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Abstract: The physical characteristics of cell culture
materials, such as their elasticity, affect stem cell fate
with respect to cell proliferation and differentiation. We
systematically investigated the morphologies and char-
acteristics of several stem cell types, including human
amniotic-derived stem cells, human hematopoietic stem
cells, human induced pluripotent stem (iPS) cells, and
embryonic stem (ES) cells on poly(vinyl alcohol) (PVA)
hydrogels immobilized with and without extracellular
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matrix-derived oligopeptide. Human ES cells did not
adhere well to soft PVA hydrogels immobilized with oligo-
vitronectin, whereas they did adhere well to PVA hydrogel
dishes with elasticities greater than 15 kPa. These results
indicate that biomaterials such as PVA hydrogels should
be designed to possess minimum elasticity to facilitate
human ES cell attachment. PVA hydrogels immobilized
with and without extracellular matrix-derived oligopep-
tides are excellent candidates of cell culture biomaterials
for investigations into how cell culture biomaterial elastic-
ity affects stem cell culture and differentiation.

Keywords: biomaterial; cell culture; elasticity; poly(vinyl
alcohol); stem cell.

1 Introduction

The design and development of biomaterials to facilitate
the culture and differentiation of specific cell types are
valuable considerations for the advancement of stem cell
therapy and the assessment of cancer cell pathology. Human
embryonic stem (ES) cells [1] and induced pluripotent stem
(iPS) cells [2-4] cannot be cultivated on conventional tissue
culture polystyrene (TCPS) plates [5, 6], whereas most cancer
cell lines can be cultured on these dishes. Furthermore, it
has been reported that human adipose-derived stem cells
(hADSCs) within colon cancer tissues can be purified using
hydrophilic nanosegment-immobilized surfaces [7]. In addi-
tion, human cancer stem cells (i.e. cancer-initiating cells)
within colon cancer tissues are specifically suppressed
when the cells are isolated from colon cancer cells. There-
fore, hADSCs can be isolated from cancer tissue with the
depletion of cancer stem cells using hydrophilic nanoseg-
ment-immobilized surfaces (i.e. cell-sorting surfaces) [7].
The interactions that form between cells and
biomaterials are governed by the biochemical and
physical characteristics of the materials [8-13]. The
biochemical characteristics of cell culture materials
(i.e. the chemical compositions of the materials and
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any biomacromolecule coatings on the materials) have
been well investigated. Several specific polymers, such
as  poly(2-[methacryloyloxylethyl  dimethyl-[3-sulfo-
propyllammonium hydroxide) [14], poly(aminopropyl
methacrylamide) [15], poly(methylvinyl ether-alt-maleic
anhydride) [16], and poly(2-(acryloyloxyethyl)trimeth-
ylammonium chloride-co-2-(diethylamino)ethylacrylate
[17], have been reported to facilitate the expansion of
human ES cells when used as cell culture platforms. By
contrast, human ES cells cannot be cultured on conven-
tional stiff TCPS dishes. Furthermore, several types of
extracellular matrices (ECMs) have been used to coat cell
culture dishes to facilitate human ES and iPS cell culture.
Recombinant vitronectin [18], CellStart (a mixture of
fibronectin and albumin) [19], laminin (LN)-511 [20], and
LN-332 [21] have all been found to support human ES and
iPS cell culture when coated onto stiff TCPS dishes.

Recently, in addition to the biochemical characteris-
tics of cell culture materials, the physical characteristics
of these materials, such as their elasticities, are consid-
ered to affect stem cell proliferation and differentiation [8,
22-24]. Engler et al. [22-24] previously studied the differ-
entiation fates of human bone marrow-derived mesenchy-
mal stem cells (hMSCs) after culture on collagen-coated
polyacrylamide hydrogels of varying elasticity. The use
of soft hydrogels with stiffness similar to that of the brain
(approximately 0.3-0.4 kPa) tended to induce stem cell
differentiation into neural cell lineages (e.g. cells express-
ing B-III tubulin and P-NFH), whereas the use of stiff
hydrogels (approximately 10 kPa) induced the differentia-
tion of cells expressing myogenic markers (e.g. MyoD) [22].
Furthermore, the use of rigid hydrogels with a stiffness
of approximately 35 kPa, which is similar to that of col-
lagenous bone, induced hMSCs to differentiate into cells
expressing the early osteogenic marker Runx2 [22].

Trappmann et al. [25] cultured human epidermal
stem cells on collagen-coated polyacrylamide hydrogels
with elasticities ranging from 0.1 to 2300 kPa. The cells
grown on the gels with low elastic moduli (0.5 kPa) did
not form stable focal adhesions and induced differentia-
tion as a result of decreased activation of the extracellu-
lar signal-regulated kinase/mitogen-activated protein
kinase signaling pathway. By contrast, cell differentiation
and spreading were not affected by the elasticity of poly-
dimethylsiloxane (PDMS) after culture on collagen-coated
PDMS dishes [25].

