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Abstract Stem cell-based therapy has recently emerged

for use in novel therapeutics for incurable diseases. For

successful recovery from neurologic diseases, the most

pivotal factor is differentiation and directed neuronal cell

growth. In this study, we fabricated three different widths of

a micro-pattern on polydimethylsiloxane (PDMS; 1, 2, and

4 lm). Surface modification of the PDMS was investigated

for its capacity to manage proliferation and differentiation

of neural-like cells from umbilical cord blood-derived

mesenchymal stem cells (UCB-MSCs). Among the micro-

patterned PDMS fabrications, the 1 lm-patterned PDMS

significantly increased cell proliferation and most of the cells

differentiated into neuronal cells. In addition, the 1 lm-

patterned PDMS induced an increase in cytosolic calcium,

while the differentiated cells on the flat and 4 lm-patterned

PDMS had no response. PDMS with a 1 lm pattern was also

aligned to direct orientation within 10� angles. Taken toge-

ther, micro-patterned PDMS supported UCB-MSC

proliferation and induced neural like-cell differentiation.

Our data suggest that micro-patterned PDMS might be a

guiding method for stem cell therapy that would improve its

therapeutic action in neurological diseases.

1 Introduction

Recently, it has been demonstrated that mesenchymal stem

cells (MSCs) from various tissues, such as the bone marrow

[1], umbilical cord [2], and adipocyte tissue [3], have multi-

potent abilities to undergo osteogenic, adipogenic, hepato-

cyte, and neuronal differentiation [4, 5]. These findings

have raised interest in umbilical cord blood-derived mes-

enchymal stem cells (UCB-MSCs) as potential sources for

support of clinical treatments [6, 7]. We have reported

successful clinical trials of MSCs from cord blood used for

Buerger’s disease and ischemic limb disease in vivo [8] and

UCB-MSCs have been induced into insulin-producing islet-

like structures in vitro [9]. Fu et al. [10] also suggested that

MSCs from cord blood have potential in the treatment of

Parkinson’s disease. To enhance the therapeutic effect of

stem cells, one prerequisite is high proliferation and dif-

ferentiation towards desired lineages of MSCs. However,

stem cell-based therapy usually does not efficiently result in

cell proliferation and differentiation to levels high enough
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for the curing of incurable diseases [11]. For the successful

treatment of neurological disorders, neuronal cells require

directed neuronal outgrowth and neuronal differentiation

[12]. Therefore, many different types of biomaterials have

been used as environments for the regeneration of neuro-

logical disorders, including hydrogel, poly D,L,lactic-co-

glycolde (PLGA), polystyrene, and polydimethylsiloxane

(PDMS) [12–14]. Moreover, physical modification of bio-

materials, such as surface patterning and topography, has

also influenced cell proliferation, positioning, and differ-

entiation [15–17]. One of these biomaterials, PDMS, is

widely known as an appropriate material not only for sur-

face patterning and topographic modification, but also as a

good substrate for cell growth, proliferation, and differen-

tiation due to the its mechanical stability, biocompatibility,

and non-toxicity [18–20].

In this study, we hypothesized that a microstructure on

PDMS material would influence the proliferation of UCB-

MSCs and their differentiation into neuronal cells by

controlling their orientation. This study demonstrated that

physical cues added to the PDMS played important roles in

the proliferation and differentiation of UBC-MSCs. We

fabricated different widths of micro-patterns (1, 2, and

4 lm) on PDMS to investigate UCB-MSC proliferation

and neuronal differentiation.

