity of graphene in stem cells has been not
reported well (Table 2.2). The recent study has reported that low
concentrations (less than 0.1 mg/mL) of GO did not show cytotoxicity in
hMSCs, while while high concentrations (greater than 0.1 mg/mL) were
somewhat cytotoxic to hMSCs when the hMSCs were cultured on the
tissue culture dish with medium containing RGO [90]. On the other hand,
many reports have reported that graphene-based platforms (e.g.,
graphene film, 3D graphene foam) showed very good cell viability
[87,89]. Thus it is strongly needed to perform the in-depth study on
otoxicity of graphene in stem cells in vitro and in vivo.
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Table 2.2. Cytotoxicity of graphene-based platforms in stem cells. The ‘o’
indicates the control value (uncoated graphene substrate).
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2.3.2. Adhesion of Stem Cells on Graphene-Based Platforms
The general behavior of stem cell can be characterized with following
steps: adhesion on a substrate spreading cytoskeleton development (cell
shape) functions (e.g., proliferation and differentiation). Therefore, the
adhesion of stem cells on substrates may be a fundamental and important
requirement for regulating stem cell functions.
Some studies have investigated the adhesion of stem cells on the
graphene-based platforms (Table 2.3). Lee et al., reported that CVD
graphene or GO films enhanced the initial adhesion of human
mesenchymal stem cells hMSCs on the substrates compared to that on
PDMS [91]. Chen et al., reported that CVD graphene or GO films
promoted the initial adhesion of induced pluripotent stem cells (iPSCs)
than glass [92]. They also showed that GO filmss are better than CVD
graphene films in case of the adhesion of iPSCs [92]. Recently, Kim et al.,
reported that GO film influenced the adhesion of human adipose
tissue-derived stem cells (hASCs) although the GO film did not greatly
influence the attachment of hASCs compared to the uncoated GO
substrate [88]. Interestingly, they showed that the GO film significantly
influenced the focal adhesions (FAs) of the hASCs on the substrates as
well as higher correlation between the orientations of the actin filaments
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and vinculin bands in the hASCs cultured on the GO films than on the
uncoated GO substrates [88]. In addition, it was reported that the GO
films have the higher cell affinity under fluid shear stress, compared to
glass (uncoated GO) [88]. Furthermore, it was reported that the graphene
influence the shape of stem cells. For example, hMSCs showed the
spindle shape morphology on the CVD graphene films while the
morphology of hMSCs showed the polygonal shape on the SiO2
substrates [93].

Table 2.3. Adhesion of graphene-based platforms in stem cells. The ‘o’
indicates the control value (uncoated graphene substrate).
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2.3.3. Proliferation of Stem Cells on Graphene-Based Platforms
One of the major issues of stem cell-based therapy in clinical
applications is to obtain an abundance of stem cells with multipotent
ability due to difficulty on maintaining the multipotency in stem cells. It
has been reported that graphene-based platforms provide suitable
environment for proliferation of stem cells (Table 2.4). Lee et al.,
reported that GO films increased the proliferation of hMSCs compared to
PDMS (uncoated GO) [91]. Kim et al., reported that the proliferation of
hASCs on GO films were similar to that on the glass or the normal tissue
culture dish [88]. Interestingly, Chen et al., reported that the GO films
increased the proliferation of iPSCs than the glass [92]. In addition,
recent study showed that the 3D graphene foams promoted the
proliferation of human neural stem cells (hNSCs) that 2D CVD graphene
[89]. Together, these studies suggest that the graphene-based platforms
may be suitable for the proliferation of stem cells although a detailed
study should be performed to verify the multipotency of proliferated stem
cells on them.
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Table 2.4 Proliferation of graphene-based platforms in stem cells. The ‘o’
indicates the control value (uncoated graphene substrate).
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2.3.4. Differentiation of Stem Cells on Graphene-Based Platforms
One of the major issues of the use of graphene-based platforms is to
regulate or improve the stem cell differentiation (Table 2.5). Several
studies reported an accelerated osteogenic differentiation of hMSCs on
graphene substrates. For example, Ozyilmaz et al., reported that the CVD
graphene film greatly accelerated osteogenesis of hMSCs [87]. On the
other hand, the rate of osteogenic differentiation induced by graphene
film was similar to that induced by BMP-2 [87]. Part et al., reported that
the CVD graphene film could contribute better adhesion of both glial
cells and undifferentiated hNSCs as well as induce the differentiation of
hNSCs into neurons on graphene [94]. The multiple differentiation study
of hASCs was performed by Kim et al. [88]. The enhanced
differentiation of hASCs included osteogenesis, adipogenesis, and
epithelial genesis, while chondrogenic differentiation of hASCs was
decreased, compared to tissue culture polystyrene as a control substrate.
Wang et al., fabricated fluorinated graphene film and showed
that the enhanced neurogenesis of hMSCs [95]. In particular, they also
tried to modify the graphene films by printing PDMS barriers directly,
which showed the alignment of hMSCs to induce the neurogenesis of
hMSCs [95].
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As for an example for 3D graphene scaffolds for enhancing stem
cell differentiation, Li et al., reported that 3D graphene scaffolds could
enhance the NSC differentiation towards astrocytes and especially
neurons as well as good electrical coupling of 3D graphene scaffolds
with differentiated NSCs [89].

Table 2.5 Differentiation of graphene-based platforms in stem cells. The
‘o’ indicates the control value (uncoated graphene substrate).
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2.3.5. Mechanism for Regulating
Graphene-Based Platforms

Stem

Cell

Behaviors

by

The mechanisms underlying the effects of the graphene-based
platforms on stem cells behaviors such as adhesion, proliferation, and
differentiation remain unknown well. It is usually hypothesized a
combination of factors including nanoscale structure, strong stiffness,
roughness, reactive oxygen functional groups, and absorption of
biomolecules. It was reported that the surface oxygen content of a GO
film has a great influence on the behaviors of osteoblasts, fibroblasts, and
myoblasts in which the oxygen functional groups on GO films introduced
a negatively charged surface, which led to various interactions such as
electrostatic forces, hydrogen bonding, and hydrophobic interactions
between the GO film and cells as well as specific proteins absorption
[88]. In addition, Lee et al. [89] reported that CVD graphene or GO films
influenced the specific proteins absorption related in differentiation of
stem cells (Figs. 2.15 and 16) [91].
Recently, it was observed that the incorporated graphene in
chitosan substrata could influence initial cell adhesion and interaction
between cell–cell or cell–substrate, which might be another possible
explanation to enhance the differentiation of hMSCs on the RGO–
chitosan substrata (Fig. 2.17) [90]. Taken together, although the further
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study is strongly needed, the graphene may influence the protein
absorption on the surface of platform, which may be able to influence the
adhesion and shape to regulate function of stem cells.
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2.4. Summary and Outlook
Graphene-based platforms have demonstrated as an effective strategy for
adhesion, proliferation, and differentiation of stem cells. The unique
nanostructure as well as the modified physicochemical property such as
surface functionalization or surface roughness of graphene-based
platforms could regulate or improve the behaviors of stem cells. On other
hand, it is also true that most studies so far have focused on the
interaction between stem cells and graphene-based platforms in in vitro
study. Here, we discuss the other challenges and future works using
graphene for stem cells as follows; (1) it is strongly needed to perform
in-depth study on the in vitro and in vivo biocompatibility to be
acceptable for FDA approval to use graphene-based platforms toward
their clinical applications; (2) the synergistic effects of graphene-based
platforms with other factors such as chemical, physical, electrical cues
for stem cell engineering may give us other opportunities to improve the
stagey to use graphene for stem cells; (3) it is also needed to conduct out
the mechanism study including signaling pathway how graphene could
promote the differentiation of stem cells, which will allow us to realize
how we can use the graphene-based platforms as a tool for advanced
stem cell and tissue engineering applications.
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3. Part Ⅰ: Pulsed Electromagnetic Fields-Assisting
Reduced

Graphene

Oxide

Substrata

for

Multidifferentiation of Human Stem Cells

3.1. Materials and Methods
3.1.1. Preparation and Characterization of RGO
GO was produced by a modified Hummers method.35 Briefly,
graphite powders (Alfa Aesar graphite powder, universal grade, 200
mesh, 99.9995%) were stirred into NaNO3 and H2SO4 while being
cooled in an ice water bath for 4 h. KMnO4 was gradually added and the
mixture was stirred at 25℃ until a highly viscous liquid was obtained.
Deionized water was added and the suspension was heated in a water
bath at 98 C for 15 min. The suspension was further treated with warm
water and H2O2 in sequence. The mixture was centrifuged at least five
times at 4000 rpm and washed with HCl and water. GO was dried at 50℃
for 24 h. The resulting homogeneous dispersion (100 mL) was mixed
with 1 mL of hydrazine solution (35 wt% in water) and 7 mL of ammonia
solution (28 wt% in water). RGO powder was then obtained by filtration
and drying in vacuum. The presence of crystalline phases on the RGO
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was detected by XRD and Raman spectroscopy. In XRD, an X-ray
diffractometer (New D8 advanced XRD, Bruker, Germany) with copper
Kα radiation at 40 kV and 40 mA was used. The Raman spectra was
obtained with a T64000 (Horiba Jobin Yvon) at an excitation wavelength
of 514.54 nm. XPS was conducted on a Sigma Probe (ThermoVG, U.K)
operating at a base pressure of 5 × 10 − 10 mbar at 300 K with a
nonmonochromatized Al K α line at 1486.6 eV, a spherical sector
analyzer of 180 °, a mean diameter of 275 mm, an analysis area of 15 μm
to 400 μm, and multichannel detectors. The magnetometry of RGO was
measured by physical property measurement system (PPMS® , Quantum
Design Inc., San Diego, CA, USA). Measured temperature was 289.7K
and the range of magnetic field was ±0.15 μT.

3.1.2. Preparation and Characterization of RGO Substrates
In total, 12- or 24-well sized bare glass substrates were cleaned
with acetone and isopropyl alcohol for 3 min in an ultrasonic bath,
followed by cleaning with deionized water. Piranha treatment was also
performed to remove the rem- nant dirt. The substrates were treated in a
toluene solution containing 10 mM 3-aminopropyltriethoxysilane
(APTES) for 2 h. Then, the substrates were washed with toluene and

35

ethanol, followed by cleaning with de-ionized water and drying in a
stream of nitrogen. For the fabrication of GO thin films, the substrates
were immersed in a 2 mg/mL GO aqueous suspension for 2 h, washed
with ethanol and deionized water, and dried in a stream of nitrogen. The
resulting substrates were mixed with 1 mL of hydrazine solution (35 wt%
in water) and 7 mL of ammonia solution (28 wt% in water). RGO
powder was then obtained by filtration and drying in vacuum. The
fabricated RGO substrates were observed by optical microscope (Ti-E,
Nikon, Japan) and field-emission scanning electron microscope (FESEM;
SUPRA 55VP, Carl Zeiss, Germany).

