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摘要
次微米溝脊表面和生物活性因子可以提供物理化學線索控制神經細胞的增生
與分化，幹細胞具有自我再生與分化成各種細胞譜系的能力包含神經細胞，而
PC12 細胞經過神經生長因子(NGF)刺激後容易分化成神經細胞，這使得 PC12 細
胞被廣泛應用於神經分化的研究。次微米溝脊表面改質可以促進細胞貼附與增
生，過去許多研究顯示聚多巴胺(Poly-dopamine)處理過的表面能夠促進細胞貼
附。在本實驗中，我們利用聚多巴胺修飾不同寬度(400 與 800 奈米)與不同深度(100
與 400 奈米)的聚苯乙烯(PS)次微米溝脊表面，並將 PC12 細胞、人類脂肪幹細胞
(hADSCs)與人類臍帶血幹細胞(UCB-MSCs)培養於次微米溝脊表面，利用含有神
經誘導生長因子的培養基中進行神經分化，觀察並分析細胞突觸型態，接著使用
Tuj-1(神經元標記物)、GFAP(星形膠質細胞標記物)免疫染色，比較不同神經細胞
在不同表面神經分化的程度。
我們的研究結果顯示，PC12 細胞培養在平坦表面有多個突觸產生，而培養在
溝脊表面則主要產生兩個突觸且沿著溝槽方向排列。此外結果也顯示，地形深度
能夠促進突觸的生長與排列，因此 400/400 奈米與 800/400 奈米(寬度/深度)的次微
米溝脊表面能夠提升 PC12 細胞、hADSCs、UCB-MSCs 的突觸形成比例、突觸長
度與 Tuj-1 表現比例。我們的研究結果顯示次微米溝脊表面和神經生長因子能夠
促進突觸生長並且誘導細胞分化成神經細胞。

關鍵詞：神經分化、次微米地形、幹細胞、表面改質
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Abstract
Surface topography and bioactive molecules can generate physicochemical cues
that control proliferation and differentiation of neural cells. Stem cells have ability to
self-renew and differentiate into various cell lineages including neuronal cells.
Pheochromocytoma 12 (PC12) cells are prone to differentiate into neuron-like cells
with nerve growth factor (NGF) treatment which makes PC12 cells are a good model
for neuronal differentiation research. Surface modification of submicron-grooved
topography is requiring for improving cell adhesion and proliferation. Our previous
study indicated that poly-dopamine (PDA) coated surface can promote cell adhesion
due to an enhancement of immobilized serum adhesive proteins and adhesion peptides
onto the substrates.
In this study, PDA was used to modify polystyrene (PS) submicron-patterns with
different widths (400 and 800 nm) and depths (100 and 400 nm). We examined
neurites of PC12 cells, human adipose-derived stem cells (hADSCs) and human
umbilical cord blood-derived MSCs (UCB-MSCs) which were incubated in neuronal
induction medium containing growth factors. Then, the differentiated cells on different
grooved topographies were immunologically stained by Tuj-1 (a neuron marker) and
v
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GFAP (an astrocyte marker) to compare the extent of neuronal differentiation.
Our results illustrated that PC12 cells on grooved topography have predominantly
bipolar neurites which align along the direction of the patterns while flat surface have
multiple neurites. We can conclude that the depths of topography have strong impact
on neurites outgrowth and alignment. The 400/400 and 800/400 nm (widths/depths) PS
grooves are appropriate for PC12 cells, hADSCs and UCB-MSCs to enhance
percentage of neurites, neurites length and percentage of Tuj-1 positive cells. Therefore,
our data suggest that submicron-grooved topography and neurotrophic growth factors
supported neurites outgrown and differentiated into neuron-like cells.

Keyword: neuronal differentiation; submicron-grooved topography; stem cells; PC12
cells; surface modification; poly-dopamine
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Chapter 1
Introduction
1.1 Neuronal Differentiation
Neuronal differentiation has played an important role in modern medical sciences.
Nerve injuries caused by car accidents, traumatic wounds, myelin or axonal
degeneration and neurodegenerative diseases may damage central nerve system (CNS)
or peripheral nerve system (PNS), which would interfere motions, memories or sensory
function and cause great impacts on daily life [1]. Parkinson's disease (PD) or
Huntington's diseases (HD) is a serious chronic neurodegenerative disease which caused
by the loss of dopaminergic neurons or the death of nerve cells in an area of the brain
called the substantia nigra. These nerve cells are responsible for producing dopamine
which sends messages to the part of brain that regulates movement. Therefore, the
amount of dopamine produced in the brain decreases as PD progresses may affect the
motor system [2].
Peripheral nerve injuries have become a major economic burden for modern
society and significant disability in many affected individuals. Numerous strategies
have been studied for the repair of peripheral nerve injuries from the proximal to the
distal side. The effective nerve conduits provide a suitable environment to promote
1
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axonal regeneration across a nerve gap [3]. Similarly, the endoneurial tubes direct
regenerating nerve fibers to the distal side and improve axonal regeneration and
functional recovery [4]. However, the clinical nerve treatments are often suboptimal
especially in cases with a long nerve gap or in more proximal injuries; the axons have to
regenerate over a long distance to reach distal targets [5]. Due to the limited nerve
treatment options available, alternative approaches for nerve regeneration must be
developed.
Schwann cells play an essential role in peripheral nerve regeneration through
release neurotrophic factors and extracellular matrix proteins. The proliferating
Schwann cells form the bands of Büngner to direct regenerating axons across the nerve
lesion [6]. It has been illustrated that transplantation of Schwann cells has been
considered as the golden standard in nerve regeneration. Georgiou et al. showed that
incorporating Schwann cells within the aligned material for the purpose of forming
engineered neural tissue constructs that could be used in peripheral nerve repair [7].
However, because of the lengthy procedure of isolating and expansion time, the
source of Schwann cells restricts the translation of cellular tissue engineered constructs
towards clinical application. Thus, an alternative treatment has been sought to solve this
problem. Thanks to the discovery of stem cells, neural differentiation might be a

2
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possible cure. The use of stem cells to differentiate into the Schwann cell phenotype has
been focused as an alternative treatment. Among different treatments being developed
for nerve repair, the combination of stem cells and tissue engineering represents a vital
treatment for generating artificial nerve tissue that could be used in the clinical setting
[8, 9].

1.2 Differentiation into Neuron-like Cells
1.2.1 Stem Cells
Stem cells are a promising option for cellular therapy and tissue engineering due to
their self-renewing capability and the remarkable potential to differentiate into a wide
range of specialized cell lineages during early life and growth. When stem cells divide,
each new cell has the ability either to remain a stem cell or become another type of cell
with a more specialized function, such as osteoblasts, chondrocytes, cardiomyocytes,
and neuronal cells. In adult animals, many kinds of tissues contain stem cells including
the bone marrow, peripheral blood, skeletal muscle, pancreas, liver, epidermis, intestine,
skin, fat, retina and nervous system. The use of adult stem cells for tissue engineering
applications is promising [10]. Different kinds of stem cells are considered for
cell-based tissue engineering approaches, inclusive of embryonic stem cells (ESCs),
bone marrow-derived mesenchymal stem cells (BM-MSCs), adipose-derived stem cells
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(ADSCs), neural stem cells (NSCs) and umbilical cord blood (UCB) MSCs are
frequently utilized for advancement of new tissue engineering strategies. [4]
Embryonic stem cells are pluripotent stem cells which derived from an early-stage
preimplantation embryo. ESCs have indefinite self-renewing capacity and have the
potential to be used for regenerative medicine and tissue engineering. Moreover, ESCs
are capable of undergoing expansion and neuronal differentiation in vitro and in vivo.
The use of ESCs to differentiate into a neuronal lineage for the repair of nerve injury is
an important application of ESCs [11]. Ning et al. demonstrated that the feasibility of
using ESCs to treat simulated cavernous nerve injury in rats [12]. However, ESCs are
presently not a clinically feasible therapeutic venue. Because the ESC-derived cells may
be rejected by a patient's immune system, the progression of the ESCs may be impeded
by ethical opposition and the inaccessibility of ESCs limit their clinical application.
These restrictions cause the search for alternative cells that are capable of neuronal
differentiation [13].
Mesenchymal stem cells (MSC) have ability to self-renew with a high growth rate
and MSCs are non-hematopoietic progenitor cells that have multipotent abilities to
differentiate into different cell lineages including osteoblasts, chondrocytes, myocytes,
myoblasts, hepatocyte, fibroblasts, adipocytes and neuron-like cells. It has been
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demonstrated that MSCs have unique immunologic properties, making them ideal for
cellular therapy. MSCs can be isolated from a number of adult tissues, such as the bone
marrow, adipocyte and umbilical cord tissue [14, 15].
Bone marrow (BM) has been used as the main source of MSCs which exhibit
intriguing immunomodulatory properties, thereby emerging as appropriate candidates
for various therapeutic applications [16]. Kingham et al. have shown that BM-MSCs
can be selectively differentiated into Schwann cells. However, bone marrow can only be
obtained in limited quantity because of donor site morbidity and the alternative sources
to isolate MSC should be investigated [6].

1.2.2 Adipose-Derived Stem Cells
Adipose tissue is the most abundant and accessible source of stem cells especially
from liposuction which is being undergone by many people to remove excess adipose
tissue. Adipose-derived stem cells (ADSCs) have gained increasing interest in the fields
of regenerative medicine because they have extensive capacity for self-renewal,
long-term growth and can be induced into various cell types not limited to the
mesodermic lineage but including adipocytes, osteoblasts, hepatocytes, myocytes,
chondrocytes, and neurons [12, 17]. Kingham et al. have shown that ADSCs cultured in
the neuronal induced media changed from a fibroblast-like morphology to an elongated
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spindle shape which are similar to that of Schwann cells and immunofluorescence
staining indicated that induced ADSCs expressed nestin, S100 and NF70, three neuronal
cell markers [6]. Georgiou et al. have shown that rat ADSCs have the ability to
differentiate into the glial lineage [9]. Increasing evidence has shown that ADSCs could
transdifferentiate into Schwann cell phenotype might have a suitable potential
candidates for treatment of peripheral nerve injuries and neurodegenerative disorders.
ADSCs may represent a valid alternative to BM-MSCs, due to their abundance,
low immunogenicity, and ease of isolation. The phenotypic and gene expression profiles
of ADSCs are similar to BM-MSCs. Furthermore, ADSCs can be harvested by less
invasive procedure in larger quantities, cultured with a faster proliferation rate and with
lower senescence ratio compared with BM-MSCs. Anghileri et al. shown that
therapeutic effects of ADSCs in the rat model of ischemic stroke and spinal cord injury
[12, 18, 19]. Eun et al. demonstrated that human muscle-derived stem cells (hMDSCs)
and human adipose-derived stem cells (hADSCs) can be induced to neuron-like cells
and differentiated hADSCs have higher neuronal or glial marker expression than
hMDSCs and thus are more appropriate for nerve regeneration [20].

1.2.3 Neural and Umbilical Cord Blood Derived Stem Cells
In addition to BM-MSCs and ADSCs, neural stem cells (NSCs) are known to have
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both self-renewal activities and multiple differentiation potentials. A single NSC is
capable of differentiating into various kinds of cells within the central nervous system,
inclusive of neurons, oligodendrocytes, astrocytes, glial cells and Schwann cell-like
supportive cells, which can provide new cells to treat neurological diseases and made
these cells promising candidates for cell therapy of nervous system injury [21]. Recently,
NSCs has been used experimentally for spinal cord regeneration as a transplantation
source with promising results. NSCs are an attractive cell source for tissue engineering
applications and treatments for stroke, neurodegenerative diseases, spinal cord injury,
and traumatic brain injury [22].
The use of human umbilical cord blood-derived MSCs (UCB-MSCs) has been
reported to alleviate behavioral consequences of stroke. These UCB-MSCs have a
potential to differentiate into different tissues such as fat, bone, cartilage, and neural
cells as well as BM-MSCs or ADSCs [23]. Ma et al. demonstrated the possibility of
inducing human UCB-MSCs to differentiate into nerve-like cells by Salvia miltiorrhiza
or beta-mercaptoethanol and the induced UCB-MSCs expressed the neuronal cell
markers and neuron-related genes. Therefore, UCB-MSCs could act as an alternative
source of stem cells for the repair of nerve injury and nervous transplantation [24]. Shi
et al. tested the effect of hUCB-MSCs differentiation on chitosan scaffolds for the
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purpose of providing an alternative method in tissue engineering to repair traumatic
brain injury (TBI). The results demonstrated that the scaffolds are biocompatible with
hUCB-MSCs and hUCB-MSCs covered scaffolds generate new advances for future
treatment of TBI [25]. The human UCB-MSCs also have the potential to secrete
interleukins, growth factors, and chemotactic proteins which were possibly beneficial
for the host brain tissue in vivo when the cells cultured in the medium containing
chemical agents or neurotrophic growth factors [26]. In the clinical, the human
UCB-MSCs could migrate and participate in the healing of neurological defects which
have been considered as a useful and novel therapeutic option for patients with spinal
cord injury [27].

