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Xeno-free and feeder-free culture and differentiation of human 
embryonic stem cells on recombinant vitronectin-grafted 
hydrogels
Li-Hua Chen,†a Tzu-Cheng Sung,†a Henry Hsin-Chung Lee,†bc Akon Higuchi,*adek Huan-Chiao Su,a 
Kuan-Ju Lin,a, Yu-Ru Huang,a Qing-Dong Ling,fg S. Suresh Kumar,h Abdullah A. Alarfaj,d Murugan A. 
Munusamy,d Michiyo Nasu,e Da-Chung Chen,i Shih-Tien Hsu,j Yung Changk, Kuei-Fang Leel, Han-
Chow Wangm, Akihiro Umezawae

Recombinant vitronectin-grafted hydrogels were developed by adjusting surface charge of the hydrogels with grafting of 
poly-L-lysine for optimal culture of human embryonic stem cells (hESCs) in xeno- and feeder-free culture conditions, with 
elasticity regulated by crosslinking time (10-30 kPa), in contrast to conventional recombinant vitronectin coating dishes, 
which have a fixed stiff surface (3 GPa). hESCs proliferated on the hydrogels for over 10 passages and differentiated into the 
cells derived from three germ layers indicating the maintenance of the pluripotency. hESCs on the hydrogels differentiated 
into cardiomyocytes in xeno-free culture conditions with much higher efficiency (80% of cTnT+ cells) than those on 
conventional recombinant vitronectin or Matrigel-coating dishes just only after 12 days of induction. It is important to have 
the optimal design of cell culture biomaterials where biological cues (recombinant vitronectin) and physical cues (optimal 
elasticity) are combined for high differentiation of hESCs into specific cell lineages, such as cardiomyocytes, in xeno-free and 
feeder-free culture conditions.  

Introduction
Human pluripotent stem cells (hPSCs), including human induced 
pluripotent stem cells (hiPSCs) and human embryonic stem cells 
(hESCs), are attractive cell sources for cell therapy and drug 
discoveries.1-19 hPSCs can be induced to differentiate into any 
cell type in our bodies and could be an unlimited cell source for 
cell therapy.20-23 hPSCs have already been used in stem cell 
therapy for four major diseases24,25: diabetes,20,21 acute 
myocardial infarction,24,26 spinal cord injury,27,28 and age-
related macular degeneration and Stargardt’s macular 
dystrophy.25,29-32 The safe production and differentiation of 
hPSCs requires the development of hPSC culture biomaterials in 
feeder-free and xeno-free culture conditions while maintaining 
cell pluripotency33,34 and permitting the induction of 
differentiation. One of the difficulties of hPSC culture is that 
hPSCs cannot be cultivated on tissue culture polystyrene (TCP) 
dishes that are used for the cultivation of adult stem cells and 
most cell lines and primary cells in general,1,34 although there 
are some exceptions that hPSCs can culture on conventional 
TCP dishes with some supplement.35,36 Several studies have 
tried to develop cell culture biomaterials that sustain hPSC 
pluripotency.37-48 Matrigel-coated dishes are typically used 
instead of culturing hPSCs on mouse embryonic fibroblasts 
(MEFs). Both methods are currently the gold standards of hPSC 
culture. However, both processes involve xeno-containing 
culture conditions. Xeno-free culture of hPSCs is necessary for 
the clinical usage of hPSCs. In our previous studies, hydrogels 
grafted with oligopeptide derived from extracellular matrix 
(ECM) were developed for expansion of hPSCs that remained 
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pluripotent.49,50 It was suggested that adjustment of the 
elasticity of the hydrogels and scaffolds is important to maintain 
hPSC pluripotency with high proliferation speed.51-53

Dishes coated with recombinant vitronectin (rVN),49,50,54-57 
laminin 521, or laminin 51147,58,-62 have become a popular 
choice for the cultivations of hPSCs in xeno-free culture media. 
Furthermore, synthetic dishes that have been developed for the 
cultivation of hPSCs in chemically-defined and xeno-free media 
include poly(methyl vinylether-alt-maleic anhydride) (PMVE-
alt-MA),39 poly[2-(methacryloyloxy)ethyldimethyl-(3-
sulfopropyl) ammoniumhydroxide] (PMEDSAH),40,63 
aminopropylmethacryl amide (APMAAm),41 and copoly[2-
(acryloyloxyethyl)]trimethylammonium-co-2-(diethylamino) 
ethylacrylate [copoly(AEtMA-co-DEAEA)],38,64 and 
copoly(acrylamide-co-sodium 4-vinylbenzenesulfonate) [PAm6-
co-PSS2].65 However, replacing the use of ECM-coated dishes by 
these synthetic cell culture materials has been hampered by the 
lack of information on the reproducibility of hPSC culture using 
the synthetic cell culture materials.34 Other than MEFs and 
Matrigel-coated dishes, the most reliable cell culture materials 
are dishes coated with  rVN,49,50,54-57 laminin 511, or laminin 
521,47,58-62 and biomaterials that are immobilized with ECM-
derived oligopeptides.37,44,49,50,66-68

An oligopeptide-grafted polymeric surface in which over 
1000 µg/mL of vitronectin-derived oligopeptide was grafted on 
the polymer via N-hydroxysuccinimide/1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (NHS/EDC) has been 
described.37 A similar polymer is commercially marketed as 
Synthemax. The differentiation rate of hPSCs was typically 10-
20% when cultured on dishes coated with 25 µg/mL of 
Synthemax I or Synthemax II in xeno-free cell culture media.49,50 
There are two studies that utilized novel polyvinylalcohol-co-
itaconic (PVI) hydrogels grafted with several molecular designs 
of ECM-derived oligopeptides having different elasticities for 
hPSC proliferation.49,50 A drawback of oligopeptide-immobilized 
dishes in previous studies, including ours37,49,50,67 is that the 
concentration of oligopeptide reaction solution (25-2000 
µg/mL, typically 1000-2000 µg/mL) should be higher than the 
coating concentration of ECM on the ECM-coated dishes 
(typically 5-20 µg/mL). ECM-coated dishes for the culture of 
hPSCs can be prepared using much less oligopeptide reaction 
solution than is used for oligopeptide-immobilized dishes. 
Currently, however, only stiff TCP dishes (3-10 GPa) are used for 
ECM-coated dishes. There is only few information concerning 
the effect of elasticity of cell culture biomaterials on the culture 
and differentiation of hPSCs on an ECM-immobilized surface 
having different elasticity. Several recent studies indicated that 
physical cues, especially elasticity, of biomaterials can regulate 
the proliferation and differentiation of stem cells.1,69-76 Soft 
biomaterials with an elasticity of 0.6 kPa are superior to ECM-
coated TCP dishes for the culture of mouse ESCs to maintain cell 
pluripotency.77 In our previous study,50 PVI hydrogels grafted 
with ECM-derived oligopeptide with an elasticity of 25 kPa were 
optimal among hydrogels having an elasticity ranging from 10.3-
30.4 kPa for expansion of hESCs as well as hiPSCs in xeno-free 
cell culture medium. The elasticity of the PVI hydrogels was 
controlled by the crosslinking time, although a high 

concentration of ECM-derived oligopeptides, such as 1000 
µg/mL, should be used for the grafting of ECM-derived 
oligopeptides on PVI hydrogels.

In this study, we developed ECM-grafted hydrogels with 
different elasticity for the optimal proliferation and 
differentiation of hPSCs. PVI hydrogels were used as the base 
cell culture biomaterial and rVN was selected as the ECM for 
hPSC binding sites via αVβ5 integrin with a low concentration of 
rVM reaction solution (5-20 µg/mL). In contrast, a high 
concentration of ECM-derived oligopeptides was required to 
prepare PVI hydrogels grafted with ECM-derived oligopeptides 
in our previous studies.49,50 Since hESCs could not be cultured 
on PVI hydrogels grafted with rVN (P-rVN) using a direct and 
simple reaction, we investigated the effect of the surface 
density of rVN and hydrophilicity, as well as the zeta potential 
of P-rVN hydrogels on the proliferation of hESCs. We describe 
the design of optimal PVI hydrogels grafted with rVN for the 
proliferation of hPSCs and their differentiation to 
cardiomyocytes. Although several cell culture biomaterials are 
proposed for hPSC differentiation into cardiomyocytes,22,78 we 
further evaluated the efficiency of hPSC differentiation into 
cardiomyocytes on the optimal PVI hydrogels grafted with rVN 
after long culture of hPSCs on the PVI hydrogels (ten passages) 
in this study.

Materials and Methods
Materials

The materials used in this investigation are summarized in Table 
1. The other chemicals were purchased from Sigma-Aldrich.

Preparation of cross-linked PVI hydrogels grafted with or without 
rVN and PLL

Three types of PVI hydrogels were prepared: PVI hydrogel 
grafted with rVN, PVI hydrogel grafted with poly-L-lysine (PLL) 
and rVN to produce different elasticity by controlling the 
crosslinking time of PVI hydrogels, and PVI hydrogels grafted 
with vitronectin-derived oligopeptide (OVN). These hydrogels 
were prepared as described below.

PVI films were prepared as previously described.49,50 PVI 
hydrogels were prepared by crosslinking PVI films with an 
aqueous crosslinking solution composed of 20.0% (w/v) sodium 
sulfate, 1.0% (w/v) sulfuric acid, and 1.0% (w/v) glutaraldehyde 
(Fig. 1a). The degree of PVI hydrogel crosslinking was adjusted 
by the reaction time (2, 6, 12, 24, and 48 h). P-Xh hydrogels 
indicate PVI hydrogels cross-linked for X h. After washing, the 
hydrogels were activated with 0.01 g/mL N-hydroxysuccinimide 
(NHS) and 0.01 g/mL 1-ethyl-3-[3-dimethylaminopropyl] 
carbodiimide (EDC) for 6.0-6.1 h at 24-25 °C, followed by 
immersion of the PVI hydrogels in aqueous solutions containing 
1, 5, 10, 20, or 50 µg/mL rVN to graft rVN to the hydrogels. The 
design of rVN-grafted PVI hydrogels is shown in Fig. 1a. P-Xh-
rVN indicates hydrogels grafted with rVN, which were 
crosslinked for X= 2, 6, 12, 24, or 48 h in the crosslinking 
solution.
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PVI hydrogels grafted with PLL and rVN (P-PLL-Xh-rVN) were 
prepared as follows. The cross-linked PVI (P-Xh) hydrogels 
prepared as just described were activated with 0.01 g/mL NHS 
and 0.01 g/mL EDC for 6.0-6.1 h at 24-25 °C, followed by 
immersion of the P-Xh hydrogels in aqueous solutions 
containing 1 mg/mL PLL to graft PLL on the PVI hydrogels (P-Xh-
PLL hydrogels). P-Xh-PLL hydrogels were further activated with 
0.01 g/mL NHS and 0.01 g/mL EDC for 6.0-6.1 h at 24-25 °C, 

followed by immersion of the P-Xh-PLL hydrogels in aqueous 
solutions containing 10 μg/mL rVN to graft rVN on the PVI 
hydrogels (P-Xh-PLL-rVN). The design of PVI hydrogels grafted 
with PLL and rVN is also described in Fig. 1a.