3.1.3. Cell Culture and Induction of PEMFs
hABMSCs were collected at the Intellectual Biointerface
Engineering Center, Dental Research Institute, College of Dentistry,
Seoul National University. Cells were cultured in 𝛼-minimum essential
medium (MEM) containing 10% fetal bovine serum (FBS, Welgene Inc.,
Republic of Korea), 10 mM ascorbic acid (L-ascorbic acid), antibiotics,
and sodium bicarbonate at 37∘ C in a humidified atmosphere of 5% CO2
(Steri-Cycle 370 Incubator, Thermo Fisher Scientific. USA). The
medium was changed every other day. When the cells became confluent,
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they were detached with 1 mL trypsin-EDTA, counted, and passaged.
The cells were passaged before reaching confluence and used at between
5 or 6 passages. For an in vitro study, four groups were chosen: 1) Glass,
the group cultured on glass substrates as control; 2) Glass+PEMFs, the
group cultured on glass substrates and irradiated by PEMFs; 3) RGO, the
group cultured on RGO subtrates; 4) RGO+PEMFs, the group cultured
on RGO substrates and irradiated by PEMFs. PEMFs stimulation
condition was following our previous study. Lim 2013 Briefly, the
PEMFs were irradiated using a solenoid, (Fig. 2A) Electric signals, of
which condition was square wave, ±5 V, 50 Hz-frequency, and 50%-duty
cycle, were generated using a function generator. The condition of
resultant PEMFs was 0.6 ± 0.05 mT with 50 Hz and expose time on
samples was 30 min/day.

3.1.4. Cell Proliferation and Viability Test.
Cell viability was measured by WST-1 assay (EZ-Cytox cell
viability assay kit, Daeillab Service Co., LTD). Watersoluble formazan
was quantifed by a multiwell spectrophotometer (Victor 3, Perkin Elmer,
USA), measured at 450 nm. DNA concentration was quantified by
CyQUANT cell proliferation assay kit (Invitrogen) and the 𝜆 DNA
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standard (Invitrogen) following manufacture's protocols. For ICC,
hAMBSCs (1 × 104 cells/sample) were seeded on the substrates, and
allowed to spread for 7 days in culture media at 37°C in a humidified
atmosphere containing 5% CO2. Adhered cells were fixed with a 4%
paraformaldehyde solution (Sigma-Aldrich, Milwaukee, WI) for 20 min,
permeabilized with 0.2% Triton X- 100 (Sigma-Aldrich, WI, Milwaukee)
for 15 min, and stained with TRITC-conjugated phalloidin (Millipore,
Billerica, MA) and 4, 6-diamidino-2-phrnykinodole (DAPI; Millipore,
Billerica, MA) for 1 h. Focal adhesions (FAs) were stained with a
monoclonal anti-vinculin antibody (1:100; Millipore, Billerica, MA) and
an FITC-conjugated goat anti-mouse secondary antibody (1:500;
Millipore, Billerica, MA). Fibronectin was stained with a monoclonal
anti-fibronectin antibody (1:100; Millipore, Billerica, MA) and an
FITC-conjugated goat anti-rabbit secondary antibody (1:500; Millipore,
Billerica, MA). Images were taken using a confocal laser scanning
microscope (LSM710, Carl Zeiss, Germany).

3.1.5. Osteogenic Differentiation
HABMSCs were placed at a density of 1.0 × 104 cells/cm2

and

cultured for about 1 and 2 weeks in 𝛼 -MEM containing 10 μM
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dexamethasone

(Sigma-Aldrich,

WI,

Milwaukee),

50mM

𝛽

-glycerophosphate (Sigma-Aldrich, WI, Milwaukee) and 50 𝜇 g/mL
ascorbic acid (Sigma-Aldrich, WI, Milwaukee). The induction culture
medium was changed every second or third day. ALP activity was
quantified on week 1 using SensoLyteTM ALP Assay kit (AnaApec, USA)
following manufacturer's guide. RT-PCR was conducted on week 2. Total
RNA was isolated with Trizol reagent (Invitrogen, USA) and used to
synthesize cDNA using a first-strand cDNA synthesis kit (Invitrogen,
USA) according to the instructions of the manufacturer. The primer
information is listed in Table 2. The products were separated by
electrophoresis on a 1 % agarose gel and visualized by ultraviolet
induced fluorescence. ICC was conducted on week 2 to exhibit the
expression of OPN. The cultured cells were washed in phosphate
buffered saline (PBS, Sigma-Aldrich, Milwaukee, WI, USA), fixed in a 4%
paraformaldehyde solution (Sigma-Aldrich, Milwaukee, WI, USA) for
20 min, and permeabilized with 0.2% Triton X-100 (Sigma-Aldrich, WI,
Milwaukee,

USA)

for

15min.

Cells

were

incubated

with

TRITC-conjugated phalloidin, anti-osteopontin, its secondary
antibody

(Millipore

Cat.

no.

AP124F),

and

4,

6-diamidino-2-phrnykinodole (DAPI;Millipore, Billerica,MA, USA) for
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1 h to stain actin filaments, focal contracts, and nuclei, respectively. The
presence of mineralized nodules (calcium deposition) was determined by
staining with ARs and VKs. The ethanol-fixed cells and matrix were
stained for 30 min with 40mM alizarinred-S(pH 4.2) and rinsed with
water 3 times. After photography, the bound stain was eluted with 10%
(wt/vol) cetylpyridinium chloride, and alizarin red-S in samples was
quantified by measuring absorbance at 560nm (Victor 3, Perkin Elmer,
USA). For VKs, the samples were fixed by ice ethanol, and incubated in
5% sliver nitrate solution (Sigma-Aldrich, Milwaukee, WI, USA) for 30
min with exposure to untraviolet light. Then, samples were rinsed in
several changes of distilled water. and incubate slide in sodium
thiosulfate solution (5%) for 2-3 minutes. Finally, the samples were rinse
for 2 minutes in running tap water followed by 2 changes of distilled
water.

3.1.6. Neurogenic Differentiation
HABMSCs were placed at a density of 1.0 × 104 cells/cm2

and

cultured for 1 weeks in Mesenchymal Stem Cell Neurogenic
Differentiation Medium (C-28015, PromoCell, Germany). ICC was
conducted on week 2 to exhibit the expression of Tuj-1 and NeuN. The
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cultured cells were washed in phosphate buffered saline (PBS,
Sigma-Aldrich, Milwaukee, WI, USA), fixed in a 4% paraformaldehyde
solution (Sigma-Aldrich, Milwaukee, WI, USA) for 20 min, and
permeabilized with 0.2% Triton X-100 (Sigma-Aldrich, WI, Milwaukee,
USA) for 15min. Cells were incubated with TRITC-conjugated
phalloidin, anti-osteopontin, its secondary antibody (Millipore Cat. no.
AP124F),

and

4,

6-diamidino-2-phrnykinodole

(DAPI;Millipore,

Billerica,MA, USA) for 1 h to stain actin filaments, focal contracts, and
nuclei, respectively. RT-PCR was conducted on week 2. Total RNA was
isolated with Trizol reagent (Invitrogen, USA) and used to synthesize
cDNA using a first-strand cDNA synthesis kit (Invitrogen, USA)
according to the instructions of the manufacturer. The primer information
is listed in Table 2. The products were separated by electrophoresis on a
1 % agarose gel and visualized by ultraviolet induced fluorescence.

3.1.7. DNA Microarray analysis
All samples were cultured with proliferation media for 1 week.
Total RNA was isolated from confluent cultures of all samples using
RNeasy Mini Kit (Qiagen, Chatsworth, CA). DNA microarray analysis
was carried out by KURABO Gene-Chip Custom Analysis Service with
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Human Genome U133 Plus 2.0 chips containing 38 500 genes/47 000
transcripts variants/54 000 probes (Affymetrix. Inc., Santa Clara, CA).
The raw data (Microarray Suite version 5.0, SF = 1; Affymetrix Inc.)
were standardized by the global median normalization method using
GeneSpring (Silicon Genetics, Redwood City, CA). Normalization was
limited by flag values, and the median was calculated using genes that
exceeded the Present or Marginal flag restriction. Gene filtering on
normalized intensity followed by fold changes (more than twofold) was
used to generate the list of genes for expression profiles before or after
differentiation. The raw data were deposited in the GEO (GSE9451).
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3.2. Results
3.2.1. Characterization of RGO Substrates
Foremost, the characterization of RGO substrates were analyzed.
The characteristics of RGO were compared with graphene oxide (GO).
XPS study exhibited the RGO used in this study is composed of high
ratio of C-C bonds. (Fig. 3.1A) In the XRD result, RGO exhibited the
characteristic peak of graphene, around 24°. (Fig. 3.1B) Raman
spectroscopy result exhibited that G/D ratio of RGO is higher than that of
GO. (Fig. 3.1C) Base on the results, it is confirmed that the RGO have
higher sp2-hybridized C-C bonds than GO, indicating that the RGO used
in this study is of fair quality. The magnetic property of RGO was
evaluated using physical property measurement system. (Fig. 3.1D) RGO
performed magnetic moment well when magnetic field was irradiated
while GO performed negative magnetic moment. Maximum magnetic
moment of RGO is 1.39 × 10-5 EMU. Then, the qualified RGO were
adsorbed on glass substrates to make RGO substrates. The fabricated
RGO substrates were observed by optical microscope and scanning
electron microscopy (SEM). By morphological studies, we exhibited that
RGO was successfully adsorbed on the Glass substrates. (Fig. 3.1E)
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Figure 3.1. Characteristics of RGO and RGO substrates. (A) XPS result.
It was confirmed that the RGO is mainly composed of C-C bonds. (B)
XRD result. RGO exhibited specific peaks around 25°. (C) Raman
spectroscopy result. RGO and GO exhibited D peak and G peak. The
G/D peak ratio of RGO was higher than that of GO, indicating that RGO
have higher sp2-hybridized C-C bonds than GO. (D) Magnetometry result
of RGO and GO. RGO positively induced magnetic moment that can
become electric currents while GO negatively induced magnetic
moments. (E) Surface morphology of RGO substrates. Inset: FESEM
images of RGO substrates. It was exhibited that RGO was successfully
adsorbed on glass substrates.
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That was also evaluated by atomic force microscopy (AFM). As a
result, RGO substrates exhibited higher roughness. (Fig. 3.2A) Electrical
properties of the RGO substrates was measured by cyclic voltametry.
(Fig. 3.2B) Its resistance was 661.8 kΩ whereas the resistance of GO was
62.5 gΩ.

