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Abstract

Regulation of viability and differentiation
of human stem cells

via size-controlled graphene oxide flakes

Sora Park
School of Chemical and Biological Engineering
The Graduate School

Seoul National University

There is increasing interest in studying stem cell differentiation through cellular physical
stimulation which can be translated into cell-recognized tension. It has been known that physical
stimulation can direct human mesenchymal stem cell differentiation which called
mechanotransduction. Recently, graphene oxide (GO), major derivative of graphene, has been
synthesized as promising material which has suitable physico-chemical characteristics for stem cell
lineage specification. GO can interact with integrin, the transmembrane receptor protein, through
electrostatic, hydrophobic interactions. However, GO used in previous stem cell research has used
GO with an irregular morphology and size. Such irregularity of GO causes diverse cellular responses
according to lateral sizes of GO. In this study, we fabricated graphite mechanically with narrow size

distribution by adjusting the ball-milling time. Then, size-controlled GO flakes were chemically



synthesized from ball-milled graphite using modified Hummer’s method. Size distribution of GO
were measured by hydrodynamic situations. Dose-dependent cytotoxicity of the size-controlled GO
flakes on human stem cells was observed. The interaction between GO flakes and cells was analysed
with electron microscopy. Also, effect of GO with osteogenic and neural differentiation of hMSCs
were measured by staining and gene expression level. Also, by analyzing the shape and size of the
cells through immunostaining, we confirmed that focal adhesion was key component involved in
promoting stem cell differentiation and enhanced cell viability in apoptotic circumstances. We
suggest that the size-controlled GO sheets would be efficient candidate for enhancement of lineage

determination of human stem cells and therapeutic applications.
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Chapter 1. Research background and objectives

Numerous recent reports conclude that stem cells pose boundless possibilities in the field of
regenerative medicine for their multipotent ability to regenerate desired cells in the human body [1].
Among these stem cells, mesenchymal stem cells (MSCs), initially isolated from bone marrow, have
been widely used for both research and commercialization purposes, owing to their accessibility,
versatility, and low risk of teratoma formation [2]. The MSCs are also known to be capable of
sprouting into various types of cells, including osteoblasts, chondrocytes, cardiomyocytes, and
adipocytes, all of which play a quintessential role in the regeneration and reconstruction of most
human body components. To guarantee the successful production of desired cells, as well as to
maximize the regeneration efficiency, however, the characteristics of MSCs should be properly and
precisely tuned prior to transplantation through the process termed ‘differentiation’, because their
very ability to develop into multiple types of cells may also result in the production of unwanted
cells [3].

The differentiation of stem cells is known to be governed by both insoluble cues (i.e. physical
stimulus) and soluble cues (i.e. biochemical stimulus), or the combination of the two [4].
Biochemical stimulus, in the form of defined culture media, is predominantly utilized in guiding the
differentiation of human MSCs (hMSCs) into the desired cell types. However, recent findings
suggest that manipulating biophysical stimuli, such as the mechanical characteristics and
topography of the substrates, could also play a critical role in directing the conversion of hMSCs
into specific cell types of interest. Insoluble cues, commonly denoted as physical cues, encompass
both topographical and mechanical properties that arise from the microenvironment of the cell [5].
The mechanical stimulus is normally induced through cell-substrate interactions, which
consequently alter both the cytoskeletal dynamics and the gene expressions of the cells. Numerous
studies have reported successful cases where the controlled introduction of various mechanical

stimuli resulted in a desired manipulation of diverse cellular behavior in the course of the
2



differentiation of stem cells [6]. As an attempt to achieve favorable biophysical stimuli,
nanostructure, microstructure, micropattern, and nanohybrid materials have recently been
considered as novel approaches to guide stem cell differentiation, with or without using biochemical
cues.

Graphene and its derivatives, such as graphene oxide (GO), have been regarded as attractive
substrates for their unique capability to induce necessary physical stimuli for stem cell proliferation
and differentiation[7]. For example, cell culture on GO-coated surfaces promoted cell adhesion and
growth, and osteogenic differentiation of human MSCs (hMSCs) [8]. This is due to, as previously
mentioned, the unique physicochemical properties of GO and the effects of the controlled geometry
of GO patterns on stem cell compartments (e.g., integrin clustering, cytoskeletal reorganization, and
activation of adhesion-related genes) [9].

In addition, ball-milling is an effective GO production method through the top-down approach of
graphite, and it is possible to produce highly reproducible in a simple way through a standardized
protocol [10]. There have been attempts to use these strategies in industrial applications, and this is
the first time that it has been applied to stem cell research. Also, it has been reported that the distinct
physicochemical characteristics of graphene and its derivatives cause the MSCs and neural stem
cells (NSCs) to initiate several different types of differentiation, such as adipogenic differentiation,
osteogenesis, oligodendrogenesis, and neurogenesis [11-13]. Some of these distinct physiochemical
characteristics of interest pertain to multifarious surface chemistry, amphiphilicity, and unique
carbon structure, all of which reportedly affects cell spreading, morphology, and the rate of
absorption of proteins and chemicals in the defined culture medium. Specifically, Lee et al. [8]
reported the different capabilities of graphene and GO to guide the osteogenesis of the MSCs,
showing that their difference led to modified absorption of several osteogenic differentiation factors,
e.g. dexamethasone, glycerophosphate, and ascorbic acid. In light of the profound influence of the
chemical properties and geometries of nanomaterials, especially those of the graphene derivatives,

on stem cell differentiation mentioned above, numerous studies have reported the application
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strategies of graphene derivatives for efficient differentiation into specific lineages. In particular,
graphene oxide micropatterns (e.g. square, line grid), graphene nanogrid, and graphene matrix were
shown to efficiently enhance the differentiation of MSCs into osteoblasts, chondrocytes, and
neurons [14]. This is attributed to the distinct physicochemical properties of GO as aforementioned,
and the effects of the controlled geometry of GO patterns on stem cell compartments e.g. integrin
clustering, cytoskeletal reconstruction, and activation of adhesion-related genes.

The increasing interest in the application of GO derivatives to stem cell differentiation has
provided momentous opportunities for stem cell lineage control. However, the effects of graphene
lateral size on the behaviors of stem cells — some of the most critical factors — have not been fully
understood, which might prevent the full potential of GO-based materials for stem cell research
from being realized, especially for guiding stem cell differentiation into specific lineages based on
GO-induced physicochemical stimuli. In view of the fact that the GO sheet size is important in
determining the cytotoxicity toward different types of cell lines, it follows that the difference in GO
size could also play a critical role in stem cell behaviors, especially the ability to guide the
differentiation of hMSCs [15].

Therefore, the size effects of GO on the differentiation of human stem cells, especially hMSCs
specifically studied using size-controlled GO flakes. Through these studies, it will be possible to
understand the behavior of human stem cells due to the differences in the physicochemical
properties of graphene oxide and to effectively apply them to research on the development of stem

cell therapeutics.
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Chapter 2. Literature review

2.1. Human stem cells
2.1.1. Human mesenchymal stem cells

hMSC are fusiform, fibroblast-like cells. The cells are negative for hematopoietic surface
markers: CD34, CD45, CD14 and positive for a variety of markers: Stro-1, CD29, CD 73, CD90,
CD105, CD166 and CD44 [16]. Differences exist among the reported studies in the surface marker
characteristics that may be explained by variations in culture methods and/or differentiation stage
of the cells. However, a number of surface markers has been suggested by a working group within
the International Society for Cytotherapy as a minimum criterion for defining the cells as MSC.1
Traditionally, hMSC have been isolated from low-density mononuclear cell population of bone
marrow, based on their selective adherence, compared to hematopoietic cells, to plastic surfaces
[17]. One disadvantage of this method is the unavoidable hematopoietic cell contamination and the
cellular heterogeneity of cultures with respect of differentiation potential. The concept of cellular
‘heterogeneity’ of MSC refers to differences in the differentiation potential among single-cell clones
of MSC. For example, in vitro single-cell cloning of hMSC has demonstrated that only around 30%
of the clonal MSC (that is, CFU-f) are multipotential and thus true MSC.14 However, there are no

current surface markers that can be employed to isolate the multipotent MSC prospectively.

2.1.2. Human embryonic stem cells
hESCs are derived from preimplantation stage embryos, a process that involves culturing
embryos to the morula or blastocyst stage (see below). In most cases, these embryos are donated for
research after being targeted for discard either because they are excess embryos or because they are
of poor quality. Initial derivations of hESCs performed in the Thomson laboratory at the University

of Wisconsin (Madison, WI, USA) were isolated from the ICM of human blastocysts and placed on



inactivated murine feeder cells (MEFs) [18]. The resulting cell population was then maintained as
a cell line by continuous subculture. Several labs have since published the derivation of additional
lines using similar protocols including derivation on lysed MEFs or human feeders [19].
Developing improved technology for the genetic manipulation of hESCs will also be crucial
for their effective application in research. Although hESCs can be modified by transgenesis and
gene targeting, there are still questions about the efficiency of the techniques in different cell lines.
The generation of stable transformants of hESCs has been achieved using conventional DNA
delivery systems, or through the use of lentiviral or adenoviral vectors [20]. One group used gene
targeting via electroporation to obtain homologous recombination in hESCs at frequencies similar
to those observed in mouse ES cells. The use of short interfering (si)RNA to knockdown gene
expression is another methodology that holds promise for use in ES cell research, and several recent

reports have shown that this technique can be used to knockdown gene expression in ES cells [21].

2.2. Stem cell research utilizing graphene oxide

Graphene is a form of carbon atoms in a two-dimensional honeycomb structure. It has been
intensively studied and is known to possess several unique properties such as high opacity (~97.7%),
excellent electrical conduction ability (carrier mobility: 10000 cm2-V—1-s—1), and superior
mechanical strength (Young’s modulus: 1100 GPa), which have propelled the utilization of
graphene for electronic, electrochemical, and optical applications [12]. Besides the aforementioned
characteristics, recent studies have also uncovered a number of fascinating properties of graphene,
including high photoconversion efficiency, tunable amphiphilicity, excellent drug loading capacity,
flexibility in size, and low cytotoxicity, all of which are useful features for nanomaterial-based
biomedical applications such as cancer and stem cell therapies [22].

Compared to their use in cancer research, the use of graphene-based materials in stem cell
applications is a relatively new area of research. As discussed in numerous research articles, stem

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

The most common method for guiding the differentiation of stem cells involves the use of
soluble factors including proteins, small molecules, and mixed supplements, all of which have to be
carefully tuned based on the individual application [24]. In addition to the soluble cues, it has been
reported that insoluble cues, which encompass the establishment and manipulation of extracellular
microenvironments, especially the underlying substrates wherein cells attach and grow, have
significant roles in controlling stem cell behaviors such as migration, proliferation, differentiation,
and apoptosis. Interestingly, graphene has proven to be capable of directing stem cell differentiation
into specific cell types such as neurons, oligodendrocytes, osteoblasts, and adipocytes, based on the
type of material (e.g., graphene, graphene oxide, and graphene hybrid scaffolds), as well as the type
of progenitor cell (e.g., neural stem cells and mesenchymal stem cells) [25]. It can be used to tune
such physical properties as elasticity, porosity, and micro/nanostructure.

Besides the ability of graphene derivatives to guide the differentiation of stem cells, graphene
has shown immense potential as an implantable material; it can help stabilize the growth and
differentiation of stem cells embedded in three-dimensional hydrogels, thereby enhancing the
efficiency of engraftment after transplantation [26]. Additionally, graphene has value as a detection
molecule. Its surface absorbs specific molecules released from cells or embedded on cell membranes
and enhances optical and/or electrical signals detectable by external analytical techniques. Hence,

despite a short history of utilization, considering the impact of stem cell-based regenerative therapies,



it is worthwhile to summarize and highlight the recent progress of the use of graphene and/or
graphene-based hybrid scaffolds for stem cell applications.

