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Abstract
Induced pluripotent stem cells (iPSCs) own the capacity to develop into all cell types of the adult
body, presenting high potential in regenerative medicine. Regulating and controlling the
differentiation of iPSCs using the surface topographic cues of biomaterials is a promising and safe
approach to enhance their therapeutic efficacy. In this study, we tested the effects of surface
roughness on differentiation of human iPSCs into neural progenitor cells and dopaminergic neuron
cells using polystyrene with different roughness (R0: flat surface; R1: rough surface, Rq ~ 6 µm;
R2: rough surface, Rq ~ 38 µm). Neural differentiation of human iPSCs could be influenced by
surface roughness. Up-regulated neuronal markers were found in cells on rough surface, as
examined by real-time PCR and immunostaining. Particularly, the R1 surface significantly
improved the neuronal marker expression, as compared to R0 and R2 surface. This study
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demonstrates the significance of surface roughness, depending on the roughness level, in
promoting differentiation of human iPSCs towards the neuronal lineage. Our study suggests the
potential applications of surface roughness in iPSCs based treatment of neural disorder diseases,
and highlights the importance of design and development of biomaterials with effective surface
structures to regulate stem cells.
Key words: human iPSCs, roughness, neural differentiation, regenerative medicine
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Introduction

Induced pluripotent stem cells (iPSCs), generated from adult cells by introducing transcription
factors, hold great promise in regenerative medicine without many of the associated ethical
concerns as compared to embryonic stem cells (ESC) [1,36]. Due to their neural differentiation
capacity, iPSCs have been descripted as scientific breakthrough for treating Parkinson's Disease
(PD), which is a common neurodegenerative disorder characterized by a selective loss of
dopaminergic neurons. In this area, remarkable progress has been made in the past decade. For
example, the dopaminergic neurons as the predominant cell type for treating PD have been
effectively generated from iPSCs [17,30], and functionally integrated into cynomolgus monkey
model [14]. These achievements presage a strong immunological, functional and biological
rationale to use dopamine neurons derived from iPSCs for cell replacement in PD in the future.
However, there are still some challenges that need to be overcome such as inefficient cell
derivation or genetic abnormalities during in vitro expanding [29]. Most of all, it is of utmost
importance to avoid the teratoma or tumor formation caused by inadequate differentiation [15]. It
is only of benefit if there is a complete differentiation to generate the cell types of interest. Hence,
controlled neural differentiation of iPSCs is critical for treating PD by cell replacement.
Researchers have assembled considerable knowledge on how biochemical factors, signaling
pathways and transcriptional networks regulate iPSCs behaviors [11]. Increasing evidences have
demonstrated that the biophysical properties of the microenvironment, such as the extracellular
matrix (ECM) stiffness and cyclic strain, could effectively control a variety of cell behaviors of
iPSCs [5,6]. Most of the biophysical properties can be readily generated using the appropriate
fabrication technologies, such as the topographic features at micro- and nano-scale which have
shown effects to induce changes in cell alignment, polarization, elongation, migration,
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proliferation and gene expression [13,20,23]. It has been reported recently that the topography of
nano- and micro-grating substrates could regulate the expression of neuronal markers in iPSCs
[25]. Further, appropriate microscale roughness could affect the differentiation of mesenchymal
stem cells [12]. Therefore, topographical cues might hold a great interest in inducing neural
dopaminergic differentiation of iPSCs.
In this study, we hypothesized that surface roughness could influence the neural differentiation of
human iPSCs. To examine our hypothesis, neural differentiation was induced in a polystyrenebased cell culture insert system with different roughness on the bottom. Considering the single cell
size of human iPSCs (~ 43.5 µm²) [32], surfaces with three different roughness levels were used
(R0: flat surface; R1: rough surface, Rq ~ 6 µm; R2: rough surface, Rq ~ 38 µm) to adapt the cell
size. Human iPSCs were induced to differentiate into neural progenitor cells and dopaminergic
cells on matrigel-coated inserts. The expression of neural ectodermal marker genes and neural
marker proteins was assessed. Our results indicated that the differentiation of human iPSCs was
promoted by the microscale roughness. Cells on R1 presented the highest level of neural
differentiation. These results expand the knowledge of improving neural differentiation of iPSCs
by topographic cues, which would be a benefit for design and fabrication of biomaterials to
enhance efficacy of iPSCs-based regenerative therapies.
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2.1