2 Materials and methods

2.1 PDMS and micro-patterned fabrication

Micro-scale surface topographies were fabricated on

PDMS from a silicon mold. The silicon mold was fabri-

cated by photolithography and etching techniques. A series

of microgrooves, 1, 2, or 4 lm in width and 1 lm in

height, was fabricated on silicon wafers. The silicon wafers

were cleaned using H2SO4/H2O2 (4:1), HF, and distilled

water cleaning processes. A Sylgard 184 PDMS elastomer

(Dow Corning, Midland, MI, USA) was used for cell cul-

ture substrata. A Sylgard 184 hardener was added to the

Sylgard 184 PDMS base at a ratio of 1:10 before it was

poured into the silicon mold. After the PDMS was poured

into the silicon templates, the PDMS and mold were

transferred into a vacuum chamber for degassing. After-

wards, the PDMS attached to the silicon mold was heated

on a hot plate for 1 h at 70�C for hardening. The PDMS

layers were gently peeled from the silicon molds, and

complimentary replicas with grooved topographies were

generated on the PDMS surfaces. Supplementary Figure 1

shows the resulting microstructure fabricated on the PDMS

substrate. These PDMS substrata were washed in an

ultrasonic cleaner bath for 15 min to remove particles from

the PDMS surface. These PDMS samples were sterilized

with 70% EtOH and UV irradiation and a Poly-D-Lysin

(PDL) coating prior to the seeding of the cells.

2.2 Culture for human MSCs

Human UCB samples were obtained from Seoul Cord

Blood Bank (Seoul, Korea); samples from term and pre-

term deliveries were harvested at the time of birth with the

consent of the mother. This work was approved by the

Borame Hospital Institutional Review Board (IRB) and

the Seoul National University IRB. Blood samples were

processed within 24 h of collection. The mononuclear cells

were separated from the UCB using Ficoll-PaqueTM PLUS

(Amersham Bioscience, Uppsala, Sweden) and suspended

in culture medium (DEME; Gibco, Grand Island, NY,

USA) containing 20% FBS, 100 U/ml penicillin, 100 mg/

ml streptomycin, 2 mM L-glutamine, and 1 mM sodium

pyruvate. The cells were then seeded at a density of

1 9 106 cells/cm2 in culture flasks. After 7 days of culture,

the suspended cells were removed and the adherent cells

were additionally cultured using previously reported meth-

ods [8]. Cells were maintained at 37.8�C in a humidified

atmosphere containing 5% CO2, with a change of culture

medium every 3–4 days. Approximately 50–60% of the

confluent cells were detached with 0.2% trypsin-EDTA and

replated at a density of 2 9 103 cells/cm2 in culture flasks.

2.3 Neuronal differentiation of UCB-human (h)MSCs

The method of neuronal differentiation was followed, as

modified by Kang et al. [4]. When hMSCs derived from

UCB reached approximately 50–60% confluence, the

medium was changed to DMEM containing 1 mM BME

and 5% FBS for 24 h. Cells were exposed to another new

medium, 1% DMSO and 100 lM BHA in DMEM. After

5 h, cells were fixed with 4% paraformaldehyde in PBS for

immunostaining or loaded with 5 lM Fura 2 and 0.01% of

Pluronic F-127 acid in HBSS for calcium imaging.

2.4 Immunostaining

Fixed MSCs or neuronal differentiated cells were per-

meablized in 0.02% TritonX-100 and then blocked with 10%

normal goat serum (NGS) for 1 h. After the blocking step,

the first antibody, b III tubulin (1:200; Covance, Berkley,

CA, USA) was added into the cells, which were then incu-

bated for 1 day at 4�C. Cells were rinsed three times with 1X

PBS, and were then incubated with the second antibody,

Alexa 488 (1:1000, Molecular Probe, Inc., Eugene, OR,

USA) for 1 h. Finally, for nuclear staining, Hoechst 33238

(1 lg/ml) was diluted 1:100 in PBS and loaded into samples

for 15 min. Images were captured on a confocal microscope

(Eclipse TE200; Nikon, Japan).
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2.5 Calcium imaging

To evaluate calcium imaging of differentiated neurons on

PDMS, cells were loaded with a calcium indicator dye (5 lM

of Fura 2; Molecular Probe, Inc.) and 0.01% of Pluronic

F-127 acid in HBSS for a 45 min incubation at 37�C. Cells

were placed on the stage of a microscope equipped with

water immersion and a confocal head (Olympus, Japan).