1.2.4 Pheochromocytoma 12 Cells
Pheochromocytoma

12

(PC12)

cells,

which

are

derived

from

a

rat

pheochromocytoma, have been widely used to investigate neuronal differentiation
mechanisms and neurite outgrowth in many studies since the discovery of their neuronal
differentiation ability upon exposure to nerve growth factor (NGF) [28, 29]. The NGF
signaling cascade induced the differentiation of PC12 cells into neurite-bearing cells
which is similar to mature sympathetic neurons [30].
PC12 cells provide a good experimental model system for studying their response
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to exogenous signals such as growth factors, neurotransmitters, neurotrophins and
hormones. The MAPK/Erk signaling is activated by a wide variety of receptors such as
integrin which mediates the normally transient signaling of the Erk pathway and
promotes the differentiation of PC12 cells; therefore, PC12 cells can transit from
proliferation to differentiation by sustained Erk signaling [31]. Binding growth factors
to receptor tyrosine kinase (RTK) activates the receptor's activity and triggers the
downstream signal transduction through the cytoplasm to nucleus (Figure 1-1).
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Figure 1-1 Schematic illustration of growth factors binding to receptor tyrosine kinase
(RTK) activates the intracellular signaling pathway which regulated cell growth and
survival. [My Cancer Genome® genetically informed cancer medicine]
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1.3 Factors Affecting Neuronal Differentiation
Neurite outgrowth is influenced by appropriate interactions with various factors
including biophysical, biochemical, biological and topographical cues. The biophysical
cues such as electrical gradients, extracellular matrix (ECM) structure, stiffness,
elasticity, mechanical contact guidance and topography have great effects on the ability
of growth cones to extend. The growth cones, the motile tips of neurites, can respond to
these biophysical cues and develop neurite seeking its synaptic target. Since it is known
that the ECM can influence cell behaviors such as attachment, migration, morphology,
proliferation and differentiation, one possible approach to enhance cell differentiation
and tissue regeneration is to fabricate an extracellular environment mimics the geometry
and topography of the natural ECM [31, 32]. Yang et al. shown that the functional
biomaterial scaffolds can enhance proliferation and differentiation of NSCs because
these biomaterial scaffolds mimic specialized microenvironments which provide
physical support and cell-matrix interactions [33]. It has been demonstrated that
stiffness of substrate could regulate cell adhesion and specific lineage differentiation in
stem cells [34]. We previously shown that both the stiffness and the topography of
substrates regulate alignment and contraction of cardiomyocytes [35]. The phenomenon
of contact guidance has been concerned with the capacity for directing the orientation of
11
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neurites [36]. Our previous study also demonstrated that ridges/grooves surfaces can be
engineered to provide contact guidance for myoblasts to align and to migrate along the
anisotropic direction [37].
Combinations of physical and chemical cues to control neurite outgrowth guided is
crucial in regenerative medicine for the treatment of nerve injuries [38]. Neuronal
differentiation has been achieved with different experimental protocols using bioactive
molecules including chemical agents, or neurotrophic growth factors to immobilize onto
biomaterial scaffolds which generating biochemical cues that manipulate cell behaviors.
In general, chemical agents such as forskolin, laminin, fibronectin, peptides and
isobutylmethylxanthine (IBMX) had already been known to enhance neuronal
differentiation. Some studies have shown that the cell attachment, spreading and
differentiation of hESCs and neural progenitor generation have been enhanced by
fibronectin and laminin [11] and vascular smooth muscle cells (VSMC) could be
induced to differentiate into neuron-like cells after IBMX treatment. IBMX is a
phosphodiesterase (PDE) inhibitor which could increase the intracellular levels of cyclic
adenosine monophosphate (cAMP), a neural stimulus. [12] Furthermore, the neuronal
differentiation of hMDSCs and hADSCs is achieved by using forskolin or laminin.
Forskolin is commonly used to enhance the intracellular levels of cAMP by activating
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the enzyme adenylyl cyclase which could regulate the concentration of cAMP [20].
Laminin, a major ECM protein component of the basal lamina, contains multiple neurite
outgrowth promoting sites which is potential to stimulate the neurite outgrowth.
Moreover, laminin has also been suggested to play an important role in neural cell
attachment and survival [32]. The hippocampal NSCs were induced to generate great
number of newborn neurons but no changes in the rate of cell death or proliferation after
β-amyloid peptide (Aβ) treatment. This result indicated that Aβ peptide could promote
neuronal progenitors differentiation into neurons [39]. Ahmed et al. found that the
nanofibers modified with neuroactive tenascin-C peptides enhanced neuronal
attachment, neurite generation and neurite outgrowth [40].
On the other hand, neurotrophins were growth factors with surprisingly diverse
roles in the central and peripheral nervous system in the developing and adult mammal.
Neurotrophins have been shown to secrete proteins that are capable of signaling
neuronal cell types to survive, differentiate, or grow and regulate cell fate, axon growth,
contact guidance and neurites function [41, 42]. The commonly used growth factors
such as epidermal growth factor (EGF), basic fibroblast growth factor (bFGF), nerve
growth factor (NGF), brain-derived neurotrophic factor (BDNF) had already been
known to generate neural differentiation [17]. Several groups have reported that both
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EGF and bFGF play essential roles in the regulation of stem cell proliferation and
promote neurite outgrowth in vitro and in vivo. Tarasenko et al. cultured human fetal
neural stem cells (hNSCs) in media with EGF, bFGF and leukemia inhibitory factor
(LIF) treatment, either alone or in combinations and found that the proliferation and
neuronal differentiation of hNSCs depend on these growth factors [43]. Lopez-Toledano
et al. also shown that NSCs have the potential to differentiate into neurons, astrocytes,
and oligodendrocytes after cultivating in the presence of EGF or bFGF [39]. Safford et
al. illustrated that human adipose-derived stem cells (hADSCs) enhanced neuronal
differentiation and immunohistochemical changes by pretreatment with EGF and bFGF
for 7 days [13]. EGF and neurotrophic factors are indicated to restrict astrocyte lineages
while bFGF is known to generate neural precursor cells with a greater potential for
neuronal differentiation. Although EGF, bFGF and other growth factors enhanced the
induction of stem cells into neuron-like cell production, the results were extremely
improved when the combination was added to the medium [20]. In addition to EGF and
bFGF, the BDNF and retinoic acid (RA) already used to induce neuronal differentiation
of NSCs; moreover, adult MSCs derived from adipose tissue have the capacity to
differentiate into nerve-like cells after exposing to BDNF and RA [18]. The mammalian
nerve cells are known to require BDNF, NGF, neurotropins-3 and RA for cultivation
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due to their low rates of proliferation and differentiation [32]. Therefore, providing
appropriate biological cues could modulate cell behaviors and decide cell fate by
binding to cell receptors which trigger the signaling biomolecules transmit and
activating signaling cascades.
It is postulated that the surface topography in neural tissue engineering providing
topographical cues to modulate neuronal cell proliferation or differentiation and induce
neurite orientation, migration, outgrowth and nerve regeneration [44]. The
biodegradable scaffolds with specific topographical cues could enhance the interaction
between cells and biomaterials which providing the optimal environment for nerve
regeneration. A variety of topographical surface patterns such as random, aligned,
porous, steps, pillars and grooves have been demonstrated extensively for affecting cell
morphology, differentiation and function [3, 4]. The specific shape and dimension of
micro- or nanoscale surface topography may promote and facilitate focal adhesion
protein assembly, cytoskeleton reorganization and specific lineage differentiations of
stem cells. [45]
Many studies have reported that surface topography have a great influence on
cellular responses. Jung et al. showed that human ADSCs cultured on nanopore (NP)
array-patterned biomaterials have more effective cell survival and attachment than flat
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surface topography. Immunofluorescent staining and RT-PCR results also confirmed
that NP surfaces enhanced neuronal differentiation of hADSCs in neuronal induction
medium due to NP substrates was designed to mimic the nanoscale topographical
features of the ECM [17] Yim et al. illustrated that the topographical cues combined
with retinoic acid affected the differentiation of MSCs to nerve cells, which resulted in
high neuronal protein expressions, but the results showed that topography have a
stronger influence than retinoic acid alone [46]. Bhang et al. demonstrated that the
promising biocompatibility of polymer scaffolds to facilitate nerve regeneration more
effectively than transplantation of neural stem cells alone [47]. Lim et al. showed the
effects of fibrous substrate topography on NSCs which elongated along the aligned
nanofibers and increased the efficiency of neuronal differentiation compared with cells
on random nanofibers or unpatterned surfaces [48]. Cho et al. also indicated that the
NGF-conjugated aligned nanofibers with topographical cues greatly improved the
neuronal differentiation of MSCs. These findings confirmed that the topographical cues
can cooperatively act with NGF signaling to regulate cell functions [49]. Kim et al.
showed that the graphene oxide (GO) grid patterns have the capacity to mimic
interconnected and elongated neuronal networks that caused mesodermal stem cells
convert to ectodermal neuronal cells with high efficiency [50]. We can know that
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submicron and nanoscale topography have the ability to modulate cell behaviors; thus, it
is significant to choose suitable topographical cues to achieve desired cell responses
which depend on cell type and the size or geometry of topography [51].

1.4 Cellular Responses to Nano/Submicron-Grooved
Topography
Recent studies have focused on the cellular responses to micron- or nanofeatures
with a wide range of topography. Cells could interact with features as small as 5 nm,
thus, cells seemed to be more sensitive to their environment [52]. The ridge and
grooved topography is a special category distinguishes from the other geometries such
as pillars, pits and protrusions. This linear features direct cell elongated along the ridge
and grooved direction that influences cell adhesion, alignment and functions. Our
previous studies showed that the ridge and grooved substrates with dimensions from 90
to 500 nm promoted MG63, osteoblast-like cells, to align along the grooved direction,
resulting in obvious spreading at the early attachment stage compared to those on the
flat surface [53]. We cultured HepG2/C3A (C3A) cells on silicon substrates and
polystyrene (PS) grooved surfaces with various widths (from 100 to 500 nm) and depths
(from 100 to 380 nm) and those cells elongated along the grooved surfaces while
exhibited spheroid morphology on the flat surfaces. The results illustrated that the