Materials and methods
Cell culture surfaces

Polystyrene (PS) inserts fitting the standard 24-well tissue culture plate (TCP) were prepared via
injection molding as described before [28,33]. Three differently structured cylinders were utilized
to manufacture the inserts with different types of bottom roughness: a cylinder with a polished
contact surface (R0), and two cylinders with micro-structured surfaces according to the standard
of German Institute for Standardization (DIN 16747: 1981-05), M30 (R1) and M45 (R2). The
prepared inserts were sterilized by gas sterilization (gas phase: 10% ethylene oxide, 54 ºC, 65%
relative humidity, 1.7 bar, 3 hours of gas exposure time and 21 hours of aeration phase). The
roughness of the insert bottom was determined with an optical profilometer (MicoProf 200, FRT
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- Fries Research & Technologie GmbH, Bergisch Gladbach, Germany) equipped with a CWL 300
chromatic white-light sensor. The data were acquired with the software AQUIRE (ver. 1.21) and
were evaluated with the software MARK III (ver. 3.9).
The PS inserts and tissue culture plate were coated with MatrigelTM Basement Membrane Matrix
(BD Biosciences; San Jose, USA) to enable the cell attachment. Matrigel was diluted with
Dulbecco's Modified Eagle Medium-Nutrient Mixture F-12 (DMEM/F12, Thermo Fisher
Scientific, Bonn, Germany) (1:80 v/v). For each well of 6 well TCP or each PS insert, 2000 µl or
200 µl (approximately 200 µl/cm²) of diluted matrigel solution was added and incubated at 37 ºC
for 1 h, and then was removed before cell cultivation.
2.2

Human iPSCs cultivation and neural differentiation

Human iPSCs (IMR90-4 cell line, WiCell, Wisconsin, USA) were cultured in feeder-free medium
(mTeSRTM, STEMCELL Technologies, Vancouver, Canada) on matrigel-coated dishes at 37 oC
in a humidified atmosphere containing 5% CO2. For cell maintenance, the medium was changed
regularly and the cells were passaged every 5 days at ratios of 1:6.
The neuronal differentiation conditions were adapted from Dual SMAD inhibition protocol [2].
Briefly, the iPSCs clusters were dissociated into single cells with cell detachment solution
(AccutaseTM, STEMCELL Technologies, Vancouver, Canada). Then, the cells were seeded on
matrigel-coated dishes or PS inserts at a density of 3×104 cells/cm2. Neural differentiation was
inducted at day 4 by changing the culture medium to N2B27 medium (Neurobasal® medium
(Thermo Fisher Scientific, Bonn, Germany) supplemented with 0.5 mM L-Glutamine (Thermo
Fisher Scientific, Bonn, Germany), B-27® Supplement (Thermo Fisher Scientific, Bonn, Germany)
and N-2® Supplement (Thermo Fisher Scientific, Bonn, Germany)) containing different
compounds (Fig. 3A). From day 4, N2B27 medium containing 10 μM SB431542 (Merck Millipore,
Darmstadt, Germany Germany), 200 ng/mL Noggin (R&D Systems, Minneapolis, USA) and
Dorsomorphin (Sigma-Aldrich, St Louis, USA) was used. At day 8, the medium was replaced with
that containing 200 ng/mL recombinant N-terminal human sonic hedgehog (SHH, R&D Systems,
Minneapolis, USA) instead of SB431542. From day 12 the induction medium was changed to
N2B27 medium supplemented with 20 ng/mL brain-derived neurotrophic factor (BDNF,
Peprotech, Hamburg, Deutschland), 100 ng/mL FGF8 (R&D Systems, Minneapolis, USA), 200
4

μM ascorbic acid (AA, Sigma-Aldrich, St Louis, USA) and 200 ng/mL SHH. From day 16, N2B27
medium supplemented with 20 ng/mL BDNF, 200 μM ascorbic acid and 20 ng/mL glial cellderived neurotrophic factor (GDNF, ProSpec-Tany TechnoGene, Rehovot, Israel) was applied.
The medium was changed every 2 days during the whole induction process.
2.3