Rowlands et al. [26] investigated the myogenic and
osteogenic differentiation potential of hMSCs cultured
on polyacrylamide hydrogels of varying stiffness that
were immobilized with ECM proteins (i.e. fibronectin,
laminin, collagen IV, or collagen I). These ECM-coated

DE GRUYTER

hydrogels supported the proliferation of hMSCs in a
stiffness-dependent manner: high stiffness hydrogels pro-
moted up to a 10-fold increase in number of cells relative
to low stiffness hydrogels. Thus, we found a clear inter-
play between the stiffness of cell culture materials and the
presence of ECM proteins from the expression of myogenic
and osteogenic transcription factors in hMSCs.

The majority of researchers who have investigated
how the physical characteristics of biomaterials affect
stem cell differentiation fate have used polyacrylamide
hydrogels [22, 25, 26]. This creates the idea that the effects
of the physical characteristics of biomaterials on stem cell
fate are only of concern when using polyacrylamide hydro-
gels. However, there is a current need to develop hydrogels
of varying elasticity that possess chemical structures that
differ from polyacrylamide. Therefore, in this study, we
systematically investigated the morphologies and char-
acteristics of several stem cell types, including human
amniotic-derived stem cells (hAFCs), human hematopoi-
etic stem cells (hHSCs), human ES cells, and human iPS
cells, as well as human colon cancer (LoVo, CoL0205, and
NCU-N1) cells, after culture on hydrogels composed of
poly(vinyl alcohol) (PVA) hydrogels that were covalently
immobilized with and without several different ECMs or
ECM-derived oligopeptides. It is demonstrated that PVA
hydrogels of varying elasticity that are or are not immo-
bilized with FN or ECM-derived oligopeptides are suitable
for the cultivation of different stem cells and colon cancer
cell lines.

2 Materials and methods

2.1 Materials

Poly(vinyl alcohol-co-vinyl acetate-co-itaconic acid) (PVA)
was received from Japan VAM & Poval Co., Ltd. (AF-17,
Sakai, Osaka, Japan). The oligopeptides CS1 (EILDVPST),
oligoCOL  (GTPGPQGIAGQRGVV), oligoFN (KGGAVT-
GRGDSPASS), cyclic RGD (cRGD, GACRGDCLGA), and
oligoVN (KGGPQVTRGDVFTMP) were purchased from
PHJapan (Hiroshima, Japan). TCPS dishes (35-3001; diam-
eter=3.5 cm) were received from Becton Dickinson (Frank-
lin Lakes, NJ, USA).

Human iPS cells, HPS0077, were delivered from the
Riken BioResource Center (Tsukuba, Japan). Human ES
cells, WA09, were purchased from the WiCell Research
Institute, Inc. (Madison, WI, USA). Matrigel (354230) and
human fibronectin (FN; 356008) were purchased from
BD Biosciences (San Jose, CA, USA). Fetal bovine serum
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(FBS; 04-0011, lot 551035) was obtained from Biological
Industries Ltd. (Kibbutz Beit Haemek, Israel). Ham’s F-12
(N4888) medium, MCDB 201 medium, and Dulbecco’s
modified Eagle’s medium (DMEM; D5648) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Knock-
Out Serum Replacement (10828-028), DMEM/F12 medium
(11330-057), Essential 6 medium (A1516401), and Essential
8 medium (A1517001) were received from Life Technolo-
gies (Carlsbad, CA, USA). MethoCult (GF H4434), Stem-
Span CC110 cytokine cocktail, and StemSpan serum-free
medium (SFEM) were obtained from STEMCELL Technolo-
gies (British Columbia, Canada).

Rabbit antihuman Sox2 antibody (ab5603) was
received from Millipore (Merck KGaA, Darmstadt,
Germany). Mouse antihuman Oct3/4 antibody (sc-5279)
was obtained from Santa Cruz Biotechnology (Dallas,
TX, USA). Mouse antihuman SSEA4 antibody (ab16287),
mouse antihuman TRA-1-60 antibody (ab16288), and
mouse antihuman TRA-1-81 (ab16289) were received from
Abcam (Cambridge, MA, USA). Rabbit antihuman alpha-
fetoprotein (AFP) antibody (PA5-21004), mouse antihuman
B-IIT tubulin antibody (MA1-118), and mouse antihuman
Nanog antibody (MA1-017) were obtained from Thermo
Fischer Scientific (Rockford, IL, USA). Rabbit antihuman
o-smooth muscle actin (SMA) antibody (PA5-19465) was
received from Life Technologies (Carlsbad, CA, USA).

All other chemicals were of reagent grade and were
obtained from Sigma-Aldrich (St. Louis, MO, USA).

2.2 Preparation of cross-linked PVA hydrogel
dishes

Cross-linked PVA hydrogels were prepared according to
previous studies (Figure 1) [27-29]. Briefly, PVA having
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1.2-1.3 mol% itaconic acid (a hydrolysis degree=97.2%)
was dissolved to 0.04-0.05 wt% in pure water [27]. The
PVA solution was then added to TCPS dishes and dried
for 6-8 days to produce PVA films. The PVA films were
inserted into an aqueous cross-linking solution composed
of 1.0 wt% H,SO,, 20.0 wt% Na,SO,, and 1.0 wt% glutar-
aldehyde for 0.5, 1, 6, 12, 24, and 48 h. The naming conven-
tion “P-Xh” (e.g. P-24h) means PVA hydrogels cross-linked
for X hours (e.g. 24 h). After cross-linking, the PVA hydro-
gels were cleaned with pure water and then sterilized via
immersion in a 74%-75% (v/v) ethanol solution for 0.5 h.
After this, the hydrogels were rinsed in pure water and
then stored in pure water until usage.