17

doi:10.6342/NTU201603497

nano-topographic surfaces have the potential to regulate hepatocytes’ behavior [54].
Furthermore, the PS grooved structures with deeper topographic surfaces (Comparison
of 100 and 700 nm depths) could enhance the elongation, alignment and differentiation
of anterior cruciate ligament (ACL) cells or ACL fibroblasts [55]. Therefore, the
dimension of grooved surfaces is not significant for controlling cell morphology and
behavior but modulating cell differentiation and gene expression [56].
Previous studies have demonstrated that the ridge and grooved topography have
great influences on various cell types and affect cell behaviors. Lee et al. illustrated that
the dimensions of grooved surfaces controlled the neuronal differentiation of stem cells.
They reported that the unidirectional pattern arrays could induce the differentiation of
hESCs into neuronal-like cells without any differentiation-inducing agents [11]. Foley
et al. found that the neurites of PC12 cells elongated along the submicron-grooved
surfaces and the neurite formation increased as cells plated on ridge widths less than
400 nm. They illustrated that PC12 cells cultured on ridge widths of 850 nm and 1900
nm showed a slight decrease in neurite formation over flat surfaces [31]. Su et al. also
showed that the neurites of PC12 cells not only elongated along the direction of the
grooved substrates but also had the longest neurite length with the maximum GAP-43
expression, an axonal membrane protein with high level during axonal outgrowth and
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neurons regeneration, and quick growth rate [32]. The neurite outgrowth in PC12 cells
aligned along the polyethylene terephthalate (PET) grooved substrates with 100 nm in
depth and 300 nm in width [38]. Chua et al. found that murine neural progenitor cells
(mNPCs) had capacity to sense the depth of the micron-patterns and neurites
preferentially aligned along the patterns as the depth increases, but curtailed as the depth
is larger than 2

m [44]. Yang et al. showed that the ridges/grooves substrates with

biomimetic sizes (Scale from 300 to 600 nm) could facilitate focal adhesion formation
and improved human NSCs differentiation toward neurons and astrocytes lineages [45].
It has been shown that the substrate topography could induce an upregulation of
neuronal markers in human MSCs or affected the fate of human ESCs either into
neuronal or glial lineage [57]. Gadegaard et al. demonstrated that the MSCs
microfilament bundles aligned predominately along the edges of the grooves [58].
Recknor et al. fabricated micron-patterned PS substrates modified with laminin to study
the growth and differentiation of adult rat hippocampal progenitor cells (AHPCs). They
found more than 75% cell elongated along the grooved direction and improved neuronal
differentiation and neurite alignment on topographical PS surfaces [59]. Kim et al.
suggested that polydimethylsiloxane (PDMS) with a micron-patterned structure had
great potential to induce the neuronal differentiation of UCB-MSCs and these structures
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might be a guiding method for stem cell therapy to repair neurological diseases [60].
Many studies have demonstrated that the submicron-grooved topography could
significantly influence neurite outgrowth, neurite length, orientation, extracellular
matrix expression and neuronal differentiation. Therefore, it is urgent to evaluate and
realize the cellular responses on submicron-grooved topography, which could provide
useful information for us to design an appropriate scaffold for enhanced neuronal tissue
regeneration. [4, 32]

1.5 Surface Modification of Different Substrate
Materials
Numerous scaffolding materials have been used for designing grooved patterns
such as PLA, poly(lactic-co-glycolic acid) (PLGA), PDMS and PS. PLA and PLGA
have been illustrated to be appropriate substrates because of their good mechanical
properties and biodegradation. PDMS is widely known as a suitable material for cell
culture due to its transparent, mechanical stable and biocompatible properties. Moreover,
PDMS have the huge potential for cell proliferation, differentiation and in vivo
transplantation [50, 60, 61]. Vaysse et al. confirmed that the micron-patterned PDMS
device pre-seeded with neuronal cells that implanted in vivo to mimic brain architecture
and to direct axonal outgrowth for neuronal tissue regeneration. They did not observe

20

doi:10.6342/NTU201603497

abnormal reaction against the implants after implantation until 11 months [62]. Even
though PDMS and PS are both commonly used for cell culture implements, PS has the
advantages of better productivity, reliability, disposability and biocompatibility [17].
However, PS or PDMS polymer substrates are hydrophobic which are no suitable for
cell adhesion, spreading and proliferation. Generally, cells favor adherence to surfaces
that are hydrophilic or contain functional groups such as −NH2 or −COOH. For the
purpose of improving cell attachment or other specific tissue responses, surface
modification of tissue engineering scaffolds is required. Therefore, various surface
modified methods inclusive of oxygen plasma, growth factors, adhesion peptides and
biochemical molecules are often introduced onto the submicron-grooved topography
[63]. The surface properties of PS and PDMS substrates had been changed after oxygen
plasma treatment which could enhance hydrophilicity and affinity for promoting cell
adhesion on surface [37, 54, 64].
Marine mussels could tightly attach to any type of materials due to they produced
mussel adhesive proteins (MAPs). Inspired by the adhesive strategy of marine mussels,
dopamine has been found to undergo self-polymerization at alkaline conditions. This
polymerized layer containing quinone groups, oxidized from catechol groups during
self-polymerization, could easily conjugated with amine or thiol groups which caused
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dopamine coating substrates having the potential to react with various nucleophiles with
those functional groups. In other words, poly-dopamine (PDA) permits secondary
reactions with biomolecules containing thiol or amine groups such as Poly-L-lysine
(PLL), neurotrophic growth factors (EGF, bFGF, VEGF, BDNF, GDNF and NGF) and
adhesion peptides (RGD, IKVAV, YIGSR, PHSRN and GFOGER) [4, 33, 63]. Many
studies demonstrated that PLL with positive charge could promote cell adhesion. The
nanofibers or micron-grooves coated with PLL or polyornithine cause electrostatic
interaction with the negatively charged cell membrane to improve neuronal adhesion
[36]. The glass or PS surfaces coated with PLL or isolated ECM enhanced growth of
cultured neurons [40]. The PLL conjugated onto amino-glass also promoted PC12 cell
adhesion [65]. Bhang et al. demonstrated that the PDA modified surfaces had greater
ability to enhance neuronal differentiation of PC12 cells than gelatin-coated surfaces.
They explained that the amine functional groups of PDA layer could improve PC12 cell
adhesion and spreading due to the electrostatic interactions with the glycoproteins of the
cell membrane. The PDA modification increase the activation of Akt and Erk which are
significant signaling molecules for the cell viability and proliferation [28]. Perikamana
et al. found that PDA and NGF coating substrates promoted better PC12 cells adhesion
and spreading, decreased apoptosis, and improved neuronal differentiation [63]. Rim et
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al. shown that PDA modified PLLA nanofibers scaffolds significantly enhanced
adhesion and proliferation of human mesenchymal cells (hMSCs) compared with those
on PLLA alone [66].
Our previous results also showed that chemical modification of submicron-grooved
substrates affected the adhesion, morphology, and functions of cells. We investigated
the effects of surface cell affinity on the attachment, proliferation of ACL cells through
using oxygen plasma, PDA and RGD peptides to modify PS surfaces and found that
RGD conjugated on PDA substrates could enhance cell spreading, adhesion and
proliferation [55]. Similarly, submicron-grooved PS substrates conjugated with RGD
significantly enhanced the adhesion, growth and differentiation of C2C12 cells [56].
Furthermore, we found that fibronectin modification initially modulated cellular
spreading, length, and orientation on grooved surfaces while the long-term cellular
morphology was dominated by surface topographical cues [67]. On the contrary, we
have shown that PDA could co-deposit with poly(ethylene imine)-graft-poly(ethylene
glycol) co-polymer (PEI-g-PEG) on various substrates to created non-fouling surfaces
which is significant for biomaterials to resist proteins or cells adhesion [68]. Therefore,
PDA has been widely used in surface modification.
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1.6 Motive and Aims
Neuronal differentiation has become one of popular researches related to
neurodegenerative disease, Parkinson’s disease, nerve injury and tissue regeneration.
Transplantation of Schwann cells has been considered as the golden standard in nerve
regeneration. However, the source of Schwann cells restricts the application on clinical
treatment and alternative cells have been investigated. Adipose tissue is the most
abundant and accessible source of stem cells which have ability to differentiate into
neuronal cell lineages with appropriate stimulation by growth factors. Moreover, PC12
cells provide a good experimental model for studying the neuronal differentiation and
UCB-MSCs have potential to differentiate into nerve-like cells.
In the previous studies, submicron-grooved topography with different feature sizes
has been studied in the various cell types (from fibroblasts to stem cells). The feature
size in submicron scale is highly desired to be comprehended its effect on cellular
behaviors. Furthermore, the effect of groove width and depth on neuronal differentiation
of various cell types has been partial investigate previously and also require to be
further elucidated.
In this work, we cultivated PC12 cells, hADSCs and UCB-MSCs on different
width/depth grooved topography and studied the relationship between neuronal
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differentiation on cells and surface topography. Furthermore, the neurites length,
neurites distribution and neurites alignment on different submicron-patterns was also
discussed. Therefore, our data suggest that submicron-grooved topography and
neurotrophic growth factors supported neurites outgrown and differentiated into
neuron-like cells.

1.7 Research framework
The ridge and groove structures of silicon wafers were designed in ridge to groove
ratio of 1:1 with two widths and depths in the submicron scale (W/D: 400/100, 400/400,
800/100 and 800/400 nm). Polystyrene (PS) was chosen as a substrate for the study of
the topography effect on PC12 cells, hADSCs and human UCB-MSCs. The grooved PS
substrates were imprinted by PDMS stamps which were fabricated by grooved silicon
wafers. Cells adhered on poly-dopamine modified PS grooves and differentiated into
neuronal-like cells. The schematic framework of this study was presented in Figure 1-2.
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Figure 1-2 Experimental scheme.
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Chapter 2
Materials and Methods
2.1 Chemicals
2.1.1 Sub-micron surface fabrication
1.

Ethanol (CH3CH2OH, EtOH), cat. #32221, R.D.H., Germany.

2.

Hydrogen peroxide solution (H2O2), cat. #18312, Sigma-Aldrich, Germany.

3.

Octadecyltrichlorosilane (OTS), cat. #104817, Aldrich, USA.

4.

Polydimethylsiloxane (PDMS), cat. #sylgard 184, Dow Corning, USA.

5.

Poly(ethylene terephthalate) (PET), cat. #043927, Nan Ya Plastics Co., ROC.

6.

Polystyrene (PS), Nihon Shiyaku Industries Ltd, Osaka, Japan.

7.

Sulfuric acid (H2SO4), cat. #339741, Aldrich, USA.

8.

2, 2, 4-Trimethylpentane (isooctane), cat. #6043-10, Macron, USA.

9.

Toluene, cat. #9364-12, J. T. Baker, USA.

2.1.2 Surface modification
1.

Aminomalononitrile p-toluenesulfonate (AMN), cat. #221147, Aldrich, Japan.

2.

Dopamine hydrochloride (PDA), cat. #H8502, Sigma, Germany.

3.

Poly-L-lysine hydrobromide (PLL), cat. #P1274, Sigma, USA.
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4.

Sodium chloride (NaCl), cat. #4058-01, J. T. Baker, USA.

5.

Trizma hydrochloride, cat. #T3253, Sigma, USA.

2.1.3 Cell culture
1.

Basic fibroblast growth factor (bFGF), cat. #F0291, Sigma, USA.

2.

Dimethyl sulfoxide (DMSO), cat. #D2650, Sigma, USA.

3.

Dulbecco's modified eagle medium/ Nutrient mixture F-12 (DMEM/F12), cat.
#12400-024, Gibco, USA.

4.

Forskolin, cat. #F3917, Sigma, USA.

5.

Gentamycin, cat. #15710-064, Gibco, USA.

6.

Horse serum, cat. #16050122, Gibco, New Zealand.

7.

Minimum essential medium alpha medium (alpha-MEM), cat. #11900-024, Gibco,
USA.

8.

Nerve Growth Factor (NGF), cat. #N6009, Sigma, USA.

9.

Neurobasal media, cat. #21103049, Gibco, USA.

10. Penicillin-Streptomycin (P/S), cat. #P4333, Sigma, USA.
11. Potassium chloride, cat. #P9531, Sigma, USA.
12. Potassium phosphate monobasic, cat. #P5655, Sigma, USA.
13. PRMI-1640 medium, cat. #SH30011.02, Hyclone, USA.
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14. Sodium chloride, cat. #4058-01, J. T. Baker, USA.
15. Sodium phosphate dibasic, cat. #S0876, Sigma-Aldrich, USA.
16. Sodium bicarbonate, cat. #S7277, Sigma, USA.
17. Trypan blue, cat. #T8154, Sigma, USA.
18. 10x Trypsin-EDTA, cat. #T4174, Sigma, USA.
19. Fetal bovine serum (FBS), cat. #12003, JRH, Australia.

2.1.4 Immunocytochemistry
1.

Anti-β-Tubulin III antibody (Tuj-1), cat. #T8578, Sigma, USA.

2.

Anti-Glial Fibrillary Acidic Protein antibody (GFAP), cat. #G4546, Sigma, USA.

3.

Bovine serum albumin (BSA), cat. #A7888, Sigma, USA.

4.

4’, 6-Diamidino-2-phenylindole (DAPI), cat. #D1306, Invitrogen, USA.

5.

Goat anti-rabbit IgG- Atto 488 secondary antibody, cat. #18772, Sigma, USA.

6.

Goat anti-mouse IgG- Alexa Fluor 568 secondary antibody, cat. #A-11004, Gibco,
USA.

7.

Polyoxyethylene sorbitan monolaurate (Tween 20), cat. #BTW101, Zymeset,
Swiss.

