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Abstract

Stem cells are often transplanted with scaffolds for tissue regeneration; however, how the
mechanical property of a scaffold modulates stem cell fate /n vivo is not well understood. Here we
investigated how matrix stiffness modulates stem cell differentiation in a model of vascular graft
transplantation. Multipotent neural crest stem cells (NCSCs) were differentiated from induced
pluripotent stem cells, embedded in the hydrogel on the outer surface of nanofibrous polymer
grafts, and implanted into rat carotid arteries by anastomosis. After 3 months, NCSCs
differentiated into smooth muscle cells (SMCs) near the outer surface of the polymer grafts; in
contrast, NCSCs differentiated into glial cells in most part of the hydrogel. Atomic force
microscopy demonstrated a stiffer matrix near the polymer surface but much lower stiffness away
from the polymer graft. Consistently, /n vitro studies confirmed that stiff surface induced SMC
genes while soft surface induced glial genes. These results suggest that the scaffold’s mechanical
properties play an important role in directing stem cell differentiation /in vivo, which has important
implications in biomaterials design for stem cell delivery and tissue engineering.
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Introduction

Stem cells have tremendous potential for regenerative medicine applications. Stem cells can
be either seeded into scaffolds to engineer functional tissues such as blood vessels®, or
injected into tissues within delivery matrix to retain cells locally and enhance cell
survival?—4, Besides the biochemical properties, the biophysical properties such as the
stiffness and micro/nano topography also play important roles in regulating cell functions
and tissue remodeling®~12. Although these effects have been widely studied 7 vitro, their in
vivo effects on cell differentiation and tissue remodeling are not well understood. Here we
used induced pluripotent stem cells (iPSCs)-derived multipotent neural crest stem cells
(NCSCs) to investigate how matrix stiffness regulated stem cell differentiation in a vascular
graft implantation model.

iPSC provides an unlimited cell source for the derivation of various cell types for the
applications such as regenerative medicine and disease modeling3-16. iPSCs are capable of
differentiating into various cell types such as neural lineages (peripheral neurons and
Schwann cells)}”, mesenchymal lineages (smooth muscles, osteoblasts, chondrocytes, and
adipocytes)15, hematopoietic precursors!® and hepatocytes!®. NCSCs are multipotent, and
can differentiate into both mesenchymal and neural lineages2%21, which represents a useful
model to study multipotent stem cell differentiation in vivo. Our previous study has shown
that human iPSC-derived NCSCs can be seeded into nerve conduits to enhance peripheral
nerve regeneration?2. In this case, NCSCs differentiate into Schwann cells to facilitate the
myelination of regenerated axons, suggesting stem cell differentiation /n vivois context
dependent and regulated by local tissue environment. On the other hand, NCSCs can
differentiate into vascular smooth muscle cells (SMCs) or perivascular cells?3, and can be
used to regenerate blood vessels. However, it is not known how the vascular niche regulates
NCSC differentiation /n vivo.

We and others have used electrospinning technology to fabricate tissue-engineered vascular
grafts (TEVGs)124, Electrospun nanofibers of polymers coated with matrix proteins allow
the adhesion, proliferation and organized assembly of cells in vitr®>=27, and the structure of
electrospun scaffolds can help create a microenvironment of extracellular matrix (ECM) for
the cells. For example, aligned nanofibers facilitated cell organization, infiltration and matrix
remodeling®-28. Thus, the nanofibrous scaffold with fiber alignment could be considered as a
model to investigate the remodeling of vascular graft /7 vivo. Based on the structure of
native blood vessel, a one-step procedure was developed in this study to fabricate vascular
grafts with a bi-layer structure similar to native artery: the luminal surface has longitudinally
aligned nanofibers for EC migration, and the outer layer has circumferentially aligned
nanofibers for SMC organization and structural support. Here we used this bi-layer scaffold
seeded with NCSCs as a model to investigate the differentiation of iPSC-derived NCSCs
regulated by matrix stiffness in the vascular niche.