Therefore, in this review, we will discuss the biomedical applications of graphene-based
materials, with a particular focus on guiding stem cell differentiation, stem cell
transplantation/delivery, and monitoring/detection of stem cell differentiation. There are several
review articles that discuss the use of graphene derivatives as therapeutic materials [27]. However,
the utilization of graphene-based materials for stem cell applications is a rapidly emerging area and,
thus, needs to be highlighted in order to fully understand their applicability and to envision the full

potential of graphene in stem cell research.
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Chapter 3. Experimental procedures

3.1. Preparation of GO

3.1.1. Ball-milling of graphite

Pristine graphite powder (5.5 g) was placed into a planetary grinding zirconia bowl with zirconia
grinding balls (1, 2, and 5 mm in diameter) [28]. The bowl was fastened in a planetary mono mill
(PULVERISETTE 6, FRITSCH) and rotated at 550 rpm for different durations (30, 60, and 90 min).
Ball-milled graphite powders were collected using U.S.A. standard sieves.

3.1.2. Preparation of GO by ball-milled graphite

Graphite (flakes, <20 um) was purchased from Sigma-Aldrich. Graphene oxide was synthesized
with the improved Hummers’ method [29]. Sodium nitrate (0.5 g) was dissolved in the mixture of
concentrated sulfuric acid and phosphoric acid. The collected ball-milled graphite powder was
dispersed homogeneously. Potassium permanganate was placed slowly in an ice bath and
maintained at 50°C overnight. Afterward, the solution was poured into 200 mL of ice. Finally,
hydrogen peroxide solution (1 wt%) was added to finish the oxidation. After mild sonication for 1
h, the sample was washed repeatedly with 5% hydrochloric solution (Sigma) and deionized water.

It was then dried in a vacuum oven at 50°C for 24 h.

3.2. Characterization of GO
TEM images were acquired using a JEM-2100 microscope (JEOL Ltd., Japan) installed at the
National Center for Inter-university Research Facilities (NCIRF) at Seoul National University. Size
distribution of GO was assessed with a zeta potential and mean particle diameter analyzer (ELSZ-
1000, Otsuka Electronics). A Raman spectrometer (T64000, Horiba Scientific) was used to analyze
vibrational modes of GO. The excitation wavelength of the laser was 532 nm. All samples were

pelletized at a pressure of 7 metric tons for standardization of Raman resolution. X-ray photoelectron

11



spectroscopy (XPS) spectra were measured using a Sigma probe (ThermoVG). FT-IR spectra were

collected with a Frontier spectrophotometer (PerkinElmer).

3.3. Preparation of magnetic nanoparticles

Magnetic nanoparticles (MNPs, Fe;0,), obtained from an anaerobic magnetotactic bacterium
(Magnetospirillum sp. AMB-1, ATCC), were used to generate 3D human embryonic stem cells
(hESC:s), called human embryoid bodies (hEBs). The magnetic bacterium was cultured in a modified
magnetic spirillum growth medium (MSGM), as previously described [30, 31]. In brief, bacteria
were cultivated via a fermenter (FMT-ST-S05, Fermentec) in an anaerobic condition for 5 days at
27 °C. Then the bacterial cells were centrifuged at 11,300 x g for 20 min, and then the collected
cells were sonicated with 35% amplification for 15 min (VCX500, Sonics & Materials). The MNPs
were isolated from bacterial cell debris using 100 mm Petri dishes with neodymium-iron-boron
(NdFeB) magnets attached below. Only MNPs, except for cell debris, were attached along the
perimeter of the magnets. Therefore, the MNPs were collected while the cell debris was washed out.
The separated MNPs were washed 3 times using phosphate-buffered saline (PBS; Welgene), relying
on magnetic adhesion. Then the MNPs were sterilized using an autoclave. After measuring the
concentration of iron ions using ICP-AES (ICPS-7500, Shimadzu), the MNPs were stored in a
concentration of 1 mg/ml in PBS at 4 °C. Before use, the MNPs were dispersed using bath type

ultrasonicator (JAC 1002, Kodo Technical Research) for 10 min.

3.4. Cultivation and differentiation of hMSCs
Human mesenchymal stem cells (hMSCs, Lonza) were purchased at passage 2 and used at
passages 3-5. hMSCs were maintained in T-75 tissue culture flasks (SPL) until 80% confluency and
then detached and transferred using 0.25% trypsin-EDTA (Gibco). The maintenance medium was
MEM Alpha GlutaMAX™ (Gibco) supplemented with 10% fetal bovine serum (FBS; Biowest), 1%

Penicillin-Streptomycin (PS; Gibco), 100 pg/ml Primocin (Invitrogen). To induce osteogenic
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differentiation of hMSCs, MEM Alpha GlutaMAX™ supplemented with 10% FBS, 1% PS, 10 mM
B-glycerophosphate disodium salt hydrate (Sigma), 100 pg/ml Primocin, 50 pg/ml ascorbic-2-
phosphate (Sigma), and 100 nM dexamethasone (Sigma) was used with 10 pg/ml graphene oxide in
corresponding experimental groups [32, 33]. The medium was replaced with a fresh medium every

two days.

3.5. Cultivation of hESCs

hESCs (SNUAES31) were supplied in passage 23 from the Seoul National University Medical
Research Center upon approval from the Seoul National University Institutional Review Board (IRB
No.1402/002-006). hESCs were maintained in standard hESC growth condition and sustained their
pluripotency, following previously described protocols [19, 34]. Briefly, the hESCs were cultured
with STO mouse fibroblast cells (STO cells), which were mitotically inactivated by mitomycin C
(MMC; Sigma), on 0.2% gelatin-coated cell culture dishes in Dulbecco's Modified Eagle Medium
with Nutrient Mixture F-12 (DMEM / F-12, Gibco) supplemented with 20% KnockOut™ Serum
Replacement (Gibco), 4 ng/ml basic fibroblast growth factor (Invitrogen), 0.1 mM f-
mercaptoethanol (Sigma), 0.1 mM nonessential amino acids (Gibco) and 50 units/ml penicillin and
50 pg/ml streptomycin (Gibco). For subculture, the hESC colonies were disassembled by modified
Pasteur pipettes and re-plated on new dishes with a fresh STO feeder layer, every 5 to 7 days. The
medium of hESCs was daily replaced. The passages of hESCs utilized in this study were between
32 to 42.

For feeder-free culture, hESCs were transferred to dishes coated with Geltrex™ (Gibco), and their
culture medium was switched to Essential 8™ medium (Gibco) without any influences on

pluripotency '), Cells were cultivated at 37 °C with 5% CO in a humidified incubator.
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3.6. Generation of hEBs and neural differentiation

First, 96-well non-coated round bottom plate (SPL) was coated with 0.1% F-Pluronic 127 (Sigma)
in double distilled water for 1 h. Feeder-free hESCs were detached with accutase (Millipore) and 1
x 10*cells were added to the well in order to generate hEBs without MNPs (hEBs + NIM + MNPs).

Second, the feeder-free hESCs were treated with 20 pg/ml of MNPs for 24 hrs. The MNP-
incorporated hESCs were detached with accutase and then sufficiently magnetized hESCs were
isolated by the NdFeB magnets for 1 min. After separation of MNP-hESCs, the suspended cells
were applied to concentrated magnetic pin system, which was manufactured as described in the
previous work [35]. In brief, the lids of 96-well plates were prepared with NdFeB magnets (10 mm
x 5 mm x 6 mm) placed upon the lids, and iron pins attached to the magnets under the lids. 1 x 10*
cells in a volume of 130 to 135 pul were added to each well. Then the magnetized hESCs were
gathered toward the iron pin at which magnetic force was concentrated, resulting in generation of
MNP-hEBs underneath the medium surface (hREBs+ NIM + MNPs).

For initial neural differentiation, 2D and 3D hESCs were cultured in neural induction medium
(NIM; Gibco, 21103049) for 5 days. The medium was changed on the 3™ day. Cells were cultured

at 37 °C with 5% CO- in a humidified incubator.

3.7. Cell adhesion assay of GO

hMSCs were observed by transmission electron microscopy (TEM) and field emission scanning
electron microscopy (FE-SEM) to obtain images of GO flakes bound to the cell membrane of
hMSCs [36]. hMSCs were fixed with paraformaldehyde-glutaraldehyde solution (Karnovsky's
Fixative) for 2 h at 4°C. These cells were then washed with 0.05 M sodium cacodylate buffer.
Subsequently, cells were fixed with 2% osmium tetroxide in 0.1 M cacodylate buffer for 2 h and
washed with distilled water, followed by overnight incubation with 0.5% uranyl acetate for negative
staining at 4°C. After serial dehydration with sequentially concentrated ethanol from 30% to 100%,

TEM samples were treated with propylene oxide to remove residual ethanol. Finally, TEM samples
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were transferred to a resin polymer with propylene oxide to be embedded. These resin samples were
cut using an ultramicrotome (EM UC7, Leica, Germany) and then observed using a TEM (JEM1010,
JEOL, Japan). SEM samples were investigated in a mount and observed with an FE-SEM (JSM1010,

JEOL, Japan).

3.8. Cell viability assay

3.8.1. CCKS assay

To examine the cytotoxicity of GO to hMSCs, a Cell Counting Kit-8 (CCK-8, Dojindo, USA)
was used [37]. In brief, after incubating hMSCs with GO for 24 h in a humidified CO, incubator at
37°C, CCK-8 solution was added to cells at 10% concentration. After incubating in the humidified
CO; incubator at 37°C for another 2 h, the absorbance of each well was measured at a wavelength
of 450 nm with a microplate reader (Tecan, Switzerland).

3.8.2 Fluorescence-based live and dead assay

In order to detect the live and dead cells, LIVE/DEAD cell viability kit (Molecular Probes, USA)
was used. The cells were treated with a mixed solution of 2 uM acetoxymethyl ester of calcein
(calcein AM) and 4 pM ethidium homodimer-1 (EthD-1). After incubation for 1 h at 37 °C in a
humidified CO; incubator, green fluorescence for live cells and red fluorescence for dead cells were

observed.

3.9. qRT-PCR analysis
To analyze the osteogenic differentiation of hMSCs, relative expression levels of osteogenic
genes was measured. Total RNA was extracted using TRIzol® RNA Isolation Reagents (Invitrogen)
according to the manufacturer’s instructions. Then 500 ng of total RNA of each sample was used
for cDNA synthesis with an M-MLV cDNA synthesis kit (Enzynomics, South Korea) following the
manufacturer’s instruction. Quantitative real-time reverse transcription-polymerase chain reaction

(qRT-PCR) was performed with a StepOnePlus™ Real-Time PCR System (Applied Biosystems,
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USA) using TOPreal™ gPCR 2X PreMIX (Enzynomics, South Korea). Expression levels of genes
were normalized against the expression level of glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), a housekeeping gene. To determine early osteogenic differentiation, primers specific for
runt-related transcription factor 2 (RUNX2) were used. Primers specific for osteopontin (SPP/) and
integrin-binding sialoprotein (/BSP) were used as middle and latter osteogenic differentiation
markers, respectively. Focal adhesion kinase (PTK2), paxillin (PXN), talin (7LN), and yes-
associated protein (Y4P) gene were analyzed to assess expression levels of focal adhesion complex

and mechanosensing. Sequences of primers used in this study are listed in Table. 1.
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TCTTCTGGGTGGCAGTGATG
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GGCTCAGGTAGGAGGGGTAA
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ATCTGGACTGCTTGTGGCTG
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Table 1. List of primers used in qRT-PCR
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3.10. Alkaline phosphatase staining and Alizarin Red S staining
Alkaline phosphatase (ALP) activity was analyzed using a staining kit (Sigma), following the
manufacturer’s instructions [38]. For Alizarin Red S (ARS; Sigma) staining, cells were fixed with
4% paraformaldehyde (PFA) and stained with 2% ARS solution. Cells were washed with deionized
water after each step. To quantify the number of deposited minerals, 10% cetylpyridinium chloride
(Sigma) solution was used to dissolve the ARS stain for 30 min. The absorbance was measured at a

wavelength of 545 nm with a microplate reader (Tecan).