Immunocytochemistry

The human iPSCs cultured in TCP or PS inserts were fixed by adding 4% paraformaldehyde
(Sigma-Aldrich, St. Louis, MO, USA) for 15 minutes and then permeabilized with 0.1% Triton X100 (Sigma-Aldrich, St. Louis, MO, USA) for 5 minutes. After blocking with 3% bovine serum
albumin (BSA) (Sigma-Aldrich, St. Louis, MO, USA) solution for 30 minutes, the cells were
incubated with mouse anti-human primary antibodies (mouse monoclonal anti-neuronal β- III
Tubulin, mouse monoclonal anti-Nestin and mouse monoclonal anti-MAP2 (all are from Millipore,
Darmstadt, Germany)) at 4 °C overnight. After washing with PBS, the secondary antibodies
(Alexa Fluor-488 goat anti-mouse IgG, 1:500; Alexa Fluor-555 goat anti-mouse IgG, 1:500; Life
Technologies, Darmstadt, Germany) were added and incubated for 60 minutes. The cell nuclei
were stained with 4′,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, St. Louis, MO, USA).
After 3 times of washing with PBS, the samples were visualized using a fluorescence microscope
(AxioSkop, Carl Zeiss, Jena, Germany) or scanned with a confocal laser scanning microscope
(LSM 780, Carl Zeiss, Jena, Germany).
For the cell characterization staining, the human iPSCs were stained with the Fluorescent Human
ES/iPS Cell Characterization Kit (Millipore, Darmstadt, Germany) following the manufacturer’s
protocol.
2.4

Real-time PCR

Isolation of total RNA was performed using TRI Reagent® (Sigma-Aldrich, St. Louis, MO, USA)
following the manufacturer’s instruction. The cDNA was synthesized from the isolated RNA using
SuperscriptTM III First-Strand Synthesis System (Life Technologies, Darmstadt, Germany)
according to the given protocol. Quantitative RT-PCR was performed on a StepOnePlusTM Realtime PCR Systems (Life Technologies, Darmstadt, Germany) using SYBER® Green Master Mix
(Thermo Fisher Scientific, Bonn, Germany) and RT-PCR primers (Table 1). The expression of the
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genes of interest was determined in triplicate for each cell sample. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as housekeeping gene. Gene expression level was determined
using the method as we described before [34]. The ΔCT values of the target genes was normalized
with the CT value of GAPDH (ΔCT = CT, target - CT, GAPDH). The fold change of gene expression
levels between two samples was expressed as 2-ΔΔCT (ΔΔCT = ΔCT, sample 2 - ΔCT, sample 1).
Table 1. Primer sequence
Gene

Primer (Forward)

Primer (Reverse)

GAPDH

GTGGACCTGACCTGCCGTCT

GGAGGAGTGGGTGTCGCTGT

SOX1

AATTTTATTTTCGGCGTTGC

TGGGCTCTGTCTCTTAAATTTGT

SOX2

CCCAGCAGACTTCACATGT

CCTCCCATTTCCCTCGTTTT

NESTIN

CTGGAGCAGGAGAAACAGG

TGGGAGCAAAGATCCAAGAC

2.5

PAX6

ATGTGTGAGTAAAATTCTGGGCA GCTTACAACTTCTGGAGTCGCTA

MAP2

GGAGACAGAGATGAGAATTCCT

GAATTGGCTCTGACCTGGT

Western blotting

To quantify the neuronal protein expression, cell lysates were prepared with RIPA buffer (SigmaAldrich, St. Louis, MO, USA) supplemented with phenylmethylsulfonyl fluoride (Life
Technologies, Darmstadt, Germany) and Protease Inhibitor Cocktails (Sigma-Aldrich, St. Louis,
MO, USA). The obtained protein solutions were denatured by heating at 95 °C for 5 minutes,
separated by electrophoresis on 10% gradient SDS-poly acrylamide gel and then transferred onto
PVDF membranes (Millipore, Darmstadt, Germany). The blots were probed with monoclonal
primary antibodies and fluorescently labeled secondary antibodies (Li-Cor, Bad Homburg,
Germany). Fluorescent signal were then detected using an Odyssey Imaging scanner and the
intensity was analyzed by image studio software (Li-Cor, Bad Homburg, Germany).
2.6