Perfusion with 133 mM KCl and HBSS buffer was per-

formed in the water bath using a muti-valve process. Each

frame was captured every 5 s. Calcium relative changes were

expressed as F (340 nm)/F0 (380 nm). Data acquisition and

calcium imaging were performed with the Imaging Work-

bench 2.1 program (Axon Instruments, Inc., USA).

2.6 Measurement of cell alignment

After induction of neuronal differentiation of the UCB-

MSCs, the cells were fixed, labeled, and transferred to a

confocal microscope for immunostaining imaging. The

images of differential interference contrast (DIC) and

fluorescence of Hoechst 33238 and b III tubulin-positive

cells were captured by confocal microscopy. The captured

images of DIC, Hoechst, and b III tubulin were merged

into one image for further measurements. A straight line

from the one longest chord of a cell to the other end of the

chord was determined for each cell on the merged images.

The alignment of cells was determined by measuring the

angle between the straight line and an axis of the grooves

on the surface. The parallel direction with respect to the

axis of the grooves was defined as 0�. The measured data

were grouped in 10� sectors from 0 to 90�. The 0� indicated

perfect alignment to the microgrooves. Statistical analysis

was performed for the measured groups of orientations for

each scale of grooves (1, 2, and 4 lm). The frequencies of

the cells aligned within 10 and 20� with respect to the

grooves were analyzed.

2.7 Scanning electron microcopy

Neuronally differentiated cells on PDMS were fixed in 4%

paraformaldehyde and dehydrated in a graded alcohol

series. At the critical point, they were dried with CO2

(BAL-TEC, Arizona, USA), followed by coating with gold

plates (JEOL, Tokyo, Japan). Samples were then examined

under a scanning electron microscopy (SEM) (JEOL).

2.8 Statistical analysis

Statistical analysis was performed using ANOVA followed

by Duncan’s multiple range tests (P \ 0.05).

3 Results

3.1 Micro-patterned PDMS fabrication

As shown in Fig. 1, SEM images for the micro-scale

surface topographies fabricated on PDMS from silicon

molds showed patterned PDMS with 1 (a), 2 (b), and 4 lm

patterns (c) and a flat PDMS.

3.2 Micro-patterned PDMS enhanced the proliferation

of cord blood-derived MSCs

Before our investigation into whether micro-patterned

PDMS affects cell growth and behavior, we evaluated the

capacity of UCB-hMSC proliferation in PDMS and com-

mercial plastic dishes with PDL coating by cell counting.

Even though there was no significant difference, UCB-

hMSCs were more proliferative in PDMS than in com-

mercial plastic dishes (Fig. 2a) and adherent UCB-hMSCs

on PDMS continuously increased until confluence. This

data indicated that PDMS was a good substrate for cell

growth. To evaluate the proliferation of UCB-hMSCs on

the modified surface of PDMS, UCB-hMSCs were plated

on micro-patterned and flat PDMS (Fig. 2b). We also tes-

ted apoptotic and necrotic cell death of UCB-MSCs on the

micro-patterned PDMS. We performed double staining

with Hoechst 33238 and propidium iodide (PI). Hoechst

33238 is a marker of apoptosis of cells with fragmented

and/or condensed nuclei and PI is an indicator of necrotic

cell death. We did not detect any necrotic (PI staining was

negative) or apoptotic cell death with condensed and/or

fragmented nuclei on PDMS of the UCB-hMSCs (Fig. 3).

When comparing the UCB-hMSCs on patterned PDMS and

PDMS without any pattern, dramatically more proliferation

of UCB-hMSCs occurred in micro-patterned PDMS than in

flat PDMS. PDMS with a 1 lm pattern induced cell pro-

liferation about 2-fold that of the flat PDMS (Fig. 2b).

Most of the micro-patterned PDMS increased the prolif-

eration of the UCB-hMSCs, but there was no statistical

significance between the flat and 4 lm pattern of PDMS

(Fig. 2b).

3.3 UBC-hMSCs were highly differentiated into

neural-like cells on micro-patterned PDMS

We determined whether the microstructure of PDMS could

affect neural-like cell differentiation of UCB-hMSC cells.