PVI hydrogels grafted with vitronectin-derived oligopeptide 
(P-Xh-OVN and P-Xh-PLL-OVN) was also prepared as described 
for P-Xh-rVN and P-Xh-PLL-rVN, respectively, except for the

       
Table 1 Materials used in this study

Materials Abbreviation Catalog No. Company
Polymer

Poly(vinyl alcohol-co-vinyl acetate-
co-itaconic acid) PVI AF-17 Japan VAM & Poval Co., Ltd. (Sakai, 

Osaka, Japan)
Poly-L-lysine PLL P4707 Sigma-Aldrich (St. Louis, MO, USA)

Oligopeptides

GCGGKGGPQVTRGDVFTMP OVN (derived from 
vitronectin) PH Japan Co., Ltd. (Hiroshima, Japan)

ECM
Matrigel Matrigel #356230 Corning (Corning, NY, USA)

Reconvinant vitronectin rVN A14700 Thermo Fisher Scientific Inc. (Waltham, 
MA, USA)

Cell culture dishes
6-well polystyrene plate TCP #353046 Corning (Corning, NY, USA)

Ultra-low attachment plate Ultra-low attachment 
plate #3471 Corning (Corning, NY, USA)

Chemicals
Dispase II Dispase D4693-1G Sigma-Aldrich (St. Louis, MO, USA)

N-(3-Dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride EDC 3450 Sigma-Aldrich (St. Louis, MO, USA)

N-hydroxysuccinimide NHS 13062 Sigma-Aldrich (St. Louis, MO, USA)
Cell culture medium and component

Essential 8 medium Essential 8  A1517001 Thermo Fisher Scientific Inc. (Waltham, 
MA, USA)

Essential 6 medium Essential 6 A1516401 Thermo Fisher Scientific Inc.
DMEM/F12 medium DMEM/F12 medium 11330-057 Thermo Fisher Scientific Inc. 

Cardiac differentiation meidum A29212-01 Life Technologies (Carlsbad, CA, USA)
Alkaline Phosphatase Assay Kit SensoLyte® pNPP AS-72146 AnaSpec, Inc. (Fremont, CA, USA)

Hoechst 33342 Hoechst PA-3014 Lonza (Basel, Switzerland)
Antibodies

Anti-Oct3/4 antibody Anti-Oct3/4 antibody sc-5279 Santa Cruz Biotechnology (Dallas, TX, 
USA)

Anti-Sox2 antibody Anti-Sox2 antibody AB5603 Merck KGaA (Darmstadt, Germany)
Anti-SSEA-4 antibody Anti-SSEA-4 antibody ab16287 Abcam (Cambridge, MA, USA)
Anti-Nanog antibody Anti-Nanog antibody MA1-017 Thermo Fisher Scientific
Anti-AFP antibody Anti-AFP antibody PA5-21004 Thermo Fisher Scientific
Anti-SMA antibody Anti-SMA antibody PA5-19465 Thermo Fisher Scientific
Anti-GFAP antibody Anti-GFAP antibody MA5-15086 Thermo Fisher Scientific
Alexa Fluor 488 goat anti-mouse 
IgG

Alexa Fluor 488 goat 
anti-mouse IgG A11001 Thermo Fisher Scientific

Alexa Fluor 488 goat anti-rabbit IgG Alexa Fluor 488 goat 
anti-rabbit IgG A11008 Thermo Fisher Scientific

Alexa Fluor 594 donkey anti-rabbit 
IgG

Alexa Fluor 594 donkey 
anti-rabbit IgG A21207 Thermo Fisher Scientific

Mice

NOD.CB17-Prkdcscid/Jnarl NOD-SCID mice NOD.CB17-
Prkdcscid/Jnarl

National Laboratory Animal Center (Taipei, 
Taiwan)
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Fig. 1   Preparation and design of PVI hydrogels grafted with recombinant vitronectin (rVN) and poly-L-lysine (PLL), and H9 human pluripotent 
stem cells (hPSCs) cells cultivated on PVI hydrogels grafted with rVN under feeder-free and xeno-free culture conditions, with a different 
storage modulus. (a) Preparation of PVI hydrogels grafted with rVN (P-Xh-rVN) and with rVN and PLL (P-Xh-PLL-rVN). (b) The storage modulus 
of P-Xh-rVN hydrogels prepared at several crosslinking time (X=h). (c) Morphology of H9 hESCs cultured on PVI hydrogels grafted with rVN 
prepared at several crosslinking times: (i) P-2h-rVN, (ii) P-6h-rVN, (iii) P-12h-rVN, (iv) P-24h-rVN, (v) P-48h-rVN, and (vi) PVI hydrogels grafted 
with oligovitronectin (OVN) at passage 3. Scale bar indicates 100 µm. (d, e) Average fold-change of expansion (d) and differentiation rate (e) 
of H9 hESCs cultured on Matrigel-coated dishes, rVN-coated TCP (rVN-TCP) dishes, PVI hydrogels grafted with rVN (P-2h-rVN, P-6h-rVN, P-
12h-rVN, P-24h-rVN, P-48h-rVN) during passages 1-3. *p < 0.05.
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usage of 1000 µg/mL of oligopeptide 
(GCGGKGGPQVTRGDVFTMP) instead of 1-50 µg/mL of rVN.

PVI hydrogels grafted with or without PLL and/or rVN were 
sterilized by immersion in a 75% (v/v) ethanol solution 
overnight, followed by washing in ultrapure water. The 
hydrogels were kept in ultrapure water until use.

Characterization of PVA hydrogels grafted with or without 
oligopeptides

The chemical composition (N1s, O1s, and C1s) of the PVI 
hydrogels grafted with and without rVN and/or PLL was 
analyzed using X-ray photoelectron spectroscopy (XPS) with a K-
Alpha spectrometer equipped with a monochromatic Al-K X-ray 
source (Thermal Scientific, Inc., Amarillo, TX, USA). Data were 
collected at a photoelectron take-off angle of 45° with respect 
to the sample surface. The binding energy scale was adjusted by 
setting the peak maximum in the C1s spectrum to 284.6 eV. The 
obtained high-resolution C1s spectra were fitted using Shirley 
background subtraction and a series of Gaussian peaks.

The storage modulus of PVI hydrogels prepared from a 5.0% 
(w/v) PVI solution and crosslinking for 2-48 h (P-Xh, P-Xh-rVN, 
and P-Xh-PLL-rVN) were evaluated using a rheometer (Physica 
MCR 101; Anton Paar GmbH, Ostfildern, Germany) with a 5.0% 
strain at 1.0 Hz.  

The zeta potential of PVI hydrogels grafted with and without 
rVN and/or PLL (1 cm × 2 cm) were determined using streaming 
potential and streaming current measurement with phosphate 
buffered saline (PBS, pH 7.4) using SurPASSTM 3 (Anton Paar 
GmbH).

Hydrophilicity of PVI hydrogels grafted with and without 
rVN and/or PLL was analyzed using the sessile drop method 
(contact angle measurement) using a contact angle goniometer 
instrument (OCA 15EC; DataPhysics Instruments GmbH, 
Filderstadt, Germany).

hPSC culture

The experiments were approved by the ethics committees of 
the Cathay Medical Research Institute (CT099012), National 
Central University (NCU-106-007), and the Taiwan Landseed 
Hospital (IRB-13-05). All animal procedures were performed in 
accordance with the Guidelines for Care and Use of Laboratory 
Animals of National Central University and approved by the 
Animal Ethics Committee of National Central University.

H9 hESCs (WA09; WiCell Research Institute, Madison, WI, 
USA) or HPS0077 hiPSCs (Riken BRC, Tsukuba, Japan) were 
maintained on Matrigel-coated dishes in Essential 8 medium 
using standard protocols. Near-confluent cell clusters were 
treated with dispase for 1-2 min at 37 °C. The hPSCs were 
extensively dispersed into the medium by repeated pipetting. 
After centrifugation at 160.0 x g for 4-5 min at 4.0 °C, the hPSCs 
were inoculated at an appropriate density of 5 x 104 cells/cm2 
into new culture dishes (e.g., PVI hydrogels grafted with and 
without rVN and/or PLL). The medium was exchanged daily for 
all the experiments.

hPSC characterization

Alkaline phosphatase (AP) activity of hPSCs was evaluated using 
an AP detection kit according to the manufacturer’s 
instructions.49,50 Differentiation ratios were evaluated for the 
hPSC colonies after culture on the various biomaterials using 
the following equation: 
 
Differentiation ratio (%) = Percentage of partially differentiated 
colonies x 0.5 (%) + percentage of differentiated colonies (%)                                                                                     

(1)

where “differentiated colonies” are defined as the colonies 
expressing no AP activity and “partially differentiated colonies” 
refer the colonies expressing AP activity in the center of the 
colonies but not at the edge of the colonies.49,50

The hPSCs and differentiated cells were immunostained for 
Sox2, SSEA-4, Oct3/4, Nanog, α-SMA, AFP, and GFAP to analyze 
pluripotency and differentiation ability by following a standard 
protocol.49,50 The stained cells were measured using 
fluorescence microscopy (Eclipse Ti-U fluorescence inverted 
microscope; Nikon Instruments, Inc., Tokyo, Japan).

The expression levels of the pluripotent genes Oct4, Sox2, 
and Nanog were analyzed by qRT-PCR. Probes for Oct4 
(Hs01895061_u1), Sox2 (Hs00602736_s1), Nanog 
(Hs02387400_g1), and GAPDH (glyceraldehyde-3-phosphate 
dehydrogenase, Hs03929097_g1) were obtained from Life 
Technologies (Carlsbad, CA, USA). Each sample (n = 4) was 
evaluated in duplicate, and the expression level of the GAPDH 
housekeeping gene was utilized as a control to normalize the 
results. Data were processed using the ΔΔCt method.

EB formation

The potential of hPSCs to induce differentiation into cells 
originated from three germ layers was evaluated by 
determining EB generation at passage 10 using a standard 
protocol.49,50 The cells were immunostained with antibodies 
against differentiation markers (α-SMA, AFP, and GFAP) of all 
three germ layers using a standard protocol,49,50 and the 
staining was evaluated using fluorescence microscopy.

Teratoma formation

hPSCs were collected by treatment with a non-enzymatic cell-
dissociation solution. After centrifugation, the cell pellets were 
suspended in DMEM/F12 medium with Matrigel. In total, 5.0 x 
106 cells were injected subcutaneously into NOD.CB17-
Prkdcscid/JNarl mice. After 5-8 weeks, the teratomas, which had 
developed, were dissected and fixed in formaldehyde solution. 
Paraffin-embedded teratomas were sectioned and stained with 
hematoxylin and eosin using a standard protocol.49,50

hPSC differentiation into cardiomyocytes

Cardiomyocyte differentiation of hPSCs was conducted using a 
commercially available xeno-free cardiomyocyte differentiation 
kit following the manufacturer's instructions.
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Fig. 2 Characterization of PVI hydrogels grafted with rVN (P-Xh-
rVN) to produce a different elasticity. (a) High-resolution XPS 
spectra of the C1s and N1s peaks on the surface of (i) rVN-TCP 
dishes prepared with 10 µg/mL rVN coating solution, (ii) 
unmodified PVI hydrogels (P-12h), and (iii) P-12h-rVN 
hydrogels. (b) The nitrogen to carbon (N/C) atomic ratios in rVN-
TCP dishes prepared with 5 and 10 µg/mL rVN coating solution 
(rVN-TCP(5) and rVN-TCP(10), respectively) and PVI hydrogels 
grafted with rVN (P-2h-rVN, P-6h-rVN, P-12h-rVN, P-24h-rVN, P-
48h-rVN) where 10 µg/mL rVN solution was used for the 
preparation of the hydrogels. *p < 0.05; **p < 0.05. 