Statistics

Data are shown as mean ± standard deviation. Statistical analysis was performed using the twotailed independent-samples t-test, and a significant level (Sig.) < 0.05 was considered to be
statistically significant.
6

3
3.1

Results
Cell culture surfaces characterization

PS inserts with different types of bottom roughness were prepared via injection molding (Fig. 1AC). The micro-scale roughness of the insert bottom was first determined via optical profilometry
measurement. R0 has a smooth surface with the root mean squared roughness (Rq) value around
0.3 µm, while R1 and R2 have the rougher surfaces with Rq values around 6 µm and 38 µm,
respectively. At nanoscale, all of the surfaces are relatively smooth with an average Rq values less
than 200 nm (Table 2). The surfaces were coated with matrigel prior to cell seeding. The ECM
gel-coated surfaces for human iPSCs seeding were in Rq analysis in the level of uncoated surfaces
(Fig. 1 D, Table. 2).

Fig. 1. PS inserts bottom surface characterization. (A) Insert with a suitable size to fit the standard
24-well tissue culture plate. (B) Phase contrast microscope images showed the three types of insert
bottom with different roughness (bar = 500 µm). (C) Representative profilometry scanning images
of the surfaces before and after matrigel coating (bar = 500 µm).
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Table 2. Surface roughness
Samples

a)

Uncoated

Matrigel coated

Micro-roughness a)

Nano-roughness b)

Nano-roughness b)

Rq (µm)

Rq (µm)

Rq (µm)

R0

0.31 ± 0.11

0.020 ± 0.010

0.015 ± 0.004

R1

6.01 ± 0.21

0.154 ± 0.044

0.138 ± 0.040

R2

38.15 ± 5.86

0.067 ± 0.021

0.093 ± 0.004

Optical profilometry measurement by scanning an area of 7×7 mm2. b) Optical profilometry

measurement by scanning an area of 50×50 µm2.
3.2

Human iPSCs characterization

To characterize the human iPSCs, alkaline phosphatase (AP) and pluripotency markers (Oct4 and
Nanog) were assessed through immunostaining (Fig. 2). The cultivated human iPSCs showed the
typical iPSC colony morphology and a well-defined edge composed of tightly packed cells with
round shape and uniform size. The undifferentiated iPSCs positively expressed AP and the iPSC
markers Oct4 and Nanog.

Fig. 2. Human iPSCs characterization. Cultivated iPSCs showed the classic colony morphology
and expressed the pluripotency markers of Oct4 and Nanog (bar = 50 µm).
8

3.3

Neural differentiation on TCP

At first, the neural differentiation of cultivated human iPSCs was performed on the TCP coated
with matrigel. Following the dual SMAD pathway inhibition protocol (Fig. 3, A), the iPSCs were
rapidly differentiated into neural progenitor cells which were characterized by immunostaining of
Nestin at day 16. The neural progenitor cells derived from iPSCs showed the typical rosette
morphology (Fig. 3, B upper panel). During this period, the expression of pluripotency gene Oct
4 was downregulated, and the neural progenitor marker genes PAX6, SOX 1 and Nestin were
upregulated (Fig. 3, C). With the further induction with BDNF and GDNF, the neural progenitor
cells continuously differentiated into neuronal cells. After 42 days of induction, the cells
differentiated from iPSCs expressed the mature neural marker ß-III Tublin (Fig. 3, B lower panel).
3.4

Neural differentiation on rough surfaces

To study the influence of topographic roughness on neural differentiation of human iPSCs, the
neural induction was performed in the PS inserts with different bottom roughness using the same
protocol as that on TCP surface (Fig. 3, A). After 42 days of induction, the cells differentiated
from human iPSCs showed the neural microtubule structures and positively expressed the neural
identifiable proteins MAP2 and ß-III Tublin (Fig. 4).