Figure 3.2. Characteristics of RGO substrates.(A) AFM results of Glass
and RGO. RGO exhibited rough surface compared to Glass. (B) cyclic
voltametry result of RGO substrate. It was compared with GO substrate.
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Based on the results, the resistance of RGO substrate was 661.8 kΩ while
that of GO substrate was 62.5 gΩ.

3.2.2. Application of PEMFs on RGO Substrates
After characterization of RGO substrates, an in vitro study was
assessed. The characterisitics of hABMSCs were preferentially
investigated using fluorecence-activated cell sorter (FACS). In this
results, the hABMSCs highly expressed MSCs marker, e.g., CD13 (97.3
± 0.4%), CD90 (99.9 ± 0.1%), and CD146 (97.3 ± 0.2%) while CD34,
the marker of hemopoietic stem cells, were poorly expressed (5.6 ±
0.2%). (Fig. 3.3) Based on the results, hABMSCs used in this study was
confirmed as MSCs with very high purity.
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Figure 3.3. Flow cytometric results of hABMSCs. HABMSCs highly
expressed CD13, CD90, and CD146, the surface markers of MSCs. In
contrast, hABMSCs poorly expressed CD34, the marker of hemopoietic
stem cells.

47

For an in vitro study, four groups were chosen: 1) Glass, the group
cultured on glass substrates as control; 2) Glass+PEMFs, the group
cultured on glass substrates and irradiated by PEMFs; 3) RGO, the group
cultured on RGO substrates; 4) RGO+PEMFs, the group cultured on
RGO substrates and irradiated by PEMFs. The PEMFs were irradiated
using a solenoid, (Fig. 3.2A) following our previous study. Electric
signals, of which condition was square wave, ±5 V, 50 Hz-frequency, and
50%-duty cycle, were generated using a function generator. The
condition of resultant PEMFs was 0.6 ± 0.05 mT with 50 Hz and expose
time on samples was 30 min/day. At first, their cell viability was
compared. Seven days later, as seen in Fig. 3.4D, cells on RGO+PEMFs
seemed more than other groups. To quantify, we conducted cell viability
test and DNA quantification test. In the cell viability test and gene
quantification test, all experimental groups have significantly higher cell
viability than control. (Figs. 3.4B and C) RGO+PEMFs showed the
highest DNA concentration ratio, which have high significance. ICC was
conducted to evaluate the trend of specific protein related with cell
viability and differentiation. (Figs. 3.4E and F) Cells were cultured for 7
days and vinculin, related with focal adhesion, and fibronectin, related
with extracellular matrix (ECM), were stained and observed. The results
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exhibited that vinculin was highly expressed on RGO and RGO+PEMFs.
(Fig. 3.4E) Fibronectin were also highly expressed on RGO and
RGO+PEMFs. (Fig. 3.4F)

Figure 3.4. Cell viability results by RGO and PEMFs. (A) PEMFs were
exerted by a solenoid. By (B) WST and DNA (C) quantification results,
all experimentral groups recorded higher cell viability than Glass.
RGO+PEMFs exhibited the highest cell viabiltiy. (D) By microscopy
images, all experimental groups deemed higher cell number than Glass.
HABMSCs looked the highest cell number, supporting the cell viabiltiy
results. ICC result of (E) vinculin and (F) fibronectin exhibited that not
only RGO and PEMFs enhanced their expressions. RGO+PEMFs are
expected to synergically enhance their expressions.
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3.2.3. Differentiation Study
The synergic effects by RGO substrates and PEMFs were
examined on the osteogenesis of hABMSCs. (Fig. 3.5) All groups were
cultured using osteogenic media and investigated on week 1 and 2. ALP
activity was measured on week 1 and ICC, RT-PCR, ARs, and VKs were
conducted on week 2. ALP activity study showed that ALP was highly
secreted on RGO+PEMFs on week 1. (Fig. 3.3B) ICC result exhibited
that osteopontin (OPN), the late osteogenic marker, was expressed
highest on RGO+PEMFs on week 2. (Fig. 3.5A) RT-PCR results
exhibited that genes related with osteogenic differentiation - RUNX-2,
OPN, OCN, BSP, and SMAD-1 - are better expressed on RGO+PEMFs
than those on Glass. (Fig. 3.5C) Inversely, gene expression of ALP
decreased, indicating RGO+PEMFs turned to late osteogenic stage faster
than Glass. Mineralization by RGO or PEMFs was assessed. According
to ARs and VKs results, RGO+PEMFs exhibited the highest
mineralization. (Figs. 3.5D and E)
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Figure 3.5. Osteogenic differentiation by RGO and PEMFs.

(A) ICC

results staining OPN. It indicated that OPN is expressed the best on
RGO+PEMFs. (B) ALP activity result on week 1. The RGO+PEMFs
exhibited the highest activity. (C) RT-PCR result of Glass and
RGO+PEMFs. RGO+PEMFs enhanced the expressions of RUNX2, OPN,
OCN, and BSP - the significant indicators of osteogenic differentiation.
(D) ARs and VKs results by RGO and PEMFs. RGO+PEMFs exhibited
the strongest staining. It was quantitatively proved by (E) the destaining
of ARs.
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Besides, neurogenic capability of RGO+PEMFs was studied. (Fig.
3.6) The Glass and RGO+PEMFs were cultured with neurogenic media
for 7 days and their characteristics were assessed by ICC and RT-PCR.
According to Fig. 3.6A, Tuj-1, the early marker of neurogenic
differentiation, were well expressed on all groups. By the way, NeuN, the
late marker of neurogenic differentiation, were better expressed on
RGO+PEMFs. (Fig. 3.6A) According to RT-PCR result, RGO+PEMFs
increased nestin and MAP2 expression, the important markers of
neurogenic differentiation, compared with Glass. (Fig. 3.6B)
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Figure 3.6. Neurogenic differentiation by RGO+PEMFs. (A) Optical
images and ICC images of Glass and RGO+PEMFs. The samples
equivalantly changed the morphology of hABMSCs and expression of
Tuj-1. Interestingly, RGO+PEMFs enhanced the expression of NeuN, the
later marker of neurogenesis. (B) RT-PCR results by Glass and
RGO+PEMFs. RGO+PEMFs promoted the expression of nestin and
MAP2, the important markers of neurogenic differentiation.
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Moreover, the chondrogenic and adipogenic capability of RGO+PEMFs
were investigated. (Fig. 3.7) Glass and RGO+PEMFs were cultured for 7
days using chondrogenic and adipogenic media. According to RT-PCR
result, gene expressions of ALBP, AP-9, and LPL were increased,
indicating that RGO+PEMFs increased adipogenesis. However, the gene
expression of Sox9, ACAN, and COL II of RGO+PEMFs were
downregulated. Thus, RGO+PEMFs decreased chondrogenesis of
hABMSCs.

Figure 3.7. RT-PCR results of hABMSCs under adipogenic and
chondrogenic differentiation. RGO+PEMFS enhanced the expression of
ALBP, AP-9, and LPL, the markers of adipogenesis. However,
RGO+PEMFs decreased the expression of Sox 9, ACAN, and COL Ⅱ,
the markers of chondrogenesis.
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3.2.4. DNA Microarray
DNA microarray study was investigated to verify the brief
mechanisms of RGO and PEMFs on hABMSCs differentiation. (Fig. 3.8)
In this study, 34,127 probes were analyzed on each sample. (n=3) The
genes of Glass+PEMFs, RGO, and RGO+PEMFs were compared with
Glass Together, genes of RGO+PEMFs were compared with RGO. In the
results of RGO vs. Glass, 137 genes exhibited significant differences.

Figure 3.8. DNA microarray result. In this study, 34,127 probes were
analyzed on each sample.
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By database for annotation, visualization and integrated discovery
(DAVID) analysis, the genes clustered by ECM, metabolism, hormone,
homeostasis, and osteogenesis exhibited significant differences (Fig.
3.9A). In Glass+PEMFs vs. Glass result, 56 genes exhibited significant
differences. DAVID analysis showed that genes related with ion transport
and transcription exhibited significant differences (Fig. 3.9B) In
RGO+PEMFs vs. Glass result, 122 genes exhibited significant
differences. DAVID result exhibited that the genes related with Ca2+
signaling and cell-cell communication were significantly different. (Fig.
3.9C) In RGO+PEMFs vs. RGO, 109 genes exhibited significant
differences. DAVID result exhibited that the genes related with ECM and
plasma membrane were significantly different. (Fig. 3.9D) Not only
clustered groups, some representative genes were also compared. In Fig.
3.9E, RGO upregulated genes related with differentiation, metabolism,
and angiogenesis while downregulated genes related with volate-gated
channels compared to Glass. Particularly, calbidin 2 (CALB2) and
stanniocalcin 1 (STC1), related with neurogenic differentiation, were
significantly increased although neurogenesis wasn't detected in DAVID
analysis. Inhibin beta B (INHBB) and solute carrier family 2 member 5
(SLC2A5),

related

with

adipogenic
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differentiation,

were

also

significantly increased. Further, gene expressions of RGO+PEMFs were
compared with RGO. (Fig. 3.9F) As a result, RGO+PEMFs enhanced the
genes related with Ca2+ signaling, proliferation, and neurogenesis.
Especially, jagged 2 (JAG2), related with notch signaling and Ca2+
signaling, were almost 100 times increased. To evaluate the influence of
RGO and PEMFs on Ca2+ signaling, ICC which stained calmodulin
(CaM), the regulator of Ca2+ signaling, was conducted. As a result, it was
observed that CaM expression on Glass+PEMFs and RGO+PEMFs was
better than those of Glass and RGO. (Fig. 3.9G)
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Figure 3.9. DNA microarray results. (A) DAVID result of RGO
compared with Glass. The genes related with ECM, metabolism,
hormone, homeostasis, and osteogenesis exhibited significant differences.
(B) DAVID result of Glass+PEMFs compared with Glass. The genes
related with ion transport and transcription were significantly different.
(C) DAVID result of RGO+PEMFs compared with Glass. RGO+PEMFs
induced significant differences of the genes related with Ca2+ signaling
and cell-cell communication. (D) DAVID result of RGO+PEMFs
compared with RGO. RGO+PEMFs induced significant differences of
the genes related with golgi apparatus, ECM, cell membrane, and
metabolism. (E) Representative genes of RGO exhibiting significant
differences compared with Glass. RGO upregulated genes related with
differentiation, metabolism, and angiogenesis while downregulated genes
related with volate-gated channels compared to Glass. (F) Representative
genes of RGO+PEMFs exhibiting significant differneces compared with
RGO. RGO+PEMFs enhanced the genes related with Ca2+ signaling,
proliferation, and neurogenesis. (G) ICC results of CaM. In case of
Glass+PEMFs and RGO+PEMFs, CaM expression is increased,
indicating that PEMFs enhanced ca2+ signaling.
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3.4. Discussion
Stem cells are undifferentiated cells that can differentiate into many
lineages, such as bone, muscle, cardiomyocyte, fat, neuron, etc. [102]
Because of its self-renewal and differentiation capability, cell and tissue
engineering field paid lots of attention to stem cells. Many researchers
devoted to efficient differentiation of stem cells into the specific somatic
cells for relevant regeneration. One of easy way to differentiate stem
cells is to induce chemical components. The fate of stem cells is
modulated by the variety of chemical components. For example,
dexamethasone,
osteogenic

β-glycerophosphate,

differentiation.