3.11. Immunocytochemistry

hMSCs were put into confocal dishESC and fixed with 4% PFA for 10 min at room temperature
(RT). After permeabilization using 0.25% Triton-X (Sigma) in 0.1% phosphate-buffered saline with
Tween 20 (PBST) for 10 min at RT, hMSCs were blocked by 3% bovine serum albumin (BSA) in
0.1% PBST for 1 h at RT on a rocker. Primary antibodies targeting differentiation maker proteins
were diluted with 1% BSA in 0.1% PBST according to the manufacturer’s instruction. hMSCs were
then incubated with primary antibodies at RT overnight on a rocker. For detecting osteogenic
differentiation markers and focal adhesion, anti-type Wecollagen antibody (Abcam, ab34710), anti-
osteopontin (OPN) antibody (Abcam, ab8448), Alexa flour 488-conjugated phalloidin (Invitrogen,
A12379), and anti-FAK antibody (Abcam, ab81298) diluted at 1:1000 in 0.1% PBST were used.
Alexa flour 594-conjugated phalloidin (Invitrogen, A12381), anti-RUNX2 antibody (Santacruz, sc-
390351), and anti-Y AP antibody (Santacruz, sc-101199) were also used to detect osteogenesis and
YAP nuclear localization. Corresponding secondary antibodies (Alexa Flour 594®, Invitrogen)

were then used.

3.12. Western blotting
After 3x10° cells were re-suspended in RIPA Buffer (LPS Solution) with protease inhibitor

cocktail (Abcam, 1:100 dilution), cells were lysed for 15 min at RT. Cell lysates were then mixed
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with 5X sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) protein loading buffer (iNtRON)
and boiled in a boiling water bath for 5 min. After 20 pl of each sample was loaded into each well
of SDS-PAGE gel, proteins were separated by electrophoresis and transferred to nitrocellulose
blotting membranes (GE Healthcare Life science). These membranes were blocked with 5% BSA
in 0.1% PBST for 1 h at room temperature and then incubated with primary antibody in 1% BSA
prepared with 0.1% PBST overnight at 4 °C. After incubation with horseradish peroxidase (HRP)-
conjugated secondary antibody in 5% BSA in 0.1% TBST (tris-buffered saline with Tween 20;
1:2000 dilution) for 1 h, membranes were treated with IgG-horseradish peroxidase (HRP;
AbFrontier) and signals were measured with a G: BOX Chemi XL system (Syngene). Primary
antibodies used for Western blotting included anti-RUNX2 antibody (Abcam), anti-p-FAK antibody
(CUSABIO, CSB-RA018994A397phHU), anti-FAK antibody (Abcam), anti-p-MEK1/2 antibody
(CUSABIO, CSBPA000569), anti-MEK1/2 antibody (CUSABIO, CSBPA013409LA01HU, CSB-
PA0O4909A0RD), anti-p-ERK1/2 antibody (Santacruz, sc7383), and anti-ERK1/2 antibody

(Santacruz, sc-94). As a reference, B-actin antibody (Abcam, ab8227) was used.

3.13. Statistical analysis
The statistical analysis was conducted by repeatedly drawing results from samples of all groups.

Statistical significance was determined by analysis of variance (¢-test, SigmaPlot) and marked with

asterisk (* for p < 0.05, ** for p < 0.01, and *** for p <0.001).
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Chapter 4. Material characteristics and cellular interactions

of size-controlled graphene oxide flakes

4.1. Introduction

The quantitative determination of the lattice disorder present in graphene layers will be crucial
if this 2-D material is to be commercialized. Raman spectroscopy has been shown to be a powerful
technique for characterizing the density of these defects in graphene layers. Here, we study the
evolution of Raman spectra with defect size, for vacancy defects created via ion bombardment.
Raman spectroscopy was used to analyze the variation in the D-peak and G-peak intensity ratio for
single-layer graphene, whilst the equivalent defects in highly ordered pyrolytic graphite were
characterized using scanning tunneling microscopy to determine their lateral dimensions. Vacancy
defects of larger lateral sizes were shown to have an associated coalescence of defects at a larger
inter-defect distance, through changes in the intensity ratio of the D- and G-peaks, as well as the D-
peak width. This is in agreement with a phenomenological model previously determined for
calculating the defect density in graphene layers, and experimentally reveals the effect of graphene
defect size for Raman spectroscopy measurements. Importantly, these results show how the
graphene defect size must be obtained separately to allow the quantification of the graphene defect

density using Raman spectroscopy.

4.2. Characterization of GO processed by ball-milling
To investigate effects of various sizes of GO on hMSCs, three groups of GOs with different size
distributions were produced with varying ball-milling time durations of 30, 60, and 90 minutes. A
total of four GO experimental groups including a group without ball-milling (GO-4.6) was prepared.
Each experimental group was prepared with varying ball-milling time and named as GO-0.9, GO-

1.1, GO-1.7, and GO-4.6 according to the average size of GO flakes in each group (Fig. 4.1). Fig.
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4.1B shows changes in average lateral size of the prepared ball-milled graphene oxide flakes
depending on ball-milling duration (30, 60, and 90 minutes). TEM images for GO-0.9, GO-1.1, GO-
1.7, and GO-4.6 are shown from left to right. The GO produced through ball-milling showed a
tendency to increase in size from about 900 nm to 5 pm with decreasing ball-milling time. Sizes of
the three ball-milled GO groups with comparably regular round-shape were significantly reduced
compared to those of the no ball-milling group (GO-4.6) which showed an irregular shape. The
average value of the GO diameter of each GO group was analyzed by dynamic light scattering (DLS)
for precise identification than using AFM. The size distribution of the ball-milled GO group was
generally narrower than that of the GO-4.6 group (Fig. 4.1C).

AFM is one of the measurement tools for determining the diameter of nanomaterials through
sample preparations such as the Langmuir-Blodgett method [39]. Notwithstanding, analyzing the
size distribution by DLS when measuring the GO flakes has two advantages for this study. First, the
hydrodynamic size of GO flakes can be measured in suspension state without additional sample
preparation process. Second, we can guarantee a larger amount of the sample by DLS compared to
AFM, since DLS identifies all the flakes in the suspension, whereas AFM can identify only those
collected through pretreatment.

Although AFM can provide a rather accurate description of both lateral and vertical dimensions
of a single flake as well as ensemble size distributions, the method is tedious and time-consuming
as a large number of images must be recorded and analyzed, which rarely is the case. DLS, in
comparison, facilitates a much faster and less expensive assessment of the average flake size and
size distribution, although only equivalent size, the equivalent sphere hydrodynamic diameter, is
determined. Since both methods have their limitations, DLS appears to be more advantageous
compared with AFM for fast GO flake size assessment, especially when a large number of samples
are to be analyzed and a relative size description, as opposed to an absolute size description, is
sufficient. Also, other previous studies were also conducted in the same manner, we decided to

utilize DLS in this study [40].
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Fig. 4.1D shows deconvolution of Cls core level of XPS analysis to determine chemical species
consisting of GO flakes. Spectra of GO flakes showed four characteristic peaks with binding
energies of 284.5, 286.4, 287.2, and 287.7 eV attributed to C—C/C=C, C-OH, C-O-C, and C=0
bonds, respectively. The intensity of the C—C/C=C peak originated from sp2-hybridized carbons
[41]. Intensities of C—OH, C—O—C, and C=0 species were greater in the three ball-milled GO groups
than in the GO-4.6 group. For this reason, the degree of oxidation for the ball-milled GO group was
larger than that of the non-ball-milled GO-4.6 group according to Cls and Ols spectra results (Fig.
4.2D, 4.2E). From these data, it can be inferred that as the average size of GO increases, the edge
portion is less attacked by the oxidizing agent. Therefore, the distribution of functional groups such
as C=0 and O-H decreases and the oxidation degree decreases [42]. The chemical exfoliation
process introduced oxygen functional groups into basal and edge planes of graphene. Active sites
on the ball-milled GO surface could bind more oxygen functional groups because of the greatly
increased surface area. Ball-milling reduced the particle size and concurrently increased the number
of polar groups. Despite these vulnerabilities, the relatively large size of GO-1.7 was not
significantly less oxidized than the relatively small GO-0.9 and GO-1.1 groups, unlike the least
oxidized group, GO-4.6 (Fig. 4.1E). Thus, the effect of each GO group on hMSCs is relatively
dependent on the size factor rather than the degree of oxidation.

Raman spectroscopy was utilized to discern changes in molecular morphology of the prepared
GO flakes. All GO samples exhibited the G band at 1590 cm ™' and the D band at 1350 cm™' as the
two main characteristic bands of graphitic materials (Fig. 4.2A). The G band represents in-plane sp2
C—C stretching mode, while the D band is known as a double resonant process induced by scattering
from a defect [43]. Ball-milling pretreatment of graphite powders promoted both a decrease in in-
plane graphitic domain size and an increment in the number of various defects. As a result, as shown
in Fig. S1B, the value of the Ip/Ig intensity ratio is a measurement of disorder degree. When the
graphite precursor was ball-milled for 90 min (GO-0.9), 60 min (GO-1.1), or 30 min (GO-1.7), the

I/l ratio was 1.074, 1.036, or 1.027 for ball-milled graphene oxide, respectively, indicating that
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ball-milling tore the graphitic structure in sunder (Fig. 4.1B). As Ip/Ig value decreases, the degree
of oxidation decreases. Of the three ball-milled GO groups, it was assumed that GO-0.9 and GO-
1.7 had more oxidative functional groups than the GO-1.1 group. A previous study has reported that
ball-milling can reduce GO particles to submicrometer sizes and concurrently transform the particle
morphology from flake to spherical, with a slight decrease in density [10].

Attenuated total reflection (ATR) Fourier-transform infrared (FTIR) spectra were investigated to
identify chemical bonds of GO flakes (Fig. 4.2C). In general, the overall intensity of characteristic
peaks is weakened with a longer milling time. Furthermore, C—H stretching vibrations at 3130 and
3050 cm-1 became more intense in GO-1.7 than in GO-0.9 and GO-1.1 groups. The strong band
around 3400 cm ' attributed to O-H stretching vibrations increased in intensity with increasing
milling duration. The C=0 stretching vibration at 1730 cm™' was also increased. On the other hand,
the C=C stretching vibrations at 1620 cm™' diminished, implying that graphitic rings were damaged
in the oxidation process and changed into oxygen-containing functional groups [44]. Overall,
oxidative functional groups were recruited more in ball-milled GO groups than in the non-ball-

milled GO-4.6 group.
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Figure 4.1. Synthesis and characterization of physical properties of GO. (A) Assigned
names of experimental groups by their average hydrodynamic diameter. The more the ball-milling
time, the smaller the GO flakes. (B) Morphology and wrinkled structure of GO were analyzed by
TEM. (C) The size distribution of each group of GO was analyzed by DLS. (D) Deconvolution of
XPS spectra for GO flakes (from left to right: GO-0.9, GO-1.1, GO-1.7, and GO-4.6). (E) XPS
intensity ratio of oxygen and carbon peaks. GO-4.6 had relatively low oxygen-containing groups

than other groups.

25



>

Intensity (A.U.)

w

Intensity (A.U.)

GO-1.7
GO-1.1
G0-0.9
12'00 14l00 16I00 18:00

Raman shift (cm)

C1s

|\ eoes
|\ eoa |
L S, eon7 |
|\ G046 |
290 288 286 284 282 280 278
Binding energy (eV)

B 1.10

Absorbance (A.U.)

1.081
] *
1.061
o
i ]
1.041 -
1 *
1.024
00
G009 GO-1.1 GO-1.7

m

Intensity (A.U.)

O1s

|/ soas]
EEVANCE]
PN 25

538 536 534 532 530 528 526 524
Binding energy (eV)

distribution of surface functional groups on each GO group.