2.3 Preparation of PVA hydrogel dishes
immobilized with fibronectin and
ECM-derived oligopeptides

After the preparation of PVA hydrogels having dif-
ferent stiffness (elasticity), the hydrogels were acti-
vated via insertion in an aqueous solution, including
10.0 mg/ml N-hydroxysuccinimide and 10.0 mg/ml N-(3-
dimethylaminopropyl)-N"-ethylcarbodiimide hydrochlo-
ride for 6 h at 4°C [27]. Subsequently, the PVA hydrogels
were rinsed with phosphate-buffered saline (PBS; pH 7.2)
and inserted in a PBS solution containing either 100 ug/ml
of fibronectin (FN) or 50-1000 pg/ml of ECM-derived oli-
gopeptides (CS1, oligoVN, oligoFN, oligoCOL, or cRGD) for
24 h at 4°C (Figure 1). After the grafting of fibronectin or
the ECM-derived oligopeptides, the PVA hydrogels were
rinsed with pure water for 12 h to remove any residual
fibronectin or ECM-derived oligopeptides. The PVA hydro-
gels immobilized with FN or ECM-derived oligopeptides

7 - EOH ) \ 0.1 wt% Glutaraldehyde OH OH OH PVA W
20 29 ) E— /(0\2)3
meeeess B ool QB
0.05 wt% PVA-IA solution
(polyvinylalcohol-co-itaconic acid) ;\\6‘2’
OQQQ CS-1 EILDVPST
® ' oligoCOL ' GTPGPQGIAGQRGVV
:,l: oligoFN KGGAVTGRGDSPASS
o T oligoVN KGGPQVTRGDVFTMP
HO-0 o= cRGD GACRGDCLGA
_— —_—

Concentration of oligopeptide
50, 500, or 1000 pg/ml

Figure 1: Preparation and reaction schemes of PVA hydrogels immobilized with ECM proteins and ECM-derived oligopeptides.
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are hereafter called P-Xh-FN, P-Xh-CS1, P-Xh-oligoFN,
P-Xh-cRGD, P-Xh-oligoCOL, and P-Xh-oligoVN, where X
indicates the cross-linking time (h). X-ray photoelectron
spectrophotometer (XPS; K-Alpha spectrometer; Thermal
Scientific, Inc., Amarillo, TX, USA) was used for the evalu-
ation of the chemical compositions on the PVA hydrogel
dishes.

2.4 Preparation and culture of cells

The experiments in this study were approved by the
ethics committees of the Cathay Medical Research Insti-
tute (CT099012), the Taiwan Landseed Hospital (IRB-13-
05), and the National Central University. All experiments
were performed in accordance with all applicable and
relevant institutional and governmental regulations and
guidelines.

The human colon cancer cell line LoVo (BCRC 60148;
Food Industry Research and Development Institute,
Hsinchu, Taiwan) was cultivated on PVA hydrogels or
TCPS dishes in Ham’s F-12 medium supplemented with
20% FBS using conventional cell culture protocols [7].

The human colon cancer cell lines Colo205 (BCRC
60054, Food Industry Research and Development Insti-
tute) and Colo-NCU1, which were established in our
laboratory, were cultured on PVA hydrogels or TCPS
dishes in DMEM/F12 medium supplemented with 20%
FBS, 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid,
sodium pyruvate, and L-glutamine using conventional cell
culture protocols [7]. The initial cell seeding density was
fixed to 10° cells/cm? The media were exchanged twice a
week. Antibiotics of amphotericin B (0.625 pg/ml), strep-
tomycin (250 pug/ml), and penicillin (250 U/ml) (03-033-1B,
Biological Industries, Israel) were also supplemented into
the cultivation media.

Fresh second-trimester amniotic fluid was centri-
fuged at 1100-1200 rpm for 5 min, and the supernatant
was removed. After centrifugation, the cells was dis-
solved in DMEM/MCDM 201 (40%/60%) with 10.0 ng/ml
FGF-2 and 20% FBS, and the cells were cultured in a CO,-
supplemented incubator (5%) at 37°C [30]. After reaching
approximately 82%—-85% confluence, the hAFCs were har-
vested using a trypsin/ethylene diamine tetraacetic acid
(EDTA) solution, after which they were centrifuged and
inoculated into cell culture dishes using a conventional
passage procedure. As passage 4, the hAFCs were culti-
vated on PVA hydrogels immobilized with ECM-derived
oligopeptides or FN in a CO, incubator at 37°C for 6-7 days;
a subset of cells was also cultured on TCPS dishes under
the same conditions.
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Mononuclear cells were obtained from human umbili-
cal cord blood using the Ficoll-Paque method [27, 31], and
hHSCs (CD34* cells) were subsequently isolated from the
mononuclear cells using an immunomagnetic separation
kit and a MiniMacs column (Miltenyi Biotec, Bergisch-
Gladbach, Germany) for CD34* cells isolation following
the manufacturer’s instructions. After elution from the
MiniMacs column, the cells were rinsed five times with
PBS containing 2-2.1 mM EDTA. The purity of the CD34*
cells was evaluated using flow cytometry.

hHSCs (CD34* cells) were inoculated onto PVA hydro-
gel dishes immobilized with FN or ECM-derived oligopep-
tides at a seeding density of 1500 hHSCs/cm? and then
cultured in StemSpan SFEM serum-free culture medium
with cytokine cocktail (StemSpan CC110). The medium
was supplemented with 0.1% wt/wt low-density lipopro-
tein following the manufacturer’s instructions [27]. The
hHSCs were then cultivated for 10 days in a CO,-supple-
mented incubator (5% CO,) at 37°C.