[49]

and

ascorbic

acid

promote

Insulin-transferrin-selenium,

basic

fibroblast growth factor, and retinoic acid promote neurogenic
differentiation. [103] Further, insulin and isobutylmethylxanthine are
known to promote adipogenic differentiation. [104] Addition of
nanomaterials such as gold and silver nanoparticles were reported to
promote the differentiation of stem cells, too. [105-106] Carbon-based
nanomaterials were also reported to promote osteogenic differentiation of
MSCs. [107] Among them, graphene is recently reported nanomaterials
to promote osteogenic differentiation of MSCs [108] as well as
neurogenesis. [65] Recently the functionality of graphene is getting a
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spotlight on the cell and tissue engineering fields.
stimulation-combined

graphene

was

synergically

Electrical

effective

on

osteogenesis and neurogenesis. [68-69] Especially, EMFs inducing with
electroconductive nanoparticles are expected to have synergic effects.
However, the application of EMFs and electroconductive nanoparticles
simultaneously have never been tried yet. In this study, in our knowledge,
RGO and EMFs was applied on the differentiation of MSCs for the first
time.
Figures 3.1A-C represents the chemical properties of RGO. By the
XPS result, it was confirmed that the RGO is mainly composed of C-C
bonds. Moreover, in the raman spectroscopy result, D peak is comprised
due to sp2-hybridized C-C bonds and G peak is comprised due to sp3 C-C
bonds. Because G/D peak ratio of RGO was higher than that of GO, it is
confirmed that the C-C bond in the RGO mainly consist of
sp2-hybridized C-C bonds. The magnetometry of the RGO was also
measured. The RGO was positively reacted with magnetic field whereas
the GO was negatively reacted with the magnetic field. It indicates that
magnetic field-irradiated RGO can induce magnetic moments, which
causes induced electric currents when magnetic fields are changed. The
maximum magnetic moment induced on RGO was 1.39 × 10-5 EMU. If
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electric currents ideally invoked, it would be 13.9 × 10 mA/m2. In the in
vitro study, Glass+PEMFs, RGO, and RGO+PEMFs increased cell
viability. (Fig. 3.3) It was reported that cell adhesion, ECM, and cell
viability are deeply correlated. [109] In Figs. 4.3E and F, all experimental
groups enhanced expression of vinculin and fibronectin. Based on the
microarry results, Glass+PEMFs enhanced ion transport and transcription.
Further, RGO enhanced cell adhesion, ECM, and membrane protein.
Those indicate that Glass+PEMFs and RGO affected cell viability by
indipendaent pathways. It is supposed that the apparent pathways were
maximized on RGO+PEMFs. As a result, RGO+PEMFs recorded the
highest cell viabiltiy. Consistently, expressions of vinculin and
fibronectin were highest on RGO+PEMFs According to microarray
results, RGO+PEMFs enhanced cell-cell communication, metabolism,
and proliferation. (Fig. 3.9C) Further, RGO+PEMFs synergically
enhanced ECM, and cell membrane. (Fig. 3.9D) Consequently, it is
expected that RGO and PEMFs synergically enhanced the cell viability,
cell adhesion, and ECM formation.
In the differentiation study, RGO+PEMFs enhanced osteogenic
differentiation. RGO+PEMFs promoted early expression of ALP, early
marker of osteogenesis, on week 1. (Fig. 3.6B) On week 2,
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RGO+PEMFs promoted OPN as well as RUNX2, OCN, BSP, and
SMAD1 expression. (Figs. 3.6A and C) RGO+PEMFs also promoted
calcium deposition rate. (Figs. 3.6D and E) RGO+PEMFs also enhanced
neurogenesis. ICC and RT-PCR results exhibited that RGO+PEMFs
upregulated nestin and MAP2. (Fig. 3.7) Further, RGO+PEMFs
promoted adipogenesis. (Fig. 3.8) Actually, PEMFs were reported to
promote osteogenic differentiation. [49] The main reason is that PEMFs
promote the Ca2+ efflux and it would results in the upregulation of many
signaling pathways including ERK and wnt which are very important
signaling pathways related with osteogenic differentiation. [45] In this
study, PEMFs promoted ion transport as well as ca2+ signaling. (Figs.
3.9B and D) Moreover, CaM, a regulator of calcium transport,
upregulated on Glass+PEMFs and RGO+PEMFs. Consequently, it is
confirmed that PEMFs promoted ca2+ signaling, resulting in the
promotion of osteogenic differentiation. Moreover, it is meaningful that
this study devoted to reveal the mechanism of graphene on the
differentiation of stem cells. Up to date, the biological effects of
graphene were reported several times. However, the mechanism of
graphene on promoting stem cell differentiation has not been reported
well. In this study, the mechanism why graphene promotes stem cell
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differentiation was reported by microarray. (Fig. 3.9A) The RGO
promoted the proteins related with differentiation, e.g., DIO3, DUSP26,
and CPA4. (Fig. 3.9E) It promoted proteins related with osteogenic
differentiation, SDCBP2 and FOLR2. Together, RGO promoted STC1
and CALB2, related with neurogenesis. RGO also promoted CCL26 and
INHBB,

related

metabolism

with

and

adipogenesis.

angiogenesis,

Moreover,

deeply

related

RGO
with

promoted
osteogenic

differentiation. [110] For separating the synergic effects by RGO+PEMFs,
the microarray results of RGO and RGO+PEMFs were compared.
RGO+PEMFs upregulated Ca2+ signaling and cell-cell communication.
(Fig. 3.9C) Compared with RGO, RGO+PEMFs enhanced ECM,
membrane protein, proliferation and metabolism. (Figs. 3.9D and E)
Moreover, KLHL34 and HSPA12B, related with neurogenesis, were
upregulated stronger than those of RGO. (Fig. 3.9E) Compared to
Glass+PEMFs,

RGO+PEMFs

significantly

upregulated

signaling

pathways related with ECM, membrane protein, and metabolism. These
seemed to be deeply related with the microelectric current on RGO
invoked by PEMFs. Electric stimulation on MSCs were reported to
promote ECM, membrane protein, and metabolism. [111] Consequently,
RGO+PEMFs promote the differentiation of hABMSCs not only by

63

RGO and PEMFs, but also by synergic effect - microelectric current
invoked by PEMFs. (Fig. 3.10)
This system is anticipated to overcome the limitation of
RGO-based platforms. RGO is a kind of graphene family, made by
reducing GO. Its purity cannot overcome the graphene fabricated by
chemical vapor deposition method. Further, the electric resistance of
RGO substrates is much higher than that of CVD graphene because RGO
are disconnected each other, resulting in high resistance. Thus, these days
the RGO-based systems are not prefered as platforms inducing
mechanical stimulations in tissue engineering. By the way, we invoked
electric current by PEMFs. Because induced electric current can be
generated on local area, the substrate doesn't have to be connected each
other, that is, this systems can overcome disconnection problem. Another
advantage of this system is that this system can be applied in the
traditional tissue engineered scaffolds. By incorporating RGO, this
system can be easily combined with them. It was known that RGO is
hard to apply in tissue engineering because it is not well dispersed in
organic or inorganic solvent. However, RGO can be dispersed well if the
size of RGO is small enough. Moreover, it can be applicable in clinical
study as well as in vivo study by combining with biodegradable scaffolds.
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Particularly, EMFs can be exerted on the transplanted scaffolds
noninvasively. Thus, this system can be easily applied in clinical study as
well as in vivo study. Other stimulation systems, electrical, light, etc.,
have limitations to be applied in in vivo study. On the other hand, EMFs
stimulation is already commercialized in clinical application. Thus, it is
expected that EMFs stimulation system would come true in tissue
engineering-based therapy. That would become a turning point in tissue
engineering and regenerative medicine.

Figure 3.10. Brief mechanism of RGO and PEMFs on hABMSCs.
PEMFs enhanced the ion transport and transcription. On the other
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hand,

RGO

enhanced

cell

adhesion,

hormone

secretion,

and

differentiation capacity. When RGO and PEMFs exerted on hABMSCs
simultaneously, they synergically enhanced ECM formation, cell
membrane

protein,

metabolism,

proliferation,

and

cell-cell

communication. This synergic effects is due to electric current induced
on RGO by PEMFs. ECM formation, cell membrane, metabolism, and
cell-cell communiciation is deeply related with the differentiation of stem
cells. Consequently, the application of RGO and PEMFs at the same time
would promote the differentiation of MSCs, particulary for osteogenesis
and neurogenesis.
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4. Part Ⅱ: Graphene-reinforced nanocomposite
bone cements for bone tissue engineering

4.1. Materials and Methods
4.1.1. Preparation of RGO-incorporated micro/nano-sized natural
bone powder mixture
The preparation method for micro/nano-sized natural bone
powders followed the preliminary study. [28] Briefly, horse bones
(Jejushopping, Republic of Korea) were soaked in distilled water to drain
the remaining blood for 24 hours. Then, the bones were immersed in
hydrogen peroxide (Duksan Chemicals Co, Korea) for 72 hours. After
soaking, the flesh on surface was cut out, and the horse bones were
sintered in an electric furnace (UP350E, Yokogawa Co, Japan) at 1200 ℃
for 2 hours. The sintered bones were ground into powders using a miller
(A10, IKA-WERKE, Japan) and the ground bone powders were sintered
three more times. Micro-sized horse bone powders of which the particle
size was below 100 µm were collected by sieve (Daihan Scientific,
Korea). Nano-sized horse bone powders were ground by a Nano Sizer
Fine Mill (Deaga Powder Systems Co. Ltd., Republic of Korea), a device
that pulverizes and disperses particles by friction between beads and a
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revolving screen. The collected micro/nano-sized powders were mixed
50:50 (w/w) and RGO was incorporated into the powders by 10000:1,
1000:1, and 100:1 (w/w). The resultant concentrations of RGO were 0,
0.01, 0.1, and 1 wt%, respectively.