8.

Paraformaldehyde (PFA), cat. #30525-89-4, Sigma, USA.

9.

Phalloidin, Tetramethylrhodamine B isothiocyanate, cat. #P1951, Sigma, USA.
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10. Triton X-100, cat. #9284, Sigma, USA.

2.2 Experimental instrument and materials
2.2.1 Experimental instrument
1.

Laminar flow hood.

2.

Incubator, Class-100. Thermo, USA.

3.

Vacuum dry oven, DOV40, DENG YNG, ROC.

4.

Autoclave, Speedy Autoclave, Tomin.

5.

Centrifuge: 5804R, Eppendorf, Germany.

6.

Hemocytometer.

7.

Constant temperature water bath, WB212-B2, Kasin, ROC.

8.

Analytical balances, AB104-S, Mettler Toledo, USA.

9.

Orbital Shaker, Digisystem Labortory Instruments, INC.

10. pH meter, Jenco, USA.
11. Phase contract optical microscope, TS-100, Nikon, Japan.
12. Stirrer/hot plate, model PC-420, Corning, USA.
13. Sonicator, LEO ultrasonic steri-cleaner, ROC.
14. Vortex genie 2, Scientific Industries.
15. Contact angle instrument, FTA-125, First Ten Anstroms, USA.
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16. Digital camera, CooLPix4500, Nikon, Japan.
17. Scanning electron microscope (SEM): JSM-5310, JEOL, Japan.
18. Spectral confocal and multiphoton system (SCMS): TCS SP2, Leica, Germany.

2.2.2 Experimental materials
1.

0.22 μm filter, cat. #295-4520, Nalgnene, USA.

2.

0.40 μm strainer, cat. #352350, BD Falcon, USA

3.

75 cm2 cell culture flask, cat. #156472, Nunc, USA.

4.

6-well cell culture plate, cat. #150239, Nunc, USA.

5.

12-well cell culture plate, cat. #150628, Nunc, USA

6.

24-well cell culture plate, cat. #142475, Nunc, USA.

7.

96-well ELISA microplate, cat. #269620, Nunc, USA.
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2.3 Solution formula
1. The silicon substrates were washed for 20 min with Piranha solution (98% H2SO4
and 30 % H2O2 with volume ratio of 3:7) at 90°C to be dehydrated by concentrated
sulfuric acid and then to be oxidized the organism by hydrogen peroxide.
2. The cleaned silicon substrates were rinsed with DI water for 10 min 3 times and
then stored in 70% ethanol at 4°C.
3. The cleaned silicon substrates were immersed in 1% OTS solution (0.5 mL
Octadecyltrichlorosilane in 50 mL isooctane) for 5 min to decrease the surface
wettability and to facilitate the removal of the PDMS molds from the silicon
masters, and then the unreacted silane were washed by solvent (isooctane).
4. Piranha solution (98% H2SO4 and 30% H2O2 with volume ratio of 7:3)
30 mL H2O2 (30%) were mixed in 70 mL H2SO4 (98%).
5. 1% OTS solution
0.1 mL OTS was mixed in 10 mL isooctane.
6. 3% (w/w) polystyrene/toluene solution
250 mg polystyrene dissolved in 10 mL toluene at 80°C and degassed for 1 h after
dissolving completely.
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7. 50 mM Tris buffer solution (Tris), pH 8.5
6.05 g Tris-HCl and 8.76 g NaCl were dissolved in 1 L deionized water and
adjusted pH to 8.5. The Tris buffer solution was stored at 4°C for 3 months.
8. Phosphate buffered saline solution (PBS), pH 7.4
PBS solution contained 8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4 and 0.245 g KH2PO4
in 1 L of deionized water and adjusted pH to 7.4. The PBS solution was stored at
4°C.
9. 4% paraformaldehyde solution
4 g paraformaldehyde was added to 100 mL PBS which preheated to 60°C. Slowly
raise the pH by adding 1 N NaOH until the solution cleared, then the solution was
adjusted pH to 7.4 after cooling to room temperature and then stored at 4°C.
10. 0.01% (v/v) PBST solution
10

L Tween 20 were mixed in 100 mL PBS solution and then stored at 4°C.

11. 1% Triton X-100 solution
1 mL Triton X-100 were mixed in 100 mL PBS solution and then stored at 4°C.
12. 2% (w/w) BSA blocking solution
1 g BSA was added to 40 mL PBS and shook slightly until dissolve completely.
13. Phalloidin-TRITC solution
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0.1 mg Phalloidin-TRITC was dissolved in 1.52 mL PBS (50

M) and stored at

-20°C. The Phalloidin-TRITC solution was diluted to 500 nM before use.
14. DAPI solution
10 mg DAPI was dissolved into 5 mL deionized water (2 mg/mL) and kept in dark
at -20°C. The DAPI solution was diluted 1:500 before use.
15. Trypsin solution
10 mg Trypsin was added to 10 mL PBS and filtrated before use.
16. Forskolin solution
10 mg forskolin was added to 10 mL DMSO and kept in dark at room temperature.
17. bFGF solution
1 μg bFGF lyophilized from 0.2 μm filtered solution in 20 mM Tris and 1 M NaCl,
pH 7.0, containing 50 μg BSA. First, the Tris-NaCl solution contained 121.14 mg
Tris-base and 2.722 g NaCl in 50 mL of deionized water and adjusted pH to 7.0.
Then, 25 mg BSA was added to 20 mL Tris-NaCl solution (1.25 mg/mL BSA
stock). Finally, 25 μg bFGF was added to 1 mL BSA stock (1.25 mg/mL) and 4 mL
Tris-NaCl solution. Aliquoted bFGF (5 μg/mL) stock solution and stored at -20°C.
18. PRMI-1640 medium
PRMI-1640 medium with 5% FBS was used for PC12 cell line culturing.
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Dissolved 5.2 g PRMI-1640 powder in 400 mL deionized water with 50 mL horse
serum (10%), 5 mL P/S (1%), 25 mL FBS (5%) and 1.0 g sodium bicarbonate (2
mg/mL) then added deionized water to 500 mL. The pH value was adjusted by HCl
and NaOH to 7.4 with further filtration through a 0.2

m filter and stored at

4°C.
19. DMEM/F12 medium
DMEM/F12 with 10% FBS was used for hADSCs culturing. It consists of a bag of
DMEM/F12 in 800 mL deionized water with 10 mL P/S (1%) and 100 mL FBS
(10%) then added deionized water to 1 L. The pH value was adjusted by HCl and
NaOH to 7.4 with further filtration through a 0.2

m filter and stored at 4°C.

20. Alpha-MEM medium
Alpha-MEM with 20% FBS was used for UCB-MSCs culturing. It consists of a
bag of alpha-MEM in 700 mL deionized water with 10 mL P/S (1%) and 200 mL
FBS (20%) and 4

g bFGF (4 ng/mL) then added deionized water to 1 L. The pH

value was adjusted by HCl and NaOH to 7.4 with further filtration through a 0.2
m filter and stored at 4°C.
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2.4 Methods
2.4.1 The fabrication of PDMS molds
Silicon substrates with different topography were used to fabricate PDMS molds.
The scales of silicon substrates were expressed as widths/depths and we fabricate
400/100, 400/400, 800/100 and 800/400 nm grooved topography and flat surfaces.
Before the PDMS replication, the silicon wafers were cleaned in piranha solution at
90°C for 20 min to be dehydrated and remove surface oxidized layer. The cleaned
silicon substrates were immersed in 1% OTS solution for 5 min in order to decrease the
surface wettability and to facilitate the removal of the PDMS molds from the silicon
masters, and then the unreacted silane were washed by isooctane.
The silicone rubber molds, PDMS, were fabricated by mixing elastomer and
initiator (10:1 mixture) and cast on the silicon masters. The mixture was degassed to
remove the entrapped bubbles and then was allowed to polymerize at 70°C for 2 h. The
PDMS replicates would be removed easily from the silane treated silicon surfaces, and
then formed the negative replicates of the polystyrene topography of the silicon masters.

2.4.2 The fabrication of PS substrates and surface modification
The PDMS molds were sonicated in 70% ethanol for 30 min and dried in an oven
before use. One drop of 3% (w/w) PS/toluene solution was dropped onto the
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polyethylene terephthalate (PET) substrates, and then PDMS molds were faced on the
PS solution before pressing the weight on the PDMS (Figure 2-1). The imprinted
grooved PS replicates were formed on PET substrates (PS/PET) after toluene was
evaporated in the hood overnight. The grooved surface of PS/PET substrates would be
similar to the silicon masters.
To improve the wettability of the grooved PS surfaces for the cell adhesion, the PS
surfaces were treated by different chemical methods including PDA, PLL, AMN and the
low pressure oxygen plasma. For the PDA surface modification, the PDA was dissolved
in 50 mM Tris buffer (pH 8.5) to final concentration of 0.25 mg mL-1, and then PS
substrates were coated with PDA for 1 h followed by rinsing with sterile PBS. The
PDA-coated substrates were immersed in a buffered solution of PLL (0.1 mg/mL in 50
mM Tris buffer, pH 8.5) for 1 h to yield PLL-linked PDA surface modification. For the
AMN surface modification, the PS substrates were immersed in 2% AMN solution
(Dissolve 100 mg AMN in 50 g PBS and adjust pH to 8.5) for 1 h followed by rinsing
with sterile PBS.
The home-made radio frequency plasma reactor with power generator was shown
schematically in Figure 2-2. The electrode diameters of the two parallel plates were 15
cm, and the gap between the top and bottom electrodes is 6 cm. The top electrode was
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grounding, while the bottom electrode is the powered electrode. The reactor was
evacuated to about 0.13 Torr after putting samples on the powered electrode then the
oxygen plasma treatment with 50 standard cubic centimeter per minute (SCCM) of
oxygen flow rate under 1.3 Torr and 30 W power for 3 min. The PS surfaces with
hydroxyl functionalities would become hydrophilic after oxygen plasma treatment. The
treated PS substrates were stored in 70% ethanol to maintain wettability and sterilize
before cell seeding.

Figure 2-1 Fabrication of grooved polystyrene substrates.
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Figure 2-2 The structure of the plasma chamber [69].
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2.4.3 PS grooved topography measurement
To verify the fidelity of replication, the geometry and submicron-grooved surfaces
of the PS substrates and silicon wafers were examined by scanning electron microscopy
(SEM).

2.4.4 Cell culture
The rat adrenal pheochromocytoma cell line, PC12 cells (ATCC #CRL-1721),
was purchased from the Food Industry Research and Development Institute (Hsinchu,
Taiwan). PC12 cells were cultured in T75 flask with RPMI 1640 medium at 37°C in a
CO2 incubator containing 5% CO2 and saturated humidity. After grown to almost
confluence, cells were harvested by trypsin-EDTA at 37°C for 5 minutes. The
suspended cells which were collected with RPMI 1640 medium were then centrifuged
with 1000 rpm for 4 minutes at 4°C. After discarding away the supernatant, the
collected cell pellet was resuspended with RPMI 1640 medium. PC12 cells were
calculated with hemocytometer after treating with trypan blue for staining and
identifying cell viability. Cells were seeded on the 24-well plate with chemical
modified PS substrates at the concentration of 5 × 103 cells/cm2 and with 0.6 mL
cultured medium per well. After PC12 cells adhered on PS substrates for 24 h, RPMI

41

doi:10.6342/NTU201603497

1640 medium containing 100 ng/mL NGF were added to stimulate neuronal
differentiation of PC12 cells. Observing and analyzing cell morphology after 24 h and
48 h of neuronal differentiation.
The human adipose-derived stem cells, hADSCs (ATCC #PCS-500-011), was
purchased from the Food Industry Research and Development Institute (Hsinchu,
Taiwan). hADSCs were cultured in T75 flask with DMEM/F12 at 37°C in a CO2
incubator containing 5% CO2 and saturated humidity. hADSCs were seeded on the
24-well plate with chemical modified PS substrates at the concentration of 5 × 103
cells/cm2 and with 0.6 mL cultured medium per well. After hADSCs adhered on PS
substrates for 24 h, DMEM/F12 medium containing 5% FBS, 100 ng/mL bFGF and
DMEM/F12 medium containing 10

M forskolin were used to stimulate neuronal

differentiation of hADSCs for 3 days, respectively. Observing and analyzing cell
morphology after 6 days of neuronal differentiation.
The human umbilical cord blood-derived mesenchymal stem cells, UCB-MSCs
(ATCC #PCS-500-010), was purchased from the Food Industry Research and
Development Institute (Hsinchu, Taiwan). UCB-MSCs were cultured in T75 flask with
alpha-MEM medium at 37°C in a CO2 incubator containing 5% CO2 and saturated
humidity. UCB-MSCs were seeded on the 24-well plate with chemical modified PS
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substrates at the concentration of 5 × 103 cells/cm2 and with 0.6 mL cultured medium
per well. After UCB-MSCs adhered on PS substrates for 24 h, neurobasal medium
containing 5% FBS, 10 ng/mL bFGF and 1% P/S were used to stimulate neuronal
differentiation of UCB-MSCs for 7 days. Observing and analyzing cell morphology
after 5 days and 7 days of neuronal differentiation.