26

GO-1.7
GO-1.1
GO-0.9

3500 3000 2500 2000 1500 1000

Wavenumber (cm-)

Figure 4.2. Detailed characterization of graphene oxide (GO). (A-B) Raman spectra of GO
and the calculated value of [D peak area versus G peak area] in Raman spectra. The longer the ball-
milling time, the higher the value of [D peak area versus G peak area]. (C) FT-IR spectra of GO.
Conventional peaks observed in GO were found and several peaks were assigned due to damage to

the intact graphene structure. (D-E) Cls XPS spectra of GO and Ols XPS spectra of GO showing



4.3. Morphology and cytotoxic effect of GO attached to hMSCs

Fig. 4.3A shows representative SEM images, which is the morphology of GO flakes on the
surface of hMSCs. GO in the form of a flake was attached to the outside of the cell membrane. After
affixing cells to a cover slide glass and magnifying the edge of the cell membrane, the GO in the
form of a flake was detected to be attached to the outside of the cell membrane. While the surface
of the control cells was smooth, the surface of GO-treated cells showed a rough and wrinkled
structure due to the attached graphene oxide [45]. TEM images in Fig. 4.3B show cell edge treated
with GO (black arrows). The cell was cut in the form of a pellet and GO was shown as a solid line.
However, in SEM, GO flakes was shown in the form of a plane. GO appearing like a solid line on
the cell surface was observed only on the surface, not inside the cell. Several studies have reported
that nano-sized GO is internalized into cells, whereas GO used in this experiment was confirmed to
attach only to the edge of the cell [46].

The cytotoxicity of GO to hMSCs was evaluated by measuring the viability of hMSCs after 24
hours of treatment (Fig. 4.3C). A previous research has reported that GO might be cytotoxic in a
dose-dependent manner [47]. Cytotoxicity of GO generally showed a tendency to increase with
increasing concentration of GO in all groups. The experiment was conducted at a concentration of
10 pg/ml, which showed a relatively low toxicity (over 8-90% of viability). In addition, proliferation
during 21 days of osteogenic differentiation was investigated to assess the long-term cytotoxicity of
GO. Data of each group were then compared with the control on day 7 (Fig. 4.3D). After 21 days of
differentiation, the viability of hMSCs was decreased in all groups treated with GO compared to
that of the control group, which showed a relatively long-term toxicity of graphene oxide materials.
In particular, the GO-4.6 group showed a noticeable cytotoxicity, consistent with previous results
reported size-dependent toxicity of graphene materials [48]. The modification by oxidative
functionalization of graphene surfaces revealed differential hydrophilicity; their hydrophilicity
increased with the increased oxygen content, consistent with the findings of Chatterjee et al.

Aggregation of graphene due to low dispersion in exposure medium is attributed as one the major
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reasons for the difference in degree and mode of cytotoxicity [49]. Pristine graphene, which readily
aggregates, due to its hydrophobic nature (extensive sp2 carbon backbone), and largely in the
exposure medium it induced a significant reduction in cell viability even at 5 ug ml—1 concentration
as compared to the control. These results support the hypothesis that pristine graphene cytotoxicity,
even at the lower exposure doses, could possibly occur due to the hydrophobic sheets or aggregates
interacting with and absorbing vital nutrients or cell signaling molecules necessary for cell survival
[50]. As a result, in the three ball-milled GO groups except for the GO-4.6 group, although the
cytotoxicity was significant compared to the control group, cells proliferated over 21 days of

osteogenic differentiation.
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Figure 4.3. Morphology of GO on the surface of hMSCs and cytotoxicity of GO. (A) Planar
morphologies of GO on the surface of hMSCs and hMSCs without GO were analyzed by SEM. The
surface of hMSCs with GO-1.7 showed ruffling and shedding whereas the surface of hMSCs without
GO was smooth. (B) Vertical morphology of GO on the surface of hMSCs was analyzed by TEM.
Black arrows indicate vertical morphology of GO flakes. (C) Dose-dependent cytotoxicity of GO to
hMSCs after 24 hours of treatment (n = 5). The concentration of 10 pg/ml was selected for the
application, which showed a relatively high viability of 80 to 90% in all groups. (D) Proliferation

of hMSCs during osteogenic differentiation for 21 days. All values were normalized and compared

statistically with the value of the control group on day 7 (n = 5).
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4.4. Conclusions

To investigate effects of various sizes of GO on hMSCs, three groups of GOs with different size
distributions were produced with varying ball-milling time durations of 30, 60, and 90 minutes. The
effect of each GO group on hMSC:s is relatively dependent on the size factor rather than the degree
of oxidation. Overall, oxidative functional groups were recruited more in ball-milled GO groups
than in the non-ball-milled GO-4.6 group. After 21 days of differentiation, the viability of hMSCs
was decreased in all groups treated with GO compared to that of the control group, which showed a
relatively long-term toxicity of graphene oxide materials. In particular, the GO-4.6 group showed a
noticeable cytotoxicity, consistent with previous results reported size-dependent toxicity of
graphene materials. As a result, in the three ball-milled GO groups except for the GO-4.6 group,
although the cytotoxicity was significant compared to the control group, cells proliferated over 21

days of osteogenic differentiation.
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Chapter 5. Enhanced osteogenic differentiation
of bone marrow-derived human mesenchymal stem cells

using size-controlled graphene oxide flakes

5.1. Introduction

Among various applications of graphene, this paper focused on the lateral size of graphene oxide
(GO) flakes and responses of bone marrow-derived human mesenchymal stem cells (BM-hMSCs).
It has been reported that the cytotoxicity of a graphene material depends on its lateral size whereas
the effect to stem cell lineage determination was less studied [48-52]. In a recent study, when micro
graphene oxide (MGO) and nano graphene oxide (NGO) were applied to osteogenic differentiation
of human adipose-derived mesenchymal stem cells, it was confirmed that MGO enhanced
expression levels of osteogenic marker gene and protein than NGO [53]. Using human mesenchymal
stem cells (hMSCs) and mouse embryonic stem cells, it was confirmed that integrin downstream
signal involving ERK and phosphoinositide 3-kinase (PI3K) pathway was activated by graphene
oxide (GO) [54-56].

hMSCs show various cellular responses and lineage specification depending on cellular nichESC
such as extracellular matrix (ECM), and microenvironment through mechanotransduction [57-59].
It has been reported that physical cues such as matrix stiffness, shear stress, and cell-recognized
tension surrounding stem cells can affect the lineage specification of stem cells [60-63]. In this study,
using a sheet form of graphite with a diameter of more than 20 pm of precursor, the size of GO was
narrowed under defined conditions to compare the effect of osteogenic differentiation and the
pathways. To pursue the unity of material properties compared to GO used in previous studies, a
ball-milling method that is effective in controlling the size of GO has been previously proposed [10].
The ball-milling method can reduce the size of GO particles to have a relatively tight range of

particle size distribution and more polar groups than non-ball-milled GO flakes due to increased
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surface area. Guided by these considerations, we propose for the first time that various size
distributions of GO can affect early cell spreading and osteogenic differentiation of hMSCs through
integrin receptor-subordinate signals with certain sizes of GO being effective.

Herein, pristine GO was processed through the ball-mill method. Three GO experimental groups
with a relatively tight range of sizes were applied to osteogenic differentiation of hMSCs for 21 days
(Figure 5.1). To analyze the mechanism involved in the osteoinductivity of GO, we focused on early
cell spreading and formation of focal adhesion complex. This study contributes to bone tissue
engineering as well as broadens our understanding of the correlation between osteogenic

differentiation of hMSCs and graphene oxide material in terms of lateral size of GO.
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Figure 5.1. Osteogenic differentiation of hMSCs using GO flakes fabricated by ball-
milling and oxidized by modified Hummers’ method. Graphite was mechanically fragmentized
with various sizes of zirconium oxide balls of 1, 2, and 5 mm in diameter. The fabricated powder
was size-fractionated and then applied to oxidation via the modified Hummers’ method, resulting
in the synthesis of GO flakes with narrowly distributed sizes. Size-fractionated GO (GO-0.9, GO-
1.1, GO-1.7) and no-ball-mill GO (GO-4.6) were treated with hMSCs to induce osteogenic
differentiation for 21 days. The extent of osteogenic differentiation was compared between groups

with different sizes of GO.
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5.2. Enhancing effect of GO on osteogenic differentiation of hMSCs

To determine whether the average size of GO could affect the osteogenic differentiation of
hMSCs, we examined expression levels of several osteogenic markers during osteogenesis. First,
we examined gene expression levels of osteogenic markers during 21 days of osteogenic
differentiation. RUNX2, a transcription factor essential for osteoblast commitment and early stages
of osteoblast differentiation, was used to detect early osteogenic differentiation. Real-time RT-PCR
analysis of early and mid-to-late osteogenic differentiation marker genes revealed significant
differences of all markers in experimental groups compared to those of the control group on day 7
except for the GO-4.6 group (Fig. 5.2A). On day 14, significant differences were found for all genes
except RUNX2, an early osteogenic marker. No significant difference was found for RUNX2 on day
14 in the GO-4.6 group. On day 21, significant differences were found for all three osteogenic
markers in GO-treated groups. Thus, all GOs used in the experiment were capable of promoting
osteogenic differentiation on day 21. The difference was particularly significant in the GO-1.7 group.

Second, the activity of alkaline phosphatase was evaluated to compare the extent of early
osteogenic differentiation by ALP staining (Fig. 5.2B). Activation of ALP is a representative marker
of early osteogenesis. The purple color of ALP staining was remarkable in three ball-milled GO
groups compared to that of the control group. The GO-4.6 group showed the least staining intensity.
ARS staining results of stained minerals deposited in the extracellular matrix also showed a
tendency to increase as the size of the GO sample increased except for the GO-4.6 group, similar to
the gene expression profile (Fig. 5.2C). The part shown in red is a mineral. It was assessed by
quantifying the stain after dissolving it with cetylpyridinium chloride and then measuring the
absorbance (Fig. 5.2D). All values were normalized with the value of the control group. Results of
analyzing images of bright fields revealed that the relative mineralization was the highESCt in the
GO-1.7 group.

In addition, protein expression levels of type Wecollagen and osteopontin (OPN) specifically

expressed in osteoblasts were compared through immunochemical analysis (Fig. 5.2E). Type
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Wecollagen and OPN are both extracellular proteins expressed in the shape of an extracellular
matrix [64, 65]. Consistent with previous results, ball-milled GO-treated groups showed higher
protein expression than the control group. In particular, expression levels of both osteogenic marker
proteins were outstanding in the GO-1.7 group. The fluorescence image was quantified and the value
of relative expression level for each group was compared. It was confirmed that the GO-1.7 group
showed a significant increment of type Wecollagen and OPN expression compared to all other
groups (Fig. 5.2F). As such, it was confirmed that h(MSCs treated with the ball-milled GO showed
enhanced osteogenic differentiation compared to the control group and the GO-4.6 group, with the
experimental group treated with GO with an average diameter of 1.7 um showing the most

prominent effect at 21 days after osteogenic differentiation.
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Figure 5.2. Enhancing effect of GO on hMSCs during osteogenic differentiation. (A)
Relative gene expression profile of osteogenic markers for 21 days. All values were normalized
against values of the control group on day 7 (n = 5). (B) Alkaline phosphatase staining for the
evaluation of osteogenic differentiation of hMSCs. Cells were stained on day 21. (C) Alizarin Red
S (ARS) staining for the evaluation of osteogenic differentiation of hMSCs. Cells were stained on

day 21. (D) Quantitative analysis of ARS staining. All values were normalized against the control



group (n = 4). (E) Immunostaining for evaluation of osteogenic differentiation of hMSCs. Cells
were stained on day 21. (F) Mean fluorescence intensity (MFI) of Type Wecollagen and OPN

expressed in hMSCs. All values were normalized against the control group (n = 30).
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5.3. Promotion of early cell spreading and focal adhesion complex formation of
hMSCs by GO-1.7

Following previous gene expression, staining, and immunocytochemical results, experiments
were conducted to understand the underlying mechanism by which the ball-milled GO, especially
the GO-1.7 group, promoted osteogenic differentiation. Based on the hypothesis that the size of GO
will change early mechanosensing of hMSCs, focal adhesion, a process in which cells accept
physical stimuli from the surrounding environment like an extracellular matrix was investigated to
assess early adhesion of hMSCs. The integrin receptor in the plasma membrane is directly bound to
the RGD sequence in the extracellular matrix. Several inner proteins are directly linked to the
integrin receptor to form a focal adhesion complex [4, 66]. The focal adhesion complex acts as a
mediator to translate the mechanical cue received by cells through the cytoskeleton connected to the
cell nucleus, thus affecting cell cycle or differentiation [67].