The human WAOQ9 (H9) ES cells were cultivated as
previously described on mitomycin-C-treated mouse
embryonic fibroblast feeder cells in DEME/F12 medium
supplemented with 20% KnockOut Serum Replacement
[28, 32]. The WAOQ9 cells were then shifted to culture on
Matrigel in Essential 8 medium as previously described
[28, 32]. The HS0077 human iPS cells were cultivated on
Matrigel in Essential 8 medium [28, 32]. Near-confluent
cell clusters were treated with dispase for 1-2 min at 37°C.
Cells in Essential 8 medium were pipetted to achieve
complete dispersal. After centrifugation at 150-160 g for
4-5 min at 4°C-5°C, the cells were inoculated at an appro-
priate density (5x10* cells/cm?) into new culture dishes
(PVA hydrogels immobilized with oligoVN). The medium
was changed daily during human iPS and ES cell culture
experiments.

2.5 Immunostaining of protein markers
involved in differentiation and
pluripotency of stem cells

Stem cells were immunostained for Nanog, Sox2, Oct3/4,
Tra-1-81, Tra-1-60, SSEA4, AFP, SMA, and B-III tubulin fol-
lowing a conventional protocol [33, 34]. To accomplish
this, cells grown on dishes were fixed with paraformal-
dehyde and then incubated with a primary antibody at
a 1:110 dilution. Subsequently, the cells were rinsed with
PBS and incubated with a secondary antibody at a 1:55
dilution. The cells were also stained with Hoechst 33342
(1:55). The stained cells were observed using a fluores-
cence microscope equipped with appropriate filters.
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2.6 Embryoid body formation

Human ES cell pluripotency was investigated based on
embryoid body (EB) formation at passage 10. To accom-
plish this, human ES cells were dissociated from their
culture dishes, and cells in the supernatant were collected
and injected onto ultralow attachment plates in Essential
6 medium to generate EBs. After 15-16 days in suspen-
sion, the EBs were shifted to Matrigel-coated plates and
cultivated in Essential 6 medium for 4-6 weeks. Then
the cells were immunostained with antibodies against
protein markers of three embryonic germline layers (BIII-
Tubulin, SMA, and AFP) and evaluated for immunofluo-
rescence [28].

2.7 Statistical analysis

Quantitative data were analyzed from three different
samples. The data were shown as the mean + SD. Statisti-
cal analyses were evaluated using an unpaired Student’s
t-test in Excel (Microsoft Corporation). Probability values
(p) less than 0.05 were considered statistically significant.

3 Results

3.1 Physical characteristics of PVA hydrogels
immobilized with and without FN or ECM-
derived oligopeptides

PVA hydrogels having different stiffness were immobi-
lized with and without FN or ECM-derived oligopeptides;
hydrogel elasticity was modulated by regulating the cross-
linking time (intensity). The storage moduli, E’, of PVA
hydrogels with an approximate 20-36 um thickness were
measured using a rheometer, and the values are listed in
Table 1. The softest PVA hydrogels in the present study,

Table 1: Characteristics of PVA hydrogels.

Hydrogels Storage modulus £’ (kPa) Water content (%)
P-0.5h 3.7+0.4 85+3
P-1h 10.5+1.1 76+3
P-6h 13.2+1.2 62+3
P-12h 18.3+1.5 52+2
P-24h 25.4+2.1 47+2
P-48h 30.2+2.8 4412
TCPS (3,000,000-1,2000,0007) 0

aElastic moduli (kPa).
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P-0.5h, had an E’ of 3.7 kPa. P-1h, P-6h, P-12h, and P-24h
hydrogels had E’ values of 10.5, 13.2, 18.3, and 25.4 kPa,
respectively, whereas the E’ of the hardest PVA hydrogels
in present study, P-48h, was 30.2 kPa. TCPS dishes have
been reported to have their elastic moduli of 3-12 GPa [27].
The storage moduli of PVA hydrogels immobilized with FN
(P-Xh-FN) or ECM-derived oligopeptides (P-Xh-CS1, P-Xh-
cRGD, P-Xh-oligoCOL, P-Xh-oligoFN, and P-Xh-oligoVN)
were measured to be the same as those of the correspond-
ing unmodified PVA hydrogels (P-Xh). This similarity
exists because the layers of FN or ECM-derived oligopep-
tides immobilized onto the PVA hydrogels were too thin to
contribute to the bulk E” values of the PVA hydrogels.

The thickness of the PVA hydrogels in the dishes in
water was evaluated to be 2.1-3.0 um. Water content (H) is
defined in the following equation:

Water content (H) =weight of water in hydrogel (g)/
weight of hydrogel (g) x 100 (%).

The water contents of the various PVA hydrogels are
also summarized in Table 1. The water content was found
to decrease as the cross-linking time used to create the
hydrogels increased.