Materials and Methods

The commercial sources of reagents are listed in Supplemental Table 1.
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2.1. Cell Culture, NCSC Derivation and Differentiation

Human iPSCs derived from fibroblasts were obtained from Dr. George Daley’s laboratory.
The derivation of NCSCs was described in detail previously22. Briefly, iPSCs were made
into embryonic bodies to form rosettes, which were mechanically harvested, cultured in
suspension, and transferred to monolayer culture. NCSCs were derived by clonal expansion
and p75+/HNKZ1+ clones were further expanded and used for experiments. NCSCs derived
from iPSCs were maintained in StemPro® NSC serum-free neural induction medium (SFM)
without differentiation. To test the multipotency of NCSCs, cell differentiation into
mesenchymal and neural lineages was carried out using the protocol described
previously20:29:30,

For all experiments, NCSCs (Passages 4-8) with 70-80% confluency were used. Unless
specified, experiments in vitro were performed in the cell culture medium of DMEM
supplemented with 10% FBS and 1% penicillin/streptomycin.

2.2. Biochemical Analysis

Immunostaining, microscopy and quantitative polymerase chain reaction (QPCR) analysis
were performed as described previously3. The primer sequences for the genes of interest
are listed in Supplemental Table 2. The level of gene expression was normalized to the
amount of 18S ribosomal RNA in the same sample.

2.3. Fabrication of Substrates with Different Stiffness

The first method involved the control of matrigel thickness. Matrigel was prepared by
mixing a cold matrigel stock solution and DMEM medium at 2:1 ratio (volume to volume).
The soft substrate was matrigel with about 500um thickness. For stiff substrates, matrigel
solution (before polymerization) was used to rinse the culture dishes, and excess solution
was removed, resulting in a thin layer (microns) coating of polymerized matrigel.

The second method was to make polyacrylamide (PA) gels with different amount of
crosslinker as described previously®31, Briefly, glass slides were treated with 3-
aminopropyltrimethoxysilane and 0.5% glutaraldehyde. PA gel solution with 6% acrylamide
and different bis-acrylamide concentrations (0.5%, 0.05%) was allowed to polymerize to
form 200-um thick gel on the slides. Sulfo-SANPAH was used to link collagen-I (10 pg/
cm?) to the PA gel surface. Stiff substrates (glass slides) were coated with the same density
of collagen-I. All substrates were sterilized by UV. A Comparator was used to measure the
stiffness of PA gels in response to a known force®.

2.4. Bi-layer Vascular Scaffold Fabrication and Characterization

Poly(L-lactide) (PLLA) (1.09 dL/g inherent viscosity; Lactel Absorbable Polymers) was
dissolved in 1,1,1,3,3-hexafluoro-2-propanol (HFIP) by means of sonication for 30 min or
until all of the PLLA crystals were completely dissolved, resulting in 19% (w/v) solution.
Nonwoven aligned nanofibrous vascular scaffolds composed of PLLA were fabricated using
a customized electrospinning process. The tubular scaffold comprised a luminal region of
longitudinally aligned nanofibers and an outer region of circumferentially oriented
nanofibers. PLLA were dissolved in a volatile organic solvent, hexafluoroisopropanol
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(HFIP). The electrospinning apparatus consisted of a syringe pump capable of delivering the
polymer solution to the tip of a needle secured onto a mechanized platform suspended over a
1-mm outer diameter rotating mandrel collector assembly. The needle platform was charged
by a positive-polarity power supply and the mandrel assembly was charged by a negative-
polarity power supply. To make the inner layer with longitudinally aligned nanofibers, the jet
stream of PLLA (19% weight/volume) solution from the spinneret whipped between the two
conductive ends of a plastic mandrel, resulting aligned nanofibers on the non-conductive
portion in the middle of a slowly rotating mandrel. The outer layer with circumferentially
oriented nanofibers was generated using a high-speed rotating mandrel at 800 rpm, instead
of a low-speed rotation to produce randomly oriented nanofibers.