Statistical analysis

All quantitative results were evaluated from four independent 
samples with duplicated experiments on each condition. The 
data are expressed as the mean ± SD (standard deviation). 
Statistical analyses were done using Student’s t-test in Excel 
(Microsoft Corporation). Probability values (p) < 0.05 were 
considered statistically significant.

Results

Preparation and characterization of PVI hydrogels grafted with 
rVN   

H9 hESCs were cultured on PVI hydrogels cross-linked for 2, 6, 
12, 24, and 48 h and grafted with rVN (P-Xh-rVN hydrogels). This 
approach was used because the gold standard of hPSC culture 
using rVN-coated TCP (rVN-TCP) dishes is based on the data of 
interaction between rVN and hPSCs only on the extremely stiff 
surface of TCP dishes (3 GPa). Our aim was to investigate the 
effect of elasticity on the proliferation and differentiation of 
hPSCs cultured on rVN immobilized surfaces with different 
elasticity. PVI hydrogels were selected as the base biomaterials 
for hPSC culture. PVI hydrogels were grafted with rVN using 
solutions containing 1-50 µg/mL rVN, which had a different 
storage modulus (elasticity) depending on the crosslinking time 
(Fig. 1a). The thickness of PVI hydrogels was fixed to be 1.5+0.1 
µm for hPSC culture and differentiation, whereas self-standing 
PVA hydrogels having thickness of 20-30 µm were used for a 
rheometer measurement. The estimated storage modulus of 
self-standing PVI hydrogels (P-Xh and P-Xh-rVN, where X 
indicates the crosslinking time in h) was 10.6, 15.8, 21.1, 25.3, 
and 30.4 kPa for a crosslinking time of 2, 6, 12, 24, and 48 h, 
respectively (Fig. 1b). The water content of PVI hydrogels, P-2h-
rVN, P-6h-rVN, P-12h-rVN, P-24h-rVN, and P-48h-rVN was 
evaluated to be 70+3%, 59+2%, 49+2%, 35+1%, and 30+1%, 
respectively. These values were similar to those previously 
reported49,50 for P-Xh-OVN hydrogels (PVI hydrogels cross-
linked for X h and grafted with oligovitronectin, OVN). These 
results indicated that surface grafting of ECM-derived-
oligopeptide and rVN does not influence the bulk elasticity of 
PVI hydrogels grafted with rVN or OVN.

Culture of hESCs on P-Xh-rVN hydrogels under xeno-free culture 
conditions

H9 hESCs were cultured on P-Xh-rVN hydrogels having a 
different elasticity under xeno-free culture conditions. hESCs 
cultured on Matrigel-coated dishes served as the control where 
Matrigel is derived from Engelbreth-Holm-Swarm mouse 
sarcoma cells, which includes unknown xeno-containing 
components. The hESCs were cultured in Essential 8 xeno-free 
culture medium (Fig. 1c). Fig. 1d depicts the average expansion 
(fold-change) of hESCs during passages 1-3 during culture on P-
Xh-rVN hydrogels and Matrigel-coated TCP dishes, rVN-TCP 
dishes coated using 5 µg/mL coating solution, and P-24h-OVN 
hydrogels as the control where the expansion fold was 
calculated from the averaged expansion fold evaluated during 
(a) passage 1, (b) passage 2, and (c) passage 3. Matrigel- and 
rVN-coated dishes are the current gold standard methods of 
hPSC culture. P-24h-OVN dishes can also support the 
proliferation of hESCs.49,50 Presently, hESCs only weakly 
adhered to the novel P-Xh-rVN hydrogels (Fig. 1c) and hESC 
proliferation was significantly less compared to proliferation on 
Matrigel- and rVN-coated dishes, and on P-24h-OVN dishes (P-
24h-OVN vs. P-Xh-rVN, p < 0.05; Fig. 1d). However, hESCs 
retained their pluripotency on all the culture biomaterials, as 
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Fig. 3 H9 human embryonic stem cells (hESCs) cultivated on PVI 
hydrogels grafted with rVN under feeder-free and xeno-free 
culture conditions, which were prepared with different 
concentrations of rVN. (a) Morphology of H9 hESCs cultured on 
PVI hydrogels grafted with rVN prepared after 24 h of 
crosslinking (P-24h-rVN). The hydrogels were prepared as 
follows: (i) 1 µg/ml rVN, (ii) 5 µg/ml rVN, (iii) 10 µg/ml rVN, (iv) 
20 µg/ml rVN, and (v) 50 µg/ml rVN, as well as (vi) rVN-TCP 
dishes prepared with 5 µg/mL of rVN coating solution (rVN-
TCP(5)) at passage 3. Scale bar indicates 100 µm. (b) Average 
expansion fold of H9 hESCs cultured on PVI hydrogels grafted 
with rVN (P-24h-rVN) prepared with 1, 5, 10, 20 and 50 µg/ml 
rVN solution, Matrigel-coated dishes, and rVN-coated TCP 
dishes (rVN-TCP(5)) during passages 1-3. *p < 0.05.

apparent by the extremely low differentiation ratio (<1%; Fig. 
1e) where the differentiation ratio of Fig. 1e was calculated 
from the averaged differentiation ratio evaluated at (a) passage 
1, (b) passage 2, and (c) passage 3 just before each passaging 
process.

One reason why the P-Xh-rVN hydrogels did not support hESC 
proliferation might be the low quantity of grafted rVN on PVI 
hydrogels. To explore this, X-ray photoelectron spectroscopy 
(XPS) was used to determine the surface density of rVN, based 
on the presence of a nitrogen peak originating from the amino 
acids of rVN. In the high-resolution XPS spectra of the C1s and 
N1s peaks of rVN-TCP dishes, and P-12h (no rVN grafting) and 
P-12h-rVN hydrogels, an N1s peak of approximately 400 eV was 

clearly detected on the rVN-TCP dishes and P-12h-rVN 
hydrogels, but not the P-12h hydrogels (Fig. 2a).

The nitrogen-to-carbon (N/C) atomic ratios of rVN-TCP, 
where the rVN coating concentration was 5 µg/mL [rVN-TCP(5)] 
and 10 µg/mL [rVN-TCP(10)], and P-Xh-rVN with a different 
elasticity (X=2, 6, 12, 24, and 48 h) were determined from the 
XPS spectra. The results are shown in Fig. 2b. The surface 
density of rVN on P-Xh-rVN hydrogels with any elasticity 
prepared using 10 µg/mL of rVN solution was significantly 
higher than that on rVN-TCP dishes prepared with 5 and 10 
µg/mL of rVN solution (rVN-TCP(5) vs. P-Xh-rVN, p < 0.05; rVN-
TCP(10) vs. P-Xh-rVN, p < 0.05; Fig. 2b), because the N/C atomic 
ratio on the P-Xh-rVN hydrogels was much higher than that on 
rVN-TCP dishes. These results indicate that low adhesion and 
low expansion of hESCs cultured on P-Xh-rVN hydrogels (Fig. 1c 
and d) were not due to the low surface density of rVN on P-Xh-
rVN hydrogels.

To conclusively assess this idea, hESCs were cultured on P-
24h-rVN hydrogels prepared using 1-50 µg/mL of rVN solution 
(Fig. 3a). Even P-24h-rVN hydrogels prepared with a high 
concentration of rVN solution (e.g., 50 µg/mL) could not 
satisfactorily support hESC adhesion and the cells proliferated 
more slowly than hESCs cultured on Matrigel-coated or rVN-TCP 
dishes prepared using 5 µg/mL of rVN solution (Fig. 3a and b) 
(rVN-TCP(5) vs. P-24h-rVN; p < 0.05; Fig. 3b).

The surface density of rVN on P-24h-rVN hydrogels 
prepared using 1-50 µg/mL of rVN solution was also evaluated 
by the presence of the nitrogen peak originating from amino 
acids of rVN using XPS. Fig. 4a presents the high-resolution XPS 
spectra of the C1s and N1s peaks of rVN-TCP dishes prepared 
with 5 µg/mL of rVN solution [rVN-TCP(5)] and P-24h-rVN 
prepared with 1 µg/mL of rVN solution [P-24h-rVN(1)] and 20 
µg/mL of rVN solution [P-24h-rVN(20)]. The N1s peak was 
clearly observed in the rVN-TCP(5), P-24h-rVN(1), and P-24h-
rVN(20) samples. The N/C atomic ratios of rVN-TCP(5), rVN-
TCP(10), P-24h-rVN(1), P-24h-rVN(5), P-24h-rVN(10), P-24h-
rVN(20), and P-24h-rVN(50) were determined from the XPS 
spectra (Fig. 4b). The surface density of rVN on P-Xh-rVN 
hydrogels prepared with 5-50 µg/mL of rVN solution was 
significantly higher than that on rVN-TCP dishes prepared with 
rVN solution of 5 and 10 µg/mL (rVN-TCP(5) vs. P-24h-rVN(Y), p 
< 0.05; rVN-TCP(10) vs. P-24h-rVN(Y) [Y=5, 10, 20, or 50], p < 
0.05; Fig. 4b) because the N/C atomic ratio of the P-24h-rVN 
hydrogels, except for P-24h-rVN(1), was much higher than that 
of the rVN-TCP dishes prepared. These results further suggested 
that the low adhesion and expansion of hESCs cultured on P-Xh-
rVN hydrogels (Fig. 1c, 1d, and 3) did not reflect the low surface 
density of rVN on P-Xh-rVN hydrogels.

Another possibility for the weak adhesion and poor 
expansion of hESCs cultured on P-Xh-rVN hydrogels is that the 
surface that was too hydrophilic or hydrophobic, and thus was 
unsuitable for hESC culture. This is consistent with several 
reports that biomaterials having optimal contact angles of 50-
70˚ are preferable for cell culture.79,80 To explore this 
suggestion, the water contact angle on rVN-TCP and TCP dishes, 
as well as P-24h-OVN, P-24h-rVN, and PVI hydrogels (P-24h) 
were measured using the sessile drop method with rVN-TCP and 
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Fig. 4 Characterization of PVI hydrogels grafted with rVN (P-Xh-
rVN) prepared with rVN solution with different concentrations. 
(a) High-resolution XPS spectra of the C1s and N1s peaks 
analyzed on the surface of (i) rVN-TCP dishes prepared with 5 
µg/mL rVN coating solution, (ii) P-24h-rVN hydrogels prepared 
with 1 µg/mL rVN solution, and (iii) P-24h-rVN hydrogels 
prepared with 20 µg/mL rVN solution. (b) The nitrogen to 
carbon (N/C) atomic ratios in rVN-TCP dishes prepared with 5 
and 10 µg/mL rVN coating solution (rVN-TCP(5) and rVN-
TCP(10), respectively) and PVI hydrogels grafted with rVN (P-
24h-rVN) in which 1, 5, 10, 20, and 50 µg/mL rVN solution was 
used for the preparation of the hydrogels [P-24h-rVN(1), P-24h-
rVN(5), P-24h-rVN(10), P-24h-rVN(20), and P-24h-rVN(50), 
respectively]. *p < 0.05; **p < 0.05.