3.2 XPS analysis of nanosegments
immobilized onto PVA hydrogels

It is important to evaluate the existence of nanosegments
(i.e. ECM-derived oligopeptides) and the surface densi-
ties of such nanosegments on PVA hydrogels immobi-
lized with ECM-derived oligopeptides with different
stiffness. Because it was difficult to evaluate the abso-
lute quantities of nanosegments immobilized onto the
PVA hydrogel dishes created in this study via chemical
titration and reaction methods, we used XPS to evaluate
ECM-derived oligopeptides on the surfaces of the hydro-
gels. Figure 2A describes the high-resolution XPS spectra
of N1s peaks on the surface of P-Xh-oligoVN, which had
E’ values ranging from 10.5 to 30.2 kPa when the graft-
ing concentration of oligoVN was 500 pug/ml. An Nis
peak of approximately 400 eV was extensively detected
in the P-Xh-oligoVN hydrogel (X=1, 6, 12, 24, and 48 h)
dishes. The atomic ratios of N/C on the surfaces of the
P-Xh-oligoVN hydrogels were evaluated. Similar N/C
ratios, 0.14, were obtained on the surfaces of all assessed
P-Xh-oligoVN hydrogels (X=1, 6, 12, 24, and 48 h), as
shown in Figure 2B (p >0.05). These results suggest that
the surface density of oligoVN does not depend on P-Xh-
oligoVN hydrogel elasticity when the grafting concentra-
tion of oligopeptide is kept constant (i.e. 500 ug/ml in
this study).
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Figure 2: Characterization of PVA hydrogels immobilized with vitronectin-derived oligopeptides (oligoVN). (A) High-resolution XPS spectra
of the N1s peaks obtained from the surfaces of P-1h-oligoVN (a), P-6h-oligoVN (b), P-12h-oligoVN (c), P-24h-oligoVN (d), and P-48h-oligoVN
(e) hydrogels. (B) The atomic ratios of nitrogen to carbon (N/C) on the surfaces of the P-1h-oligoVN, P-6h-oligoVN, P-12h-oligoVN, P-24h-olig-

oVN, and P-48h-oligoVN hydrogels.

The atomic ratios of N/C on the surfaces of P-24h-ol-
igoVN hydrogels, which were prepared with oligoVN
grafting concentrations of 50-1500 pg/ml, were also
evaluated. The atomic ratios of N/C increased as the graft-
ing concentration increased to 500 pg/ml. However, no
significant differences (within the experimental error) in
the atomic ratio of N/C were observed on the surfaces of
P-24h-oligoVN hydrogels exposed to oligoVN grafting con-
centrations of more than 500 ug/ml (p > 0.05). These data
are concordant with those in previous reports [30]. On the
basis of the previously mentioned results, human ES cells
were cultured on P-Xh-oligoVN hydrogels (X=1, 6, 12, 24,
and 48 h) with oligoVN grafting concentrations of 500 or
1000 pg/ml to maintain their pluripotency, whereas colon
cancer cells, hAFCs, and hHSCs were cultured on P-oligo-
ECM dishes with oligopeptide grafting concentrations of
50 or 100 pg/ml. This strategy reduced the use of expen-
sive oligopeptides in the following experiments.

3.3 Culture of colon cancer cell lines on PVA
hydrogels immobilized with and without
oligoVN

Co0l0205, LoVo, and Colo-NCU1 colon cancer cell lines
were cultured on PVA hydrogels with different stiffness.
These hydrogels were not initially immobilized with FN

or ECM-derived oligopeptides. The morphologies of the
different cell types after 10 days in culture on the hydro-
gels are shown in Figure 3. The number of Colo205 cells
growing on the PVA hydrogels increased as the hydrogel
elasticity increased (Figure 3). The numbers of Colo-NCU1
and LoVo cells growing on the hydrogels also increased
the hydrogel elasticity increased; however, the overall
numbers of attached Colo-NCU1 and LoVo cells were much
less than that of the Colo205 cells. The LoVo, Colo205, and
Colo-NCUT1 cells could all be successively cultured to con-
fluence on conventional, stiff TCPS dishes.

When an ECM-derived oligopeptide (i.e. oligoVN)
was immobilized onto PVA hydrogels (Figure 4), the
cell attachment of LoVo, Colo205, and Colo-NCU1 cells
improved. The numbers of CoL0205 and LoVo cells that
successfully grew on P-24h-oligoVN were similar to those
of cells grown on TCPS dishes. In addition, we found that
colon cancer cells preferentially proliferate on stiffer PVA
hydrogels, regardless of whether they were immobilized
with oligoVN.

3.4 hHSC and hAFC culture on P-ECM and
P-oligoECM hydrogels

hHSCs were cultivated on PVA hydrogels with different
elasticities (P-Xh, P-Xh-FN, and P-Xh-CS1) immobilized
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Figure 3: Morphologies of human colon cancer cells [CoLo205 (A-F), LoVo (G-L), and Colo-NCU1 (M-R) cells] cultured on unmodified P-0.5h
(A, G, M), P-1h (B, H, N), P-6h (C, I, 0), P-12h (D, J, P), and P-24h (E, K, Q) hydrogels and on TCPS dishes (F, L, R) after 10 days in culture. The

bar indicates 50 um.