Upon completion of electrospinning, the vascular scaffolds were air-dried on the mandrel
collector for two nights to remove residual HFIP. The scaffolds were then rinsed in the
deionized water and cut to an appropriate length. All scaffolds were sterilized with ethylene
oxide gas before characterization and /n vivo implantation studies. The alignment of
nanofibers and the structure of the nanofibrous vascular scaffolds were examined by
scanning electron microscopy (SEM). The diameter of nanofibers ranged from 500-800 nm.

2.5. Cell Seeding on Polymer Scaffold and Characterization

2.6.

The nanofibrous scaffolds were sterilized by ethylene oxide gas sterilization before use.
NCSCs were detached by trypsin and re-suspended in the SFM (2 x 104 cells/ul). The cell
suspension was mixed with a cold matrigel solution at 2:1 ratio (volume to volume), and
then injected into the space around the tubular scaffold in a casting tube (e.g. 1ml for one
scaffold 1.2 cm in length). The scaffolds were kept in the incubator at 37 °C for more than
an hour, and NCSC maintenance medium was added to cover the scaffolds. The culture was
maintained in the incubator overnight before surgery. Live/dead assay was used to assess the
viability of NCSCs in the matrigel-cellular nanofibrous vascular scaffolds.

In vivo Implantation

All animal procedures were approved by the Institutional Animal Care and Use Committee
(IACUC) at UC Berkeley and were carried out according to the institutional guidelines and
National Institutes of Health Guide for Care and Use of Laboratory Animals. Adult athymic
rats (National Cancer Institute) weighing 200+£20 g were anesthetized with 1.5% isoflurane
in 70% N»0/30% O,. Toe pinch was used to confirm the anesthetic depth. Body temperature
was maintained at 37.0+0.5°C during surgery. Briefly, the rat was set in a supine position,
and a midline incision was made on the ventral side of the neck to expose the left common
carotid artery (CCA). Under a surgical microscope, the carotid artery was isolated and the
segment of the artery was clamped temporarily. Matrigel-cellular scaffold was used to place
end-to-end to the CCA and sutured with 10-0 interrupted stitches. The muscle layers were
approximated with interrupted 4-0 nylon sutures and stainless steel wound clips were used
to close the skin wound. Buprenorphine was given to the animals for analgesia. Retrieval of
the graft involved the same initial steps for implantation. The graft was removed by ligation
of native CCA directly adjacent to the suture locations.
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Histological Analysis

The vascular grafts were explanted and fixed in 4% paraformaldehyde at 4°C. Cross sections
in the middle portion of the graft (10 um in thickness; 5-7 mm from the proximal end of the
graft) were cryosectioned for H&E staining and immunostaining. The frozen sections (10
um in thickness) of vascular grafts were incubated in 5% normal goat serum for 30 minutes
to block the non-specific binding, and then incubated with primary antibody diluted in 5%
normal goat serum overnight at 4°C. Negative controls were included by omitting the
primary antibody. The sections were incubated for one hour with either horseradish
peroxidase-conjugated anti-mouse or rabbit 1gG (1:1000, Alexa 594 for red and Alexa 488
for green, Invitrogen, Carlsbad, CA). Finally, slides were mounted and examined by using a
fluorescence microscope (Zeiss Axioskop 2 MOT). For immunohistochemical staining, the
sections were incubated with biotin-conjugated secondary antibody and avidin-biotin
enzyme reagent for 1 h. A hematoxylin and eosin (H&E) counterstaining was performed.
For H&E staining, sections were deparaffinized first in three changes of 100% xylene for 5
minutes each, then hydrated through graded alcohol (100%, 95% and 70%; 5 min each), and
rinsed in phosphate-buffered saline, followed by standard H&E staining.