2.4.5 The observation of cell morphology
Cells imaging were performed by microscope equipped with camera. The cell
morphology was followed by this phase contrast microscope and analyzed due to the
transparency of the PET substrate.

2.4.6 Immunocytochemistry
Cells on the grooved PS surface were rinsed with PBS after incubation, and then
cells were fixed with 4% paraformaldehyde solution for 30 min at 4°C and
permeabilized with 1% Triton X-100 for 10 min at 37°C. After blocking with 2% BSA
solution at 4°C overnight, the cells were incubated with primary antibodies for 3 h at
37°C. The following primary antibodies were used for staining: mouse anti-Tuj1
(1:500) as neuronal marker and rabbit anti-GFAP (1:500) as astrocyte marker. After
washing with 0.01% PBST solution, secondary antibodies including Alexa Fluor 568
goat anti-mouse (1:500) and Alexa Fluor 488 goat anti-rabbit (1:500) were incubated
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for 1 h at 37°C. Cell nuclei were stained by DAPI (1:500) for 5 min at 37°C and
immunostaining samples were observed using fluorescent microscope or spectral
confocal microscope.
The F-actin was targeted by Phalloidin-TRITC. After immunostaining,
samples were immersed in Phalloidin-TRITC solution (1:200) at 4°C overnight and
rinsed with 0.01% PBST. Then samples incubated at 37°C for 5 min with DAPI
solution (1:500) for nuclei staining. Finally, samples were rinsed with 0.01% PBST.
The image of cell staining was capture by fluorescence microscope or spectral confocal
microscope.

2.4.7 Analysis of neuritogenesis
The entire 1 × 1 cm2 surface of all four grooved PS surfaces and a minimum of
five random areas were imaged with a 20× objective using a microscope equipped with
camera. The microscope images were analyzed by using ImageJ software (free
download available at http://rsbweb.nih.gov/ij/) for the quantification of neurite lengths
and neurite alignment. Neurites were defined as process extensions of greater than a
cell body in diameter. The cell body in diameter was defined as the average of at least
1000 cells body length. First, the average cell body length of PC12 cells is 27.45
and the 95% confidence interval is from 27.02

m to 27.88

m

m. Second, the
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average cell body length of hADSCs is 47.44
from 46.72
57.74

m to 48.12

m and the 95% confidence interval is

m. Third, the average cell body length of UCB-MSCs is

m and the 95% confidence interval is from 57.02

m to 58.46

m.

The neurite alignment along the submicron-grooved topography was determined
by measuring the angle between an axis of the cells and the grooves on the surface.
The angles were divided 10° sectors from 0° to 90° and the 0° means perfect alignment.
The results of neurite lengths and neurite alignment were evaluated by at least three
rounds of experiments and conducted with four surfaces each.

2.4.8 Immunocytochemistry analysis
The confocal microscope images were analyzed by ImageJ software. The confocal
microscope of Tuj-1 or GFAP images were converted into 8-bit grayscale and
calculated cell numbers of Tuj-1 or GFAP positive cells relative to DAPI positive cells.
The results represented the percentage of cells differentiated into neural-like cells, and
compared with cells on different submicron-grooved surfaces.

2.4.9 The quantification of neuronal differentiation
The percentage of cells with neurites, average neurite lengths, distribution of
neurite lengths and the percentage of Tuj-1 or GFAP positive cells were used to
quantify neuronal differentiation of PC12 cells, hADSCs and UCB-MSC on different
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submicron-grooved PS substrates.

2.4.10 Statistic analysis
These results were reported as means ± standard error of the mean (SEM). The
error bar was the standard deviation (SD). The statistical analyses between different
groups were determined with Student-Newman-Keuls Multiple Comparisons Test. A
value of p ≤ 0.01 was considered statistically significant difference. The statistically
significant difference of box plot was determined by the notch, a confidence interval
around the median, which is proportional to the interquartile range (IQR) of the sample
and inversely proportional to the square root of the size of the sample (n). McGill et al.
illustrated that the medians of two boxes were different with a strong evidence if their
notches do not overlap [70]. The width of notches normally based on the median 
1.58 IQR/

for 95% confidence (p ≤ 0.05) and median  1.81 IQR/

for 99%

confidence (p ≤ 0.01).
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Chapter 3
Influence of Surface Topography on
Neuronal Differentiation
In this chapter, submicron-grooved surface guidance to cell morphology for the
PC12 cells, hADSCs and UCB-MSCs was explored. Then the relationship between
surface topography and neuronal differentiation were discussed.

3.1 Surface characterization
The submicron-grooved topographic silicon wafers with different width and depth
were detected by SEM (Figure 3-1 and Figure 3-2). The ridge and groove structures
were designed in ridge-to-groove ratio of 1:1 with two widths (W) and depths (D) in
the scale (W/D (nm): 400/100, 400/400, 800/100 and 800/400). The silicon wafers with
various patterns were used to fabricate PDMS molds and then these PDMS replicates
formed the negative replicates of the PS topography of the silicon masters (Figure 3-3).

3.2 Surface modification
The microscope images showed the morphology of PC12 cells on different
chemical modified flat and 800/400 nm grooved PS surfaces. PC12 cells spread
randomly on flat surfaces but aligned along the 800/400 nm grooves after cultivating in
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the neuronal differentiated medium supplemented with 100 ng/mL nerve growth factor
(NGF) for 24 h. The PS surfaces without any chemical treatment are not appropriate
for cells to adhere and the results also shown that chemical modified PS surfaces could
improve PC12 cells adhesion (Figure 3-4).
The neurites were defined as processes which have a length greater than that of
the cell body (27.45  0.22

m for PC12 cells which is determined in at least 1000

cells). PC12 cells on grooved surfaces have longer neurite length than on flat surfaces.
For flat surfaces, PDA modified groups have the longest average neurite length. For
grooved surfaces, the average neurite length on PS control or PLL modified groups is
lower than other groups. Moreover, PDA and AMN modified groups are suitable for
PC12 cells to prolong the neurites along the grooves and PDA modified groups have
significant difference than plasma treated groups (Figure 3-5).
The immunostaining results showed fluorescent images of PC12 cells cultured for
3 days on submicron-grooved topography and then immunologically stained using
Tuj-1 antibody (a neuron marker). Nuclei were counterstained with DAPI. The number
of PC12 cells on PS control and PLL modified surfaces are less than other groups
which is related to the cell adhesion (Figure 3-6 and Figure 3-7). For flat surfaces, the
percentage of Tuj-1 positive cells on plasma and PDA modified groups is higher than
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other groups. For grooved surfaces, the percentage of Tuj-1 positive cells on plasma,
AMN or PDA modified groups is higher than others (Figure 3-8). In this study, we use
poly-dopamine to modify PS surfaces due to the results of the average neurite length
and Tuj-1 positive cells percentages.

3.3 PC12 cells on submicron-grooved surface
The microscope images showed PC12 cells adhered on PS surfaces and started to
align along the grooves for the first day of culturing. The medium supplemented with
NGF (100 ng/mL) was changed to induce neuronal differentiation after cultivating
PC12 cells for 24 h (Figure 3-9). PC12 cells began to extend neurites within 48 h after
NGF treatment and the neurites grew randomly on the flat surface while neurites
aligned along the grooves (Figure 3-10).

3.3.1 Neuritogenesis analysis of PC12 cells
The neurites were defined as processes which have a length greater than that of
the cell body (27.45  0.22

m for PC12 cells which is determined in at least 1000

cells) as described before. The neurite percentage of PC12 cells was calculated to
describe the extent of neuronal differentiation. The neurite percentage was significant
difference between flat surfaces (21.29%) and grooved surfaces especially for 800/400
nm (42.36%). Moreover, the 800/400 nm have higher neurite percentage than 800/100
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nm, the same widths but shallower depths. It has been shown but not obvious that
400/400 nm grooves have higher neurite percentage than 400/100 nm grooves (Figure
3-11). It suggested that the deeper grooves could stimulate neurite growth especially on
the 800/400 nm grooves.
To compare the relationship between topography and neurite numbers, we
estimated the percentage of neurite numbers which were classified into monopolar,
bipolar and multipolar neurites. PC12 cells on flat surfaces have high percentage of
multipolar neurites (49.8%) while on grooves have high percentage of bipolar neurites
(over 50%). Flat and grooved surfaces almost have the same percentage of monopolar
neurites. The neurite numbers of PC12 cells on grooved surfaces showed monopolar
and bipolar neurites because neurites are limited by the topography. On the same width,
the 400 nm depths have higher percentage of bipolar neurites while the 100 nm depths
have higher percentage of multipolar. Therefore, we suggest that the deeper grooves
have great influences on PC12 cells to direct neurites outgrowth. On the same depth,
the 800 nm widths have higher percentage of multipolar neurites than 400 nm widths.
It could be suggested that PC12 cells grow much freedom on wider grooves (Figure
3-12).
PC12 cells on grooved surfaces have longer average neurite length than on flat
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m, while on

surfaces. The average neurite lengths on flat surface are less than 40
400/400 or 800/400 nm depths grooves are over 50

m. It could be illustrated that

grooves have fewer neurite numbers (bipolar) which can get much more nutrition and
grow longer neurites. The average neurite lengths have significant difference between
400/100 nm (48.35  0.24
(46.87  2.07

m) and 400/400 nm (52.88  0.76

m) and 800/400 (53.44  1.24

m) or 800/100 nm

m). However, the average neurite

lengths have no apparent significant difference between the same depths which
indicated that the widths of grooves have fewer effects on neurite lengths (Figure 3-13).
Interestingly, the results of average neurite lengths are similar to the results of neurite
percentage. Then, compare the accumulative percentage of neurites length on different
surfaces, the neurites length on flat (34.26  0.90
m), 400/400 nm (47.34  1.55
nm (47.29  1.71

m), 400/100 nm (43.01  0.96

m), 800/100 nm (41.92  2.26

m) and 800/400

m) at the 50% cells accumulation. The median of neurite length

on grooves are much longer than on flat surfaces. The 400 nm depths have longer
neurites length than 100 nm depths which suggest that deeper grooved surfaces could
enhance neurite outgrowth. There are no difference between 400/400 and 800/400 nm
grooves or 400/100 and 800/100 nm grooves which suggest that the depths are much
important factors to enhance neurite outgrowth than widths (Figure 3-14).
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In order to express the distribution of neurite length on different surfaces much
clearly, the calculation results were presented as box plot instead of showing the
average neurite length. The box plot are useful for comparing distributions which
shown the 12th, 25th, 50th, 75th and 88th percentiles in the distribution of neurite length.
Each section of the boxplot (Q1 to the median and the median to Q3) contains 25% of
the data. If one of the sections is longer than another, it indicates a wider range in the
neurite length in that section (meaning the neurite lengths are more spread out). A
smaller section of the box plot indicates the neurite lengths are much closer to each
other. The box plot results indicated that the notch interval for 400/400 and 800/400
nm grooves are almost overlapped. Similarly, the notch interval for 400/100 nm is
slightly higher than 800/100 nm grooves, but both of them are also nearly overlapped.
We have 99% confidence to conclude that the median of 400/400 or 800/400 nm
grooves are greater than the median of 400/100 or 800/100 nm grooves (Figure 3-15).
The results indicated that the deeper grooves could improve neurite outgrowth than flat
or shallower grooved surfaces. Therefore, we suggested that 100 nm depths may be too
shallow for PC12 cells to sense the topographic surface, but 400 nm depths have
apparent effects to induce neurite outgrowth.
The alignment of the neurites of PC12 cells on different submicron-grooved
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surfaces was estimated the angle between an axis of the grooves and the direction of
neurite on the surfaces. We divided 10° sectors from 0° to 90° and showed the
distribution of differentiated PC12 cells on flat and different width/depth PS surfaces
(Figure 3-16). The orientation of the neurites from differentiated PC12 cells are
significantly influenced by the grooved surfaces. It is approximately 90% of the
neurites aligned within 10° of the direction of the 400/400 and 800/400 nm grooved
surfaces. Moreover, the percentage of neurites aligned along the 400/100 and 800/100
nm still maintain about 70%. However, the percentage of aligned neurites is not
obvious difference between the same depths which indicated that the widths of grooves
have fewer effects on neurite alignment (Figure 3-17).