UCB-hMSCs were seeded at a density of 50,000 cells/ml

in DMEM containing 20% of FBS on the fabricated

PDMS. When cells reached 50–60% confluence (Fig. 4a),

the medium was replaced with pre-neuronal induction

medium for 24 h (Fig. 4b). The medium was again
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changed to medium containing 100 lm BHA and 1%

DMSO in DMEM for 5 h. After the end of the treatment, to

determine whether micro-patterned PDMS would affect

neuronal differentiation of UCB-hMSCs, we assessed the

immunoreactivity of b III tubulin, a neuron-specific mar-

ker, to determine differentiation into neural-like cells on

micro-patterned PDMS. UCB-hMSCs were examined for

differentiation into neuronal differentiation according to a

previously reported method [21, 22]. Based on the immu-

nostaining result (Fig. 5a, b), most of the UCB-hMSCs

differentiated into neural-like cells on 1 lm-patterned

PDMS. Differentiated neurons from UCB-hMSCs in flat

PDMS were randomly distributed, and only few cells were

expressed in b III tubulin. However, most of the cells on

PDMS with 1 and 2 lm patterns showed high immunore-

activity with b III tubulin. In the control (flat PDMS), only

52% of UCB-hMSCs expressed the neuron marker, b III

tubulin antibody. In contrast, UCB-hMSCs that differenti-

ated into neural-like cells on patterned PDMS showed

high immunoreactivity of b III tubulin antibody, except

the PDMS with a 4 lm pattern. The smaller sizes of the

micro-patterned PDMS induced significantly more neuro-

nal differentiation of UCB-hMSCs. UCB-hMSCs were

significantly differentiated into neurons and aligned along

the 1 lm micro-patterned PDMS (80.25%). The PDMS

with a 2 lm micro-pattern (72.50%) also increased neu-

ronal differentiation of UCB-hMSCs. PDMS with a 4 lm

micro-pattern showed similar immunoreactivity with b III

tubulin and alignment with that occurring in flat PDMS, but

without a significant effect, and the effects were lower than

PDMS with 1 and 2 lm patterns. For quantification of the

percentage of cells expressing b III tubulin, the number of

Fig. 1 Topographies on PDMS

by SEM image analysis. Micro-

patterned PDMS were

fabricated using silicon molds.

(a) PDMS with 1 lm pattern,

(b) PDMS with 2 lm pattern,

and (c) PDMS with 4 lm

pattern (Scale bar = 10 lm)
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Fig. 2 Proliferation of UCB-

hMSCs on PDMS: (a)

percentage of proliferating

UCB-MSCs on flat PDMS and

commercial dishes and (b)

percentage of UCB-hMSCs in

micro-scale fabricated PDMS

(flat, 1, 2, and 4 lm). Values

indicate the mean ± SD for 3–5

independent experiments

(P \ 0.05)
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positive cells was measured relative to total number of

Hoechst 33238-labeled nuclei (Fig. 5c). We also examined

other neuronal markers, thus differentiated neuronal cells

on the PDMS were stained with microtubule associated

protein 2 (MAP2) and neuronal nuclei (NeuN). As shown

in Fig. 5e, immunoreactivity of MAP2 and NeuN was

increased in most of the cells on PDMS with 1 lm patterns,

but a few cells had immunoreactivity of MAP2 and NeuN

protein in flat PDMS. Differentiated cells on the PDMS

with a 2 lm micro-pattern also had more increased

expression of MAP2 and NeuN than flat PDMS (Fig. 5f, g),

whereas PDMS with a 4 lm micro-pattern showed the

expression of MAP2 and NeuN protein similar to flat

PDMS.

UCB-hMSCs were differentiated into neural-like cells at

higher levels on micro-patterned PDMS than on flat

PDMS. PDMS with 1 and 2 lm micro-patterns dramati-

cally induced neural-like cells differentiation from UCB-

hMSCs. Even though UCB-hMSCs were differentiated into

neural-like cells on flat PDMS, only 50% of the UCB-

hMSCs differentiated into neural-like cells, and this pro-

cess was randomly directed (Fig. 5a–g).