P-Xh-rVN hydrogels prepared using 10 µg/mL of rVN and P-24h-
OVN hydrogels prepared with a high concentration of OVN 
(1000 µg/mL). The water contact angle on P-24h-rVN hydrogels 
was the same as that on rVN-TCP dishes and P-24h-OVN 
hydrogels within experimental error (rVN-TCP vs. P-24h- rVN, p 
>> 0.05; P-24h-OVN vs. P-24h-rVN, p >> 0.05; Fig. 5a), which 
indicated that the P-24h-rVN hydrogel surface had a similar 
hydrophilicity to rVN-TCP dishes. Therefore, the hydrophilicity 
of the surface on P-Xh-rVN hydrogels cannot explain the low 

Fig. 5 Characterization of PVI hydrogels grafted with rVN (P-Xh-
rVN) or rVN and PLL (P-Xh-PLL-rVN), and H9 hESCs cultivated on 
PVI hydrogels grafted with rVN and/or PLL under feeder-free 
and xeno-free culture conditions. (a) Water contact angle on 
TCP dishes and rVN-TCP dishes prepared with 5 µg/mL of rVN 
coating solution, P-24h hydrogels, P-24h-OVN hydrogels, and P-
24h-rVN hydrogels. The angle was measured using the sessile 
drop method. (b) Zeta potential of TCP dishes, rVN-TCP dishes, 
P-24h hydrogels, P-24h-OVN hydrogels, P-24h-rVN hydrogels, P-
24h-PLL hydrogels, P-24h-PLL-OVN hydrogels, and P-24h-PLL-
rVN hydrogels. The zeta potential was measured using a 
streaming potential and streaming current measurement. (c) 
Average fold-change in expansion of H9 hESCs cultured on 
Matrigel-coated dishes, rVN-coated dishes prepared with 5 
µg/mL rVN coating solution (rVN-TCP), P-24h-OVN hydrogels, P-
24h-rVN hydrogels, P-24h-PLL-OVN hydrogels, and P-24h-PLL-
rVN hydrogels during passages 1-3. (d) Differentiation rate (%) 
of H9 hESCs cultured on Matrigel-coated dishes, rVN-coated 
dishes prepared with 5 µg/mL rVN coating solution (rVN-TCP), 
P-24h-OVN hydrogels, P-24h-rVN hydrogels, P-24h-PLL-OVN 
hydrogels, and P-24h-PLL-rVN hydrogels during passages 1-3. 
(e) Scale lines of the zeta potential of several PVI hydrogels (P-
24h, P-24h-rVN, P-24h-PLL-rVN (P-PLL-rVN), P-24h-PLL-OVN (P-
PLL-OVN), and P-24h-OVN) and morphologies of H9 hESCs 
cultivated on the PVI hydrogels. Scale bar indicates 100 µm. *p 
< 0.05.
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Fig. 6 Long-term culture and characterization of H9 human embryonic stem cells (hESCs) on PVI hydrogels grafted with PLL and rVN under 
feeder-free and xeno-free culture conditions. (a, b) Expansion rate (a) and differentiation ratio (b) of H9 hESCs on rVN-TCP dishes prepared 
with 5 µg/mL rVN coating solution (closed circles), P-2h-PLL-rVN hydrogels (open circles), P-6h-PLL-rVN hydrogels (closed triangles), P-12h-
PLL-rVN hydrogels (open triangles), P-24h-PLL-rVN hydrogels (closed squares), and P-48h-PLL-rVN hydrogels (open squares) for 10 passages. 
P-Xh-PLL-rVN hydrogels were prepared with 1 mg/mL PLL solution and 10 µg/mL rVN solution. (c,d) Expression of pluripotency proteins SSEA-
4 (red), Sox2 (green), Nanog (red), and Oct3/4 (green) on H9 hESCs evaluated by immunostaining with dual staining with Hoechest33342 (H) 
for nuclear (blue) after culturing on (i) rVN-TCP dishes prepared with 5 µg/mL rVN coating solution, (ii) P-6h-PLL-rVN hydrogels, (iii) P-12h-
PLL-rVN hydrogels, (iv) P-24h-PLL-rVN hydrogels, and (v) P-48h-PLL-rVN hydrogels for 10 passages. The merged fluorescence images of (1) 
Hoechest 33342 and (2) Oct3/4 (Oct3/4 + H), Nanog (Nanog + H), Sox2 (Sox2 + H), or SSEA-4 (SSEA-4 + H) were also shown. P-Xh-PLL-rVN 
hydrogels were prepared with 1 mg/mL PLL solution and 10 µg/mL rVN solution. Scale bar indicates 100 µm.

adhesion and expansion of hESCs cultured on P-Xh-
rVNhydrogels (Fig. 1 c, 1d, and 3).

We finally considered that the surface charge of P-Xh-rVN 
hydrogels might affect hESC attachment and proliferation. To 
evaluate the surface charge of P-Xh-rVN hydrogels, the zeta 
potential of P-24h-rVN hydrogels, as well as that of P-24h-OVN 
and P-24h hydrogels and rVN-TCP and TCP dishes, were 
measured using a streaming potential and streaming current 
measurement at pH 7.4 (Fig. 5b). P-24h-rVN and P-24h 
hydrogels displayed an extremely low zeta potential (< -8 mV), 
whereas the zeta potential of rVN-TCP and P-24h-OVN 
hydrogels were -4.4 mV and -3.5 mV, respectively. The use of a 
high concentration of OVN (1000 µg/mL) on PVI hydrogels seem 
to compensate for the negative surface charge, which led to a 
charge that was relatively less (> -6 mV). However, rVN grafted 
on PVI hydrogels did not seemingly contribute to a lower 
negative charge on P-Xh-rVN hydrogels. P-24h-rVN hydrogels 
displayed a zeta potential of -8.9 mV. It appears that the surface 
zeta potential exceeding -6 mV was necessary for the culture of 
hESCs in the present study.

hPSC culture on P-Xh-PLL-rVN hydrogels under xeno-free culture 
conditions

Poly-L-lysine (PLL) is positively charged and is used as a coating 
material to attach different kind of cells.33 However, the PLL-
immobilized surface cannot support hPSC proliferation because 
the interaction between PLL and cells is solely an electrostatic 
interaction. Therefore, we designed PVI hydrogels grafted with 
PLL and rVN (P-Xh-PLL-rVN), where rVN contributes to the 
maintenance of the pluripotency of hPSCs and PLL supports 
hPSC adhesion. The nitrogen to carbon atomic ratio of P-24h-
PLL-rVN was evaluated to be 0.241+0.035 as well as that of P-
24h-PLL-OVN was 0.227+0.038. The nitrogen to carbon atomic 
ratio of P-24h-PLL-rVN and P-24h-PLL-OVN was found to be 
similar to that of P-24h-rVN(10) (P-24h-PLL-rVN vs. P-24h-
rVN(10), p >> 0.05; P-24h-PLL-OVN vs. P-24h-rVN(10), p >> 
0.05). The zeta potential of P-24h-PLL and P-24h-PLL-rVN was 
also evaluated. P-24h-PLL showed a positive zeta potential 
value of 10.2 mV as expected, whereas the zeta potential of P-
24h-PLL-rVN was -4.4 mV (P-24h-rVN vs. P-24h-PLL-rVN, p < 
0.05), which was identical to rVN-TCP (-4.4mV) and similar to P-
24h-OVN (-3.5 mV), where 1 mg/mL of PLL and 10 µg/mL of rVN 
were used to prepare P-24h-PLL-rVN hydrogels (Fig. 5b). The 
zeta potential of P-24h-PLL-OVN and P-24h-OVN were -3.5 and 
-3.7 mV, respectively. The values were within experimental 

error. This is probably because the 1000 µg/mL concentration 
of the OVN oligopeptide used to prepare both hydrogels was 
too high to discern the contribution of PLL on the P-24h-PLL-
OVN and P-24h-OVN hydrogels.

hESCs were cultured on P-24h-PLL-rVN hydrogels as well as 
Matrigel-coated and rVN-TCP dishes. P-24h-OVN, P-24h-rVN, P-
24h-PLL-OVN hydrogels were used for three passages to 
evaluate whether the P-24h-PLL-rVN hydrogels could support 
the adhesion and pluripotency of hESCs under xeno-free culture 
conditions, with the exception of hESCs cultured on Matrigel-
coated dishes. The average expansion of hESCs during passages 
1-3 on P-24h-PLL-rVN hydrogels and the other cell culture 
biomaterials are presented in Fig. 5c. The hESCs were 
successively cultured on P-24h-PLL-rVN hydrogels with similar 
expansion of 9.0 to rVN-TCP dishes, whereas P-24h-rVN 
hydrogels lacking PLL grafted on the PVI surface displayed a low 
expansion value (2.7) of hESCs (P-24h-rVN vs. P-24h-PLL-rVN, p 
< 0.05). Furthermore, the differentiation ratio of hESCs on P-
24h-PLL-rVN was <1%, which suggests that hESCs maintained 
their pluripotency on P-24h-PLL-rVN (Fig. 5d). Excellent 
attachment and retention of morphology were observed when 
hESCs were cultured on PVI hydrogels having a zeta potential 
exceeding -6 mV (Fig. 5e).   

Long-term culture of hPSCs on P-Xh-PLL-rVN hydrogels of different 
elasticity under xeno-free culture conditions

We developed PVI hydrogels grafted with rVN and PLL having 
different elasticity (P-Xh-PLL-rVN hydrogels) to evaluate the 
effect of elasticity of the hydrogels grafted with rVN on hPSC 
proliferation and differentiation. We evaluated the hPSCs during 
long-term culture (10 passages) on P-Xh-PLL-rVN hydrogels with 
different elasticity in xeno-free culture conditions. Fig. 6a and b 
and Fig. 1S(a) and (b) (ESI†) depict the expansion rate and 
differentiation ratio of H9 hESCs cells and HPS0077 hiPSCs, 
respectively cultivated on P-2h-PLL-rVN, P-6h-PLL-rVN, P-12h-PLL-
rVN, P-24h-PLL-rVN, and P-48h-PLL-rVN hydrogels, and rVN-TCP 
dishes. The storage modulus of P-Xh-PLL-rVN hydrogels was the 
same to P-Xh-rVN hydrogels and P-Xh hydrogels at the same 
crosslinking time within experimental error (p > 0.05) indicating that 
the amount of rVN and PLL was insufficient to contribute to an 
increase or decrease of the storage modulus of PVI hydrogels. P-2h-
PLL-rVN could not support the proliferation of hPSCs and no cells 
remained on P-2h-PLL-rVN hydrogels after seven passages. The 
hPSCs could be cultured on P-6h-PLL-rVN, P-12h-PLL-rVN, P-24h-PLL-
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Fig. 7  Characterization of the differentiation ability of H9 hESCs in vitro and in vivo after culturing on PVI hydrogels. (a) Morphology 
of EBs differentiated from H9 hESCs in suspension after culturing on (i) rVN-TCP(5) dishes and (ii) P-6h-PLL-rVN, (iii) P-12h-PLL-rVN, 
(iv) P-24h-PLL-rVN, and (v) P-48h-PLL-rVN hydrogels for 10 passages. Scale bar indicates 100 µm. (b) Expression of an ectoderm 
protein (GFAP, red), mesoderm protein (α-SMA, green), and endoderm protein (AFP, green) in H9 hESCs analyzed by 
immunostaining with dual staining with Hoechest33342 for nuclear (blue) after culturing on (i) rVN-TCP(5) dishes and (ii) P-6h-PLL-
rVN, (iii) P-12h-PLL-rVN, (iv) P-24h-PLL-rVN, and (v) P-48h-PLL-rVN hydrogels for 10 passages. Scale bar indicates 100 µm. (c) 
Photograph of teratomas generated in NOD-SCID mice by injection with hESCs after culturing on (i) rVN-TCP(5) dishes, (ii) P-6h-
PLL-rVN hydrogels, and (iii) P-24h-PLL-rVN hydrogels for 10 passages. (d) Photograph of teratoma resulting from the injection of 
hESCs after culturing on rVN-TCP(5) dishes, P-6h-PLL-rVN hydrogels, and P-24h-PLL-rVN hydrogels for 10 passages. Tissues 
including intestinal duct (endoderm) (i), duct (endoderm) (iv and vii), cartilage (mesoderm) (ii), vessels, adipocytes, mesenchymal 
spindle cells (mesoderm) (v), bone-like tissue (mesoderm) (viii) melanocytes (ectoderm) (iii), and immature neuroepithelium 
(ectoderm) (vi and xi) can be observed. Scale bar indicates 100 m.

rVN, and P-48h-PLL-rVN hydrogels for more than 10 passages. The 
expansion rate of hPSCs on P-6h-PLL-rVN and P-12h-PLL-rVN 
hydrogels was less than that on rVN-TCP dishes, whereas the 
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expansion rate on P-24h-PLL-rVN and P-48h-PLL-rVN was similar to 
that on rVN-TCP.