3.3.2 Immunocytochemistry analysis of PC12 cells
The immunostaining results showed that fluorescent images of PC12 cells
cultured for 3 days on submicron-grooved topography and then immunologically
stained using phalloidin to stain F-actin and using Tuj-1 antibody (a neuron marker).
Nuclei were counterstained with DAPI. According to phalloidin staining, the F-actin
filaments and neurites of PC12 cells are clearly observed (Figure 3-18). The majority
of PC12 cells differentiated into neuronal-like cells with Tuj-1 positive after NGF
treatment and topographical cues modulation (Figure 3-19). The percentage of Tuj-1
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positive cells on flat substrates is 26.3  9.1% which is lower than grooved surfaces
and suggested that neuronal differentiation of cells could be enhanced by topographical
cues. The results shown that 400/400 and 800/400 nm grooves have higher percentage
of cells with Tuj-1 positive than 400/100 and 800/100 nm grooves (Figure 3-20).
Therefore, we suggest that the deeper grooves have great influence on PC12 cells to
enhance neuronal differentiation and these results have a positive correlation with the
percentage of PC12 cells with neurites and the average neurite lengths.

3.4 Human ADSCs on submicron-grooved surface
The microscope images showed that hADSCs adhered on PS surfaces and aligned
obviously along the 400 nm depths grooved surfaces for the 24 h of culturing (Figure
3-21). The hADSCs were grown in DMEM/F12 medium supplemented with 100
ng/mL basic fibroblast growth factor (bFGF) to induce neuronal differentiation for 3
days (Figure 3-22). The cells were then cultivated in the presence of 10

M forskolin

for the following 3 days (Figure 3-23). Morphologically, the hADSCs exhibited from
flat, fibroblast-like cells to elongated, spindle-shaped cells after 6 days culture in the
differentiation medium and hADSCs grew randomly on flat surfaces while aligned
along the grooves.
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3.4.1 Neuritogenesis analysis of hADSCs
The neurites were defined as processes which have a length greater than that of
the cell body (47.44  0.37

m for hADSCs which is determined in at least 1000

cells). The neurite percentage of hADSCs was calculated to describe the extent of
neuronal differentiation. The hADSCs on 400/400 nm surfaces expressed the highest
neurite percentage which up to 65.69  3.68%, while only 44.83  1.78% of hADSCs
grew neurites on the flat surfaces. It has been showed but not obvious that 800/400 nm
grooves have higher neurite percentage than 800/100 nm grooves. It suggested that the
deeper grooves could stimulate neurite growth especially on the 400/400 nm grooves
(Figure 3-24).
The hADSCs on grooved surfaces have longer average neurite length than on flat
surfaces. The average neurite lengths are significant difference between 100 nm depths
(400/100 nm with 89.05  4.75
5.52

m) and 400 nm depths (400/400 nm with 103.12 

m). It also suggested that the deeper grooves could prolong the neurite growth

(Figure 3-25). Then, we compared the accumulative percentage of neurites length on
different surfaces, the neurites length on flat (71.54  2.20
4.10

m), 400/400 nm (88.96  5.19

800/400 nm (91.31  4.77

m), 400/100 nm (81.43 

m), 800/100 nm (84.32  1.47

m) and

m) at the 50% cells accumulation. The average neurite
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lengths might be affected by critical values while the median did not. The median of
neurite length on grooves are longer than on flat surfaces. The 800/400 nm grooves
have the longest neurite length while 400/100 nm grooves have the shortest neurite
length. There are no difference between 400/400 and 800/100 nm grooves which
suggest that both deeper and wider grooved surfaces could improve neurite outgrowth
(Figure 3-26). The box plot results precisely indicated that the notch interval for
800/400 nm (94.31  2.81

m) and 400/400 nm (90.35  2.92

m) grooves do not

overlap with other groups. Therefore, we have 99% confidence to conclude that the
median of 800/400 nm and 400/400 nm grooves are longer than others and have
statistically significant difference in others. There are no statistically significant
difference between 800/400 and 400/400 nm or 400/100 and 400/100 nm which
indicated that depths are main factors to affect neurites (Figure 3-27). The deeper
grooves could improve neurite outgrowth and these results are similar to PC12 cells.
The alignment of the neurites of hADSCs on different submicron-grooved
surfaces was also estimated the angle between grooves and neurites on surfaces. The
results showed the distribution of differentiated hADSCs on flat and different
width/depth PS surfaces (Figure 3-28). The hADSCs distributed randomly on flat
surfaces and over 60% of cells cultivated on 400 nm depths grooved surfaces aligned
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along the axis of grooves within 10° while neurites aligned along the 100 nm depths
decreased to 20-30% (Figure 3-29). The results indicated that the deeper grooved
topography could strongly affect cell alignment and the results are similar to PC12
cells.

3.4.2 Immunocytochemistry analysis of hADSCs
The immunostaining results showed that fluorescent images of hADSCs cultured
for 6 days on flat and submicron-grooved topography and then immunologically
stained using Tuj-1 antibody (a neuron marker) and GFAP antibody (an astrocyte
marker). Nuclei were stained with DAPI. First of all, the phalloidin staining showed
the F-actin filaments and neurites of hADSCs (Figure 3-30). Second, the hADSCs
cultivated on neuronal-induction medium supplied with 100 ng/mL bFGF for 3 days
are stained with GFAP and Tuj-1 to analyze the results of neuronal differentiation.
There are no hADSCs differentiated into astrocyte-like cells with GFAP positive after
3 days of differentiation (Figure 3-31). Similarly, there are almost no hADSCs
differentiated into neuronal-like cells with Tuj-1 positive except 800/400 nm grooves
after 3 days of differentiation (Figure 3-32).
Then, we prolonged the differentiated time to 6 days and changed the neuronal
induction medium supplied with 10

M forskolin. Few hADSCs differentiated into
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astrocyte-like cells with GFAP positive (Figure 3-33), but the majority of the hADSCs
differentiated into neuronal-like cells with Tuj-1 positive (Figure 3-35). Moreover, we
can also find the nucleus aligned along the grooves. The amount of GFAP and Tuj-1
positive cells was quantified. The percentage of GFAP positive cells is less than 20%
on various surfaces and without significant difference between these surfaces.
Interestingly, the percentage of GFAP positive cells on 400/100 or 800/100 nm are
slightly higher than on 400/400 or 800/400 nm grooved surfaces (Figure 3-34). On the
other hand, the results showed the percentage of Tuj-1 positive cells on flat substrates
is 18.8  0.4% which is lower than grooved surfaces. The results showed that the
higher percentage of Tuj-1 positive cells on 400/400 nm (47.9  14.8%) or 800/400 nm
(49.5  11.4%) than on 400/100 nm (36.3  4.1%) or 800/100 nm (37.4  1.3%)
grooved surfaces which indicated that the deeper grooved topography could enhance
neuron expression of neuronal differentiated hADSCs (Figure 3-36). In contrast to the
Tuj-1 positive results, the shallower depths grooved topography could enhance GFAP
expression of neuronal differentiated hADSCs.

3.5 Human UCB-MSCs on submicron-grooved surface
The microscope images showed that adherent UCB-MSCs presented fibroblast
appearance and started to align along the grooved surfaces after culturing for 24 h
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(Figure 3-37). The UCB-MSCs were grown in neurobasal medium containing bFGF
(10 ng/mL) to induce neuronal differentiation for 7 days. Morphologically, the
UCB-MSCs aligned along the grooves and connected to each other after 7 days culture
in the differentiation medium and UCB-MSCs grew randomly on the flat surfaces
(Figure 3-38).

3.5.1 Neuritogenesis analysis of UCB-MSCs
The neurites were defined as processes which have a length greater than that of
the cell body (57.74  0.37

m for UCB-MSCs which is determined in at least 1000

cells). The neurite percentage of UCB-MSCs was calculated to describe the extent of
neuronal differentiation. The neurite percentage of UCB-MSCs on flat surfaces is
26.74  4.04% which is much lower than cells on grooves. The neurite percentage of
UCB-MSCs on 400/400 or 800/400 nm surfaces expressed almost 60% which is higher
than 400/100 or 800/100 nm, the same widths but shallower depths. It suggested that
the deeper grooves could enhance neurite growth (Figure 3-39).
We also compared the average neurite length of UCB-MSCs cultivated on
different submicron-grooved surfaces. The results showed that UCB-MSCs on grooved
surfaces have longer average neurite length than on flat surfaces. Moreover, the
UCB-MSCs on 800/400 nm grooves have the longest average neurite length. The
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results of average neurite lengths showed that both deeper and wider grooved surfaces
could improve neurite outgrowth (Figure 3-40). We also compared the accumulative
percentage of neurites length on different surfaces, the neurites length on flat (70.50 
1.46

m), 400/100 nm (83.13  7.25

800/100 nm (84.90  3.91

m), 400/400 nm (83.99  6.20

m) and 800/400 nm (89.28  5.44

m),

m) at the 50% cells

accumulation. The median of neurite length on grooves are longer than on flat surfaces.
The 800/400 nm grooves have the longest neurite length while 400/100 nm grooves
have the shortest neurite length. There are only slight difference between 400/400 and
800/100 nm grooves which suggest that both deeper and wider grooved surfaces could
improve neurite outgrowth (Figure 3-41). Then, the box plot results indicated that the
notch interval for 800/400 nm grooves is 88.21  3.58

m and their notches do not

overlap with other surfaces. Therefore, we have 99% confidence to conclude that the
median of 800/400 nm grooves is the largest and have statistically significant
difference in others. The results also indicated that the notch interval for 800/100 nm is
slightly higher than 400/100 nm grooves; thus, we have 95% confidence to conclude
that the median of 800/100 nm grooves is higher than 400/100 nm grooves which
indicated that the wider grooves could enhance neurite outgrowth than flat or narrow
surfaces (Figure 3-42).
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The alignment of the neurites of UCB-MSCs on different submicron-grooved
surfaces was estimated the angle between an axis of the grooves and the direction of
neurites on the surfaces (Figure 3-43). The UCB-MSCs distributed randomly on flat
surfaces and over 70% of cells cultivated on 400 nm depths grooved surfaces aligned
along the axis of grooves within 10° and over 50% of neurites aligned along 100 nm
depths. However, the percentage of aligned neurites is not apparently different between
the same depths which illustrated that the deeper grooved topography could affect cell
alignment while the widths of grooves are not (Figure 3-44).