2.8. Atomic Force Microscopy (AFM) Measurement of Matrix Stiffness

Animals were sacrificed following three months of vascular graft implantation. Vascular
graft samples were removed from the animal and cryopreserved using OCT compound.
Samples were frozen for at least 24 hours prior to cryosectioning. Samples were then
sectioned into 90 um slices, mounted onto microscope slides, and allowed to dry for one
hour. Sections were rehydrated using PBS and washed three times to dissolve the OCT
compound. Samples remained hydrated throughout AFM testing. Force displacement
profiles were created using silicon nitride cantilevers with pyramidal tips in contact mode.
Cantilever spring constants were measured using thermal calibration in order to avoid error
due to manufacturing discrepancies. Each tissue area was probed ten times to avoid
inconsistencies due to tissue heterogeneity. A customized MATLAB program was then used
to apply the Hertz model to the data and determine the elastic modulus of the samples.

2.9. Statistical Analysis

Mean and standard deviation (SD) values were calculated for each group of data. Analysis of
variance (ANOVA) was performed to detect whether a significant difference (p<0.05, n=3)
existed between groups. The Holm #-festwas used to identify any differences. Student’s -
testwas used to analyze experimental groups with two samples. For the data with the
normalization to the respective controls, log-transformed #-fest was used to determine
whether there was significant difference.

3. Results

3.1.

NCSC Characterization

NCSCs were derived from iPSCs, clonal expanded, and characterized by the expression of
markers P75, HNK1, vimentin and nestin (Figure 1 A-D)?2. NCSCs were capable of
differentiating into neural lineages, including glial cells (Figure 1 E-F) and peripheral
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neurons (Figure 1 G-H). In addition, NCSCs could differentiate into mesenchymal lineages
such as SMCs (Figure 1 1-J), adipogenic cells (Figure 1 K-L), osteogenic cells (Figure 1 M-
N) and chondrogenic cells (Figure 1 O-P).

3.2. Cell-Seeded Nanofibrous Vascular Scaffold

Electrospun nanofibrous vascular scaffold with an inner diameter (ID) of 1mm and the
thickness of 100 um were produced (Figure 2A). SEM images showed longitudinally
aligned nanofibers (Figure 2B) in the luminal layer (~30 um in thickness), which provided
the guidance for the growth and migration of ECs and facilitate cell infiltration into the
three-dimensional (3D) scaffold. Meanwhile, the outer layers (~70 um in thickness) with
circumferentially aligned nanofibers (Figure 2C) were generated outside of the
longitudinally aligned nanofibers, which enhanced ECM remodeling and mechanical
property of the scaffolds.

NCSCs were mixed with matrigel and seeded around the nanofibrous vascular graft. One
day later, cell contraction resulted in the compaction of the gel around the grafts (Figure
2D), and live/dead assays showed >95% cells were calcein positive (live/green) and
ethidium bromide negative (dead/red) (Figure 2E), indicating that the seeded cells were
viable.

Cell-seeded nanofibrous vascular grafts were implanted into rat carotid artery by
anastomosis. At 3 months post surgery, the grafts showed integration with the host artery
(Figure 2F). CD31 staining showed endothelial cell (EC) coverage on the luminal surface,
which was important to maintain the long-term patency of grafts, and there was also some
EC infiltration in the outer layer (Figure 2G), likely migrating from the surrounding
microvessels.

3.3. Differentiation of NCSCs in the vascular grafts in vivo

To assess NCSC differentiation in vascular grafts, the cross sections of the explants were
double-stained for human antigen NuMA and differentiation markers ACTA2, MHC and
GFAP (Figure 3). ACTA2*, MHC™" and GFAP"* stainings were negative in the implanted
NCSCs at 2-week time point (data not shown). At 3 months, NUMA*/ACTA2* and NuMA
*/MHC™ cells were found on the outer surface of the polymer scaffold, i.e., the boundary of
the polymer scaffold and the fibrous capsule layer derived from the matrigel layer (Figure 3
A-H). Interestingly, NuMA* cells in the matrigel layer further away from the boundary were
negative for ACTA2 and MHC. Instead, these NUMA™ cells were GFAP* (Figure 3 1-L),
suggesting that the implanted NCSCs might differentiate into glial cells in the outer matrigel
layer.