4.1.2. Fabrication of RGO-CPCs
A 3.5% chitosan (CS) solution for hardening CPCs was prepared
by dissolving chitosan (Molecular weight: 200,000, D: 90%, Taehoon Co,
Korea) in 2% lactic acid (v/v, #50215, Duksan Chemicals Co, Korea)
solution. The prepared powders and CS solution were thoroughly mixed
with ratios of 0.45:1 (v:w) and placed into a polydimethylsiloxane
(PDMS) mold (6 φ diameter, 2 mm height) at 37 ℃ and 100% humidity
for 4 hours. The fabricated RGO-CPCs were classified following the
RGO concentration in powders. Detailed information is listed in Table
3.1.
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Table 3.1. Nomenclature of experimental group
Abbreviation

Bone
powder

RGO
(%, w/w)

3.5%
CS sol. (w/v)

No RGO

O

-

0.45

0.01% RGO

O

0.01

0.45

0.1% RGO

O

0.1

0.45

1% RGO

O

1

0.45

4.1.3. Morphological analysis
The fabricated CPCs were dried completely at room temperature,
and observed by a field emission scanning electron microscope (FESEM,
SUPRA 55VP, Carl Zeiss, Germany). The points of study were
determined and analyzed with energy-dispersive X-ray spectroscopy
(EDS) EDS mounted in FESEM (SUPRA 55VP, Carl Zeiss, Germany).
This resulted in a histogram, where the horizontal axis displays units of
energy [kilo electron volts (keV)] and the vertical axis represent the
intensity.
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4.1.4. Chemical properties analysis
The presence of crystalline phases on the RGO-CPCs according
to bone powder and RGO was detected by x-ray diffraction (XRD) and
Raman spectroscopy. In XRD, an X-ray diffractometer (New D8
advanced XRD, Bruker, Germany) with copper Kα radiation at 40 kV
and 40 mA was used. The samples were scanned from 20 to 65° using
steps of 2 theta with a counting time of 60 s per step. The crystalline
phase compositions were identified with reference to standard JCPDS
cards available in the system software. The Raman spectra of the
RGO-CPC was obtained with a T64000 (Horiba Jobin Yvon) at an
excitation wavelength of 514.54 nm. X-ray photoemission spectroscopy
(XPS) was conducted on a Sigma Probe (ThermoVG, U.K) operating at a
base pressure of 5 × 10 − 10 mbar at 300 K with a nonmonochromatized
Al K α line at 1486.6 eV, a spherical sector analyzer of 180 °, a mean
diameter of 275 mm, an analysis area of 15 μm to 400 μm, and
multichannel detectors.
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4.1.5. Analysis of mechanical properties
The mechanical properties of the RGO-CPCs were analyzed
using a texture analyzer (TAXT2i, Stable Microsystems Co, US). The
prepared CPCs samples (6 φ diameter, 2 mm height) were compressed at
a crosshead speed of 1 mm/min until failure, and the stress-strain
diagram of the samples were recorded. From the diagrams, the elastic
modulus, maximum allowable strain, and maximum compressive stress
were calculated.
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4.1.6. Soaking test
To perform the bioactivity test, simulated body fluid (SBF) was
prepared

by

dissolving

NaCl,

NaHCO3,

KCl,

K2HPO4·3H2O,

MgCl2·6H2O, and Na2SO4 in distilled water and HCl to reach a pH value
of 7.4, following the protocol of Kokubo et al. [30] Each bone cement
specimen was immersed in 500 μl of SBF for 7, 14, or 21 days at 37℃
and 100% humidity. The SBF was replaced with fresh SBF every week.
After the due date, each specimen was collected and dried at 37℃ and
100% humidity. The dried samples were weighed, and their mechanical
properties were analyzed by texture analyzer.

4.1.7. In vitro study
4.1.7.1. Cell culture
A mouse calvaria-derived osteoblast cell line, MC3T3-E1
(CRL-2593, ATCC, USA) was cultured in proliferation media. The
proliferation medium was α-MEM (#LM 008-02, WELGENE Inc.,
Korea) supplemented with 10% fetal bovine serum (FBS, #SH30919.03,
Hyclone, USA), 1% antibiotics (#LS 203-01, WELGENE Inc., Korea) at
37°C in 5% CO2 conditions. The media was changed every other day.
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To isolate rASCs, subcutaneous fat tissues (2 ml volume) in the
operation site were obtained from a rat. Tissues were washed with
phosphate buffered saline (PBS; Gibco, Milan, Italy), digested with 100
U/mL collagenase type I (Sigma-Aldrich, St. Louis, MO) in low glucose
Dulbecco’s modified Eagle’s medium (DMEM; Gibco-BRL, Grand
Island, NY), and incubated for 8 hours to lyse the adipose tissues. The
stromal fraction was collected by centrifugation and then passed through
a cell strainer (100 ml size) to remove any large cell clumps and particles.
For the cell culture and expansion of adipose-derived cells, cells were
grown in low glucose DMEM with 10% fetal bovine serum (FBS; Gibco,
Milan, Italy) and 1% penicillin–streptomycin (Gibco, Milan, Italy) at
37°C in a 5% CO2 atmosphere. To confirm the phenotypic
characterization of the rASCs, undifferentiated cells were cultured in
stromal DMEM media. If the cells were more than 80% confluent, the
cells were harvested using trypsin–EDTA and resuspended at a
concentration of 1 × 106 cells/ml in fluorescence activated cell sorting
(FACS) buffer. Cells were firstly stained using fluorescein isothiocyanate
(FITC)-conjugated antibody CD105 (mesenchymal stem cell marker) for
1 h at 4°C and FACS was performed using FACS DiVa software (BD
Bio- sciences, San Jose, CA).
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4.1.7.2. Cytotoxicity test
A concentration of 1 × 104 cells/well MC3T3-E1 and rASCs were
seeded on 96-well plate and incubated at 37°C in a 5% CO2 atmosphere
for 1 day. RGO-CPCs were put into another 96-well plate. They were
immersed in 200 μl culture media and incubated at 37°C in a 5% CO2
atmosphere for 24 h. After soaking, the culture media were collected.
Then, cell-cultured media were removed and the collected culture media
from the RGO-CPCs were added to the plate and incubated for 12 and 24
h. Following the incubation, the cytotoxicity was measured by WST-1
(EZ-Cytox Cell Viability Assay Kit, EZ3000 Daeillab Service Co., Seoul,
Republic of Korea).

4.1.7.3. Adhesion test
Each RGO-CPC was added to a 96-well plate. 1 × 104 cells/well
MC3T3-E1 and rASCs were seeded on RGO-CPCs and incubated at
37°C in a 5% CO2 atmosphere for 6 h. Following the incubation, media
were removed and PBS were added to the wells to gently wash out
unattached cells. After washing, fresh media were added to the wells and
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the cell adhesion was measured by WST-1 (EZ-Cytox Cell Viability
Assay Kit, EZ3000 Daeillab Service Co., Seoul, Republic of Korea).
For immunocytochemistry (ICC), MC3T3-E1 and rASCs (1 × 104
cells/sample) were seeded onto RGO-CPCs, and allowed to spread for 1
or 7 days in culture media at 37°C in a humidified atmosphere containing
5% CO2. Adhered cells were fixed with a 4% paraformaldehyde solution
(Sigma-Aldrich, Milwaukee, WI) for 20 min, permeabilized with 0.2%
Triton X- 100 (Sigma-Aldrich, WI, Milwaukee) for 15 min, and stained
with TRITC-conjugated phalloidin (Millipore, Billerica, MA) and 4,
6-diamidino-2-phrnykinodole (DAPI; Millipore, Billerica, MA) for 1 h.
Focal adhesions (FAs) were stained with a monoclonal anti-vinculin
antibody (1:100; Millipore, Billerica, MA) and an FITC-conjugated goat
anti-mouse secondary antibody (1:500; Millipore, Billerica, MA). Images
of the stained cells were taken using a confocal laser scanning
microscope (LSM710, Carl Zeiss, Germany).
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4.1.7.4. Cell viability test
Each RGO-CPC was added to a 96-well plate, and 1 × 104
cells/well MC3T3-E1 and rASCs were seeded on the RGO-CPCs and
incubated at 37°C in a 5% CO2 atmosphere for 1, 3, or 7 days. Following
the incubation, cell viability was measured by WST-1 (EZ-Cytox Cell
Viability Assay Kit, EZ3000 Daeillab Service Co., Seoul, Republic of
Korea).

4.1.7.5. Cellular morphology analysis
MC3T3-E1 and rASCs adhered and proliferated on RGO-CPCs
were observed by FESEM. Briefly, 1 × 104 cells were seeded on the
CPCs and incubated for 1 and 7 days at 37℃ in 5% CO2 conditions.
Then, 2 mL of modified karnovsky's fixative solution was filled in the 24
well-plate and stored for 2 hours at 4℃ for primary fixation. The primary
fixing solution was then removed, and the cultured bone cement
specimens were washed with 0.05 M sodium cacodylate buffer three
times at 4℃ for 10 min. The specimens were soaked in 2 mL of 1%
osmium tetroxide solution for 2 hours for post fixation. After the solution
was removed, the plate was washed two times briefly with distilled water
at a room temperature. The specimens were dehydrated in 30, 50, 70, 80,
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90, and 100% ethanol at room temperature for 10 min., respectively.
After soaking in hexamethyldisilazane (HMDS) for 15 min two times for
drying, FE-SEM analysis was carried out with a Zeiss Supra 55VP
field-emission scanning electron microscope.

4.1.7.6. Migration assay
The migration effect of RGO-CPCs on MC3T3-E1 was assessed with the
CytoSelect™ 24-well Wound Healing Assay. Briefly, 24-well plate was
coated by RGO-CPCs. Then, inserts were put in the 24-well plate wells
and aligned in a single direction, 500μL of cell suspension containing
0.5×106cells/mL was added to each well and the well plate was incubated
at 37.0°C overnight. The inserts were then removed from each well, and
the wound sites were observed by ICC for 3 days.
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4.1.7.7. Western blot
The total cellular protein was extracted by RIPA lysis buffer (62.5
mM Tris-HCL, 2% SDS, 10% glycero, pH 7.5) with added proteinase
inhibitor cocktail (Invitrogen, USA). Cell lysates were incubated on ice
for 30 min and then centrifuged at 13,000 rpm for 30 min at 4℃.
Supernatant (protein lysate) was collected and the protein concentration
was determined by a micro bicinchoninic acid (BCA) Protein Assay Kit
(Bio-rad, Hercules, Calif). Twenty five μg-aliquots of the cell lysates
were separated by 8% SDS-PAGE under reducing conditions. Separated
proteins were transferred to a PVDF membrane (Millipore Corporation,
Bedford, MA, USA) at 30 V for 1 h. After blocking with 5% skim milk
in PBST, the membranes were incubated overnight in primary antibody
at 4℃. Then, the primary antibody was removed and washed thrice by
PBST for 10 min. each. After washing, samples were incubated with a
secondary antibody for 2 h at room temperature. After incubation, the
secondary antibody was removed and washed thrice using PBST for 10
min. Anti-alkalinephosphatase (ALP, ab354, Abcam, Cambridge, MA,
USA), Runt-related transcription factor-2 (Runx-2, ab23981, Abcam,
Cambridge, MA, USA), and osteocalcin (OCN, AB10911, Millipore,
USA) were used as the primary antibodies and horse raddish peroxidase
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(HRP)-conjugated anti-rabbit immunoglobulin G (G21234, Invitrogen,
USA) was used as the secondary antibody. Quantification of the Western
blot was performed using the Image J software with a normalization of
the level of the entire protein.