P-0.5h-oligoVN P-1h-oligoVN
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Figure 4: Morphologies of human colon cancer cells [CoLo205 (A-F), LoVo (G-L) and Colo-NCU1 (M-R) cells] cultured on P-0.5h-VN (A, G, M),
P-1h-VN (B, H, N), P-6h-VN (C, I, 0), P-12h-VN (D, J, P), and P-24h-VN (E, K, Q) hydrogels immobilized with oligoVN and on TCPS dishes (F, L, R)
after 10 days in culture. The P-Xh-oligoVN hydrogels were prepared using an oligoVN concentration of 50 ug/ml. The bar indicates 50 um.

with FN and FN-derived oligopeptides (CS1) because FN
and CS1 have been reported to facilitate hHSC expan-
sion [27, 35, 36]. Figure 5 represents the morphologies of
hHSCs cultivated on P-Xh, P-Xh-FN, and P-Xh-CS1 hydro-
gels with elasticities of F’=3.7 kPa (0.5 h cross-linking
time), 10.5 kPa (1 h of cross-linking time), 13.2 kPa (6 h of
cross-linking time), 18.3 kPa (12 h of cross-linking time),
25.4 kPa (24 h of cross-linking time), and 30.2 kPa (48 h
cross-linking time) as well as on TCPS plates (elastic
moduli=3-12 GPa) after 10 days in culture. The hHSCs
were found to proliferate on PVA hydrogels immobilized
with and without FN or CS1. Furthermore, the numbers of
cells growing on unmodified PVA, FN-immobilized PVA,

and CSl-immobilized PVA hydrogels were found to be
similar to that of cells grown on TCPS plates.

hAFCs were also cultivated on PVA hydrogels with
different stiffness (unmodified PVA, cRGD-immobilized
PVA, oligoCOL-immobilized PVA, oligoFN-immobilized
PVA, and oligoVN-immobilized PVA) and TCPS plates.
Figure 6 describes the morphologies of hAFCs cultivated
on unmodified PVA and PVA immobilized with ECM-
derived oligopeptides with elasticities of E'=13.2-30.2
kPa, as well as of cells grown on TCPS dishes (elastic
moduli=3-12 GPa). Figure 7 shows the doubling times of
hAFCs cultured on unmodified PVA and PVA immobilized
with ECM-derived oligopeptides.
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P-Xh

P-Xh-FN

P-Xh-CS1

TCPS

Soft ﬁ stiff

Figure 5: Morphologies of hHSCs cultured on P-Xh hydrogels [P-0.5h (A), P-1h (B), P-6h (C), and P-24h (D)], P-Xh-FN hydrogels [P-0.5h-
FN (E), P-1h-FN (F), P-6h-FN (G), and P-24h-FN (H)], P-Xh-CS1 hydrogels [P-0.5h-CS1 (1), P-1h-CS1 (J), P-6h-CS1 (K), and P-24h-CS1 (L)], and
TCPS dishes (M) after 4 days in culture. The P-Xh-oligoFN and P-Xh-CS1 hydrogels were prepared using oligoFN and CS1 concentrations of
100 ug/ml. The bar indicates 50 um.

X =24h X =48h

P-Xh

P-Xh-
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P-Xh-
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P-Xh-
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Soft ‘ stiff

Figure 6: Morphologies of hAFCs cultured on P-Xh [P-6h (A), P-12h (B), P-24h (C), and P-48h (D)], P-Xh-cRGD [P-6h-cRGD (E), P-12h-cRGD
(F), P-24h-cRGD (G), and P-48h-cRGD (H)], P-Xh-oligoCol [P-6h-0ligoCOL (1), P-12h-oligoCOL (J), P-24h-oligoCOL (K), and P-48h-oligoCOL (L)],
P-Xh-oligoFN [P-6h (M), P-12h (N), P-24h (0), and P-48h (P)], and P-Xh-oligoVN [P-6h-oligoVN (Q), P-12h-oligoVN (R), P-24h-oligoVN (S),

and P-48h-oligoVN (T)] hydrogels and on TCPS (U) dishes after 7 days of cultivation. The P-Xh-cRGD, P-Xh-oligoCOL, P-Xh-oligoFN, and P-Xh-
oligoVN hydrogels were prepared using cRGD, oligoCOL, oligoFN, and oligoVN concentrations of 50 pug/ml. The bar indicates 100 um.

hAFCs could not be cultivated on PVA hydrogels PVA hydrogels with or without grafting of ECM-derived
with or without grafting of oligoCOL (an oligopeptide oligopeptides (cRGD, oligoCOL, oligoVN, and oligoFN)
derived from collagen I [COL]) when the hydrogels had when the dishes had an E'>20 kPa (the cross-linking
an elasticity less than 20 kPa (P-6, P-12, P-6-0ligoCOL, time of PVA was at least 24 h with and without the graft-
and P-12-0ligoCOL). By contrast, hAFCs could expand on ing of ECM-derived oligopeptides) and on TCPS plates
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(elastic moduli=3-12 GPa). P-6h-cRGD, P-6h-oligoFN,
and P-6h-oligoVN hydrogels supported hAFC prolifera-
tion, whereas P-6h and P-6h-oligoCOL did not. On the
basis of the previously mentioned results, 0ligoCOL seems
to be a less favorable nanosegment compared with cRGD,
oligoFN, and oligoVN for the expansion of hAFCs. Of the
PVA hydrogels with E’ values ranging between 13.2 and
30.2 kPa (cross-linking time =6-48 h), hAFCs cultured on
PVA hydrogels immobilized with cRGD (P-Xh-cRGD) and
oligoFN (P-Xh-oligoFN) showed similar doubling times
compared with those cultured on TCPS (Figure 7). There-
fore, P-Xh-cRGD and P-Xh-oligoFN hydrogels (X=6-48)
were found to be appropriate to evaluate the effects of
hydrogel stiffness on hAFC culture.