3.4 Micro-patterned PDMS induced increased length

of neuronal cells

To determine the lengths of the neural-like cells that dif-

ferentiated from UCB-hMSCs, we measured the lengths of

the neurons (Fig. 5d). We evaluated the ratio of the length

of the differentiated neural-like cells in flat PDMS to those

in micro-patterned PDMS. An increase in the length of

neural-like cells was induced compared to that observed in

Hoechst PI    DIC Merged     

Plat PDMS

Iµm pattern

2µm pattern

4µm pattern

Fig. 3 Co-staining of Hoechst

33238 and propidium iodide

(PI). Hoechst 33238 and PI.

Hoechst 33238 is a marker of

apoptosis of cells with

fragmented and/or condensed

nuclei and PI is an indicator of

necrotic cell death. Scale

bar = 40 lm

Fig. 4 UCB-hMSCs

differentiated into neural-like

cells: (a) UCB-hMSCs on

PDMS 24 h after seeding

(before neuronal induction) and

(b) UCB-hMSCs that were

incubated in pre-neuronal

induction medium (DMEM

containing 1 mM BME and 5%

FBS) for 24 h. Scale

bar = 40 lm
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flat PDMS. PDMS with a 1 lm pattern increased the length

of the neural-like cells to double that of the control, and the

length of the neural-like cells was increased about 1.5-fold

in PDMS with a 2 lm pattern. However, no difference in

neuronal cell length was observed in 4 lm-patterned or flat

PDMS.

3.5 Determination of differentiation into neuronal cell

orientation on PDMS

To investigate whether the micro-patterned PDMS had effects

on the alignment of the UCB-hMSCs that differentiated into

neural-like cells, we measured the orientation of the differ-

entiated neural-like cells on flat PDMS and the different widths

of micro-patterned PDMS. We divided the micro-patterned

PDMS into 10� sectors from 0 to 90�. The 0� represented

perfect alignment to the fabricated micro-patterned PDMS.

The orientation of differentiated neuronal cells from UCB-

hMSCs was significantly influenced by the PDMS with a 1 lm

pattern. In the differentiated neural-like cells, approximately

80% of the cells were aligned within 10� of the direction of the

1 lm micro-patterned PDMS (Fig. 6). In contrast, differenti-

ation into neural-like cells in the control PDMS was not

centralized at any specific degree of the angle, and was ran-

domly distributed from 0 to 90� (Fig. 6).

Fig. 5 (a) Differentiated neural-like cells from UCB-hMSCs were

analyzed by immunostaining with b III tubulin (neuron marker,

green) and Hoechst 33238 (nuclei marker, blue) in flat and micro-

patterned PDMS. Scale bar = 40 lm. (b) A higher magnification of

differentiated neuronal cells (b III tubulin-positive cells) from UCB-

hMSC on flat and micro-patterned PDMS. (c) Percentage of

differentiated neural-like cells to non-neuronal cells derived from

UCB-hMSCs (the b III tubulin-positive cells/Hoechst 33238-positive

cells) PDMS with 1 and 2 lm patterns induced significantly more

immunoreactivity of b III tubulin compared to flat PDMS. (d)

Measurement length of UCB-hMSCs that differentiated into neuronal

cells. Ratio of the length of the neuronal cells on PDMS flat to the

length of the neural-like cells on micro-patterned PDMS. Lengths of

the neural-like cells that differentiated from UCB-hMSCs were

extended by the PDMS with 1 and 2 lm patterns. (e) MAP2 and

NeuN expression of differentiated neural-like cells on PDMS with

1 lm and flat patterns. Scale bar = 20 lm. (f) Percentage of

differentiated neural-like cells to non-neuronal cells derived from

UCB-hMSCs (the NeuN-positive cells/Hoechst 33238-positive cells)