3.4. AFM Measurement of Matrix Stiffness around the Polymer Grafts

Since transplanted NCSCs in matrigel experienced similar biochemical factors in the
vascular niche, we postulated that the mechanical property of matrix could modulate NCSC
differentiation. To test this possibility, we utilized AFM to measure the mechanical property
of the regions where we found differential SMC (region I) and glial (region II) marker
expression (Figure 4A). AFM measurement of elastic modulus (Figure 4 B) showed that the
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polymer scaffold and the native carotid artery had similar stiffness (~ 6000 kPa) (Figure 4
B); Interestingly, the fibrous capsule layer around the graft scaffold had a gradient pattern of
stiffness with stiffer matrix in the inner layer (region I, ~50 kPa) and softer in the outer layer
(region I, ~10 kPa) (Figure 4 B).

Effect of Matrigel-Coated Soft and Stiff Surfaces on NCSC Differentiation In Vitro

To directly determine the effects of substrate stiffness on NCSC differentiation, we cultured
NCSCs on matrigel solution-coated culture wells (~ 1 GPa) or thick matrigel (< 1 kPa) in
DMEM medium supplemented with 10% FBS, to mimic the two extreme ends of the
stiffness gradient of the graft microenvironment /7 vivo. Interestingly, the expression of
SMC markers ACTA2 and CNN1 were shown on matrigel-coated stiff substrates, but
undetectable on soft matrigel after 1 week of culture (Figure 5 A-D). In contrast, glial
marker GFAP expressed strongly on soft matrigel but not on matrigel-coated stiff substrates
(Figure 5 E-F). In addition, gPCR analysis (Figure 5G) showed the same trend as the
immunostaining results, suggesting substrate stiffness may regulate NCSC differentiation.

Effects of Substrate Stiffness on NCSC Differentiation In Vitro

Since matrigel-coated surfaces only allowed the comparison of very soft (< 1 KPa) and very
stiff (~ 1 GPa) surfaces, we used polyacrylamide (PA) gel to make surfaces with well-
defined stiffness in the range of KPa. In addition, we used collagen-1 as the coating matrix
protein to avoid the undefined matrigel components and to determine whether the stiffness
effect was matrix protein dependent.

Phalloidin staining of actin cytoskeleton (Figure 6 A—C) and Vinculin staining of cell
adhesion (Figure 6 D—F) demonstrated that NCSCs on stiff substrates (1 GPa, Figure 6 A
and D) had extensive stress fibers and large focal adhesions. Cells on lower stiffness (15kPa
and 1kPa, Figure 6 B-C and E-F) had monotonic decrease in spreading area, focal
adhesions and stress fibers.

Gene analysis demonstrated that NCSCs on stiff substrates (1 GPa) had much higher
expression levels of SMC markers ACTAZ2 than cells on PA gels (15 kPa and 1 kPa). CNN1
expression showed a monotonic decrease with the stiffness. In contrast, the decrease in
stiffness induced a monotonic increase of glial marker GFAP (Figure 6 G). These results
strongly suggested that matrix stiffness modulated NCSC differentiation into smooth muscle
and neural lineages in a stiffness-dependent manner: high stiffness induced the expression of
SMC markers, while low stiffness induced the expression of glial markers.