3.5 Culture of human ES and iPS cells on
P-oligoVN hydrogel dishes

Human ES and iPS cells were cultured on P-Xh-oligoVN
hydrogels [oligoVN is an oligopeptide derived from vitron-
ectin (VN)] with different elasticities to evaluate the effects
of hydrogel stiffness on the expansion of stem cells and
their ability to maintain pluripotency because vitronectin
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Figure 7: Doubling times of hAFCs cultured on soft P-6 (left column),
P-12 (the second column from left), P-24 (the third column from

left), and stiff P-48 (right column) hydrogels immobilized with cyclic
RGD (cRGD) or ECM-derived oligopeptides (oligoCOL, oligoFN, and
oligoVN), without modification, and on TCPS dishes. P-Xh-cRGD,
P-Xh-oligoCOL, P-Xh-oligoFN, and P-Xh-oligoVN hydrogels were pre-
pared with cRGD, oligoCOL, oligoFN, and oligoVN concentrations of
50 ug/ml. The data are expressed as the mean + standard deviation
of three independent measurements.
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and oligoVN coatings on cell culture dishes have been
reported to help maintain human ES and iPS cell pluripo-
tency [18, 37, 38]. When screening to evaluate biomaterials
for human ES and iPS cell culture, cell attachment is one of
the first factors that must be evaluated, followed by assess-
ments of cell colony morphology and cell colonies showing
no differentiation, as the use of appropriate biomateri-
als facilitate the development and maintenance of these
human ES and iPS cell characteristics [5, 6, 32]. Figure 8
shows the morphologies of human ES cells (WA09) and
human iPS cells (HPS0077) cultured on P-Xh-oligoVN
dishes with different elasticities (P-1h-oligoVN, P-6h-oli-
goVN, P-12h-oligoVN, P-24h-oligoVN, and P-48h-oligoVN
hydrogels) and on dishes coated with Matrigel at passage
1. The ES and iPS cells did not attach well to the softest
P-1h-oligoVN hydrogels, whereas the ES cells did attach
well to the PVA hydrogels with elasticities greater than
12 kPa (i.e. the P-6h-oligoVN, P-12h-oligoVN, P-24h-olig-
oVN, and P-48h-oligoVN hydrogels). These results indicate
that the use of biomaterials with minimum elasticity is
necessary to allow the attachment of human ES cells.

Human ES cell (WAQ9) pluripotency was evaluated by
immunostaining to detect the expression of pluripotent
proteins after culture on P-24h-o0ligoVN hydrogel dishes in
xeno-free conditions (i.e. in Essential 8 culture medium)
for 10 passages. The results are shown in Figure 9. The
pluripotent proteins Nanog, Sox2, Oct3/4, SSEA-4, Tra-1-
60, and Tra-1-81 were expressed in these cells.

To evaluate human ES cell pluripotency, it is neces-
sary to determine whether these cells can differentiate
into cells derived from all three germ layers in vitro (via EB
formation assay). Therefore, human ES cells (WA09) were
cultured on P-24h-oligoVN hydrogels under xeno-free con-
ditions for 10 passages and subsequently cultured in sus-
pension using ultralow protein binding dishes to facilitate
EB formation (Figure 10A). Differentiated human ES cells
were immunostained with antibodies against BIII-tubulin
(ectoderm), SMA (smooth muscle actin and mesoderm),
and AFP (alpha-fetoprotein and endoderm). The results
are shown in Figure 10B. The cells were able to differen-
tiate into cells expressing BIII-tubulin, SMA, and AFP,
indicating that they maintained their pluripotency after
culture on P-24h-0ligoVN hydrogel dishes.

4 Discussion

In the current study, we demonstrated that several dif-
ferent cell types, including colon cancer cells, hHSCs,
hAFCs, and human ES and iPS cells, can be cultured
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Figure 8: Morphologies of human ES (WA09, A-E) and human iPS (HPS0077, F-)) cells cultured on P-1h-VN (A and F), P-6h-VN (B and G),
P-12h-VN (C and H), P-24h-VN (D and I), and P-48h-VN (E and J) hydrogels and Matrigel-coated dishes (K) after 5 days in culture at passage 1.
P-24h-oligoVN was prepared with an oligoVN concentration of 1000 pg/ml. The bar indicates 100 pum.