3.5.2 Immunocytochemistry analysis of UCB-MSCs
The immunostaining results showed that fluorescent images of UCB-MSCs
cultured for 7 days on submicron-grooved topography and then immunologically
stained using Tuj-1 and GFAP. Nuclei were stained with DAPI. First of all, the
phalloidin staining showed the F-actin filaments and neurites of UCB-MSCs (Figure
3-45). Second, the UCB-MSCs cultivated on growth medium without any neurotrophic
factors for 7 days are stained with GFAP and Tuj-1 to analyze the results of neuronal
differentiation. There are no UCB-MSCs differentiated into astrocyte-like cells with
GFAP positive after 7 days of cultivation except cells on 800/100 nm or 800/400 nm
grooves (Figure 3-46). In contrast to the results of GFAP, many UCB-MSCs express

61

doi:10.6342/NTU201603497

neuronal-like cells with Tuj-1 positive without neuronal induction (Figure 3-47).
Then, UCB-MSCs were cultivated in neuronal induction medium supplied with
10 ng/mL bFGF for 7 days. The confocal images showed that few cells differentiated
into astrocyte-like cells with GFAP positive except 400/400 and 800/100 nm groups
(Figure 3-48). Similar to UCB-MSCs without neuronal induction, most of the
UCB-MSCs on different surfaces differentiated into neuronal-like cells with Tuj-1
positive (Figure 3-50). Moreover, we can also find the nucleus aligned apparently
along the grooves. The percentage of GFAP positive cells on flat substrates is less than
20% which is lower than grooved surfaces. The results showed that 400/400 and
800/100 nm grooves have higher percentage of cells with GFAP positive than 400/100
nm grooves (Figure 3-49). Therefore, we suggest that not only wider grooves but
deeper grooves could improve UCB-MSCs differentiated into astrocyte-like cells. On
the other hand, the percentage of Tuj-1 positive cells on flat substrates is 91.1  3.8%
which is slight lower than grooved surfaces. The results showed that the percentage of
Tuj-1 positive cells on 400/100 nm (95.9  3.0%), 400/400 nm (97.8  1.2%), 800/100
nm (98.0  0.4%) and 800/400 nm (98.8  0.3%) grooved surfaces are nearly 100%
which suggested that almost all UCB-MSCs differentiated into neuronal-like cells
(Figure 3-51).
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3.6 Discussion
In this work, we show that submicron-grooved topography with different widths
and depths combined with neurotrophic growth factors could affect cellular behaviors
of PC12 cells, hADSCs and human UCB-MSCs. The cellular morphology, neurites
formation, neurites number, neurites length, neurites length distribution, neurites
alignment and neuronal differentiation on various grooved surfaces are investigated.
First of all, submicron-grooved PS surfaces were modified by various chemicals
to enhance cell adhesion. From phase contrast photographs of PC12 cells, cells
adhesion were improved after surface modification (Figure 3-4). The results of neurites
length showed that PDA modification could prolong the neurites on flat or grooved
surfaces. In addition to observe cellular morphology, Tuj-1 immunostaining was also
conducted to ensure that PDA modification could enhance neuron expression (Figure
3-5, Figure 3-8). It is demonstrated that PDA modified surfaces could improve
neuronal differentiation of PC12 cells [28]. Therefore, we chose PDA to modify the PS
surfaces in this study. Therefore, PC12 cells were cultivated on different widths (400
and 800 nm) and depths (100 and 400 nm) grooves to evaluate the influences of
topographical cues on cells. Our data illustrated that PC12 cells have high percentage
of multipolar neurites on flat surfaces while have high percentage of bipolar neurites
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on grooves after stimulated by NGF. Similarly, some studies verified that neurites of
PC12 cells became multipolar shape on flat or bipolar elongations on grooved surfaces
[58, 71]. Moreover, we also showed that groove depth is the most important parameter
of submicron-grooved surfaces in the percentage of PC12 cells with neurites, average
neurites length, neurites length distribution and alignment. The confocal images
analysis also showed that 800/400 and 400/400 nm grooves have significantly higher
percentage of Tuj-1 than 800/100 and 400/100 nm grooves (Figure 3-20).
Second, the percentage of hADSCs with neurites increased as the groove depths
increased which is similar to PC12 cells (Figure 3-11, Figure 3-24). It suggested that
the deeper grooves could stimulate cell to grow neurites. The average neurite length
also prolonged on deeper grooves; however, the critical values of neurite lengths might
affect the mean value of neurite lengths. Therefore, we compared the median value by
analysis of box plot and found deeper grooves could improve neurite outgrowth
(Figure 3-27). The immunostaining analysis showed that deeper grooved surface with
higher percentage of Tuj-1 positive cells which means enhancement of neuron
expression for hADSCs. On the contrary, the percentage of GFAP positive cells on
shallower depths grooved topography is much higher. It has been demonstrated that
hADSCs could be induced to neuron-like or glial-like cells [20]. We suggest that
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hADSCs on deeper grooves were induced to differentiate into neuron-like cells while
on shallower grooves were preferred to glial-like cells.
Third, human UCB-MSCs also have higher neurite percentage on 800/400 and
400/400 nm grooves which suggested that deeper grooves could enhance neurite
formation (Figure 3-39). The neurites length of UCB-MSCs are affected by depths and
widths grooved surfaces which is showed from the plot of average neurite length,
accumulation plot and box plot (Figure 3-40, Figure 3-41 and Figure 3-42). Then, we
found that over 90% of UCB-MSCs showed expression of Tuj-1 marker whether bFGF
treatment or not (Figure 3-47, Figure 3-50), but the cells with GFAP positive were
increase after bFGF treatment (Figure 3-49). This might illustrate that UCB-MSCs
have capacity to differentiated into neuron-like cells and UCB-MSCs cultivated in
medium containing bFGF were enhanced the percentage of cells differentiate into
glial-like cells.
Finally, the results of three types of cells showed that the groove depths have
significant influences on nerites elongation and alignment. On the same 400 nm depths
grooves, about 90% of PC12 cells aligned along the grooves within 10°, human
UCB-MSCs are 70% and hADSCs decreased to 60%. Our previous study also found
that groove depth was more influential on cellular morphology, proliferation, and
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differentiation than groove width. [37] In conclusion, both biochemical factors and
topographical cues could affect PC12 cells, hADSCs and human UCB-MSCs
proliferation and differentiation, which coincides the expectation.
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Figure 3-1 The SEM images of the depth of the topographical silicon wafers. The
grooved widths and depths were represented as width/depth. Scale bar: 1

m.
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Figure 3-2 The SEM images of the topographical silicon wafer surfaces. The grooved
widths and depths were represented as width/depth. Scale bar: 2

m.
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Figure 3-3 The SEM images of the topographical PS surfaces. The grooved widths and
depths were represented as width/depth. Scale bar: 2

m.
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Figure 3-4 Phase contrast photographs of PC12 cells after culturing on different
chemical modified (A-F) flat and (G-L) 800/400 nm topographical PS surfaces. PC12
cells were incubated in neuronal induction medium (RPMI 1640 medium containing
NGF) for 24 h. Scale bar: 100 μm.
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Figure 3-5 Neuronal differentiations of PC12 cells cultured on different chemical
modified flat and 800/400 nm surfaces for 24 h. The neuronal differentiation of the
PC12 cells was quantified by measuring the neurite lengths of the PC12 cells (n = 3, **:
p < 0.01 and ***: p < 0.001, compared to the PS control, #: p < 0.05 and ###: p <
0.001, compared to the dopamine modified surfaces).
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Figure 3-6 Confocal images of PC12 cells cultured on flat PS plates after 48 h of
differentiation. Influence of different chemical modified surfaces on PC12 cells
behavior. Cells were stained with DAPI for nuclear staining (blue) and Tuj-1 for
neuron staining (red). Scale bar: 50 μm.
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Figure 3-7 Confocal images of PC12 cells cultured on 800/400 nm PS plates after 48 h
of differentiation. Influence of different chemical modified surfaces on PC12 cells
behavior. Cells were stained with DAPI for nuclear staining (blue) and Tuj-1 for
neuron staining (red). Scale bar: 50 μm.
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Figure 3-8 Immunocytochemistry of Tuj-1 of PC12 cells were induced to neuronal
differentiation on different chemical modified PS surfaces (flat and 800/400 nm
grooves). The amount of cells positive for Tuj-1 was quantified.
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Figure 3-9 Phase contrast photographs of PC12 cells on flat and different width/depth
PS surfaces 24 h after seeding (before neuronal induction). All surfaces were treated by
dopamine for 1 h. Scale bar: 100 μm.
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Figure 3-10 Phase contrast photographs of PC12 cells on flat and different width/depth
PS surfaces were incubated in neuronal induction medium (RPMI 1640 Medium
containing NGF) for 48 h. All surfaces were treated by dopamine for 1 h. Scale bar:
100 μm.
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Figure 3-11 Quantification of PC12 cells neurite extension after 48 h of neuronal
differentiation on flat and different width/depth grooved PS surfaces. The neurites were
defined as processes which have a length greater than that of the cell body (27.45

m

for PC12 cells which is determined in at least 1000 cells). The data showed the
percentage of cells with neurites. (n = 3, *: p < 0.05, **: p < 0.01 and ***: p < 0.001,
compared to the flat control, #: p < 0.05, compared to the same width).
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Figure 3-12 The percentage of neurite number of PC12 cells cultured on flat and
different width/depth PS surfaces for 48 h. The neurite numbers were classified into
monopolar, bipolar and multipolar neurites (n = 3, **: p < 0.01 and ***: p < 0.001,
compared to the flat control, #: p < 0.05 and ##: p < 0.01, compared to the same width,
and +: p < 0.05, compared to the same depth).
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Figure 3-13 Neuronal differentiations of PC12 cells cultured on flat and different
width/depth PS surfaces for 48 h. The neuronal differentiation of the PC12 cells was
quantified by measuring the neurite length of the PC12 cells (n = 3, **: p < 0.01 and
***: p < 0.001, compared to the flat control, #: p < 0.05 and ##: p < 0.01, compared to
the same width).
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Figure 3-14 The accumulative percentage of neurite lengths. Neuronal differentiation
of PC12 cells cultured on flat and different width/depth PS surfaces for 48 h.
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Figure 3-15 The box plot for neurite lengths of PC12 cells cultured on flat and different
width/depth grooved PS surfaces for 48 h (n = 3, **: p < 0.01, compared to the flat
control and ##: p < 0.01, compared to the same width).
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Figure 3-16 Distribution of neuronal differentiated PC12 cells grew on flat and
different width/depth PS surfaces. We divided 10° sectors from 0° to 90°. The
alignment of cells was determined by measuring the angle between an axis of the cells
and the grooves on the surface. Values indicate the mean  SEM for 3 independent
experiments.
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Figure 3-17 The percentage of neuronal differentiated PC12 cells aligns along the flat
and different width/depth PS grooves within 10° (n = 3, ***: p < 0.001, compared to
the flat control, ##: p < 0.01 and ###: p < 0.001, compared to the same width). Values
indicate the mean  SEM for 3 independent experiments.
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Figure 3-18 Influence of submicron-grooved topography on PC12 cells behavior.
Confocal images of PC12 cells cultured on flat and different PS plates after 48 h of
differentiation. Cells were stained with DAPI for nuclear staining (blue) and Phalloidin
for F-actin staining (red). Scale bar: 50 μm.
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Figure 3-19 Influence of submicron-grooved topography on PC12 cells behavior.
Confocal images of PC12 cells cultured on flat and different PS plates after 48 h of
differentiation. Cells were stained with DAPI for nuclear staining (blue) and Tuj-1 for
neuron staining (red). Scale bar: 50 μm.
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Figure 3-20 Immunocytochemistry of Tuj-1 of PC12 cells were induced to neuronal
differentiation on flat and different width/depth PS surfaces for 72 h. The amount of
cells positive for Tuj-1 was quantified. (n = 3, *: p < 0.05 and **: p < 0.01, compared
to the flat control, #: p < 0.05 compared to the same width).
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Figure 3-21 Phase contrast photographs of hADSCs on flat and different width/depth
PS grooves 24 h after seeding (before neuronal induction). All surfaces were treated by
dopamine for 1 h. Scale bar: 100 μm.
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Figure 3-22 Phase contrast photographs of hADSCs on flat and different width/depth
PS/PET grooves were incubated in neuronal induction medium (DMEM/F12
containing bFGF) for 3 days. All surfaces were treated by dopamine for 1 h. Scale bar:
100 μm.