4.1.7.8. Alizarin red staining (ARS)
MC3T3-E1 and rASCs were fed with α-MEM and DMEM
media to which 50 μg/mL ascorbate-2-phosphate (Sigma-Aldrich, WI,
Milwaukee) and 10 μM dexamethasone (Sigma-Aldrich, WI, Milwaukee)
were added for 2, 3, and 4 weeks, respectively. Calcium precipitation of
the ECM was visualized by staining with ARS (Sigma-Aldrich, WI,
Milwaukee). Briefly, the ethanol-fixed cells and matrix were stained for 1
hour with 40 mM ARS (pH 4.2) and extensively rinsed with water. After
photography, the bound stain was eluted with 10% (wt/vol)
cetylpyridinium chloride, and the ARS in samples was quantified by
measuring the absorbance at 544 nm.
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4.1.8. In vivo study

4.1.8.1. In vivo transplantation of RGO-CPCs with hABMSCs in
immunocompromised mice
To evaluate the effects of RGO-CPCs on mineralized tissue
formation of mesenchymal stem cells in vivo, human alveolar bone
marrow stem cells (hABMSCs, 2.5 x 104 cells) were pre-seeded on 0%
and 1% RGO-CPCs disk (diameter of 6 mm), incubated for 4 hours, and
then transplanted into the subcutaneous spaces of immunocompromised
mice (NIH-bg-nu/nu-xid, Harlan Sprague Dawley, Indianapolis, IN,
USA). Human ABMSCs which were inserted into polycaprolactone tube
(diameter of 3 mm) were used as a negative control, and the cells mixed
with Bio-Oss (Ed Geistlich Sons, Wolhusen, Switzerland) powder, a
bovine bone derivative, as a positive control for transplantation. Samples
(n = 5) were obtained after 12 weeks.
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4.1.8.2. In vivo transplantation of RGO-CPCs at critical-size defects of
rat calvaria
A second animal model using rat calvarial defects was designed
to evaluate the effects of RGO-CPCs on regeneration capacities of bony
structures without transplantation of cells. 0% and 0.01% RGO-CPCs
were implanted into critical-size calvarial defects in twelve Sprague
Dawley rats. 8-mm-diameter bony defects were made, and copious
irrigation with sterile saline and hemostasis was performed. The
critical-size defects in the control group received only a blood clot as a
negative control, and Bio-Oss powder was used as a positive control.
Sample harvesting was performed after 8 weeks.

4.1.8.3. Tissue preparation and histology
The transplanted hABMSCs samples and the calvarial segments
were dissected carefully and samples were immersed in 4%
paraformaldehyde then kept for an additional 24 hours. After being
decalcified in a 10% EDTA (pH 7.4) solution, the specimens were
embedded in paraffin. Serial 5-μm-thick sections were cut and stained
with

hematoxylin/eosin

(H/E)

for
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histological

analysis.

For

immunohistochemistry, transplanted hABMSCs samples were incubated
overnight at 4℃ with rabbit polyclonal bone sialoprotein (BSP)
(SC-59772, Santa Cruz Biotechnology) antibody at a dilution of 1:200.
Sections were then incubated with secondary antibodies, anti-rabbit IgG,
at room temperature for 30 min and reacted with the avidin–
biotin-peroxidase complex (Vector Laboratory, Burlingame, CA). Signals
were converted using a DAB kit (Vector Laboratory). Hematoxylin was
used for staining of nuclei.

4.1.9. Electromagnetic stimulation
Electromagnetic stimulation was applied on RGO-CPCs. Their
efficacy was evaluated via ARS. rASCs were fed with α-MEM and
DMEM media to which 50 μg/mL ascorbate-2-phosphate (Sigma-Aldrich,
WI, Milwaukee) and 10 μM dexamethasone (Sigma-Aldrich, WI,
Milwaukee) were added for 2, 3, and 4 weeks, respectively. The PEMFs
were irradiated using a solenoid. Electric signals, of which condition was
square wave, ±5 V, 50 Hz-frequency, and 50%-duty cycle, were
generated using a function generator. The condition of resultant PEMFs
was 0.6 ± 0.05 mT with 50 Hz and expose time on samples was 30
min/day. Calcium precipitation of the ECM was visualized by staining
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with ARS (Sigma-Aldrich, WI, Milwaukee). Briefly, the ethanol-fixed
cells and matrix were stained for 1 hour with 40 mM ARS (pH 4.2) and
extensively rinsed with water. After photography, the bound stain was
eluted with 10% (wt/vol) cetylpyridinium chloride, and the ARS in
samples was quantified by measuring the absorbance at 544 nm.

4.1.10. Statistical analysis
Statistical analyses were performed using the Statistical Analysis
System (SAS) for Windows Ver. 9.4 (SAS Institute). The least significant
difference (LSD) method and unpaired Student’s t-tests were used to
compare the means of the properties of the RGO-CPCs. The level of
significance was p < 0.05.
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4.2. Results
4.2.1. Characteristics of RGO-CPCs
To investigate the effects of RGO on the characteristics of CPCs,
the morphological, chemical, and mechanical characteristics were
evaluated to reveal the influence of RGO on natural CPCs. We first
examined their morphology. As the inset of Fig. 4.1A indicated, bone
cements became darker with increasing of RGO. According to the SEM
results (Fig. 4.1A), their microstructural morphology became smoother
as the RGO concentration increased. EDS evaluated the presence of
graphene (Fig. 4.2). All samples showed carbon peak because CS, used
as setting agent and having carbon in its back bone, was in all samples.
Thus, by EDS we could not properly measure the presence of RGO.
Instead, mapping analysis revealed that carbon atoms showed an even
distribution, verifying that RGO was not aggregated and distributed well
in the RGO-CPCs. Then, we examined the chemical properties of
RGO-CPCs. In the XRD results, peaks were present at 25.4, 28.96, 31.38,
39.06, 45.76, and 48.6°, showing typical peaks of HA. (Fig. 4.1B)
Further, at approximately 25° the peaks representing RGO were shown
on 0.1% RGO and 1% RGO. In the Raman spectroscopy, all samples
exhibited peaks at 270, 300 (2[(CaII)3-(OH)] sublattice of hexagonal HA),
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455 (ν2 PO4), 615 (ν4 PO4), 986 (ν1 PO4), and 1074 cm-1 (ν3 PO4), which
are representative of HA bands. (Fig. 4.2C) Further, 0.1 and 1% RGO
had 1398 (D) and 1696 (G) peaks, verifying the presence of RGO.
Figures 4.1D and E show the XPS results of No and 1% RGO. In Fig.
4.1D, Ca2p3, P2p3, O1s, N1s, and C1s peaks were present. Fig. 4.1E
shows the C1s peaks in detail. In these results, it was shown that the C-C
peak of 1% RGO was drastically increased in comparison to No RGO.
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Fig. 4.1. Characteristics of RGO-CPCs (A) Morphological analysis.
RGO-CPCs became darker as the RGO concentration increased. (inset)
According to the FESEM results, the surface of RGO-CPCs aggregated
more with the increased RGO concentration. Scale bars = 3 μm. (B)
XRD results. HA specific peaks were present in all samples. In 0.1 and 1%
RGO, new peak representing RGO was present at approximately 25°. (C)
Raman spectroscopy results. Hydroxyapatite specific peaks were shown
in all samples. The peaks representing RGO were clearly shown in 1%
RGO. (D) Widescan results of XPS. O1s, Ca2p3, C1s, and P2p3 peaks
were observed. (E) C1s peak of No and 1% RGO. Increased C-C and
C-O bands was observed, and decreased C-O=O was observed.
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Fig. 4.2. EDS analysis results. By element mapping, an even distribution
of RGO was confirmed.

We next examined mechanical properties of RGO-CPCs. (Fig.
4.3A) The elastic modulus of 0.1% and 1% RGO were significantly
increased compared to No RGO. The maximum allowable strains of the
RGO-CPCs were all increased, and the maximum compressive strength
of 0.1 and 1% RGO were significantly increased compared with No RGO.
To reveal the long-term behavior of RGO-CPCs in the human body, a
soaking test was assessed, and their mass and mechanical properties were
analyzed. (Fig. 4.3B) The mass of the RGO-CPCs was steadily decreased
(not significantly), whereas the mechanical properties of the RGO-CPCs
were gradually increased. In week 3, all of the mechanical properties of
0.1% RGO were excessively increased. In accordance with these results,
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it was concluded that incorporation of RGO in CPCs highly strengthened
the mechanical properties of RGO-CPCs.

Fig. 4.3. Mechanical properties of RGO-CPCs. (A) Mechanical
properties (elastic modulus, maximum allowable strain, and maximum
compressive stress) of RGO-CPCs immediately after fabrication. Elastic
modulus and maximum compressive stress of 0.1 and 1% RGO were
significantly enhanced and the maximum allowable strain of all
RGO-CPCs was increased compared to No RGO. (n = 10, LSD) (B)
Soaking test results of RGO-CPCs. The mass change rate, elastic
modulus, maximum allowable strain, and maximum compressive stress
were investigated for 3 weeks. The elastic modulus, maximum allowable
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strain, and maximum compressive stress of 0.1% RGO were significantly
improved in comparison with the other samples. (n = 5, LSD)

4.2.2. In vitro study on MC3T3-E1
Next, an in vitro study was performed to evaluate whether
RGO-CPCs are appropriate in clinical use for bone tissue engineering
applications. We first used murine the osteoblast cell line - MC3T3-E1 to determine the efficacy of RGO-CPCs on osteoblasts. First, in the
cytotoxicity test, RGO-CPCs denoted slight toxicity at 12 hours. (Fig.
4.4A) However, their toxicity became marginal at 24 h. In the cell
adhesion test, the cell adhesion rate was significantly decreased in 1%
RGO. (Fig. 4.4B, inset) To determine the reason for decrease, ICC to
stain the vinculin, the protein related with focal adhesion, was conducted.
(Fig. 4.4C) On day 1, expression of vinculin decreased according to the
increase of RGO. Nonetheless, the expression was increased in all
RGO-CPCs on day 7, suggesting that the adverse effect of RGO on focal
adhesion diminished with long-term cell adhesion. In the cell viability
test, the optical density of the RGO-CPCs steadily decreased with the
increase of RGO. (Fig. 4.4B)
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Fig. 4.4. In vitro study of MC3T3-E1. (A) Cytotoxicity result. The
cytotoxicity of 0.01% RGO was the least at 12 hours, whereas the
cytotoxicity of all CPCs was insignificant at 24 hours. (n = 5) (B) Cell
viability result. On day 7, the cell viability of 0.1 and 1% RGO decreased
significantly compared with No RGO. (n = 5, LSD) Inset: cell adhesion
result. There is no significant difference except for 1% RGO. (n = 5, LSD)
(C) ICC results. Vinculin expression decreased with increased of 1%
RGO. Scale bars = 100 μm.
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The cellular morphology of MC3T3-E1 on RGO-CPCs was also
observed by FESEM. (Fig. 4.5) The cell density of RGO-CPCs decreased
and their morphology became narrower as the RGO concentration
increased.