9

Fig. 3. Human iPSCs neural differentiation on TCP coated with matrigel. (A) The neural
differentiation protocol induced by small molecules and growth factors. (B) Representative images
of differentiated iPSCs showing identifiable rosette morphology of neural progenitor cells at day
16 (upper panel) and positively expressing the neural marker ß-III Tublin at day 42 (lower panel,
bar = 50 μm). (C) Pluripotency gene (Oct 4) expression was downregulated while neural genes
(PAX 6, SOX 1, Nestin) expression were upregulated during induction process. The
undifferentiated human iPSCs were used as control (n = 3).
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Fig. 4. Neural differentiation of human iPSCs on matrigel-coated surfaces with different roughness.
After 42 days of induction, human iPSCs differentiated into neural cells on all surfaces, expressing
the neural identification marker ß-III Tublin and MAP2 (bar = 25 μm).

3.5

Neural gene and protein expression

To investigate the effects of roughness on neural differentiation of iPSCs, quantitative real-time
PCR was performed to assess the expression of neural genes of the differentiated iPSCs at day
16. Compared with cells on flat surface R0, the neural progenitor cells on rougher surface R1 and
R2 exhibited higher expression levels of Nestin and ß-III Tublin. Particularly, these genes
expressed significantly higher on R1 surface as compared to those on R0 and R2 (Fig. 5, A).
To further investigate the effects of microroughness on neural differentiation, the progenitor cells
derived from the human iPSCs were continuously induced into differentiation towards
dopaminergic neurons with BDNF, GDNF and AA. After 42 days, the protein expression was
assessed by western blot (Fig. 5, B). The cells on R1 surface expressed higher neural proteins
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compared with the cells on R0 and R2 surfaces. Notably, cells on R1 expressed significantly higher
ß- III Tublin than cells on R0 and R2 (Fig. 5, C).

Fig. 5. Expression of neural genes and proteins of iPSCs induced towards neural differentiation on
surfaces with different microroughness. (A) After 16 days of induction, the expression of SOX1,
SOX2, PAX6, Nestin, ß- III Tublin and MAP2 genes was quantified via RT-PCR and normalized
to the expression level on R0 surface (n = 3, * R1: R0 Sig. < 0.05, # R1: R2 Sig. < 0.05). (B) After
42 days of induction, the expression of Nestin and ß- III Tublin proteins of the cells were analyzed
via western blotting. (C) The statistical analysis of Nestin expression and ß- III Tublin expression
(normalized to GAPDH, n = 3, * Sig. < 0.05).
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4