88

doi:10.6342/NTU201603497

Figure 3-23 Phase contrast photographs of hADSCs on flat and different width/depth
PS/PET grooves were incubated in neuronal induction medium (DMEM/F12
containing bFGF and forskolin) for 6 days. All surfaces were treated by dopamine for 1
h. Scale bar: 100 μm.
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Figure 3-24 Quantification of hADSCs neurite extension after 6 days of neuronal
differentiation on flat and different width/depth grooved PS surfaces. The neurites were
defined as processes which have a length greater than that of the cell body (47.44

m

for hADSCs which is determined in at least 1000 cells). The data showed the
percentage of cells with neurites. (n = 3, *: p < 0.05, compared to the flat control, #: p
< 0.05, compared to the same width).
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Figure 3-25 Neuronal differentiation of hADSCs cultured on flat and different
width/depth grooved PS surfaces for 6 days. The neuronal differentiation of the
hADSCs was quantified by measuring the neurite length of the hADSCs (n = 3, *: p <
0.05 and **: p < 0.01, compared to the flat control, and #: p < 0.05, compared to the
same width).
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Figure 3-26 The accumulative percentage of neurite lengths. Neuronal differentiation
of hADSCs cultured on flat and different width/depth PS surfaces for 6 days.
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Figure 3-27 The box plot for neurite lengths of hADSCs cultured on flat and different
width/depth grooved PS surfaces for 6 days (n = 3, **: p < 0.01, compared to the flat
control, ##: p < 0.01, compared to the same width, and %%: p < 0.01, compared to the
400/400 and 800/100 nm or 800/400 and 400/100 nm).
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Figure 3-28 Distribution of neuronal differentiated hADSCs grew on flat and different
width/depth grooved surfaces. We divided 10° sectors from 0° to 90°. The alignment of
cells was determined by measuring the angle between an axis of the cells and the
grooves on the surface. Values indicate the mean  SEM for 3 independent
experiments.
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Figure 3-29 The percentage of neuronal differentiated hADSCs aligns within 10° (n = 3,
***: p < 0.001, compared to the flat control, ##: p < 0.01 and ###: p < 0.001,
compared to the same width).
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Figure 3-30 Influence of submicron-grooved topography on hADSCs behavior.
Confocal images of hADSCs cultured on flat and different PS plates after 6 days of
cultivation. Cells were stained with DAPI for nuclear staining (blue) and Phalloidin for
F-actin staining (red). Scale bar: 50 μm.
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Figure 3-31 Influence of submicron-grooved topography on hADSCs behavior.
Confocal images of hADSCs cultured on flat and different PS plates after 3 days of
cultivation. Cells were stained with DAPI for nuclear staining (blue) and GFAP for
astrocyte glial staining (green). Scale bar: 50 μm.
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Figure 3-32 Influence of submicron-grooved topography on hADSCs behavior.
Confocal images of hADSCs cultured on flat and different PS plates after 3 days of
cultivation. Cells were stained with DAPI for nuclear staining (blue) and Tuj-1 for
neuron staining (red). Scale bar: 50 μm.
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Figure 3-33 Influence of submicron-grooved topography on hADSCs behavior.
Confocal images of hADSCs cultured on flat and different PS plates after 6 days of
differentiation. Cells were stained with DAPI for nuclear staining (blue) and GFAP for
astrocyte glial staining (green). Scale bar: 50 μm.
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Figure 3-34 Immunocytochemistry of GFAP of hADSCs was induced to neuronal
differentiation on flat and different width/depth PS surfaces for 6 days. The amount of
cells positive for GFAP was quantified. Values indicate the mean  SEM for 3
independent experiments.
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Figure 3-35 Influence of submicron-grooved topography on hADSCs behavior.
Confocal images of hADSCs cultured on flat and different PS plates after 6 days of
differentiation. Cells were stained with DAPI for nuclear staining (blue) and Tuj-1 for
neuron staining (red). Scale bar: 50 μm.
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Figure 3-36 Immunocytochemistry of Tuj-1 of hADSCs was induced to neuronal
differentiation on flat and different width/depth PS surfaces for 6 days. The amount of
cells positive for Tuj-1 was quantified. (n = 3, *: p < 0.05, **: p < 0.01 and ***: p <
0.001, compared to the flat control). Values indicate the mean  SEM for 3
independent experiments.
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Figure 3-37 Phase contrast photographs of UCB-MSCs on flat and different
width/depth PS grooves 24 h after seeding (before neuronal induction). All surfaces
were treated by dopamine for 1 h. Scale bar: 100 μm.
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Figure 3-38 Phase contrast photographs of UCB-MSCs on flat and different
width/depth PS/PET grooves were incubated in neuronal induction medium
(neurobasal medium containing bFGF) for 7 days. All surfaces were treated by
dopamine for 1 h. Scale bar: 100 μm.
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Figure 3-39 Quantification of UCB-MSCs neurite extension after 5 days of neuronal
differentiation on flat and different width/depth grooved PS surfaces. The neurites were
defined as processes which have a length greater than that of the cell body (57.74

m

for UCB-MSCs which is determined in at least 1000 cells). The data showed the
percentage of cells with neurites. (n = 3, *: p < 0.05 and **: p < 0.01, compared to the
flat control, #: p < 0.05 and ##: p < 0.01, compared to the same width, +: p < 0.05,
compared to the same depth, and %%: p < 0.01, compared to the 400/400 and 800/100
nm or 800/400 and 400/100 nm).
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Figure 3-40 Neuronal differentiation of UCB-MSCs cultured on flat and different
width/depth grooved PS surfaces for 5 days. The neuronal differentiation of the
UCB-MSCs was quantified by measuring the neurite length of the UCB-MSCs (n = 3,
**: p < 0.01, compared to the flat control, #: p < 0.05, compared to the same width).
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Figure 3-41 The accumulative percentage of neurite lengths. Neuronal differentiation
of UCB-MSCs cultured on flat and different width/depth PS surfaces for 5 days.
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Figure 3-42 The box plot for neurite lengths of UCB-MSCs cultured on flat and
different width/depth grooved PS surfaces for 5 days (n = 3, **: p < 0.01, compared to
the flat control, +: p < 0.05 and ++: p < 0.01, compared to the same depth, and %%: p
< 0.01, compared to the 800/400 and 400/100 nm).
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Figure 3-43 Distribution of neuronal differentiated UCB-MSCs grew on flat and
different width/depth grooved surfaces. We divided 10° sectors from 0° to 90°. The
alignment of cells was determined by measuring the angle between an axis of the cells
and the grooves on the surface. Values indicate the mean  SEM for 3 independent
experiments.
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Figure 3-44 The percentage of neuronal differentiated UCB-MSCs aligns within 10° (n
= 3, *: p < 0.05 and **: p < 0.01, compared to the flat control).
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Figure 3-45 Influence of submicron-grooved topography on UCB-MSCs behavior.
Confocal images of UCB-MSCs cultured on flat and different PS plates after 7 days of
cultivation. Cells were stained with DAPI for nuclear staining (blue) and Phalloidin for
F-actin staining (red). Scale bar: 50 μm.
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Figure 3-46 Influence of submicron-grooved topography on UCB-MSCs behavior.
Confocal images of UCB-MSCs cultured on flat and different PS plates after 5 days of
cultivation. Cells were stained with DAPI for nuclear staining (blue) and GFAP for
astrocyte glial staining (green). Scale bar: 50 μm.
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Figure 3-47 Influence of submicron-grooved topography on UCB-MSCs behavior.
Confocal images of UCB-MSCs cultured on flat and different PS plates after 5 days of
cultivation. Cells were stained with DAPI for nuclear staining (blue) and Tuj-1 for
neuron staining (red). Scale bar: 50 μm.
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Figure 3-48 Influence of submicron-grooved topography on UCB-MSCs behavior.
Confocal images of UCB-MSCs cultured on flat and different PS plates after 7 days of
differentiation. Cells were stained with DAPI for nuclear staining (blue) and GFAP for
astrocyte glial staining (green). Scale bar: 50 μm.
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Figure 3-49 Immunocytochemistry of GFAP of UCB-MSCs was induced to neuronal
differentiation on flat and different width/depth PS surfaces for 7 days. The amount of
cells positive for GFAP was quantified (n = 3, *: p < 0.05, compared to the flat control,
##: p < 0.01, compared to the same width, and +: p < 0.05, compared to the same
depth). Values indicate the mean  SEM for 3 independent experiments.
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Figure 3-50 Influence of submicron-grooved topography on UCB-MSCs behavior.
Confocal images of UCB-MSCs cultured on flat and different PS plates after 7 days of
differentiation. Cells were stained with DAPI for nuclear staining (blue) and Tuj-1 for
neuron staining (red). Scale bar: 50 μm.
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Figure 3-51 Immunocytochemistry of Tuj-1 of UCB-MSCs was induced to neuronal
differentiation on flat and different width/depth PS surfaces for 7 days. The amount of
cells positive for Tuj-1 was quantified (n = 3, *: p < 0.05, compared to the flat control).
Values indicate the mean  SEM for 3 independent experiments.
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Chapter 4
Conclusion and Future work
In this study, the submicron-grooved topography and neurotrophic growth factors
could affect neuronal differentiation of PC12 cells, hADSCs and human UCB-MSCs.
These three type of cells on various width and various depth exhibited different cell
morphology, neurite formation, neurite outgrowth and percentage of neuronal marker
expression which were regulated by surface guidance.
The result of neuronal differentiation was quantified by Tuj-1 and GFAP neuronal
markers which indicated that the percentage of PC12 cells and hADSCs differentiated
into neuronal-like cells was higher as the grooved depth increased while hADSCs
preferred to differentiate into astrocyte-like cells as the grooved depth decreased. The
human UCB-MSCs with Tuj-1 positive expression were slightly depend on grooved
topography, but GFAP positive expression on 400/400 and 800/100 nm grooves were
higher than 400/100 nm and flat grooves. Moreover, the neuritogenesis analysis also
provided evidences to verify that the topographical cues could affect neurites behaviors
including the percentage, numbers, lengths and alignment of neurites for three types of
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cells. Although our findings might reflect the difficulty of neuronal transplantation to
nerve tissue, there are still more works to be done in clinical treatment.
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Supporting Information
Human UCB-MSCs 鑑定圖:
I.

Human UCB-MSCs

II.

CD29 PE
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III. CD73 PE

IV. CD105 FITC

V.

HLA-1 FITC
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王孟菊老師:
1.

不同細胞有不同的分化時間，如何決定細胞培養分化的時間?
PC12 細胞在過去文獻上常被用來當作神經分化的 Model，本實驗發現 PC12
細胞培養分化 48 小時，明顯長出突觸並沿著 Pattern 排列，此外實驗也嘗試
延長分化時間至 72 小時，發現突觸長度明顯增長且排列情形更加明顯，不過
最後仍然觀察分化 48 小時情形，因為這個時間點已經可以看出 PC12 細胞在
不同 Pattern 表面的差異。而脂肪幹細胞與臍帶血幹細胞初次培養分化是每天
觀察細胞型態，後來詢問工研院與元智大學的意見，決定脂肪幹細胞分化 6
天，而臍帶血幹細胞分化 7 天。

2.

由於目前實驗設計的 Pattern 為直線型，假設 Pattern 設計成轉彎形狀(偏移
某個角度)，細胞是否會沿著 Pattern 的形狀生長?
細胞在進行貼附時，絲狀偽足(Filopodia)會探測可接觸的地形，希望能夠與地
形表面有最大的接觸面積，所以當 Pattern 轉彎時，細胞發現前方無法貼附，
因此我認為細胞應該會沿著 Pattern 方向生長。

3.

神經染色顯示 Normalization 後的百分比結果 (Tuj-1 positive cells / DAPI
positive cells)，細胞總數在不同 Pattern 表面是否有明顯差異?
三種細胞在不同表面進行 Confocal 螢光分析的實際細胞總數統計分析如下:
PC12 細胞總數 383  28 cells；脂肪幹細胞細胞總數 402  34 cells；臍帶血幹
細胞細胞總數 205  20 cells。
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游佳欣老師:
1.

細胞培養的時間點，不同的細胞可能培養天數不同，但是為什麼同一種細胞
培養天數也不同?這樣時間點可能太複雜。
根據參考文獻以及實驗實際培養情況下，決定 PC12 細胞分化 2 天、脂肪幹
細胞分化 6 天、而臍帶血幹細胞分化 7 天。至於同一種細胞的時間點不同，
主要因為可見光分析突觸以及螢光分析突觸兩者差異，以 PC12 細胞為例，
可見光分析分化 1 天情形，而螢光則是分析分化 2 天情形；脂肪幹細胞則是
可見光分析分化 6 天情形，而螢光一樣分析分化 6 天情形；臍帶血幹細胞是
可見光分析分化 5 天情形，而螢光一樣分析分化 7 天情形。當然可以延長可
見光培養時間和螢光一樣，但是當初在短時間培養即發現差異，因此最終選
用目前這樣的時間點。

2.

實驗使用 PS 作為基材的原因為何?發展性為何?
由於 PS 價格便宜、機械性質高、穩定性佳，且其物理性質適合作為表面材
料，並且翻印溝槽表面。不過 PS 並非用於生物體最佳的生醫材料，因此後
續發展還需要進行改良。
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