Fig. 4.5. Morphological analysis of MC3T3-E1 on RGO-CPCs. The
growth was hampered and The shape became narrower with increased
RGO concentration.
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Additionally, a migration assay was conducted to determine if
RGO-CPCs increase osteoconductivity. (Fig. 4.6) The 0.01% RGO
showed the best wound closure on day 3.

Fig. 4.6. Migration assay. (A) Representative pictures of the migration
assay during 3 days. (B) Wound closure aspect during 3 days. (C)
Average wound closure rate of RGO-CPCs. The 0.01% RGO marked
fastest wound closure rate.
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Next, we conducted an osteogenic differentiation study to
examine the osteoinductivity of RGO-CPCs. First, protein expressions
related with osteogenesis were checked by western blot. (Figs. 4.7A and
B) Runx-2 and OCN were upregulated faster in 1% RGO, whereas ALP
showed marginal results among all samples. In the ICC results, consistent
with the western blot results, higher expression of OCN was observed on
1% RGO. (Fig. 4.7C) Furthermore, ARS was conducted to determine the
calcium deposition. The highest calcium deposition rate was shown on 1%
RGO. (Figs. 4.7D and E)
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Fig.

4.7.

Osteogenic

differentiation

study

of

MC3T3-E1

(A)

Representative western blot result. ALP, Runx-2, OCN, and β-actinin
expressions were evaluated during 4 weeks. (B) The relative expressions
of osteogenic marker protein were calculated. The expression of ALP
was not significantly different during 4 weeks. The expression of Runx-2
and OCN showed discrete differences in week 4. (C) ICC results. OCN
expression for 4 weeks is depicted. At 4 weeks, 1% RGO had the highest
OCN expression. Scale bars = 100 μm. (D) Representative images of
ARS. (E) Quantitative analysis of ARS. The calcium deposition rate of 1%
RGO in week 4 showed the highest value with significant difference. (n
= 5, LSD)

94

4.2.3. In vitro study on rASCs
In addition to osteoblasts, stem cells also have a significant role
in bone regeneration because the implantation of scaffolds with stem
cells showed higher bone regeneration compared to scaffold implantation
only. Hence, an in vitro study was performed on rASCs. The results were
similar to those of MC3T3-E1. There was no difference between CPCs
and RGO-CPCs at 12 h. In contrast, the cytotoxicity of RGO-CPCs was
decreased at 24 hours (Fig. 4.8A). The cell adhesion rates of rASCs were
not significant comparatively with No RGO, except for 1% RGO (Fig.
4.8B). ICC was investigated to evaluate the vinculin expression of rASCs
on RGO-CPCs (Fig. 4.8D). Consistent with the cell adhesion rate,
vinculin expression decreased with the increased graphene concentration.
Cell viability was decreased with increased RGO (Fig. 4.8C).

95

Fig. 4.8. In vitro study of rASCs. (A) Cytotoxicity result. The
cytotoxicity of RGO-CPCs was lower than No RGO at 24 hours, whereas
the cytotoxicity of all CPCs was insignificant at 12 hours. (n = 5) (B)
Cell adhesion result. There is no significant difference except for 1%
RGO. (n = 5, LSD) (C) Cell viability result. On day 7, the cell viability
of 0.1 and 1% RGO significantly decreased compared with No RGO. (n
= 5, LSD) (C) ICC result. Vinculin expression decreased with increased 1%
RGO. Scale bars = 100 μm.
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When the cellular morphology was observed by FESEM, the cell
density and width decreased with increased RGO concentration (Fig.
4.9).

Fig. 4.9. Morphological analysis of rASCs on RGO-CPCs. The growth
was hampered and the shape became narrower with increased RGO
concentration.
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When conducting the differentiation study, graphene bone
cements accelerated osteogenic differentiation of rASCs (Fig. 4.10). In
the western blotting and immunostaining results, the highest expression
of OCN was recorded on 1% RGO (Figs. 4.10A, B, C, and D).
Analogous results were observed in ARS assay (Figs. 4.10E and F). At 4
weeks, rASCs on 1% RGO showed the best calcium deposition.

Fig. 4.10. Osteogenic differentiation study on rASCs (A) Representative
western blot result. ALP, OCN expressions were evaluated during 4
weeks. (B) The relative expressions of osteogenic marker protein were
calculated. In weeks 2 and 3, ALP expression was increasingly promoted
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with increased RGO, indicating that the more RGO is incorporated, the
faster the early stage of osteogenesis is. In weeks 3 and 4, OCN
expression of 1% RGO was highly increased, indicating that 1% RGO
underwent late stage osteogenesis earlier. (C) ICC result. OCN
expression for 4 weeks is depicted. At 4 weeks, 1% RGO had the highest
expression. Scale bars = 100 μm. (D) Three dimensional images of OCN
expression on 1% RGO. Hemisphere-shaped cell aggregation indicates
higher OCN expression. (E) Representative images of ARS. (F)
Quantitative analysis of ARS. The calcium deposition rate of 1% RGO in
week 4 had the highest value with a significant difference. (n = 5, LSD)
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4.2.4. In vivo studies with or without hABMSCs
To

evaluate

whether

RGO-CPCs

could

enhance

bone

regeneration without transplantation of any cells in vivo, 0% and 0.01%
RGO-CPCs were implanted into critical sized defects of rat calvaria for
twelve weeks (Fig. 4.11A). Bio-Oss was used as a positive control for
bone regeneration. There was no evidence of inflammation in all groups.
The calvarial defects in the control group showed formation of thin
fibrous connective tissue layers and small amounts of bony growth at the
margins of the defect, while the Bio-Oss group generated bone-like
mineralized tissues on the border of Bio-Oss particles (Fig. 4.11B). In the
0.01% RGO group, more amounts of newly-formed bone tissues were
regenerated in the periphery of surrounding the bony defects compared to
the 0% RGO group. The regenerated mineralized tissues in the Bio-Oss
and 1% RGO groups showed morphological characteristics of calvarial
bone present at the margins of the defect, including typical osteocytes
entrapped inside the matrix, and osteoblasts lining the outer margin of the
mineralized tissue.
Based on the results from these in vitro experiments,
hABMSCs-seeded-0% and 1% RGO-CPCs disc were transplanted into
immunocompromised mice subcutaneously to evaluate the effects of both
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RGO-CPCs on osteoblast differentiation of mesenchymal stem cells.
Harvested samples were stained with H/E and immunostained with BSP
antibody twelve weeks after transplantation. Histological analysis
revealed that accumulation of extracellular matrices and collagen for
generating mineralization foci were detected in the Bio-Oss and both
RGO groups compared to the control group (Fig. 4.11C). 1% RGO group
displayed osteoblast-like cells with abundant matrix formation. To
confirm the osteoblast differentiation and mineralized matrix formation
identified by morphology, we performed immunohistochemistry. BSP is
regarded as specific markers of osteoblast differentiation. BSP expression
was observed in the Bio-Oss group but weakly in the control group (Fig.
4.11D). In the 1% RGO group, the expression of BSP protein was
detected in osteoblast-like cells that contact with the RGO-CPCs,
however, there were few cells with BSP expression in the 0% RGO
group.
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Fig. 4.11. In vivo study results. (A) No RGO, 0.01% RGO, and
Bio-Oss™ were applied on rat calvarial defect models. (B) Twelve weeks
later, 0.01% RGO successfully induced bone ingrowth. (C) The
osteogenic capability of RGO-CPCs was assessed. HABMSCs were
seeded onto the RGO-CPCs and those were subcutaneously implanted in
nude mice. (D) Twelve weeks later, the hABMSCs on 1% RGO is similar
with osteoblast-like cells while osteogenic differentiation deemed to be
delayed in other groups. Moreover, 1% RGO strongly expressed BSP. (E)
According to the in vivo results, 0.01% RGO successfully induced bone
ingrowth. Hence, 0.01% RGO can be used directly in clinical application.
1% RGO accelerated the osteogenic differentiation of hABMSCs. The 1%
RGO can be utilized in tissue engineering-based regeneration.
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4.2.5. Electromagnetic stimulation upon RGO-CPCs
The efficacy of PEMFs on RGO-CPCs were investigated. The
result was evaluated by ARS. On week 2, there’s no significant
difference among samples whereas 1% RGO under PEMFs exhibited
significant difference on week 3.

Fig. 4.12. ARS results of RGO-CPCs under PEMFs stimulation. (A)
Representative results of ARS. (B) Quantitative results of ARS study.
The PEMFs stimulation exhibited nonsignificant results on week 2 whilst
the PEMFs stimulation induced significant result upon 1% RGO on week
3.
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4.3. Discussion
CPCs have such good bioactivity that can be absorbed by
surrounding tissue and be replaced with native tissues. However, the low
mechanical strength of CPCs has remained a critical weakness. [18]
There are few methods to reinforce the mechanical properties of natural
CPCs because the existing methods work properly only in CaP synthesis.
Likewise, not only osteoconductivity, but better osteoinductivity is
important for natural CPCs. Thus, in this study, RGO was incorporated
into the horse bone-derived natural CPCs to alleviate the disadvantages.
Horse bone powders, RGO, and CS solution were mixed
thoroughly following the above mentioned concentration (Table 4.1) and
were hardened in PDMS molds. As shown in Fig. 4.1A, RGO-CPCs
became darker with the increase of the RGO concentration and their
surface became more coagulated with the increase of the RGO
concentration. The EDS results showed that RGO was evenly distributed
although its precise location could not be proved. (Fig. 4.2) Next, the
chemical characteristics of mixed powders were examined. In the XRD
and Raman spectroscopy results, specific peaks of HA were observed.
Specific peaks of RGO were also observed in RGO-CPCs. (Figs. 4.1B
and C) From the results, it was confirmed that the main component of
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sintered horse bone was HA, and RGO was incorporated in the powder
mixture. In the XPS results, it was confirmed that C-C bonds are highly
increased in 1% RGO, resulting in the presence of graphene. Next, the
mechanical properties of the RGO-CPCs were measured. (Fig. 4.3) For
the 0.1% and 1% RGO, the mechanical properties were enhanced almost
twice by the insertion of RGO. Further, when the RGO-CPCs were
soaked in SBF, 0.1% RGO showed outstanding improvement in
mechanical properties. There were several reports that incorporation of or
synthesis with GO enhanced the mechanical properties of HA and CS.
The tensile strength and elastic modulus of GO/CS composite film were
increased more than those of CS film. [41] The elastic modulus of
GO/HA and the hardness of GO/HA/CS complex were evidently
increased compared to HA. [96] Moreover, synthesis with HA and RGO
improved the micro hardness, elastic modulus, and fracture toughness.
[43] However, it has not been reported that the mixing and hardening of
the HA/RGO/CS complex results in reinforcement of the mechanical
properties of CPCs. Consequently, in our knowledge, this is the first
report of the reinforcement of CPCs by the mixing of RGO/CS/HA
composite. Together, this easy and simple method is highly suitable for
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application in natural CPCs. Hence, this method is expected to enlarge
the application range of natural CPCs.
After investigation of the morphological, chemical, and
mechanical properties of RGO-CPCs, their in vitro behaviors were
examined by MC3T3-E1 and rASCs. The adhesion rate of RGO-CPCs
decreased as the RGO concentration increased. This was visually
confirmed by vinculin ICC. As shown in Figs. 3.3C and 5D, vinculin
expression decreased with the increase of the RGO concentration.
Furthermore, the cell viability and migration study indicated that the
results decreased with increasing of RGO concentration. There are two
possible causes: (1) RGO-CPCs have cytotoxicity or (2) RGO-CPCs
make