First, in the case of cells treated with GO, it was observed that cells stretched further than the
control during the initial cell adhesion process within one day (Fig. 5.3A). Cells in the GO-1.7 group
showed enhanced cell adhesion, thus enhancing cell area. Through these results, the aspect ratio (the
ratio of cell area to width and height) and cell area were analyzed. As shown in the graph for each
group (Fig. 4B), focal adhesion-related values of the GO-1.7 group were significantly different from
those of other groups, consistent with previous results. Therefore, the accelerating effect of GO on
initial cell spreading influenced the extent of osteogenic differentiation.

To evaluate the development of early focal adhesion complex, focal adhesion kinase (FAK) was
labeled with red fluorescence. Values of focal adhesion area, aspect ratio, number, and mean
fluorescence intensity obtained from fluorescence images were compared (Figs. 5.3C, 5.3D) [68,
69]. Similar to cell spreading results, the focal adhesion complex in ball-milled GO, especially GO-
1.7, appeared sharp and edged focal adhesion complex on the image. The same tendency was also
shown in quantitative comparison of FA area, aspect ratio, number, and MFI. Therefore, ball-milled

GO, especially GO-1.7, showed an increase of early cell spreading caused by the initial focal
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adhesion complex formation of hMSCs. The upregulation in the initial focal adhesion complex acted
as a source for GO-1.7 to show a remarkable effect on osteogenic differentiation at 21 days after

treatment.
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Figure 5.3. Promotion effect of GO on early cell spreading and focal adhesion complex
formation of hMSCs. (A) Immunostaining for the evaluation of early cell spreading of hMSCs. In
the case of GO-treated cells, it was observed that cells stretched in all directions compared to the

control group during the initial cell adhesion process within one day. (B) Quantitative analysis of
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early cell spreading. (n = 30). (C) Immunostaining for the evaluation of early focal adhesion
formation of hMSCs. Focal adhesion kinase was labeled and analyzed. The focal adhesion complex
was most developed in the GO-1.7 group. White arrows indicate the focal adhesion complex. (D)
Quantitative analysis of focal adhesion. Values were obtained by analysis from the image of (C) (n

= 30).
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5.4. Expression and localization of osteogenic marker proteins by GO-1.7

To investigate the mechanism involved in the accelerating effect of GO-1.7 on osteogenesis of
hMSCs, factors related to cell spreading were controlled by adjusting cell density. Under a confluent
condition, cells were seeded six times more densely compared to the standard condition to ensure a
full spread condition of hMSCs (Fig. 5.4A). The investigated cell confluency of the confluent
condition was about 100% right after cell seeding. Expression levels of focal adhesion and
osteogenesis-related genes, Western blot signal of the osteogenic master regulatory transcription
factor, RUNX2, and YAP nuclear localization in both standard and confluent conditions of hMSCs
under GO-1.7 treatment were then evaluated.

Expression levels of three genes constituting the focal adhesion complex assumed to be promoted
by GO were assessed (Fig. 5.4B). As a result, when GO was used for treatment under the standard
condition, it was confirmed that expression levels of focal adhesion-related genes were increased
rapidly within one day of osteogenic differentiation, consistent with previous results showing that
graphene oxide enhanced early cell spreading and focal adhesion of hMSCs. Expression levels of
those genes were generally higher under the confluent condition than those under the standard
condition without GO due to dense distribution of cellular focal adhesion structures [70]. However,
under the confluent condition, there were relatively less significant differences between the two
groups without or with GO, whereas significant differences in the expression level of 3 genes
between the two groups without or with GO were found under the standard condition. Except for
the one-star significance in 7LN expression, there were no significant changes in PTK2 or PXN
expression between the two groups without or with GO under the confluent condition. These results
implied that the early enhancing effect of GO on cell spreading and focal adhesion did not appear
in the confluent condition, a situation where cell spreading had already been sufficiently achieved
by other environmental components.

As an extension, expression levels of RUNX2, an early osteogenesis-related gene, showed a

tendency similar to those of focal adhesion-related genes under standard and confluent conditions
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(Fig. 5.4C). These results support previous findings that an increase in initial focal adhesion can
lead to an increase in early osteogenic differentiation-related signals [71]. As a result of Western
blot analysis for the expression of RUNX2 protein, the effect of GO in promoting osteogenic
differentiation was observed in both standard and confluent conditions, consistent with previous
results in terms of GO presence (Fig. 5.4D). However, the overall expression of RUNX2 protein in
each group was decreased in the confluent condition. These results revealed that the RUNX2 gene
was upregulated. However, due to factors such as influences of the interplay of YAP protein acting
as a down-regulator of early osteogenesis, RUNX2 seemed to have a barrier to reaching sufficient
protein expression level in the confluent condition than in the standard condition [72, 73].

Gene expression levels of YAP during the initial osteogenic differentiation process due to
mechanosensing were evaluated. Results are shown in Fig. 5.4C. Expression levels of YAP were
increased in GO groups under both standard and confluent conditions compared to those in the group
without GO treatment. The overall expression level of Y4AP under the confluent condition was less
than that under the standard condition. To compare images stained with cytoskeleton and nucleus
markers, nuclear and cytosol expression levels of the YAP protein shown in green and nuclear
localization level of YAP based on ICC images were quantified (Figs. 5.4E, 5.4F). The nuclear
localization of YAP protein was significantly increased in the group treated with GO under the
standard condition, whereas it was decreased in both two groups (without or with GO) under the
confluent condition. Contrary to gene expression results, there was no significant difference in the
level of nuclear localization between the two groups (without or with GO) under the confluent
condition. These results are consistent with a previous report showing that nuclear localization of
YAP is decreased instead of an increment of N-cadherin expression in the maximized cell-to-cell
junction environment [68]. Similar to the expression tendency of RUNX?2, it was observed that the
ability of GO to promote early osteogenic differentiation was not noticeable in the confluent
environment where cell-to-cell interaction was maximized. These results demonstrate that GO can

promote early osteogenic differentiation of h(MSCs by FAK-subordinate pathways, leading to initial
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cell spreading, increment in nuclear localization of Y AP, and then upregulation of osteogenic master

regulatory transcription factor RUNX2 expression in this study.
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Figure 5.4. Effect of GO on the expression and localization of osteogenic marker proteins.

(A) Schematic design for the evaluation of difference between standard condition and confluent

condition. (B) Relative gene expression of focal adhesion-related genes on day 1 (n = 3). (C)

Relative gene expression of osteogenesis-related genes on day 1 (n = 3). (D) Western blotting of

RUNX2 protein. (E) Immunostaining of YAP protein for the evaluation of nuclear localization. (F)

Quantification of intranuclear localization of YAP protein. Values were obtained by analyzing

images in (E) (n = 27).
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5.5. Proposed mechanism of osteogenic differentiation enhanced by GO

To ascertain if the variation in the expression level of the early focal adhesion complex protein
influenced osteogenic differentiation when hMSCs were treated with GO, the expression of signal
producer proteins involved in the mechanotransduction pathway was examined by Western blot (Fig.
5.5A). As representative kinases that might stimulate the focal adhesion signal to osteogenesis-
related signal, the expression and phosphorylation of FAK, mitogen-activated protein kinase (MEK),
and extracellular signal-regulated kinase (ERK) were examined [74, 75]. When FAK, MEK, and
ERK phosphorylation levels were evaluated, it was found that GO groups—especially the GO-1.7
group—had greater levels than the control group. This finding is in line with earlier findings from
this study that showed improved osteogenic differentiation.

The proposed signaling pathway is shown in Fig. 5.5B. First, the expression and phosphorylation
of FAK protein belonging to the focal adhesion complex were increased. Phosphorylation levels of
downstream kinases MEK and ERK were also increased. Thus, the pathway leading to osteogenic
differentiation was confirmed. The increase in the expression of RUNX2 was shown in the Western
blot result (Fig. 5D, Fig. S4) for the GO-1.7 group. By affecting local adhesion formation,
cytoskeletal mechanics, and ERK pathways, mechanical sensing promotes stem cell differentiation
[76]. Elongated cell shape causes cytoskeletal stress, which activates FAK in osteogenic
differentiation-mediated pathways. Additionally, FAK activation that results in positive feedback
boosts cytoskeletal tension and encourages osteogenic differentiation. According to earlier research,
proteins in the cell membrane interact with functional groups on the basolateral and marginal
surfaces of GO, such as epoxide, carboxyl, and hydroxyl groups, in order to bind to the compound
[77, 78].To favorably control osteogenic development, activated FAK is autophosphorylated, and
subsequent ERK signaling pathways provide mechanistic data to the cell nucleus [79]. In this work,
it was established that GO itself, rather than the action of proteins or growth factors localized to GO,

promoted spreading in the early cell adhesion phase within 1 day. For the first time, we show that
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during the early stage of cell attachment, these physical stimuli act as a trigger and intrinsically
enhance the integrin signal to induce osteogenic differentiation.

Among GO groups of different average sizes obtained through ball-mill method, we found that
GO-1.7 had a remarkable effect in promoting osteogenic differentiation. In stem cell research using
graphene-based materials, various studies have been conducted on the impact of physicochemical
properties such as lateral size of GO and functional group modification through surface
functionalization on cytotoxicity and lineage specification of stem cells [50, 80, 81].

The level of reactive oxygen species (ROS) might be a factor that affects the osteogenic
differentiation of hMSCs [82]. According to a previous study, the presence of GO can reduce the
ROS level. Thus, each group was investigated in the present study. It was confirmed that the ROS
level was decreased consistently in GO-treated groups than in the control (Fig. 5.6). These factors
might have also enhanced osteogenic differentiation. Also, one limitation of our study is that all
experiments were performed in vitro. According to previous work, the in vivo experiment employing
a biocompatible scaffold including GO could clarify whether GO could accelerate regeneration of
bone defect model owing to increased angiogenesis [83]. Assessment of TEM and SEM images
obtained in this study has some limitations due to sample deformation such as severe dehydration
during sample fixation and resin fabrication for live imaging and analysis of detailed interactions
between cells and GO. In addition, fluorescence imaging of GO on the cellular surface using Dil
staining might be an option for distinguishing the presence of GO on the cell surface. However, a
method for imaging or analyzing detailed physicochemical interactions between the cellular
membrane and oxidative functional groups in GO needs to be developed [84].