PDMS. (g) Percentage of differentiated neural-like cells to non-

neuronal cells derived from UCB-hMSCs (the MAP2-positive cells/

Hoechst 33238-positive cells) PDMS. Values indicate the

mean ± SD for 3–5 independent experiments (P \ 0.05)
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Fig. 6 Distribution of the UCB-hMSCs differentiated neural-like cells

on PDMS. (a) 1 lm, (b) 2 lm, (c) 4 lm, and (d) flat PDMS. We divided

10� sectors from 0 to 90�. Most of the differentiated neural-like cells

were oriented within 10 and 20� of the angles in micro-patterned

PDMS. Otherwise, on flat PDMS, cells were randomly distributed at all

of the angles. The frequency of neuronal cells within 10� (e) and 20� (f),
respectively. Values indicate the mean ± SD for 3–5 independent

experiments (P \ 0.05)
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Additionally, we measured the frequencies of the cells

aligned within 10 and 20� with respect to the grooves. Most

of the differentiated neural-like cells in each different

micro-patterned PDMS were significantly aligned within

10 or 20� (Fig. 6e, f). The differentiated neuronal cells in

PDMS with a 2 lm pattern were mostly aligned within 20�,

but more of the cells in PDMS with a 1 lm pattern were

closely aligned to within 10�. The PDMS with 1 and 2 lm

patterns had great effects on the linear alignment of the

differentiation into neuronal cells, while PDMS with a

4 lm pattern and flat PDMS did not.

3.6 SEM image analysis

We performed SEM analysis to assess the images of the

differentiation of UCB-hMSCs into neural-like cells in

micro-patterned PDMS. This analysis showed that cells

were aligned along the micro-pattern. However, as shown

in Fig. 7a, the differentiated neuronal cells from UCB-

hMSCs in flat PDMS were independently spread out, and

the lengths of the cells tended to be short. Cells in PDMS

with a 1 lm width pattern were extended to align along the

micro-pattern (Fig. 7b, c). Differentiated neural-like cells

in PDMS with a 4 lm pattern did not extend as much as

those in PDMS with a 1 lm width pattern (Fig. 7f) or cells

were aligned against micro-patterned PDMS (Fig. 7g).

3.7 Calcium response of differentiated neural-like cells

on micro-patterned PDMS

To confirm whether micro-patterned PDMS could induce

neuronal function of the differentiation into neural-like

cells from UCB-hMSCs, we investigated differentiated

cells by imaging calcium in response to high potassium

chloride (KCl). Differentiated UCB-hMSCs on 1 lm-pat-

terned PDMS induced an increase in calcium when

133 mM KCl was added for 50 s (Fig. 8a); differentiated

UCB-hMSCs on 2 lm-patterned PDMS showed an

increase in calcium, but not to the level of 1 lm-patterned

PDMS (data not shown). Under the same conditions, dif-

ferentiated neural-like cells from UCB-hMSCs in the 4 lm

pattern (Fig. 8b) and flat PDMS (data not shown) did not

increase the cytosolic calcium concentration. In accordance

with immunostaining results, 1 and 2 lm-patterned PDMS

not only enhanced the phenotype of the neural-like cell

differentiation of UCB-hMSCs, but also increased the

neuronal function.

4 Discussion

In this study, we investigated whether biomaterials and

their physical guidance could affect the proliferation and

Fig. 7 SEM image analysis. (a) Flat PDMS, (b, c) 1 lm, (d, e) 2 lm, and (f, g) 4 lm. After neural-like cells differentiation from UCB-hMSCs,

we performed SEM analysis. (a, c, e, and g) scale = 10 lm; (d, f) scale = 20 lm; and (b) scale = 5 lm
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differentiation of UCB-MSCs. Recently, many studies have

suggested that a number of biomaterials were useful for

cell proliferation and differentiation, as well as tissue

engineering [23–26].

We have shown that PDMS with a micro-pattern structure

system has great potential to enhance differentiated neuronal

cells from UCB-hMSCs. First, we tested cell proliferation on

PDMS. The proliferation capacity of UCB-hMSCs was

increased on flat PDMS, but there were not significant dif-

ferences between the flat PDMS and commercial dishes.