cells

promote

other

functionalities,

such

as

osteogenic

differentiation, rather than cell proliferation or migration. Considering
their cytotoxicity result, the cytotoxicity of RGO-CPCs is insignificant
(Figs. 4.4A and 8A). Moreover, the addition of the graphene family to
HA for better osteogenesis has been recently reported. Tatavarty et al.
reported

that

GO-CaP

nanocomposite

improved

osteogenic

differentiation of human mesenchymal stem cells (hMSCs) and [97] Li et
al. reported that the chitosan–GO–HA composite enhanced osteogenesis
of MG63. [96] Consequently, RGO-CPCs were anticipated to promote
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osteogenesis of osteoblasts and rASCs. As expected, RGO-CPCs
enhanced osteogenic differentiation of MC3T3-E1 and rASCs. The 1%
RGO highly promoted osteogenic differentiation. In week 2, RGO most
rapidly promoted early expression of ALP, the early marker of osteogenic
differentiation (Figs. 4.7A and 10A). Subsequently, it promoted early
expression of Runx-2 and OCN on week 3 and week 4, respectively. The
results are consistent with the ICC and ARS results (Figs. 4.7C and 10C).
The 1% RGO recorded the highest OCN expression and calcium
deposition in week 4. Many researchers have been dedicated to advanced
osteoinductiveness of CPCs. According to the researches, it was reported
that the addition of Arg-Gly-Asp (RGD), fibronectin, and platelet
concentration

enhanced

osteogenesis

of

human

umbilical

cord

mesenchymal stem cells (hUCMSCs). [98] However, addition of
carbon-based materials on CPCs related with osteoinductivity was not
investigated. Thus, it was revealed that the utilization of carbon-based
materials in natural CPCs will simultaneously enhance the mechanical
properties and osteoinductivity. Thus, RGO-CPCs are anticipated to open
the gate for the clinical application for natural CPCs. Based on the cell
type, RGO-CPCs can be utilized differently. In the case of MC3T3-E1,
0.01% RGO showed the fastest migration result, whereas RGO-CPCs
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represented comparatively low osteogenic capability. Hence, 0.01% RGO
is suitable for bone wound healing. In contrast, 1% RGO demonstrated
more effective osteogenic differentiation of rASCs than other
RGO-CPCs. For bone regeneration, incorporation of 1% RGO and stem
cells simultaneously would be more effective. Thus, when conducting in
vivo study, 0.01% RGO were used in calvarial defect models and 1%
RGO were used in stem cell differentiation. (Fig. 4.11) Consistent with in
vitro study, 0.01% RGO promoted bone ingrowth. 1% RGO promoted
osteogenic differentiation of hABMSCs. It is anticipated that 0.01%
RGO is proper to be used in clinical applications. Further, 1% RGO is
expected to be used in tissue engineering-based regeneration.
The use of pure RGO instead of GO or functionalized RGO is
also notable. There were several reports on the use of GO in synthesis
with HA for reinforcement of mechanical properties. [42, 99]
Functionalized RGO [100] and RGO synthesized with HA [43] have
been reported, as well. However, our research is, in our knowledge, the
first report to use pure RGO in the study of CPCs. The use of pure RGO
has several advantages: (1) Ease of fabrication. Simple mixing results in
the easy fabrication process maintaining the reinforced mechanical
properties. (2) Better promotion of osteogenesis. Lee et al. reported
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osteogenic capability of graphene is better than GO. [37] Hence, RGO
may promote better osteoinductivity than GO. (3) Good biodegradability.
Although the biodegradability of RGO is worse than that of GO, it is
degradable by enzymes. Hence, when conducting in vivo study, its
toxicity is not a significant matter. (4) Utilization of the functionality of
graphene. For example, exposure on graphene sheets could induce
microelectric current. [101] If RGO is incorporated in CPCs,
microelectric current, which can cause synergistic effects on osteogenic
differentiation, would be induced by exposure in electromagnetic field.
Consequently, it would result in synergic effects of graphene and
microelectric current on bone regeneration. Furthermore, its unique
properties, including high elastic modulus and thermal properties can be
used in tissue regeneration. The incorporation of RGO on CPCs may
provoke synergic effects in tissue engineering. As a preliminary study,
their efficacy were investigated on No RGO and 1% RGO using ARS
study. As a result, 1% RGO under PEMFs exhibited significant increase
of calcium deposition on week 3. Although further study is required, it
was established that collaboration of RGO-CPCs and PEMFs enhanced
the osteogenic differentiation of rASCs. Consistent results will be
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expected in in vivo study as well as clinical study. Consequently,
RGO-CPCs and PEMFs will be a good method for bone regeneration.
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5. Future Perspectives

5.1. Application of RGO
In this study, RGO, instead of GO or functionalized GO, were
used.

The use of pure RGO has several advantages: (1) Ease of

fabrication. Simple mixing results in the easy fabrication process
maintaining the reinforced mechanical properties. (2) Better promotion
of osteogenesis. Lee et al. reported osteogenic capability of graphene is
better than GO. Hence, RGO may promote better osteoinductivity than
GO. (3) Good biodegradability. Although the biodegradability of RGO is
worse than that of GO, it is degradable by enzymes. Hence, when
conducting in vivo study, its toxicity is not a significant matter. (4)
Utilization of the functionality of graphene. For example, exposure on
graphene sheets could induce microelectric current. If RGO is
incorporated in CPCs, microelectric current, which can cause synergistic
effects on osteogenic differentiation, would be induced by exposure in
electromagnetic field. It would result in synergic effects of graphene and
microelectric current on bone regeneration. Furthermore, its unique
properties, including high elastic modulus and thermal properties can be
used in tissue regeneration. The incorporation of RGO on CPCs may
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provoke synergic effects in tissue engineering. Consequently, it is
expected that RGO would be utilized on traditional tissue engineered
approach and derive optimistic results.

5.2. Induction of PEMFs on RGO-basted platforms
The system which induces PEMFs on RGO-based platform is
anticipated to overcome the limitation of established RGO-based
platforms for stem cell and tissue engineering. RGO is a kind of
graphene family, made by reducing oxygen species on GO. Even though
it is one of graphene subfamily, its purity cannot overcome the graphene
fabricated by chemical vapor deposition (CVD) method. The electric
resistance of RGO-adsorbed substrates is much higher than that of CVD
graphene not only for its impurity but also the disconnection of RGO
each other, resulting in disconnection resistance. Thus, these days the
RGO-based systems are not preferred as platforms inducing mechanical
stimulations in tissue engineering. By the way, invoking electric currents
by PEMFs would resolve this problem. Because induced electric currents
can be generated on local area, the substrate doesn't have to be connected
each other, that is, this systems can overcome disconnection problem.
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Another advantage of this system is that this system can be applied in the
traditional tissue engineered scaffolds. By incorporating RGO, this
system can be easily combined with them. It was known that RGO is
hard to apply in tissue engineering because it is not well dispersed in
organic or inorganic solvent. However, RGO can be dispersed well if the
size of RGO is small enough. Moreover, it can be applicable in clinical
study as well as in vivo study by combining with biodegradable scaffolds.
Particularly, EMFs can be exerted on the transplanted scaffolds
noninvasively. Thus, this system can be easily applied in clinical study as
well as in vivo study. Owing to implanting stimulators in the wound area,
other stimulation systems including electrical and light have limitations
to be applied in in vivo study. On the other hand, EMFs stimulation is
already commercialized in clinics for theraputic applications. Thus,
EMFs stimulation system would come true in tissue engineering-based
therapy. That would become a turning point in tissue engineering and
regenerative medicine.
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6. Conclusion
In this doctoral thesis, graphene-based nanostructural platforms
were fabricated and their morphological, chemical, mechanical, and
cellular features were investigated. Further, its electromagnetic properties
were applied and assessed on stem cell and tissue engineering. First,
RGO substrates and PEMFs were applied to hABMSCs and its efficacy
to differentiation is evalutated. RGO+PEMFs enhanced cell viability. It
also improved the expression of vinculin and fibronectin, related with
focal adhesion and ECM. The RGO+PEMFs enhanced osteogenesis as
well as neurogenesis and adipogenesis. Not only the PEMFs but also
induced electric current synergically enhanced the multidifferentiation of
hABMSCs. This system would become a turning point in tissue
engineering and regenerative medicine. It can be applicable in clinical
study as well as in vivo study by combining it with many biodegradable
scaffolds. Particularly, because EMFs can be exerted on the transplanted
scaffolds noninvasively, this system can be easily applied in clinical
study as well as in vivo study. Thus, it is expected that EMFs stimulation
system would come true in tissue engineering-based therapy. That would
become a turning point in tissue engineering and regenerative medicine.
Second, a new method to incorporate RGO into natural CPCs for
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reinforcing

the

mechanical

properties

and

osteoinductivity

simultaneously is developed for bone tissue engineering. RGO-CPCs had
enhanced mechanical properties, including elastic modulus, maximum
allowable strain, and maximum compressive strength. In the soaking test,
the mechanical properties of the RGO-CPCs were enhanced in
comparison with CPCs. The RGO-CPCs not only had low cytotoxicity
but also improved osteogenic differentiation of MC3T3-E1 and rASCs
compared to CPCs. Furthermore, collaborative study of RGO-CPCs and
PEMFs resulted in significant increase, consistent with former study. In
conclusion, the RGO-CPCs are expected to overcome the flaws of
formerly developed CPCs and open the gate for clinical application in
bone repair and regeneration.
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