Previous studies have shown that the size of GO sheets affects both cytotoxicity and the
determination of stem cell lineages [50]. For instance, it has been shown that GO substrate with a
micron size range of 1-10 pm was more effective than GO with a nano-size range in promoting

osteogenic differentiation or neuronal differentiation [53]. In this study, the effect of a specific

size of micro-sized GO on osteogenic differentiation of hMSCs was observed using three
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GO groups with relatively uniform size distribution and GO groups without size control. It
was confirmed that a specific GO group exhibited enhanced osteogenic differentiation. The
optimal average size was found to be 1.7 um. Through these findings, it can be inferred that there

would be a particular size of GO that could be attached to the cellular membrane in order to change

the cellular mechanosensing in relation to the curvature of cellular membrane.
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Figure 5.5. Signaling pathway of osteogenic differentiation enhanced by GO. (A) Western

blotting of focal adhesion-related signaling proteins. Higher expression was observed in GO groups

(especially the GO-1.7 group) than in the control group. (B) Proposed mechanism of GO. Focal

adhesion stimulation by attachment of GO on the cellular surface of hMSCs exerted an osteogenic

differentiation function following downstream signals.
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Figure 5.6. Amount of relative oxygen species (ROS) of hMSCs treated with GO. The amount
of ROS is expressed in green fluorescence using an ROS detection kit. Measurements were
performed for each experimental group, including positive and negative controls. Result is shown
in the amount of ROS in each experimental group as a percentage with the control set to 100%.
Except for the GO-0.9 experimental group which had a large deviation, obtained results were almost
similar to the control group. The amount of ROS generated was significantly reduced in all other
experimental groups. These results indicate that GO is involved in the mechanism of ROS reduction

as previously known. This might promote antioxidative reaction and osteogenic differentiation.
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5.6. Conclusions

In this study, the pristine graphite was processed through a ball-mill method known as an effective
GO size fractionation method. The obtained three GO samples with narrower size distribution were
applied to osteogenic differentiation of hMSCs for 21 days. Gene expression levels, ALP activity,
calcification, and protein levels were determined at 21 days after osteogenic differentiation for the
control group not treated with GO (GO-4.6) and the three groups treated with GO-0.9, GO-1.1, GO-
1.7. In the GO-treated experimental group, osteogenic differentiation was generally improved, with
the GO-1.7 group showing the most prominent results. To analyze the cause of this osteogenic
differentiation promoting effect, the fact that GO promoted early cell spreading and the formation
of focal adhesion complex was investigated. A tendency to increase focal adhesion was observed,
similar to that of osteogenic differentiation. As a result of analyzing the underlying mechanism
through Western blot and Y AP nuclear localization, it was confirmed that cellular mechanosensing
was enhanced by GO, especially by GO-1.7, thus promoting osteogenic differentiation. The
significance of this study was that effects of various lateral sizes of GO on mechanosensing of hMSC
were evaluated. Detailed interactions between cells and GO need to be assessed in subsequent
studies. This study contributes to our understanding of the physicochemical effect of graphene
material on hMSCs and attributes for tissue engineering research by increasing the efficiency of

osteogenic differentiation.
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Chapter 6. Enhancing effect of graphene oxide flakes
on stem cell viability in single-cell detachment

and shear stress-caused apoptotic circumstances

6.1. Introduction

The utility of stem cell therapeutics is limited due to the low cell engraftment rate and apoptosis
called anoikis at the transplantation site (Fig. 6.1A). Graphene oxide can interact with proteins like
integrin on the cellular membrane through its versatile oxidative group, and it has been known in
previous studies that it can be applied for the regulation of stem cell behavior by various cellular
responses like mechanosensing [85]. In this study, graphene oxide was used as a cellular adhesive
to increase cell viability in vifro environment that simulates single-cell detachment and
physiological shear stress of the transplantation site (Fig. 6.1B). It was confirmed through Live/Dead
assay and CCKS assay that the h(MSCs and hESCs treated with GO under non-adhesive coating with
pluronic F-127 and shear stress through shaking incubator showed higher survival rates and larger
cellular area. The effect of enhanced viability was more pronounced in the hESCs. Also, it is known
that the lateral size of GO is an important factor in stem cell viability and differentiation, and it was
confirmed that the GO experimental group with an average diameter of 1.7 pm had greater cell
viability enhancing effect than the GO with a diameter of 4.6 um. It was confirmed that micro-sized
GO was attached to the cell surface and functions as a cell adhesion agent in a non-adhesive
environment. These results show that GO is a material that can be used for stem cell transplantation

to increase the engraftment rate of cells [84].
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The research to lower apoptosis in single cell detachment culture by GO by mimicking cell
transplanting and utilizing the impact of boosting cell focal adhesion by go. This study was based
on the findings of the previous chapter. It can be used to suspension culture or cell transplantation
to boost cell viability. It was attempted to lessen the apoptosis that happens during cell
transplantation therapy using these characteristics of GO. The poor engraftment rate of the
transplanted cells necessarily restricts research on the transplantation of stem cells into regions
needing regenerative therapy [86]. In order to address this issue, GO was employed as a substance
to boost the survivability of the cell in both the in vitro environment, which mimics the shear stress
of the real environment, and the single cell detachment condition, which illustrates the transplant

site.

6.2. Viability of h(MSCs treated with GO-1.7 in non-adhesive condition and shear
stress

First, in condition 1, Pluronic F-127 coating used for general non-adhesive coating was used.

when comparing cell survival through live/dead assay at 4 hour intervals up to 24 hours, at 24
h, cell survival was significantly increased during go treatment than control, and even though non-
coating treatment was performed, the experimental group treated with GO was somewhat on the
floor (Fig. 6.2A, B). It has been confirmed that adhesion is possible.

Comparing this through image analysis, it was confirmed that when treated with GO compared
to control, cells were killed except for 20% in control, but maintained about 50% survival. Some
adherent cells were observed in hMSCs treated with GO-1.7 while control cells remained round-
shape because of non-adhesive coating with Pluronic F-127. This effect was confirmed by CCKS8
assay, which remained different in the two groups until 48 hours, and when the cell size was
compared at 24 hours, it was confirmed that the cells treated with GO expanded their cell area

through some adhesion (Fig. 6.2C, D).
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Figure 6.2.Viability and cell area of hMSCs treated GO-1.7 during 24 hours in non-
adhesive condition (condition 1). (A) Live/Dead assay of hMSCs treated 1.7 um-GO during 24
hours. Cells were observed every 4 hours. (green: live cells, red: dead cells) (B) Viability of hMSCs
analyzed by Live/Dead assay until 24 hours. (n = 5) (C) Viability of hMSCs analyzed by CCKS8

assay until 48 hours. (n = 7) (D) Comparison of cell area between two groups. (n=111)
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Second, it was tried to compare the cell survival effect of GO by creating an environment where
shear stress is applied through a shaking incubator. Similarly, compared through image analysis,
when treated with GO compared to control, the cells had a higher survival rate in GO-1.7 than in
control and GO-4.6, which showed a greater difference when confirmed by CCKS8 assay up to 48
hours (Fig. 6.3A, B). When the cell size was compared at 24h, the area of cells thought to have
activated focal adhesion to some extent by treatment with GO-1.7 increased slightly, but because
adhesion did not occur as in condition 1, it was not very large with the control (Fig. 6.3C, D). showed
the difference. In the case of GO-4.6, its cytotoxicity is also somewhat higher than that of GO-1.7.
In particular, in the results of previous studies, there was no effect to activate focal adhesion, so it

did not enhance cell survival.
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Figure 6.3. Viability and cell area of hMSCs treated GO-1.7 and GO-4.6 during 24 hours
in non-adhesive condition with shear stress (condition 2). (A) Live/Dead assay of hMSCs treated
GO-1.7 and GO-4.6 during 24 hours. (B) Viability of hMSCs analyzed by Live/Dead assay until 24
hours. (n = 5) (C) Viability of hMSCs analyzed by CCKS8 assay until 48 hours. (n = 5) (D)

Comparison of cell area between three groups. (n =41)
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6.3. Viability of hESCs treated with size-controlled GO flakes in non-adhesive
condition

Human eembryonic stem cells are vulnerable to apoptosis during cell separation and
dissociation. They undergo massive apoptosis, particularly after complete dissociation, and the
replication efficiency of dissociated hESCs is usually less than 1% after 1 day.

As a result of observing hESCs in a non-adhesive environment for 24 h, it was confirmed that
the survival rate was higher in the size-controlled GO test group, compared to the death of most
cells in the two experimental groups (Fig. 6.4A, B). It is noteworthy that, unlike hMSC, hES had an
increased survival rate when treated with GO-0.9. It is speculated that the size of hES cells itself is
smaller than that of hMSCs, which may have changed the surface area outside the cell and the degree
of mechanosensing by the size of GO. In particular, it is known that the survival rate can be increased
from 1% to 26-30% through rock inhibitors, which are commonly used to reduce apoptosis of HES.
can be checked.As such, it was confirmed that the experimental group treated with size-controlled
GO showed a higher survival rate in an environment where adhesion was prevented. In addition, the
lateral size of GO is known to be an important factor in stem cell response [48]. In particular, in this
experiment, the sub-signal of the focal adhesion complex through integrin was activated, so that the
average diameter of hMSCs was GO-1.7 and hES, GO-0.9. It has been confirmed that the effect of
improving cell viability is high. These results show that GO is a material that can be used for stem

cell transplantation to increase the engraftment rate of cells.
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6.4. Conclusions
hMSCs treated with GO-1.7 showed enhanced cell viability in the control group in non-
adhesive conditions. hMSCs treated with GO-1.7 in non-adhesive, shear stress condition showed
enhanced cell viability than the control and GO-4.6 treated group. In the case of hESCs, there was
an effect of enhancing cell activity in the GO-0.9 group. As a result, GO-1.7 and GO-0.9 played as
a cellular adhesive, resulting in increased cell size and increased cell survival rate in harsh conditions
in hMSCs and hESCs, respectively. These properties of GO can be utilized to increase the cell

viability at the transplantation site (Fig. 6.5).

62



Graphene oxide

Cell

3 ’ J N
Cells in non-adhesive condition Cell

Decreased anoikis APOPTOSIS (anoikis)

Figure 6.5. Decreased deterioration of cells on non-adhesive condition through the effect

of size-controlled GO.

63



Chapter 7

Enhanced neural differentiation
of adipose-derived human mesenchymal stem cells

using size-controlled graphene oxide flakes

64



Chapter 7. Enhanced neural differentiation
of adipose-derived human mesenchymal stem cells

using size-controlled graphene oxide flakes

7.1. Introduction

In autologous cell transplantation and tissue engineering researches to treat various neuronal
disorders, efforts to develop an efficient platform for stem cell growth and neural differentiation are
needed [87]. Recently, it has been reported that monolayer graphene oxide enhanced neural
differentiation by regulating cell-cell and cell-substrate interactions and thereby promoting
outgrowth of neurites [88]. Herein, cell-penetrating magnetic nanoparticles (MNPs) and monolayer
graphene oxide sheets were utilized to form adipose-derived human mesenchymal stem cells
(ADSC:s) spheroids and neural differentiation was analyzed. Through intracellular delivery of MNPs
into the ADSCs and treat of graphene oxide sheets, suspended and magnetized ADSCs efficiently
clustered into spheroids containing graphene oxide driven by magnetic pin-based external magnetic
forces. After five days of neural differentiation, increment of nissl bodies was observed by nissl
staining in the spheroid group. Also, expression of PAX6 (paired box 6) and Tujl (class III beta
tubulin), neuronal marker protein, was demonstrated only in the spheroid group by
immunocytochemistry as well as neural induction marker genes; NES (nestin), TUBB3 (class 111

beta tubulin), GFAP (glial fibrillary acidic protein) [89].
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7.2. 3D culture of ADSCs

When magnetic nanoparticles are introduced into mesenchymal stem cells and cultured in two
dimensions, there is no significant difference from the conventional culture without magnetic
nanoparticles. Attached to the bottom, the mesenchymal stem cells were cultured while maintaining
their original shape, and showed a tendency to gradually proliferate. The mesenchymal stem cells
cultured two-dimensionally on a flasks were observed to be attached in a star-shaped form.

Cells into which magnetic nanoparticles are introduced are magnetized and have mobility by
magnetic force. Therefore, it is easy to control the movement by external magnetic force after
introducing magnetic nanoparticles into the cell to realize the three-dimensional mesenchymal stem
cells. It was confirmed that graphene was attached to the outer part of the cell membrane and
aggregated, which could be observed under a microscope. As the magnetized cells were removed
from the flask and injected on the magnetic force concentration platform, it was observed that the
cells gathered to a single point as shown (Fig. 7.2A). The magnetic force concentrated by the tack
was enough to attract the cells magnetized by the magnetic nanoparticles, so the cells gathered
together to form a three-dimensional shape in space.