No statistical difference of the expansion rate of hPSCs 
cultured on P-24h-PLL-rVN and rVN-TCP was found (p>0.05), 
although the expansion rate on P-24h-PLL-rVN was relatively 
less than that on rVN-TCP. Relatively stiff hydrogels, such as P-
24h-PLL-rVN and P-48h-PLL-rVN hydrogels, seem to be 
preferable for fast expansion of hPSCs, although the low 
expansion rate of hPSCs on P-6h-PLL-rVN may be advantageous 
for the maintenance of hPSCs, with less medium being 
consumed (up to half the amount) depending on the purpose of 
the hPSC culture.

The differentiation ratio of hPSCs cultivated on P-2h-PLL-
rVN, P-6h-PLL-rVN, P-12h-PLL-rVN, P-24h-PLL-rVN, and P-48h-
PLL-rVN hydrogels were <5%, whereas those on rVN-TCP dishes 
were < 7-8%, indicating that hPSCs growing on P-Xh-PLL-rVN 
hydrogels retained their pluripotency more than cells grown in 
conventional rVN-TCP dishes. Relatively soft P-Xh-PLL-rVN 
hydrogels having a storage modulus < 31 kPa seemed to be 
preferable to maintain the pluripotency of hPSCs compared to 
rVN-TCP having an elasticity of 3 GPa.

hPSC pluripotency was also investigated based on the 
expression of pluripotent marker proteins (Sox2, SSEA-4, 
Nanog, and Oct3/4) on the cells by immunostaining after 10 
passages on P-6h-PLL-rVN, P-12h-PLL-rVN, P-24h-PLL-rVN, and 
P-48h-PLL-rVN hydrogels, and on rVN-TCP dishes (Fig. 6c and 
Fig. 1S(c)  (ESI†)). The merged fluorescence images of (1) 
Hoechest 33342 and (2) Oct3/4, Nanog, Sox2, or SSEA-4 were 
shown. The hPSCs abundantly expressed these pluripotency 
proteins during the 10 passages on P-Xh-PLL-rVN hydrogels and 
rVN-TCP dishes in xeno-free culture conditions (Fig. 6c and Fig. 
1S(c) (ESI†)). 

Pluripotent gene expression of Oct4, Sox2, and Nanog was 
also evaluated after 10 passages of hESCs on P-24h-PLL-rVN 
hydrogels and rVN-TCP dishes and the results are shown in Fig. 
2S (ESI†). hESCs cultured on P-24h-PLL-rVN hydrogels and rVN-
TCP dishes were found to express pluripotent genes extensively 
and no difference of pluripotent gene expression on hESCs, 
which were cultured on P-24h-PLL-rVN hydrogels and rVN-TCP 
dishes, was statistically observed (p >> 0.05).

Karyotyping analysis of hiPSCs after culture on P-24h-PLL-
rVN for ten passages was performed and the results are shown 
in Fig. 3S (ESI†). hiPSCs after culture on P-24h-PLL-rVN for ten 
passages were found to show a normal euploid karyotype.

Differentiation of hPSCs in vitro and in vivo

As described above, hPSCs retained their pluripotency during culture 
on PVI hydrogels grafted with rVN and PLL (P-Xh-PLL-rVN hydrogels) 
for >10 passages. It was also necessary to investigate whether hPSCs 
maintained their ability of induced differentiation into the cells of all 
three germ layers in vitro in the embryoid body (EB) formation assay 
and in vivo in the teratoma formation assay. hPSCs were cultivated 
on P-6h-PLL-rVN, P-12h-PLL-rVN, P-24h-PLL-rVN, and P-48h-PLL-rVN 
hydrogels, and rVN-TCP dishes in xeno-free culture conditions for 10 
passages, followed by cultivation in suspension to form EBs (Fig. 7a).

EBs were cultivated on Matrigel-coated surfaces for another 3-
5 weeks to produce spreading morphologies on the dishes.

The spread cells were evaluated to be identified whether 
these cells were differentiated into alpha-smooth muscle actin 
(α-SMA) expressing mesoderm cells, alpha-fetoprotein (AFP) 
expressing endoderm cells, and glial fibrillary acidic protein 
(GFAP) expressing ectoderm cells. The hPSCs differentiated into 
the three cell types (Fig. 7b for hESCs and Fig. 4S (ESI†) for 
hiPSCs), demonstrating the retention of differentiation 
capability and indicating that hPSCs can maintain their 
pluripotency in vitro after cultivation on P-Xh-PLL-rVN hydrogels 
for 10 passages under feeder-free and xeno-free culture 
conditions. 

We also evaluated the potential of hESCs to differentiate 
into cells derived from all three of the aforementioned germ 
layers in vivo by a teratoma formation analysis. hESCs cultured 
on P-6h-PLL-rVN and P-24h-PLL-rVN hydrogels, as well as rVN-
TCP dishes for 10 passages were subcutaneously 
xenotransplanted into non-obese diabetic/severe combined 
immunodeficiency (NOD/SCID) mice to generate teratomas in 
vivo (Fig. 7c). The teratomas were separated from the 
NOD.CB17-Prkdcscid/JNarl mice and teratoma tissue sections 
were fixed, sliced, and stained with hematoxylin and eosin. The 
teratomas harbored cells derived from all three germ layers, 
specifically ectoderm cells (melanocytes and neuroepithelium), 
mesodermal cells (cartilage, mesenchymal spindle cells, and 
bone-like cells), and endoderm cells for the duct (Fig. 7d). The 
findings suggested that hESCs cultured on P-6h-PLL-rVN and P-
24h-PLL-rVN hydrogels for 10 passages remained capable of 
induced differentiation to cells of all three germ layers, which 
was evidence of retained pluripotency in vivo.

Differentiation of hPSCs to cardiomyocytes during culture on P-
24h-PLL-rVN hydrogels

We also evaluated whether hPSCs cultivated for 10 passages on 
P-Xh-PLL-rVN hydrogels in xeno-free culture conditions could 
differentiate into a specific cell lineage. The lineage we selected 
was cardiomyocytes.81-84 Cardiomyocyte differentiation was 
evaluated using a commercially available, xeno-free 
cardiomyocyte differentiation kit (A29212-01, Life Technologies 
(Carlsbad, CA, USA)) by following the manufacturer's 
instruction. The kit contains three different mediums: Medium 
A, Medium B, and maintenance medium. Although the exact 
components in the medium is unknown because of the 
commercial kit, Medium A is expected to contain the GSK-3β 
inhibitor and/or Wnt activator for hPSC induction into the 
mesoderm lineage of the cells because cardiomyocytes are 
classified as the cells of mesoderm lineage. Medium B probably 
contains Wnt inhibitor for the cardiomyocyte differentiation of 
the cells. The differentiation protocol is shown in Fig. 8a. Data 
of the morphological change of differentiated cells into 
cardiomyocytes during culture on P-6h-PLL-rVN, P-24h-PLL-rVN, 
P-48h-PLL-rVN hydrogels, and Matrigel-coated dishes and rVN-
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Fig. 8 Differentiation of H9 human embryonic stem cells (hESCs) 
into cardiomyocytes cultured on PVI hydrogels grafted with PLL 
and rVN under feeder-free and xeno-free culture conditions. (a) 
Timeline of protocol for differentiating H9 hESCs into 
cardiomyocytes. (b) Morphology of hESCs after induction of 
differentiation into cardiomyocytes at day 0, 2, 4, 9, and 11, 
which were cultured on P-6h-PLL-rVN hydrogels, P-24h-PLL-rVN 
hydrogels, P-48h-PLL-rVN hydrogels, rVN-TCP dishes prepared 
with 5 µg/mL rVN coating solution, and Matrigel-coated dishes. 
P-Xh-PLL-rVN hydrogels were prepared with 1 mg/mL PLL 
solution and 10 µg/mL rVN solution. The red arrow indicates 
beating cells. Scale bar indicates 500 µm.

TCP dishes are presented in Fig. 8b. Beating cells were more 
frequently observed on soft P-Xh-PLL-rVN hydrogels than on 
Matrigel-coated dishes and rVN-TCP dishes at an early stage of 
differentiation. Beating cells were evident as early as 4 days 
following induction when cultured on the softest P-6h-PLL-rVN, 
whereas beating cells were not apparent until 10 days following 
induction for the cells cultured on conventional Matrigel-coated 
dishes and rVN-TCP dishes. The expression of the 
cardiomyocyte marker, cTnT, was investigated for the cells 
cultured on P-Xh-PLL-rVN hydrogels, Matrigel-coated dishes, 
and rVN-TCP dishes after 12 days of induction. The results using 
hESCs are shown in Fig. 9a. The rate of differentiation into 
cardiomyocytes was evaluated from cTnT expression (Fig. 9b for 
hESCs and Fig. 5S(a) (ESI†) for hiPSCs). Differentiation into 
cardiomyocytes was not as evident for the cells cultured on 
Matrigel-coated dishes and rVN-TCP dishes, whereas hPSCs 
cultured on P-24h-PLL-rVN (Supporting Video S1) and P-48h-
PLL-rVN successively differentiated into cardiomyocytes. It 
should be noted that the differentiation rate of hESC-derived 
cardiomyocytes shown in Fig. 9(b) was obtained from the 
evaluation of the cells without selection of the beating cells nor 
enrichment process (https://assets.thermofisher.com/TFS-
Assets/LSG/manuals/Enrichment_and_Replating_of_PSC_ 
Derived_Cardiomyocytes _UB.pdf). The differentiation rate of 

hESC-derived cardiomyocytes even cultured on rVN-TCP dishes 
and Matrigel coated dishes should enhance more than 60-80% 
after the selection of the beating cells or the enrichment 
process. Especially hPSCs cultured on P-24h-PLL-rVN hydrogels 
differentiated into cardiomyocytes with an efficiency rate of 
approximately 80%, which was higher than that of hPSC-
differentiated cardiomyocytes on P-48h-PLL-rVN hydrogels (P-
24h-PLL-rVN vs. P-48h-PLL-rVN, p < 0.05). hPSCs less efficiently 
differentiated into cardiomyocytes on P-6h-PLL-rVN hydrogels 
because there was greater detachment of the cells during 
induction. The absolute number of cardiomyocytes on each 
condition after 12 days of induction can be calculated from the 
following equation;

Seeding number of hPSCs x Differentiation rate (shown in Fig. 
9b) x Survival rate (shown in Fig. 9c)                                        (2)

where the seeding number of hPSCs on each condition is 105 
cells in this study. The absolute number of cardiomyocytes on 
P-6h-PLL-rVN hydrogels, P-24h-PLL-rVN hydrogels, P-48h-PLL-
rVN hydrogels, rVN-TCP dishes, and Matrigel coated dishes are 
80, 14,000, 6,900, 450, and 4,200, respectively. Therefore, P-
24h-PLL-rVN hydrogels were the most suitable for 
differentiation into cardiomyocytes in this study, whereas 
conventional Matrigel-coated dishes and rVN-TCP dishes were 
less promising for the differentiation of hPSCs into 
cardiomyocytes.