However, when the surface of PDMS was engraved in micro-

scale, proliferation of UCB-hMSCs significantly increased

and induced neural-like cell differentiation. We found that

biomaterials themselves affected cell behavior, but we also

determined that physical manipulation played a more

important role in controlling cell growth and behavior.

Among the micro-patterned PDMS samples, differentiated

neural-like cells from UCB-hMSCs on the PDMS with a 1 lm

width pattern showed an increase in neural-like cell differ-

entiation of about 2-fold compared to the control (flat PDMS).

Although 51% of UCB-hMSCs differentiated into neural-like

cells in the 4 lm-patterned PDMS, there was no response to

calcium movement as on the flat PDMS. Even though the

UCB-MSCs exhibited 50% immunoreactivity with b III

tubulin, we presumed that they could not induce calcium

increases due to the shortage of neurite outgrowth and the

length of neurons. Many studies have demonstrated that the

calcium channel has an important role in neurite outgrowth

[27] and calcium influx into the growth cone processed

through the voltage-operated and ligand-gated calcium

channel [28, 29]. Differentiation into neural-like cells on flat

or PDMS with a 4 lm pattern may have calcium channels, but

insufficient to induce calcium influx. Moreover, the low

expression of MAP2 and NeuN protein in flat PDMS showed

that differentiated neural-like cells was not enough to differ-

entiate mature neurons. Our results indicated that

differentiated neural-like cells on 1 lm-patterned PDMS had

neuronal function by increasing cytosolic calcium concen-

tration. In addition, most of the differentiated neuronal cells

on the 1 lm-patterned PDMS responded within 10� angles.

The lengths of the differentiated neural-like cells were sig-

nificantly higher in PDMS with a 1 lm pattern than in flat

PDMS. Previously, researchers have reported that topo-

graphic and biological cues to increase neurite outgrowth and

guidance of neural-like cells were crucial for randomly

directed cells in order to facilitate regeneration and neuronal

networks [19, 26, 30, 31] in neurologic injury. Various

bridging devices, including biological substrates and bioma-

terial bridges have been used to promote neuronal

regeneration in neurologic injury through the control of neu-

ral-like cell guidance [32, 33]. Control of orientation in UCB-

hMSCs by micro-patterned PDMS induced directed neural-

like cell growth and neuronal differentiation from UCB-

hMSCs. These results have demonstrated that micro-pat-

terned PDMS can induce neuronal differentiation and

outgrowth to aid in regeneration in neurologic injury sites.

PDMS was found to be an appropriate biomaterial in terms of

physical modification, substrate for cell culture, and safety of

implantation [34–36]. Our data suggest that PDMS is able to

maximize stem cell therapy by controlling cell differentiation

and orientation, as well as by inducing cell proliferation, and

thus may be valuable in therapies for people who suffer with

neurologic injury or disease. It is critical for stem cell-based

therapeutic approaches to ensure complete differentiation of

stem cells into the desired target cell type [37]. Our results

indicate that combining biomaterials and physical cues are

important factors in stem cell therapy to increase efficacy of

treatment in diseases.
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Differentiated neuronal cells on

PDMS with 1 lm pattern

increased cytosolic calcium

response when KCl (133 mM)

was added for 50 s. (b)

Differentiated neuronal cells on

PDMS with 4 lm pattern had

no response to KCl (133 mM)

addition for 50 s. Response

displayed by several

characteristic cells (indicated by

arrowheads). We performed 3–5

independent experiments

J Mater Sci: Mater Med (2008) 19:2953–2962 2961

123



The molecular mechanism that affects the cell response in

biomaterials with physical cues remains virtually unex-

plored. Therefore, we will investigate the molecular

mechanisms that are involved in cell behavior and facili-

tating regeneration on PDMS with a micro-pattern.

Moreover, we will investigate whether transplantation of

stem cells engraved in micro-patterned PDMS can be uti-

lized to induce efficient recovery from neurologic conditions

in animal models. Taken together, these results indicate a

promising method of combining stem cells and bioengi-

neering to increase the positive effects of stem cell-based

therapies. Our approaches will be applied to other neurologic

diseases and will provide a powerful tool for regenerative

medicine.
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