Responses in cell viability of ADSCs depending to MNP and GO concentrations were
compared (Fig. 7.2B, C). Cosnistent with the previous results, MNPs themselves did not cause
significant cytotoxicity, and GO showed toxicity with increased concentration. The experiment was

conducted at a concentration of 10 pg/ml with relatively low toxicity.
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MNPs. (A) Optical images of experimental groups. (B) MNPs and GO dose-dependent viability of

ADSCs measured with CCK8 assay.

68



7.3. Gene expression of neural induction markers in ADSCs

To determine whether the average size of GO could affect the neural differentiation of hADSCs,
we examined expression levels of several neurogenic markers during neurogenesis. First, we
examined gene expression levels of osteogenic markers during 5 days of neurogenic differentiation.
NES, a a cytoskeletal intermediate filament initially characterized in neural stem cells, was used to
detect early neural differentiation in Fig. 7.3A [90]. Real-time RT-PCR analysis of other neurogenic
differentiation marker genes, TUBB3 and GFAP revealed significant differences of all markers in
3D ADSCs groups compared to the 2D ADSCs group (Fig. 7.3B, C). On day 5, significant
differences were found for all genes. Thus, all GOs used in the experiment were capable of
promoting neural differentiation on day 5 in 3D culture condition. The difference was particularly
significant in the GO-0.9 group in 3D condition.

When compared in the two-dimensional experimental group, it was confirmed that the neural
differentiation of ADSCs was slightly promoted by GO, as previously known. In addition, since it
was previously confirmed that MNPs also had a neuronal differentiation-promoting effect, the
neural differentiation-promoting effect was observed in the group to which MNPs were added
accordingly [91]. At this time, the neural differentiation promoting effect of the two-dimensional
experimental group was similar to the bone differentiation promoting effect, and the result was
dependent on the size of GO. In particular, it was confirmed that the GO-1.7 experimental group
showed a slightly more accelerated neural differentiation effect than other groups. On the other hand,
GO-4.6 did not show a significant difference compared to the existing method without introducing
MNPs in the expression of NES and TUBB3, confirming that it follows a similar trend to the
previous results.

In the case of the 3D experimental group, interesting results were confirmed. Compared with
the 3D ADSCs w/o GO experimental group, the 3D experimental group using GO and magnetic

force showed high neuronal differentiation efficiency, respectively. However, the effect of GO size
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was quite different from that of 2D. At this time, it was confirmed that neural differentiation was
most promoted in the GO-0.9 experimental group, not GO-1.7.

As a result, the optimal GO size to promote neuronal differentiation is different between the
two-dimensional culture environment and the three-dimensional culture environment, because the

optimal GO size to promote cell-to-cell interaction is different in the culture environment.
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experimental group.
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7.4. Expression of neural induction markers in ADSCs

Mesenchymal stem cells cultured in two and three dimensions and induced to differentiate into
neural tissue cells by the neural differentiation medium were observed. In the three-dimensionally
implemented mesenchymal stem cell experimental group, it was cultured in a three-dimensional
form for one week, and in a two-dimensional form for one week, induced to form a form that can
be sufficiently attached to the floor.

The expression of PAX6 and Tujl, a neural marker protein, was confirmed at the protein level
in more detail through immunochemical staining (Fig. 7.4A-C). PAXG6 is a protein expressed when
differentiation into ectoderm stems occurs during embryonic development [92]. Compared to the
previous control groups, PAX6 and Tujl was observed as green fluorescence highest in 3D group.
Through these observations, it was confirmed that the three-dimensional mesenchymal stem cells
were efficiently induced to differentiate into neurons for the same time compared to the two-
dimensional mesenchymal stem cells cultured in the conventional way.

Nissl staining results were compared in Fig. 7.4D. First, in the case of the cells observed by the
Nissl staining method, phosphorus and Nistle bodies in the nucleus of the cells were stained blue-
violet by Cresyl violet reagent. Nistle corpuscle is a characteristic structure observed in nerve cells,
and it is a structure containing a lot of ribosomes. The rough endoplasmic reticulum is gathered and
observed in a spherical shape.

In the control group, phosphorus-only staining in the nucleus was seen in the cell morphology,
and in the 2D ADSCs and ADSCs + GO groups, which were subjected to two-dimensional neural
differentiation for 5 days, it was confirmed that the round Nissl bodies were expressed around the
nucleus more clearly than in control. . In 3D ADSCs group, cells moved in lumps and formed
clusters for one week after they were attached to the floor. It could be confirmed that, unlike 2D
ADSCs and ADSCs + GO groups, it was changed to a narrow and elongated shape. This can be seen
as evidence that the cell has morphologically differentiated into a nerve cell as it is a form in which

the nerve tube is extended during the differentiation process of nerve cells.
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In addition, it can be presumed that the three-dimensional implementation of the cell well
mimics the actual in vivo environment, thus occupying an advantageous position in differentiation.
In addition, it can be seen that the adipose-derived mesenchymal stem cells of the mesenchymal
stems are neurons of the ectodermal stems, and that cross-differentiation occurs due to different
branches of differentiation. This process is inefficient and difficult in previous studies. In this study,
graphene oxide and two factors that realized mesenchymal stem cells in three dimensions worked

together to increase the neural differentiation efficiency of mesenchymal stem cells.
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Figure 7.4. Immunocytochemistry of neural induction marker protein and Nissl staining.
(A) Immunocytochemistry of PAX6 protein. (B) Quantification of expression level of PAX6 protein.
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7.5. Conclusions

In this study, mesenchymal stem cells were implemented in three dimensions similar to the in
vivo environment using a magnetic force concentration platform using magnetic nanoparticles
derived from magnetic bacteria and a tack. and their differentiation efficiency were compared and
observed. As a result, it was confirmed that the neural differentiation tendency appeared more
clearly in the 3D ADSCs groups, especially in GO-0.9 group.

However, due to the limited research period, the differentiation culture time was short, and
there are limitations in the study in that the degree of neuronal differentiation was confirmed only
by observation through staining. By extending the incubation period and diversifying the analytical
methods, the research can be further developed. In addition, a follow-up study on the mechanism
by which neural differentiation is promoted by three-dimensional culture and GO is required.

In conclusion, by forming a three-dimensional cell structure using GO and a magnetic force
system, it was possible to increase the neural differentiation efficiency of 3D ADSCs compared to
the conventional methods, and similarly to the osteogenic differentiation enhancing effect in a two-
dimensional culture situation, neural differentiation was performed by the GO-1.7 experimental
group. Also, neural differentiation in 3D culture condition is promoted, and it was confirmed that
the GO-0.9 experimental group, which is relatively smaller in size, has the effect of enhancing
neuronal differentiation in a three-dimensional culture. Overall, this result suggests that 3D platform
using magnetic nanoparticles and graphene oxide sheet would be promising tool for tissue

engineering as well as for autologous cell therapy of neurons.
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Chapter 8. Overall discussion and further suggestions

In this study, it was possible to promote osteogenic and neural differentiation by introducing
size-controlled GO into hMSCs or hESCs through the control of the diameter size of graphene oxide
produced in the laboratory, and it was confirmed that these results were obtained by mediating
mechanical sensing of stem cells. It was established that the optimal size of graphene oxide flakes
depends on the culture environment or cell radius, and that there is a specific size range in diameter
of GO flakes that affects the improvement of osteogenic and neural differentiation efficiency or
reduction of apoptosis in non-adhesive condition.

The neural differentiation efficiency of the three-dimensional structure incorporating
bacterially derived magnetic nanoparticles with the conventional three-dimensional culture method
was compared in order to establish that the neural differentiation is promoted by improving the
interaction between cells by magnetic force. It was demonstrated that the effects of size-controlled
GO flakes on increasing osteogenic differentiation, decreasing apoptosis, and enhancing neural
development varies depending on whether hMSCs or hESCs, 2D or 3D culture conditions, and the
ideal size of GO.

The largest GO size that could be produced possibly was utilized by narrowing the size
distribution by the ball-mill approach. For GO-1.7, the ball-milling duration was 30 min. If the ball-
milling time is decreased below that, the ineffectiveness of the size modification was verified.
According to earlier studies in our laboratory, the standard ball-milling procedure takes more than
an hour. Additionally, compared to other size fractionation techniques in use, ball-milling is a more
simple and effective way to manage size distribution of GO flakes.

However, due to the limited research period, the differentiation culture time was short, and
there are limitations in the study in that the degree of neural differentiation was confirmed only by
observation through neural markers. By extending the incubation period and diversifying the

analytical methods, the research can be further developed to identify underlying mechanism of
78



enhanced neural differentiation. In addition, a follow-up study on the mechanism of GO-cell
interaction and enhanced differentiation is promoted by three-dimensional culture and GO is
required.

By utilizing biocompatible nanomaterials in practice, these studies can ultimately contribute to

the advancement of stem cell treatment and tissue engineering research.

79



Appendix. Enhanced neural differentiation
of 3D human embryonic stem cells

via magnetic nanoparticle-based physical stimuli

80



Appendix. Enhanced neural differentiation
of 3D human embryonic stem cells

via magnetic nanoparticle-based physical stimuli

A.1. Introduction

Human embryonic stem cells (hESCs) have been a prospective candidate in regenerative
medicine and tissue engineering due to their pluripotency [34, 93]. However, there have been
limitations in clinical applications of the hESCs due to side effects such as tumor formation as a
result of non-specific differentiation [94, 95]. To take full advantage of the hESCs, a strategy for
precisely regulated differentiation of hESCs into targeted cell types has been required 1*!. To improve
the accuracy for lineage specification, various chemical cues have been used to differentiate hESCs,
inducing designated signaling pathways [96-99]. Recently, in addition to such chemical factors,
physical environment has been also considered a new key to control the hESC fate [5, 100, 101].
Therefore, generation of human embryoid bodies (hEBs), the 3D organization of hESCs, is
suggested as a promising method to regulate the hESCs differentiation [102-104]. Since the hEBs
are produced to mimic the biological niche during embryonic development, hESCs in the form of
hEBs spontaneously lose self-renewal and differentiate [105, 106].

In our previous studies, we developed high throughput hEB generation and size control system,
resulting in production of different size of hEBs: large hEBs with 600 pm on diameter, and small
hEBs with 150 pm in diameter [36]. Through the hEB generation method, uniformly sized hEBs
were efficiently fabricated without Rho-associated protein kinase (ROCK) inhibitor. And then the
effect of hEB size on differentiation into specific germlines was detected. I suggested the proper
size for each germinal layer: 150 um for ectoderm, and 600 um for endoderm and mesoderm.
According to the results, the significance of hEB size on directing the hESC lineage determination

was revealed.
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For size-controlled hEB generation, magnetic nanoparticles (MNPs) were used, which were
isolated from the magnetic bacterium, Magnetospirillum sp. AMB-1, and the MNPs exhibited high
intracellular delivery efficiency [30, 35, 36, 61, 62]. Magnetic bacteria were cultured under
anaerobic conditions and MNPs were synthesized within the bacterial cytoplasm [31, 35]. Since the
MNPs possess lipid bilayer of the host bacteria, the particles were readily endocytosed by
mammalian cells including stem cells, resulting in magnetization of the cells. Therefore, the MNPs
were considered to be a useful tool for simultaneous mechanical stimulation across various forces
such as static magnetic field and magnet-derived shear stress [62]. Those magnetic-force-induced
biophysical stimulations were applied to enhance tissue-specific differentiation of stem cells [36,
107].