Since cell detachment occurred during the induction of 
cardiomyocyte differentiation, we evaluated the survival ratio. 
The ratio was calculated as the number of cells remaining at day 
12 divided by the number of cells inoculated on day 0, with the 
resulting number multiplied by 100. The survival rate of the cells 
cultured on several biomaterials is shown in Fig. 9c for hESCs 
and Fig. 5S(b) (ESI†) for hiPSCs where survival rate of hPSCs, 
which is over 100% because of expansion of pluripotent hPSCs, 
is also plotted as 100%. The survival rate of cells cultured on 
Matrigel-coated dishes and rVN-TCP dishes was higher than the 
survival rate on P-Xh-PLL-rVN hydrogels. hPSCs cultured on 
softer P-Xh-PLL-rVN hydrogels displayed a lower survival ratio 
(P-6h-PLL-rVN vs. P-24h-PLL-rVN, p < 0.05), but higher 
differentiation rate (higher cTnT expression), except for P-6h-
PLL-rVN hydrogels (Fig. 9c and Fig. 5S(b) (ESI†)). The findings 
suggested that P-24h-PLL-rVN hydrogels can sort 
cardiomyocytes from undifferentiated hPSCs during induction 
of differentiation into cardiomyocytes. Thus, P-Xh-PLL-rVN 
hydrogels are preferred for hPSC proliferation and the 
differentiation of hPSCs into cardiomyocytes. We analyzed the 
expression of specific cardiomyocyte proteins, -actinin, MLV2c 
(myosin light chain), and cTnT on hPSC-derived cardiomyocytes 
via an immunostaining method, which were differentiated on P-
24h-PLL-rVN hydrogels after culture on P-24h-PLL-rVN 
hydrogels for ten passages (Fig. 10). The hPSC-derived 
cardiomyocytes differentiated on P-24h-PLL-rVN hydrogels 
were found to express -actinin, MLV2c, and cTnT extensively. 
Because the sarcomere structure was clearly observed from -
actinin expression analyzed by a confocal laser microscopy on 
hPSC-derived cardiomyocytes (Fig. 10(f) and 10(g)), the average 
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Fig. 9 Characterization of differentiation of H9 human 
embryonic stem cells (hESCs) into cardiomyocytes during 
culture on PVI hydrogels grafted with PLL and rVN under feeder-
free and xeno-free culture conditions. (a) Flow cytometry 
analysis of the expression of cTnT of the differentiated hESCs 
cultivated on (i) P-24h-PLL-rVN hydrogels, (ii) P-48h-PLL-rVN 
hydrogels, and (iii) rVN-TCP dishes prepared with 5 µg/mL rVN 
coating solution after 12 days of induction as well as (iv) 
undifferentiated hESCs. P-Xh-PLL-rVN hydrogels were prepared 
with 1 mg/mL PLL solution and 10 µg/mL rVN solution. The red 
lines indicate the plots of differentiated hESCs stained with an 
isotype antibody as the negative control. (b) Differentiation rate 
of cells differentiated from hESCs cultivated on cultured on P-
6h-PLL-rVN hydrogels, P-24h-PLL-rVN hydrogels, P-48h-PLL-rVN 
hydrogels, rVN-TCP dishes prepared with 5 µg/mL rVN coating 
solution, and Matrigel-coated dishes after 12 days of induction. 
Differentiation rate of hESCs is also plotted. (c) Survival rate of 
differentiated hESCs cultivated on P-6h-PLL-rVN hydrogels, P-
24h-PLL-rVN hydrogels, P-48h-PLL-rVN hydrogels, rVN-TCP 
dishes prepared with 5 µg/mL rVN coating solution, and 
Matrigel-coated dishes after 12 days of induction. Survival rate 
of hESCs, which is over 100% because of expansion of 
pluripotent hESCs, is also plotted as 100%. *p < 0.05.

sarcomere length of hPSC-derived cardiomyocytes was 
evaluated and was estimated to be 1.4-1.7 µm, which is 
approximately the length of sarcomeres in healthy human heart 
tissue (1.5 m85).

Discussion

Several cell culture biomaterials have been developed for 
cultivation of hPSCs in feeder-free and xeno-free culture 
conditions. Synthetic polymers do not bind specifically to hPSCs. 
These polymers have been studied as potential hPSC culture 
biomaterials. Copoly(AEtMA-co-DEAEA),38 APMAAm,41 PMVE-
alt-MA,39 and PMEDSAH40,63 were reported to maintain hPSC 
cultivation in xeno-free culture media. However, it is unknown 

whether hPSCs can be extensively cultivated on these synthetic 
materials without any problems for a long time, given the lack 
of knowledge of the attachment mechanism of these stem cells 
to synthetic polymer substrates. Currently, the most reliable 
and gold-standard xeno-free cell culture materials for hPSCs are 
ECM-coated dishes and ECM-derived oligopeptide-immobilized 
dishes. ECMs used for this purpose are rVN,49,50,54-57 laminin-
521, and laminin-511.47,58-62 Especially, rVN-TCP dishes have 
been widely used for hPSC culture.49,50,54-57 Oligopeptide-
immobilized dishes have been recently developed to support 
the proliferation of hPSCs.37,44,49,50,66-68,86 However, one of the 
demerits of oligopeptide-immobilized dishes is the requirement 
for a high concentration of oligopeptide (typically over 1000 
µg/mL) and/or the relatively high differentiation ratio of hPSCs 
cultured on oligopeptide-immobilized dishes, such as 
Synthemax II-coated dishes.37 The P-Xh-PLL-rVN hydrogels 
developed in this study have rVN-immobilized biomaterials with 
a different elasticity (10-30 kPa) that are regulated by the 
crosslinking time. These biomaterials were prepared with a 
relatively low concentration of rVN (10 µg/mL), whereas 
conventional rVN-TCP dishes have a fixed and extremely stiff 
surface (3 GPa). 

The elasticity of cell culture biomaterials of P-Xh-PLL-rVN 
can tune the proliferation speed of hPSCs, which is preferable 
for hPSC culture depending on the purpose. For example, the 
soft P-6h-PLL-rVN hydrogels are preferable cell culture 
materials for the usage to maintain hPSC as the stock cells, 
which can save the usage of expensive culture medium of 
hPSCs, whereas P-24h-PLL-rVN and P-48h-PLL-rVN hydrogels 
are preferable cell culture materials for the rapid expansion of 
hPSCs for research usage and clinical application of hPSCs. 
Therefore, biological cues (rVN) and the elasticity of cell culture 
biomaterials are important to control the differentiation fate of 
hPSCs into a specific lineage of the cells, such as 
cardiomyocytes.

P-Xh-PLL-rVN hydrogels could support proliferation of hPSCs 
and showed characteristics of dishes that sort cardiomyocytes 
during the differentiation of hPSCs into cardiomyocytes. In 
contrast, a very low differentiation rate of hPSCs into 
cardiomyocytes was observed on conventional rVN-TCP dishes. 
This is because rVN can binds to αVβ5 integrin receptor of 
undifferentiated hPSCs, whereas the differentiated cells such as 
hPSC-derived cardiomyocytes seem not to express αVβ5 integrin 
extensively. The attachment of hPSC-derived cardiomyocytes 
on P-Xh-PLL-rVN hydrogels could be supported by nonspecific 
adhesion mechanism between positively charged PLL and 
negatively charged hPSC-differentiated cardiomyocytes on P-
Xh-PLL-rVN hydrogels.

Several cell culture biomaterials have been studied for hPSC 
differentiation into cardiomyocytes. These include agarose 
hydrogels,87 gelatin, fibronectin, or collagen IV-coated dishes,88 
fibrin patch and fibrin coated dishes,89 vitronectin-derived 
oligopeptide-grafted dishes,37 laminin-coating microcarriers,90 
and Matrigel-coated dishes.91 However, the differentiation rate 
analyzed by cTnT reported in these studies was typically <65%, 
which was much less than that on P-24h-PLL-rVN hydrogels in 
this study. Approximately 80% of the differentiated cells from 
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Fig. 10 Immunostaining analysis of hESC-derived cardiomyocytes differentiated on P-24h-PLL-rVN hydrogels after culture on P-
24h-PLL-rVN hydrogels for ten passages. (a-d) Expression of -actinin (a) and MLV2c (b) on hESC-derived cardiomyocytes as 
analyzed by an immunostaining method. Nuclei were stained with Hoechst 33342 (c) and the merged picture is also shown (d). 
(e-g) Expression of cTnT (e) and -actinin (f,g) on hESC-derived cardiomyocytes as analyzed by confocal laser microscopy. Nuclei 
were stained with Hoechst 33342. Scale bar indicates 100 m (a-d), 50 m (e,f), and 10 m (g).

hPSCs on P-24h-PLL-rVN hydrogels expressed the 
cardiomyocyte marker, cTnT, within 12 days of the induction of 
differentiation. Further refinements of the process will aim to 
achieve >98% expression.  

Specific biomaterials to guide hPSC differentiation into the 
specific lineage of the cells are needed. Laminin-related 
biomaterials can guide hPSCs into neural and myogenic cell 
lineages. Collagen and hydroxyapatite-related biomaterials 
promote hPSC differentiation into osteoblasts. However, a 
combination of biological cues (ECMs or ECM-derived 
oligopeptides) and physical cues (hydrophilicity, elasticity, 
topography, and surface potential) should be useful for the 
optimal design of cell culture biomaterials that guide hPSC 
differentiation into a specific cell lineage. P-24h-PLL-rVN 
hydrogels were developed with a combination of optimal 
elasticity of the biomaterials grafted with specific cell binding 
site of rVN by adjusting surface charge by PLL. These hydrogels 
promoted the differentiation of hPSCs into cardiomyocytes.

Conclusions

PVI hydrogels grafted with rVN were developed in this study. 
PVI hydrogels grafted with rVN (P-Xh-rVN) did not support the 
proliferation and attachment of hPSCs because the zeta 

potential of P-Xh-rVN hydrogels was too negative. Therefore, 
PVI hydrogels were grafted with the positively charged polymer 
of PLL as well as rVN to produce an optimal zeta potential (P-Xh-
PLL-rVN) similar to that of rVN-TCP dishes in the aspect of 
surface potential. The hPSCs proliferated on P-Xh-PLL-rVN 
hydrogels in feeder-free and xeno-free culture condition for 
over 10 passages. Furthermore, hPSCs efficiently differentiated 
into cardiomyocytes (approximately 80% at 12 days of 
induction) than those cultured on conventional rVN-TCP dishes. 
The survival rate of the cells on P-24h-PLL-rVN hydrogels was 
less than that on rVN-TCP dishes. These P-24h-PLL-rVN 
hydrogels displayed cell sorting characteristics, in which 
cardiomyocytes survived on PVI-24h-PLL-rVN hydrogels but 
undifferentiated cells did not survive in cardiomyocyte 
differentiation medium. Our results suggest that cell culture 
biomaterial designs including biological cues (optimal cell 
binding domain and surface density) and physical cues (surface 
charge and elasticity)76,92-94 are important for facilitating the 
proliferation and differentiation of hPSCs into specific cell 
lineages in feeder-free and xeno-free culture conditions.