4. Discussion

Stem cell transplantation is a promising approach for tissue regeneration. To guide stem cell
differentiation to the desired cell types /n vivo, both biochemical and biophysical factors are
important. A major finding in this study is that matrix stiffness is critical for stem cell
differentiation /n vivo. In the vascular niche, many other microenvironmental cues are
present, including the cyclic mechanical stretch in the vascular wall and various growth
factors. Nevertheless, these microenvironmental factors are not sufficient to direct NCSC
differentiation into SMCs. The differentiation of NCSCs into SMCs only happened near the
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stiff surface (50 kPa or higher) of the polymer scaffold. In the outer soft area (< 15 kPa),
some NCSCs differentiate into glial cells. /n vitro experiments also confirmed this critical
role of stiffness in NCSC differentiation. Thus, when stem cells are seeded onto scaffolds or
encapsulated for injection, the mechanical property of the scaffolds/matrix can be
engineered to enhance the desired therapeutic effect. Another interesting finding is that the
cells cultured on matrigel or collagen-I-coated surfaces showed similar responses to the
stiffness of the substrates. This result further underlines the importance of matrix stiffness on
the differentiation of stem cells.

The electrospun polymer scaffold has a stiffness similar to native artery, and this mechanical
compliance matching makes the electrospun polymer scaffold appropriate for vascular graft
fabrication. In addition, the biomimetic micro/nano structure of the scaffold, although it is
not the focus of this study, may have advantage for vascular remodeling. The longitudinally
aligned fibers on the inner surface may facilitate EC migration and endothelialization to
maintain the patency of the vascular grafts, while the circumferential aligned fibers on the
outer layer may facilitate the organization of SMCs and ECM remodeling to improve the
mechanical property. It appears that there is tissue ingrowth into the loosely organized fibers
on the outer surface, but the porosity of the electrospun scaffold needs to be increased to
further promote cell infiltration throughout the wall thickness.

The in vitro studies using both matrigel and PA gel coated with collagen-1 show that NCSC
differentiation is regulated by substrate stiffness, which provides a mechanistic explanation
of the observation /n vivo. The stiffness regulation of stem cell differentiation /n vivois not
limited to the vascular niche. For example, when NCSCs are encapsulated in matrigel and
transplanted into nerve conduits, NCSCs in the middle of the conduits differentiate into
Schwann cells to facilitate axon growth and myelination?2, which suggests that the
differentiation of stem cells is indeed regulated by the microenvironment of the nervous
tissue. However, we did observe that NCSCs on the inner surface of the nerve conduits
differentiated into myofibroblast-like cells (data not shown), suggesting the stiffness of the
scaffold also plays an important role in cell fate determination.

It should be noted that /n vivo microenvironment is complex, which includes a variety of
biophysical and biochemical factors such as growth factors and matrix proteins. Further
investigation is needed to understand the effects of all these individual factors and their
combinations on stem cell fate decision. Altogether, these results provide insight into the
interconnections between biophysical and biochemical signals in regulating stem cell
differentiation, which will have significant impact on scaffold engineering and stem cell
transplantation for regenerative medicine applications.

5. Conclusion

The differentiation of transplanted stem cells in vivo is not only regulated by biochemical
factors, but also modulated by the stiffness of ECM. In this vascular graft-NCSC
transplantation model, NCSCs differentiated into SMCs in the stiff matrix, and became glial
cells in the soft matrix. This study provides a rational basis for the design of mechanically
compatible biomaterials for stem cell therapies and tissue regeneration.
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Figure 1.
Characterization of undifferentiated iPSC-NCSCs (A-D) and /in vitro differentiation potential

of iPSC-NCSCs into neural lineages (E-H) and mesenchymal lineages (I-P). (A-D)
Immunostaining for NCSC markers P75 (A), HNK1 (B), Vimentin (C) and Nestin (D). (E-F)
Immunostaining for Schwann cell markers S100p (E) and GFAP (F). (G-H)