In this study, uniformly sized MNP-hEBs (150 pm in diameter) were generated using
concentrated magnetic force and the MNPs, and then neurally differentiated in neural induction
medium (NIM) (Fig. A1). In order to investigate the improvement of hESC neural inductivity in the
form of MNP-hEBs, experimental groups were compared based on addition of 3 variables for neural
differentiation: NIM, MNPs, and 3D. Since the hEBs mimic the stiffness of the native tissue [108,
109], uniformly sized hEB generation is considered to be a worthwhile strategy to facilitate neuronal
differentiation, providing a similar physical environment to brain tissue. In addition, MNP-hEB
production could be an efficient approach enhancing cell-to-cell interactions through magnetic force,

resulting in improve neural induction.
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A.2. Improved neural induction of MNP-incorporated hEBs, manufactured
through a concentrated magnetic force system
In this study, neural inductivity of the hESCs was investigated depending upon variables of 3
factors: NIM, MNPs, and 3D culture condition. For the initial neural differentiation of 2D and 3D
hESCs, the hESCs were cultured in NIM instead of hESC culture medium for 5 days, except for the
control group (undifferentiated hESCs). Then the MNPs were used for enhanced neural induction,
providing 3D organization of the hESCs. Therefore, after isolation from disrupted magnetic bacteria,
the MNPs were applied to hESCs and sufficiently magnetized hESCs were separated using static
magnets (Fig. A2A). In order to generate MNP-hEBs, the MNP-incorporated hESCs were added to
concentrated magnetic force system, in which magnetic force of the magnets on the lid was focused
at the pinpoint of iron pin under the lid (Fig. A2B) [35]. Thus, those magnetized hESCs were
gathered at the point of concentrated magnetic force, resulting in generation of 3D hESCs under the
surface. Furthermore, the diameter of the generated hEBs was uniformly regulated by adjusting the
number of hESCs applied to a well. Therefore, using the MNP-based hEB generation method,
uniform hEBs (150 pm in diameter) were manufactured readily, and neural inductivity of MNP-
hEBs (hEBs + NIM + MNPs) was investigated comparing with other experimental groups as follows:
undifferentiated hESCs as control group (hESCs), conventionally differentiated hESCs with NIM
(hESCs + NIM), neurally induced hESCs with NIM and MNPs (hESCs + NIM + MNPs), and

conventionally obtained and differentiated hEBs in NIM (hEBs + NIM) (Fig. A2C and D).
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Figure A2. Schematics of MNP-based hEB generation method and designation of

experimental groups. (A) Overall steps of hESC magnetization. After ultrasonic disruption of

magnetic bacteria, MNPs were isolated with neodymium magnets. The hESCs were treated with

collected MNPs and MNP-incorporated hESCs were separated using magnets. (B) Schematics for

concentrated magnetic force system and neural induction of hEBs. To efficiently differentiate the

hESCs into neural commitments, a high throughput method utilizing the MNPs and concentrated

magnetic force system in a 96-well plate was applied. Therefore, uniformly sized hEBs (150 pm in
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diameter) were produced. (C) Illustrations of experimental groups: Undifferentiated pluripotent
hESCs as the control group (hESCs); Neurally differentiated hESCs (hESCs + NIM); Neurally
induced hESCs with MNPs (hESCs + NIM + MNPs); Neurally induced hEBs, generated in the non-
coated round bottom plates (hEBs + NIM); Neurally induced MNP-incorporated hEBs (hEBs + NIM
+ MNPs). (D) Each experimental group was decided by the existence of three factors. Firstly, NIM

instead of hESC culture medium. Secondly, MNPs. And lastly, 3D cultivation environment.
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A.3. Morphological analysis of neurally induced hESCs

Shape of the hESCs was observed to validate neural differentiation (Fig. A3A). In the control
group (hESCs), typical morphology of pluripotent hESCs was observed. The cells presented a
round-shaped appearance, in compact colonies formed by the intact hESCs. Otherwise, in neurally
induced hESCs (hESCs + NIM), not only round cells but also angular cells co-existed. And those
angular cells were observed where the cell density was low, far from the center of colonies. In
neurally induced MNP-hESCs (hESCs + NIM + MNPs), neurally induced hEBs (hEBs + NIM), and
neurally induced MNP-hEBs (hEBs + NIM + MNPs), a larger number of angular cells were
observed, and prominent neurite protrusions were shown. Several neurites sprouted from one cell,
and some of those neurites were significantly longer.

To quantify the cell morphology related to neural induction, number of neurites per cell was
examined (Figs. A3B and C). In the control group (hESCs), cells remained spherical, resulting in
the absence of neurite-extending cells, whereas all the other groups (neurally induced 2D and 3D
hESCs) expressed angular-shaped cells with neurites. The ratio of cells without neurites
significantly decreased, while the proportion of cells with neurites increased according to neural
induction with 3 variables (NIM, MNPs, and 3D). In particular, not only the ratio of cells with more
than one neurite, but also the average number of neurites per cell has been remarkably increased in
neurally induced MNP-hEBs (hEBs + NIM + MNPs).

Also, the length of neurites was calculated as follows: length of primary neurites (the longest
neurite in a cell), summarized length of primary and secondary neurites (the longest neurite + the
second longest neurite in a cell), and summarized length of total neurites from each cell (Figs. A3D
and E). As a result, the length of primary neurites (red line in Fig. A3D) and summarized length of
primary and secondary neurites (green line in Fig. A3D) significantly increased in MNP-treated
groups (hESCs + NIM + MNPs, and hEBs + NIM + MNPs) compared with the conventionally
differentiated hESCs (hESCs + NIM) (p < 0.001, respectively). Regarding the length of total

neurites from one cell, the value remarkably increased in neurally induced MNP-hESCs (hESCs +
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NIM + MNPs) and both types of hEBs (hEBs + NIM, and hEBs + NIM + MNPs), compared to

neurally induced hESCs (hESCs + NIM) (blue line in Fig. A3D, p <0.001).
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Figure A3. Morphological analysis of neurally induced 2D and 3D hESCs. (A) Microscopic
images of hESCs in experimental groups. Yellow dotted squares indicate migrated cells from the
3D aggregates. Red dotted squares indicate the edge of hEBs, including 3D aggregates and migrated
cells. (B), (C) Number of neurites per cell. (B) The proportion of cells (%) according to the number
of neurites in all experimental groups. (C) The number of neurites in total cells, including the cells
without neurites, was demonstrated as black bars, and the number of neurites in only cells sprouting
neurites, was represented as gray bars. (D), (E) Length of neurites per cell. (D) The length of primary
neurites (red line), the sum of primary and secondary neurites (green line), and sum of total neurites

(blue line) were investigated, respectively. (E) Mean values of neurite length. Scale bars, 200 pm.
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A.4. Genetical analysis of neural induction marker genes

To investigate neural induction, genetical analysis was performed, measuring mRNA expression
levels (Fig. A3). According to Fig. A3A, the expression of OCT4, a pluripotency marker [33],
statistically decreased in neurally induced 2D and 3D hESCs, compared with the value of control
group (hESCs, horizontal line indicating 1).

In Fig. A4B, expression of GAP43 was compared, and thus neuronal growth and neurite
formation was investigated [110]. Statistically significant increase was observed depending upon
addition of variables for neural induction (NIM, MNPs, and 3D). Therefore, relative fold induction
values remarkably increased in neurally induced hESCs (hESCs + NIM) comparing with the control
(hESC:s), also in neurally induced MNP-hESCs (hESCs + NIM + MNPs) than the neurally induced
hESCs (hESCs + NIM), finally in neurally induced MNP-hEBs (hEBs + NIM + MNPs) than
neurally induced MNP-hESCs (hESCs + NIM + MNPs) (p < 0.001).

Expression of TUBB3 was compared in Fig. A4C, which indicates microtubule formation of early
committed neurons [111]. The relative value was upregulated in neurally induced hESCs (hESCs +
NIM) and MNP-hESCs (hESCs + NIM + MNPs), compared with not only the control (hESCs), but
also neurally induced hEBs (hEBs + NIM) and MNP-hEBs (hEBs + NIM + MNPs). Therefore,
neurally induced 2D hESCs in attached condition showed enhanced expression of TUBB3 compared
with 3D hESCs in suspended condition.

Regarding NES, a specific marker of neural stem cells related to the growth of intermediate
filament and axon of neural-precursor cells, the expression level significantly increased in neurally
induced MNP-hESCs (hESCs + NIM + MNPs), and neurally induced hEBs regardless of MNP
existence (hEBs + NIM, and hEBs + NIM + MNPs), compared with the control (hESCs) and
neurally induced hESCs (hESCs + NIM) (p < 0.001, respectively) (Fig. A4D).

Similar tendency was observed in expression of GFAP, an astrocyte marker indicating

intermediate filament growth and cell morphology maintenance (Fig. A4E). Expression of GFAP
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mostly increased in neurally induced MNP-hEBs (hEBs + NIM + MNPs), comparing to the other

experimental groups.
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Figure A4. Genetical analysis of a pluripotency marker gene and neural induction marker
genes. (A) Relative expression of mRNA in all the experimental groups. The values of each gene
were normalized by the expression level in control (hESCs). Expression of GAP43 (B), TUBB3 (C),

NES (D), and GFAP (E) was compared among the groups. *P < 0.05, **P < (.01, and ***P < 0.001.
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A.5. Related mechanisms to accelerated neural induction of hEBs

To verify the related mechanisms of activated neural induction of in MNP-hEBs (hEBs + NIM +
MNPs), possible signal pathways which may have been involved were suggested and investigated.
Therefore, the expression of related signaling proteins was examined with western blot. The proteins
investigated for the analysis were as follows: GDNF, representing the dopaminergic neuronal
pathways; NCAM, indicating cell adhesions and intercellular communications; MAP2, related to
microtubule growth and neural development promoted through mechanotransduction; FAK,
representing the induced mechanical stimuli [112-114].

The expression of Wnt3 and Wnt5a protein was investigated through western blot with
immunocytochemically examined signaling proteins (Fig. ASA, B). As a result, expressed Wnt3
was remarkably observed in neurally induced MNP-hEBs (hEBs + NIM + MNPs), and Wnt5a was
expressed in neurally induced hESCs (hESCs + NIM). Also the result showed that GDNF, MAP2,
and FAK were similarly expressed in both groups, while the expression of NCAM showed
enhancement in neurally induced MNP-hEBs (hEBs + NIM + MNPs), compared to the neurally
induced hESCs (hESCs + NIM). Therefore, neural induction-related signaling proteins were
observed in neurally induced MNP-hEBs (hEBs + NIM + MNPs), in which physical stimulation

was activated as much as in conventionally differentiated hESCs (hESCs + NIM), the adherent cells.
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Figure AS. Analysis of signaling pathways of the neurally induced 2D and 3D hESCs. (A)
Western blotting of proteins related to cell signaling pathway and cell-to-cell interactions. As a
reference protein, B-actin was utilized. Wnt3 was expressed only in neurally induced MNP-hEBs
(hEBs + NIM + MNPs), while Wnt5a was expressed only in neurally induced hESCs (hESCs +

NIM). (B) Western blotting of N-cadherin protein for assessment of cell-to-cell interactin.
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A.6. Conclusions

Although there have been many efforts to regenerate the nerve tissue by differentiating the
pluripotent stem cells into neuronal cells, the neural lineage specification requires long-term
cultivation and laborious steps. In this study, MNP-incorporated and uniformly sized hEBs were
generated for improved neural differentiation. The neural inductivity was compared in neurally
induced MNP-hEBs (hEBs + NIM + MNPs) with the other experimental groups in order to define
the effect of each variable for neural differentiation (NIM, MNPs, and 3D): control (hESCs);
conventionally differentiated hESCs (hESCs + NIM); neurally induced MNP-hESCs (hESCs + NIM
+ MNPs); neurally induced hEBs (hEBs + NIM). According to the results, MNP-hEBs showed
improved initial neural differentiation in morphological analysis, genetical investigation,
immunocytochemistry and western blotting. Furthermore, neurally induced MNP-hEBs followed
Wnt3 signaling pathway and possessed dopamine affinity and enhanced cell-to-cell interactions.
Therefore, MNP-based hEB size control method proposed in this study would be a useful tool for
enhanced neuronal differentiation and nerve tissue regeneration. In addition, this technique could
be applied to accelerate initial lineage-specific differentiation of hESCs, directing cellular

commitments with simulation of embryogenesis.
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