Conflicts of interest
There are no conflicts to declare.

Page 15 of 18 Biomaterials Science



ARTICLE Journal Name

16 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

Acknowledgements
This research was partially supported by the Ministry of Science 
and Technology under grant numbers MOST-104-2221-E-008-
107-MY3, 106-2119-M-008-003, and 107-2119-M-008-002. This 
work was also supported by the LandSeed Hospital project 
(NCU-LSH-107-B-005) and Cathay General Hospital project 
(CGH-MR-A10602 and CGH-MR-10710). The authors thank the 
Deanship of Scientific Research and RSSU at King Saud 
University for their technical support. A Grant-in-Aid for 
Scientific Research (18K05251) from the Ministry of Education, 
Culture, Sports, Science, and Technology of Japan also 
supported this study.

Notes and references

1 A. Higuchi, Q. D. Ling, Y. Chang, S. T. Hsu and A. Umezawa, 
Chem. Rev., 2013, 113, 3297-3328. 

2 K. Takahashi, K. Tanabe, M. Ohnuki, M. Narita, T. Ichisaka, K. 
Tomoda and S. Yamanaka, Cell, 2007, 131, 861-872. 

3 A. Higuchi, Q. D. Ling, S. S. Kumar, M. A. Munusamy, A. A. 
Alarfaj, Y. Chang, S. H. Kao, K. C. Lin, H. C. Wang and A. 
Umezawa, Lab. Invest., 2015, 95, 26-42. 

4 J. Yu, M. A. Vodyanik, K. Smuga-Otto, J. Antosiewicz-Bourget, 
J. L. Frane, S. Tian, J. Nie, G. A. Jonsdottir, V. Ruotti, R. Stewart, 
Slukvin, II and J. A. Thomson, Science, 2007, 318, 1917-1920. 

5 I. Y. Shadrin, B. W. Allen, Y. Qian, C. P. Jackman, A. L. Carlson, 
M. E. Juhas and N. Bursac, Nat. Commun., 2017, 8, 1825.  

6 X. Dong, H. Li, Y. Zhou, L. Ou, J. Cao and J. Chang, J. Mater. 
Chem. B, 2016, 4, 2369-2376. 

7 Y. Shao, K. Taniguchi, R. F. Townshend, T. Miki, D. L. Gumucio 
and J. Fu, Nat. Commun., 2017, 8, 208. 

8 Q. Li, A. P. Hutchins, Y. Chen, S. Li, Y. Shan, B. Liao, D. Zheng, 
X. Shi, Y. Li, W. Y. Chan, G. Pan, S. Wei, X. Shu and D. Pei, Nat. 
Commun., 2017, 8, 15166. 

9 J.-H. Chang, P.-H. Tsai,  W. Chen, S.-H. Chiou  and  C.-Y. Mou,  
J. Mater. Chem. B, 2017, 5, 3012-3023. 

10 G. E. Salazar-Noratto,  F. P. Barry  and  R. E. Guldberg, J. Mater. 
Chem. B, 2016, 4, 3482-3489. 

11 C. W. Zhang, L. Q. Du, P. Sun, L. Shen, J. Zhu, K. P. Pang and X. 
Y. Wu, Biomaterials, 2017, 124, 180-194. 

12 Z. Lyu, X. Shi, J. Lei, Y. Yuan, L. Yuan, Q. Yu and H. Chen, J. 
Mater. Chem. B, 2017, 5, 1896-1900. 

13 J. Silva, A. R. Bento, D. Barros, T. L. Laundos, S. R. Sousa, P. 
Quelhas, M. M. Sousa, A. P. Pego and I. F. Amaral, Acta 
Biomater., 2017, 59, 243-256. 

14 J. Candiello, T. Richardson, K. Padgaonkar, K. Task, P. N. Kumta 
and I. Banerjee, J. Mater. Chem. B, 2016, 4, 3575-3583. 

15 A. A. Foster, R. E. Dewi, L. Cai, L. Hou, Z. Strassberg, C. A. 
Alcazar, S. C. Heilshorn and N. F. Huang, Biomater. Sci., 2018, 
6, 614-622.　

16 M. Hammad, W. Rao, J. G. Smith, D. G. Anderson, R. Langer, L. 
E. Young, D. A. Barrett, M. C. Davies, C. Denning and M. R. 
Alexander, Biomater. Sci., 2016, 4, 1381-1391.

17 A. Montgomery, A. Wong, N. Gabers and S. M. Willerth, 
Biomater. Sci., 2015, 3, 401-413.

18 Y. Tabata, I. Horiguchi, M. P. Lutolf and Y. Sakai, Biomater. Sci., 
2014, 2, 176-183.　

19 D. D. McKinnon, A. M. Kloxin and K. S. Anseth, Biomater. Sci., 
2013, 1, 460-469.　　

20 A. Rezania, J. E. Bruin, P. Arora, A. Rubin, I. Batushansky, A. 
Asadi, S. O'Dwyer, N. Quiskamp, M. Mojibian, T. Albrecht, Y. 
H. Yang, J. D. Johnson and T. J. Kieffer, Nat. Biotechnol., 2014, 
32, 1121-1133. 

21 F. W. Pagliuca, J. R. Millman, M. Gurtler, M. Segel, A. Van 
Dervort, J. H. Ryu, Q. P. Peterson, D. Greiner and D. A. Melton, 
Cell, 2014, 159, 428-439. 

22 P. W. Burridge, E. Matsa, P. Shukla, Z. C. Lin, J. M. Churko, A. 
D. Ebert, F. Lan, S. Diecke, B. Huber, N. M. Mordwinkin, J. R. 
Plews, O. J. Abilez, B. Cui, J. D. Gold and J. C. Wu, Nat. 
Methods, 2014, 11, 855-860. 

23 S. Kriks, J. W. Shim, J. Piao, Y. M. Ganat, D. R. Wakeman, Z. Xie, 
L. Carrillo-Reid, G. Auyeung, C. Antonacci, A. Buch, L. Yang, M. 
F. Beal, D. J. Surmeier, J. H. Kordower, V. Tabar and L. Studer, 
Nature, 2011, 480, 547-551.

24 A. Higuchi, N. J. Ku, Y. C. Tseng, C. H. Pan, H. F. Li, S. S. Kumar, 
Q. D. Ling, Y. Chang, A. A. Alarfaj, M. A. Munusamy, G. Benelli 
and K. Murugan, Lab. Invest., 2017, 97, 1167-1179. 

25 A. Higuchi, S. S. Kumar, G. Benelli, A. A. Alarfaj, M. A. 
Munusamy, A. Umezawa and K. Murugan, Trends Biotechnol., 
2017, 35, 1102-1117. 

26 P. Menasche, V. Vanneaux, A. Hagege, A. Bel, B. Cholley, I. 
Cacciapuoti, A. Parouchev, N. Benhamouda, G. Tachdjian, L. 
Tosca, J. H. Trouvin, J. R. Fabreguettes, V. Bellamy, R. 
Guillemain, C. Suberbielle Boissel, E. Tartour, M. Desnos and 
J. Larghero, Eur. Heart. J., 2015, 36, 2011-2017. 

27 C. A. Priest, N. C. Manley, J. Denham, E. D. Wirth, 3rd and J. S. 
Lebkowski, Regen. Med., 2015, 10, 939-958. 

28 D. A. McCreedy, T. S. Wilems, H. Xu, J. C. Butts, C. R. Brown, A. 
W. Smith and S. E. Sakiyama-Elbert, Biomater. Sci., 2014, 2, 
1672-1682.

29 S. D. Schwartz, C. D. Regillo, B. L. Lam, D. Eliott, P. J. Rosenfeld, 
N. Z. Gregori, J. P. Hubschman, J. L. Davis, G. Heilwell, M. Spirn, 
J. Maguire, R. Gay, J. Bateman, R. M. Ostrick, D. Morris, M. 
Vincent, E. Anglade, L. V. Del Priore and R. Lanza, Lancet, 2015, 
385, 509-516. 

30 S. D. Schwartz, J. P. Hubschman, G. Heilwell, V. Franco-
Cardenas, C. K. Pan, R. M. Ostrick, E. Mickunas, R. Gay, I. 
Klimanskaya and R. Lanza, Lancet, 2012, 379, 713-720. 

31 H. Kamao, M. Mandai, S. Okamoto, N. Sakai, A. Suga, S. Sugita, 
J. Kiryu and M. Takahashi, Stem Cell Reports, 2014, 2, 205-218. 

32 M. Mandai, A. Watanabe, Y. Kurimoto, Y. Hirami, C. Morinaga, 
T. Daimon, M. Fujihara, H. Akimaru, N. Sakai, Y. Shibata, M. 
Terada, Y. Nomiya, S. Tanishima, M. Nakamura, H. Kamao, S. 
Sugita, A. Onishi, T. Ito, K. Fujita, S. Kawamata, M. J. Go, C. 
Shinohara, K. I. Hata, M. Sawada, M. Yamamoto, S. Ohta, Y. 
Ohara, K. Yoshida, J. Kuwahara, Y. Kitano, N. Amano, M. 
Umekage, F. Kitaoka, A. Tanaka, C. Okada, N. Takasu, S. 
Ogawa, S. Yamanaka and M. Takahashi, N. Engl. J. Med., 2017, 
376, 1038-1046.

33 A. Higuchi, Q. D. Ling, Y. A. Ko, Y. Chang and A. Umezawa, 
Chem. Rev., 2011, 111, 3021-3035. 

34 A. Higuchi, Q. D. Ling, S. Kumar, M. Munusamy, A. A. Alarfajj, 
A. Umezawa and G. J. Wu, Prog. Polym. Sci., 2014, 39, 1348-
1374. 

35 S. Pijuan-Galito, C. Tamm, J. Schuster, M. Sobol, L. Forsberg, 
C. L. Merry and C. Anneren, Nat. Commun., 2016, 7, 12170.

36 T. Miyazaki, T. Isobe, N. Nakatsuji and H. Suemori, Sci. Rep., 
2017, 7, 41165.

37 Z. Melkoumian, J. L. Weber, D. M. Weber, A. G. Fadeev, Y. 
Zhou, P. Dolley-Sonneville, J. Yang, L. Qiu, C. A. Priest, C. 
Shogbon, A. W. Martin, J. Nelson, P. West, J. P. Beltzer, S. Pal 
and R. Brandenberger, Nat. Biotechnol., 2010, 28, 606-610. 

38 R. Zhang, H. K. Mjoseng, M. A. Hoeve, N. G. Bauer, S. Pells, R. 
Besseling, S. Velugotla, G. Tourniaire, R. E. Kishen, Y. Tsenkina, 
C. Armit, C. R. Duffy, M. Helfen, F. Edenhofer, P. A. de Sousa 
and M. Bradley, Nat. Commun., 2013, 4, 1335. 

39 D. A. Brafman, C. W. Chang, A. Fernandez, K. Willert, S. 
Varghese and S. Chien, Biomaterials, 2010, 31, 9135-9144. 

40 L. G. Villa-Diaz, H. Nandivada, J. Ding, N. C. Nogueira-de-
Souza, P. H. Krebsbach, K. S. O'Shea, J. Lahann and G. D. Smith, 
Nat. Biotechnol., 2010, 28, 581-583. 