Discussion

Neural differentiation of iPSCs represents a promise in neural regenerative medicine. Due to the
tumorigenic potential [7], establishment of efficient neural differentiation approach is an essential
prerequisite for further applications. Mechanic cues are increasingly studied to affect stem cell
behaviors. Thus, modulation of neural differentiation of iPSCs with different physical cues is of
great interest in regenerative medicine. In our work, designed polymer surface systems with
different roughness demonstrated that appropriate roughness could promote the dopaminergic
neural differentiation of iPSCs in gene and protein expression. Our finding highlights a new
approach to enhance the efficiency of dopaminergic neuron derivation of iPSCs.
In the current study, highest promotive effects of differentiation were found on the middle-ranged
R1 surface, which might best accomodate to the iPSCs size. It has been reported that nanoscale
roughness surfaces tended to induce pluripotent stem cells (PSCs) into spontaneous differentiation
while smooth surfaces supported PSCs adhesion, rapid cell proliferation and long-term selfrenewal [3]. In our system, higher nanoscale roughness of our designed surfaces was found on R1
and R2 surfaces compared with flat R0 surface. Thus, the elevated neural differentiation on R1
and R2 surface may be attributed not only to the microscale roughness, but also to the nanoscale
roughness. This finding indicated a optimal roughness condition for the human iPSCs neural
differentiation. However, more deep studies are needed to explore the concealed mechanism.
Several approaches can be considered for the induction of iPSCs neural differentiation. Like the
early protocol, embryoid bodies generated from the lifting PSCs, are grown in adherent culture
condition in N2 and fibroblast growth factor (bFGF) supplemented medium to form neural
progenitor cells which are allowed to form the neural rosettes structure [38]. This embryoid body
formation pathway is considered as a distinguishing feature of successful neural differentiation
induction. Another approach is to use the mouse stromal feeder cells that are known to have the
neural inducing effect [10]. However, the embryoid body formation or feeder cell approaches are
not appropriate to study the influence of the roughness on neural differentiation because of the rare
direct contact conditions. Recently, a remarkable and robust approach via dual inhibition of SMAD
signaling was reported for the neural induction of PSCs [2]. Single cell adherent cultivation of
PSCs were stimulated with Noggin (an inhibitor of bone morphogenetic protein 4, BMP4) and
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SB431542 (an inhibitor of Lefty/Activin/TGFβ pathways) to achieve neural differentiation. For
the feasibility and robustness as well as high efficiency, this approach has resulted in its relative
popularity in the neural differentiation induction. In this study, Dorsomorphin (a chemical BMP
inhibitor) was added to increase the efficiency and reduce the costs [19]. Additionally, the
extracellular matrix has great effects on the efficiency of neural differentiation of PSCs [22,24].
Matrigel was chosen to coat the surface in current work due to its great enhancement of neural
differentiation [24].
For the source of the human iPSCs, IMR90-4 was chosen in our study. This cell line was generated
from IMR90 fetal lung fibroblasts by viral transduction of a combination of Oct 4, Sox 2, Nanog,
and Lin 28 genes. In our cultivation, the cells showed the typical iPSCs colony morphology and a
well-defined edge composed of tightly packed and uniformly sized cells, and an elevated level of
AP on the cell membrane. AP is commonly used to identify the undifferentiated PSCs including
ESCs and iPSCs [27,31]. Additionally, the pluripotency markers Oct 4 and Nanog were
characterized in our immunostaining. Further, these cells had a high efficiency of differentiation
capacity towards neural lineage in a comparative study [16].
In PSCs differentiation, the pluripotency genes and the stage specific lineage genes are
downregulated and upregulated respectively. It is reported that Pax6 gene plays a critical role in
neural differentiation and determines the human neuroectoderm cell fate [37]. During PSCs
differentiation to neural cells, Oct4 is downregulated before Pax6 becomes highly expressed [26].
Our results showed that the Oct4 gene was sustainably downregulated by induction, and the Pax6
gene was conversely upregulated, which is in accordance with these reports. Besides, the neural
marker genes Sox1 and Nestin were upregulated during the induction, which is in accordance with
previous findings [10].
Our results indicated that the neural gene expression of neural progenitor cells was upregulated
after 16 days of induction, and among these genes, the Nestin, ß-III Tublin and MAP2 were
significantly upregulated by rough surface R1 compared with the flat surface R0 and altough
rougher surface R2. This indicated that the roughness promoted neural differentiation, and this
promotion was dependent on the roughness level. MAP2 as a mature neuron marker was also
upregulated on the rough surface, which demonstrated that roughness could enhance the neuron
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maturation from the progenitor stage. Both, Nestin and ß- III Tublin expression were upregulated
after dopaminergic neural induction by the R1 rough surface, which revealed that appropriate
roughness could increase the neural differentiation of iPSCs. Although the obvious enhancement
of neural differentiation was observed, the mechanism of roughness-induced differentiation
remains unclear. It may be attributed to the surface roughness-related subtle force, which may
cause a difference in membrane attachment and in cellular responses to the guidance signals
evoked from the substrates [21], the formation and alignment of focal adhesion kinase (FAK)
phosphorylation-involved focal adhesions induced by the topography, which could lead to stem
cell differentiation [4,35]. Further, the cytoskeleton rearrangement and nuclei relocation by the
roughness may play a critical role in the mechanical signal transduction to affect gene expression
[8,9]. In addition, local curvature formed by surface roughness may affect the stem cell
differentiation [18].
5

Conclusion

In this work, we demonstrated the roughness effects on human iPSCs differentiation towards
neuronal lineage. Neural differentiation of human iPSCs was successfully induced on the matrigelcoated polymeric inserts providing a specific micro and nano roughness. Gene expression profiling
by real-time PCR and immunostaining showed significant upregulation of neuronal marker
expression on rough surfaces. Notably, middle-ranged rough surface induced the highest level of
neuronal marker expression. This study demonstrates the significance of microscale roughness in
differentiation of human iPSCs towards neuronal lineage. It suggested the potential application of
polymeric surfaces with designed surface roughness in clinical regenerative medicine.
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