A Oct3/4 B Sox2 Nanog D SSEA4
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Figure 9: Characterization of human ES (WA09) cell pluripotency after culture on P-24h-oligoVN hydrogels based on the expression of
pluripotent proteins. Pluripotent protein expression in the human ES (WA09) cells was analyzed by immunostaining after culture on
P-24h-oligoVN dishes under xeno-free conditions for 10 passages. The P-24h-oligoVN dishes were prepared with an oligoVN concentration
of 500 pug/ml. (A) Oct3/4, (B) Sox2, (C) Nanog, (D) SSEA-4, (E) Tra-1-60, (F) Tra-1-81, and (G-L) Hoechst staining of the human ES cells used in
(A—F) and (M-R) merged images of the immunostaining (A-F) and Hoechst staining (G-L). The bar indicates 100 um.

on PVA hydrogels immobilized with and without FN or
ECM-derived oligopeptides. Cell proliferation depended
on the nanosegments used to immobilize the hydrogels
(i.e. ECM-derived oligopeptides and ECMs) as well as on
hydrogel elasticity. Table 2 shows the varying levels of cell
proliferation measured after culture on the PVA hydrogels
investigated in this study. Relatively stiff hydrogels (P-24h
and P-48h) supported the proliferation of colon cancer
cells, hHSCs, and hAFCs. By contrast, human ES and iPS
cells could not be cultured on unmodified PVA hydrogels,

regardless of their elasticity. To culture these cells, it was
necessary to graft oligoVN to the hydrogels (Figure 8).
Historically, polyacrylamide hydrogels have been
used to evaluate the effects of cell culture biomaterial
elasticity on stem cell proliferation and differentiation [22,
25, 26]. However, human ES and iPS cells cannot maintain
their pluripotency on polyacrylamide hydrogels. Table 3
summarizes the results of previous studies that have
investigated how cell culture biomaterial elasticity affects
stem cell culture and differentiation. Recently, polymers
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Figure 10: Characterization of human ES (WA09) cell differentiation ability in vitro after culture on P-24h-oligoVN hydrogels for 10 passages.
The P-24h-oligoVN hydrogels were prepared using an oligoVN concentration of 500 pg/ml. (A) Morphologies of EBs differentiated from
human ES (WA09, a and b) cells after culture on P-24h-oligoVN hydrogels under xeno-free conditions for 10 passages. (B) Immunostaining
of an endoderm protein (a, AFP, green), a mesoderm protein (b, SMA, green), and an ectoderm protein (c, Blll-tubulin, green) in human ES
(WAO09) cells after culture on P-24h-100ligoVN hydrogels under xeno-free conditions for 10 passages. Hoechst-stained nuclei are shown in

blue. The bar indicates 100 um.

Table 2: The proliferation of cells cultured on PVA hydrogels.?

Cells P-0.5h P-1h P-6h P-12h P-24h P-48h TCPS
(10.3 kPa) (10.3 kPa) (15.8 kPa) (21.2 kPa) (25.3 kPa) (30.4 kPa)

Colon cancer cells
Colo205 P P G G E E E
LoVo N N G G G E
Colo-NCU1 N N P P P G E

Stem cells
UC-HSCs E E E E E
hAFCs N N P G G E E
Human ES cells N N N N N N N
Human iPS cells N N N N N N N

E", “G”, “P”, and “N” indicates excellent, good, poor, and no culture, respectively.

other than polyacrylamide have been used to evaluate the
effects of cell culture biomaterial elasticity on cell culture.
These polymers include biomaterials made of (a) natural
polymers, such as alginate [39], agarose [39], chitosan [40,
41], hyaluronic acid [42], fibrin [43], silk [45, 46], elastin
[45], gelatin [44], and collagen [47]; (b) synthetic poly-
mers, such as PDMS [25], poly(glycolic acid) [48], poly(e-
caprolactone) [48], poly(lactic-co-glycolic acid) [48],
poly(L-lactic acid) [48], poly(ethyleneglycol) [49, 50], and
poly(hydroxyethyl methacrylate) [51]; and (c) polymer-
inorganic hybrids, such as silk/hydroxyapatite (HAp) [54],

gelatin/HAp [55], gelatin/B-tricalcium phosphate [52],
polycaprolactone/HAp [53], and collagen/carbon nano-
tubes [56].

Bone ECM is a natural composite that contains HAp
and collagen. Several researchers have prepared polymer-
inorganic hybrid scaffolds using Hap, such as silk/HAp
and gelatin/Hap scaffolds [54, 55]. Mattei et al. [55] pre-
pared composite gelatin/HAp scaffolds with varying HAp
contents along with elasticity-matched HAp-free gelatin
scaffolds as a control. Human periosteal-derived pro-
genitor cells (PDPCs) were cultivated on the scaffolds for
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7 days. They showed that both the stiffness and the Hap
contents of the scaffolds contributed to the osteogenic dif-
ferentiation of the PDPCs, indicating the role of elasticity
in triggering the osteogenic gene expression and the role
of HAp in facilitating the differentiation process, particu-
larly at high content of HAp [55].

5 Conclusions

The elasticities of the PVA hydrogels investigated in this
study can be easily modified by adjusting their cross-link-
ing time. In addition, these hydrogels can be covalently
immobilized with a variety of ECMs and ECM-derived
oligopeptides via aqueous phase reactions. Therefore,
PVA hydrogels immobilized with or without FN or ECM-
derived oligopeptides should be excellent candidate of
cell culture biomaterials for investigations into the effects
on the culture and differentiation of various stem cell

types.
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