Page 16 of 18Biomaterials Science



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 17

Please do not adjust margins

Please do not adjust margins

41 E. F. Irwin, R. Gupta, D. C. Dashti and K. E. Healy, Biomaterials, 
2011, 32, 6912-6919. 

42 S. Wu, J. Johansson, P. Damdimopoulou, M. Shahsavani, A. 
Falk, O. Hovatta and A. Rising, Biomaterials, 2014, 35, 8496-
8502. 

43 J. R. Klim, L. Li, P. J. Wrighton, M. S. Piekarczyk and L. L. 
Kiessling, Nat. Methods, 2010, 7, 989-994.

44  A. Higuchi, F. L. Lin, Y. K. Cheng, T. C. Kao, S. S. Kumar, Q. D. 
Ling, C. H. Hou, D. C. Chen, S. T. Hsu and G. J. Wu, J. Taiwan 
Inst. Chem. Eng., 2014, 45, 295-301. 

45 P. Y. Wang, H. Thissen and P. Kingshott, Acta Biomaterialia, 
2016, 45, 31-59. 

46 J. Jia, R. C. Coyle, D. J. Richards, C. L. Berry, R. W. Barrs, J. Biggs, 
C. J. Chou, T. C. Trusk and Y. Mei, Acta Biomaterialia, 2016, 45, 
110-120. 

47 Y. Lei, D. Jeong, J. Xiao and D. V. Schaffer, Cell Mol. Bioeng., 
2014, 7, 172-183.

48 Y. Lei and D. V. Schaffer, Proc. Natl. Acad. Sci. U S A, 2013, 110, 
E5039-5048.

49 Y. M. Chen, L. H. Chen, M. P. Li, H. F. Li, A. Higuchi, S. S. Kumar, 
Q. D. Ling, A. A. Alarfaj, M. A. Munusamy, Y. Chang, G. Benelli, 
K. Murugan and A. Umezawa, Sci. Rep., 2017, 7, 45146. 

50 A. Higuchi, S. H. Kao, Q. D. Ling, Y. M. Chen, H. F. Li, A. A. 
Alarfaj, M. A. Munusamy, K. Murugan, S. C. Chang, H. C. Lee, 
S. T. Hsu, S. S. Kumar and A. Umezawa, Sci. Rep., 2015, 5, 
18136. 

51 S. Musah, S. A. Morin, P. J. Wrighton, D. B. Zwick, S. Jin and L. 
L. Kiessling, Acs Nano, 2012, 6, 10168-10177.

52 Y. Yan, Y. Li, L. Song, C. Zeng and Y. Li, Acta Biomater., 2017, 
49, 192-203.

53 A. J. Price, E. Y. Huang, V. Sebastiano and A. R. Dunn, 
Biomaterials, 2017, 121, 179-192.

54 A. B. Prowse, M. R. Doran, J. J. Cooper-White, F. Chong, T. P. 
Munro, J. Fitzpatrick, T. L. Chung, D. N. Haylock, P. P. Gray and 
E. J. Wolvetang, Biomaterials, 2010, 31, 8281-8288. 

55 S. R. Braam, L. Zeinstra, S. Litjens, D. Ward-van Oostwaard, S. 
van den Brink, L. van Laake, F. Lebrin, P. Kats, R. 
Hochstenbach, R. Passier, A. Sonnenberg and C. L. Mummery, 
Stem Cells, 2008, 26, 2257-2265. 

56 Y. Fan, F. Zhang and E. S. Tzanakakis, ACS Biomater. Sci. Eng., 
2017, 3, 1510-1518. 

57 S. M. Badenes, T. G. Fernandes, C. S. Cordeiro, S. Boucher, D. 
Kuninger, M. C. Vemuri, M. M. Diogo and J. M. Cabral, PLoS 
One, 2016, 11, e0151264. 

58 L. K. Kanninen, R. Harjumaki, P. Peltoniemi, M. S. Bogacheva, 
T. Salmi, P. Porola, J. Niklander, T. Smutny, A. Urtti, M. L. 
Yliperttula and Y. R. Lou, Biomaterials, 2016, 103, 86-100.

59 S. Rodin, L. Antonsson, C. Niaudet, O. E. Simonson, E. Salmela, 
E. M. Hansson, A. Domogatskaya, Z. Xiao, P. Damdimopoulou, 
M. Sheikhi, J. Inzunza, A. S. Nilsson, D. Baker, R. Kuiper, Y. Sun, 
E. Blennow, M. Nordenskjold, K. H. Grinnemo, J. Kere, C. 
Betsholtz, O. Hovatta and K. Tryggvason, Nat. Commun., 2014, 
5, 3195. 

60 S. Rodin, A. Domogatskaya, S. Strom, E. M. Hansson, K. R. 
Chien, J. Inzunza, O. Hovatta and K. Tryggvason, Nat. 
Biotechnol., 2010, 28, 611-615. 

61 M. T. X. Nguyen, E. Okina, X. Chai, K. H. Tan, O. Hovatta, S. 
Ghosh and K. Tryggvason, Stem Cell Reports, 2016, 7, 802-816. 

62 T. Miyazaki, S. Futaki, H. Suemori, Y. Taniguchi, M. Yamada, 
M. Kawasaki, M. Hayashi, H. Kumagai, N. Nakatsuji, K. 
Sekiguchi and E. Kawase, Nat. Commun., 2012, 3, 1236. 

63 X. Qian, L. G. Villa-Diaz, R. Kumar, J. Lahann and P. H. 
Krebsbach, Biomaterials, 2014, 35, 9581-9590. 

64 C. Mangani, A. Lilienkampf, M. Roy, P. A. de Sousa and M. 
Bradley, Biomater. Sci., 2015, 3, 1371-1375.

65 C. W. Chang, Y. Hwang, D. Brafman, T. Hagan, C. Phung and S. 
Varghese, Biomaterials, 2013, 34, 912-921.

66 P. Kolhar, V. R. Kotamraju, S. T. Hikita, D. O. Clegg and E. 
Ruoslahti, J. Biotechnol., 2010, 146, 143-146. 

67 H. J. Park, K. Yang, M. J. Kim, J. Jang, M. Lee, D. W. Kim, H. Lee 
and S. W. Cho, Biomaterials, 2015, 50, 127-139. 

68 D. Varun, G. R. Srinivasan, Y. H. Tsai, H. J. Kim, J. Cutts, F. Petty, 
R. Merkley, N. Stephanopoulos, D. Dolezalova, M. Marsala 
and D. A. Brafman, Acta Biomater., 2017, 48, 120-130.

69 J. H. Wen, L. G. Vincent, A. Fuhrmann, Y. S. Choi, K. C. Hribar, 
H. Taylor-Weiner, S. Chen and A. J. Engler, Nat. Mater., 2014, 
13, 979-987. 

70 W. L. Murphy, T. C. McDevitt and A. J. Engler, Nat. Mater., 
2014, 13, 547-557. 

71 A. J. Engler, S. Sen, H. L. Sweeney and D. E. Discher, Cell, 2006, 
126, 677-689. 

72 H. Lv, L. Li, M. Sun, Y. Zhang, L. Chen, Y. Rong and Y. Li, Stem 
Cell Res. Ther., 2015, 6, 103. 

73 J. S. Park, J. S. Chu, A. D. Tsou, R. Diop, Z. Y. Tang, A. J. Wang 
and S. Li, Biomaterials, 2011, 32, 3921-3930. 

74 J. Du, X. Chen, X. Liang, G. Zhang, J. Xu, L. He, Q. Zhan, X. Q. 
Feng, S. Chien and C. Yang, P. Natl. Acad. Sci. USA, 2011, 108, 
9466-9471. 

75 B. Trappmann, J. E. Gautrot, J. T. Connelly, D. G. Strange, Y. Li, 
M. L. Oyen, M. A. Cohen Stuart, H. Boehm, B. Li, V. Vogel, J. P. 
Spatz, F. M. Watt and W. T. Huck, Nat. Mater., 2012, 11, 642-
649. 

76 A. Higuchi, Q. D. Ling, S. S. Kumar, Y. Chang, A. A. Alarfaj, M. 
A. Munusamy, K. Murugan, S. T. Hsu and A. Umezawa, J. 
Mater. Chem. B, 2015, 3, 8032-8058. 

77 F. Chowdhury, Y. Li, Y. C. Poh, T. Yokohama-Tamaki, N. Wang 
and T. S. Tanaka, PLoS One, 2010, 5, e15655. 

78 X. Lian, J. Zhang, S. M. Azarin, K. Zhu, L. B. Hazeltine, X. Bao, C. 
Hsiao, T. J. Kamp and S. P. Palecek, Nat. Protoc., 2013, 8, 162-
175.

79 Y. Tamada and Y. Ikada, J. Biomed. Mater. Res., 1994, 28, 783-
789. 

80 A. Higuchi, S. Tamiya, T. Tsubomura, A. Katoh, C. S. Cho, T. 
Akaike and M. Hara, J. Biomater. Sci. Polym. Ed., 2000, 11, 
149-168.

81 C. Xu, L. Wang, Y. Yu, F. Yin, X. Zhang, L. Jiang and J. Qin, 
Biomater. Sci., 2017, 5, 1810-1819.

82 M. Wanjare, L. Hou, K. H. Nakayama, J. J. Kim, N. P. Mezak, O. 
J. Abilez, E. Tzatzalos, J. C. Wu and N. F. Huang, Biomater. Sci., 
2017, 5, 1567-1578.　

83 J. Fu, Y. J. Chuah, W. T. Ang, N. Zheng and D. A. Wang, 
Biomater. Sci., 2017, 5, 1156-1173.

84 L. Wang, X. Zhang, C. Xu, H. Liu and J. Qin, Biomater. Sci., 2016, 
4, 1655-1662.

85 D. G. Allen and J. C. Kentish, J. Mol. Cell Cardiol., 1985, 17, 821-
840.

86 E. M. Ovadia, D. W. Colby and A. M. Kloxin, Biomater. Sci., 
2018, 6, 1358-1370.

87 J. Dahlmann, G. Kensah, H. Kempf, D. Skvorc, A. Gawol, D. A. 
Elliott, G. Drager, R. Zweigerdt, U. Martin and I. Gruh, 
Biomaterials, 2013, 34, 2463-2471. 

88 R. E. Horton and D. T. Auguste, Biomaterials, 2012, 33, 6313-
6319. 

89 D. H. Zhang, I. Y. Shadrin, J. Lam, H. Q. Xian, H. R. Snodgrass 
and N. Bursac, Biomaterials, 2013, 34, 5813-5820. 

90 M. Lecina, S. Ting, A. Choo, S. Reuveny and S. Oh, Tissue Eng. 
Part C, Methods, 2010, 16, 1609-1619. 

91 L. B. Hazeltine, M. G. Badur, X. Lian, A. Das, W. Han and S. P. 
Palecek, Acta Biomater., 2014, 10, 604-612. 

92 P.-Y. Wang, S. Ding, H. Sumer, R. C.-B. Wong and P. Kingshott, 
J. Mater. Chem. B, 2017, 5, 7927-7938. 

93 J. Li, Y. Chen, Y. Yang, N. Kawazoe and G. Chen, J. Mater. Chem. 
B, 2017, 5, 1353-1362. 

94 X. Wang, T. Nakamoto, I. Dulińska-Molak, N. Kawazoe and G. 
Chen, J. Mater. Chem. B, 2016, 4, 37-45.

Page 17 of 18 Biomaterials Science



Xeno-free culture and cardiomyocyte differentiation of human embryonic stem cells on 
vitronectin-grafted hydrogels by adjusting surface charge and elasticity

Page 18 of 18Biomaterials Science