Immunostaining for peripheral neuron markers peripherin (G) and Tuj1 (H). (I-J)
Immunostaining for SMC lineage markers calponin-1 (CNN1) (I) and smooth muscle a-
actin (ACTA2) (J). (K-L) Adipogenic differentiation shown by phase contrast imaging (K)
and Oil red staining (L). (M-N) Osteogenic differentiation shown by Alizarin red staining
for calcified matrix (M) and immunostaining of alkaline phosphatase (ALP) (N). (O-P)
Chondrogenic differentiation shown by Alcian blue staining for glycosaminoglycans (O) and
immunofluorescent staining of Collagen-I1 (P). In all immunofluorescence images, nuclei
were stained by DAPI in blue. Scale bar=100 pm.
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Figure 2.
Cell-seeded nanofibrous vascular scaffold and implantation. (A) SEM image of a

nanofibrous vascular scaffold (1-mm inner diameter, 100-pm thickness). Scale bar=400 pm.
(B-C) SEM images of a nanofibrous vascular scaffold showing longitudinally aligned fibers
in luminal layer (B) and circumferentially aligned fibers in outer layer (C). Scale bar=20 pum.
(D) Matrigel layer with NCSCs wrapped around the nanofibrous vascular graft after 1-day
culture. Scale bar=1 mm. (E) Live/dead assay after cellular vascular graft fabrication.
Green=calcein+ (live) cells. Red=ethidium bromide+ (dead) cells. Scale bar=100 pm. (F)
Nanofibrous vascular graft with NCSCs after 3 months of implantation. Scale bar=5 mm.
(G) H&E and CD31 staining of a cross section of nanofibrous vascular graft with NCSCs
after 3 months of implantation. Arrows show positive staining of CD31. Scale bar=50 pm.
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Figure 3.
In vivo differentiation of NCSCs. Vascular grafts with NCSCs embedded in matrigel were

implanted for 3 months. SMC markers ACTA2 (A) and MHC (E) or neural marker GFAP (1)
were co-stained with human nuclei antigen NUMA (B, F, J). Nuclei were stained by DAPI in
blue (C, G, K). The merged fluorescent staining is shown in D, H and L. White dashed lines
show the boundary of the fibrous capsule layer. Panels | — L show the area far away from the
graft. Arrows show positive staining of ACTA2, MHC or GFAP. Scale bar=100 pm.
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Figure 4.
Elastic modulus of the vascular graft after 3-month implantation. (A) H&E staining of

vascular graft. Scale bar=50 pm. (B) AFM measurement of elastic modulus of the
nanofibrous vascular graft (n=3) and surrounding matrix with a distance from graft. 1:<50
pum from the boundary of polymer graft. 11: >100 pm from the boundary of polymer graft). *
indicates significant difference (P<0.05).
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Figureb.
Effects of stiff and soft surfaces on NCSC differentiation. NCSCs were cultured on matrigel-

coated stiff substrates (1 GPa) or matrigel (1 kPa) for 1 week (for immunostaining) or for 3
days (for gPCR). (A-D) Immunostaining for SMC lineage markers ACTA2 (A-B) and
CNN1 (C-D). (E-F) Immunostaining for glial cell markers GFAP. Nuclei were stained by
DAPI in blue. Scale bar=100 pm. (G) Gene expression ACTA2, CNN1 and GFAP was
analyzed by qPCR analysis. * indicates significant difference (P<0.05).
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Figure®6.

Effects of substrate stiffness on NCSC morphology. (A-C) Phalloidin staining of F-actin and
(D-F) Vinculin staining of cell adhesion after 1-day culture of NCSCs on the stiff substrates
(1 GPa) or PA gels using 6% acrylamide and different bis-acrylamide concentrations
(Stiffness=15 kPa, 1 kPa). In all immunofluorescence images, nuclei were stained by DAPI
in blue. Scale bar=100 um. (G) Effects of substrate stiffness on NCSC differentiation.
NCSCs were cultured on collagen-coated stiff substrates (1 GPa) or PA gels (Stiffness=15
kPa, 1 kPa) for 3 days. Gene expression of ACTA2, CNN1 and GFAP was analyzed by
gPCR analysis. * indicates significant difference (P<0.05).
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