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Abstract

The effect of physical cues, such as the stiffness of biomaterials on the proliferation and differentiation of stem cells, has been investigated by
several researchers. However, most of these investigators have used polyacrylamide hydrogels for stem cell culture in their studies. Therefore,
their results are controversial because those results might originate from the specific characteristics of the polyacrylamide and not from the
physical cue (stiffness) of the biomaterials. Here, we describe a protocol for preparing hydrogels, which are not based on polyacrylamide, where
various stem, cells including human embryonic stem (ES) cells and human induced pluripotent stem (iPS) cells, can be cultured. Hydrogels
with varying stiffness were prepared from bioinert polyvinyl alcohol-co-itaconic acid (P-IA), with stiffness controlled by crosslinking degree by
changing crosslinking time. The P-IA hydrogels grafted with and without oligopeptides derived from extracellular matrix were investigated as a
future platform for stem cell culture and differentiation. The culture and passage of amniotic fluid stem cells, adipose-derived stem cells, human
ES cells, and human iPS cells is described in detail here. The oligopeptide P-IA hydrogels showed superior performances, which were induced
by their stiffness properties. This protocol reports the synthesis of the biomaterial, their surface manipulation, along with controlling the stiffness
properties and finally, their impact on stem cell fate using xeno-free culture conditions. Based on recent studies, such modified substrates can act
as future platforms to support and direct the fate of various stem cells line to different linkages; and further, regenerate and restore the functions
of the lost organ or tissue.

Video Link

The video component of this article can be found at https://www.jove.com/video/57314/

Introduction

The fate of stem cell differentiation into a specific lineage of cells and the long-term proliferation of stem cells, especially human induced
pluripotent (iPS) cells and human embryonic stem (ES) cells, is known to be regulated by inhibitors, growth factors, and/or small bioactive
molecules in culture media. Recently, the physical cues of the biomaterials, particularly the stiffness of cell culture biomaterials, have been
recognized to be an important factor guiding the fate of stem cell proliferation and differentiation1,2,3,4,5,6. Therefore, several researchers have
started to investigate the fate of stem cells, which are cultured on hydrogels, on differentiation, mainly using polyacrylamide hydrogels with
varying stiffness.

The stiffness of biomaterials can control focal adhesions, cell morphology, cell phenotype, and stem cell adhesion, especially in two-dimensional
(2-D) cultivation1,2,3,5. Mechano-sensing of biomaterials by stem cells is generally controlled by focal adhesion signaling via integrin receptors.
NMMIIA, nonmuscle myosin IIA-dependent contractility of the cytoskeleton of actin plays a critical role in the mechanosensing process of stem
cells in 2-D cell cultivation systems3,4,5,7,8,9,10,11.
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Engler and his colleagues developed an interesting notion that adult stem cells, such as bone marrow stem (BMS) cells cultivated on cell culture
biomaterials with a similar stiffness to that of specific tissues, tend to differentiate into cells originated from specific tissues5. BMS cells incubated
on 2-D soft polyacrylamide hydrogels coated with collagen type I (with a stiffness comparable to that of brain tissues) in expansion media were
spontaneously induced to differentiate into early neuron lineages, whereas BMS cells cultured on hydrogels with a stiffness similar to that of
muscle or collagenous bone tissues were found to induce differentiation into early lineages of myocytes and osteoblasts, respectively, on 2-
D polyacrylamide hydrogels3,5. Many researchers have investigated the stem cell fate of differentiation cultured on polyacrylamide hydrogels
immobilized with collagen type I12,13,14,15,16,17,18,19,20,21. However, it should be mentioned that some contradictory reports1,18,22,23,24 exist for
the well-known idea suggested by Engler et al.5 This is because Engler's idea5 was developed solely on polyacrylamide hydrogels and their
results have originated from specific characteristics of the biomaterial (polyacrylamide), and not solely from the physical cue (stiffness) of
the biomaterial. Therefore, it is important to develop another type of hydrogel, of which the stiffness can be controlled by crosslinking of the
hydrogels. For this purpose, bioinert hydrogels were developed, which were prepared from polyvinyl alcohol-co-itaconic acid (P-IA) with a
different stiffness, which was controlled by the crosslinking degree with a changing crosslinking time25,26,27,28,29,30,31,32. The stem cells can be
cultivated on nonmodified P-IA hydrogels, as well as P-IA hydrogels grafted with extracellular matrices (ECMs) and oligopeptides. In a previous
study25, human hematopoietic stem cells (hHSCs) from umbilical cord blood were cultivated on P-IA hydrogels with different stiffness values
ranging from a 3 kPa to 30 kPa storage modulus where fibronectin or an oligopeptide derived from fibronectin (CS1, EILDVPST) was grafted
onto the P-IA hydrogels. High ex vivo fold expansion of hHSCs was observed in the P-IA hydrogels grafted with CS1 or fibronectin, which
displayed an intermediate stiffness ranging from 12 kPa to 30 kPa25.

Human iPS and ES cells cannot be cultivated on conventional tissue culture polystyrene (TCP) dishes33,34 because human ES and iPS cells
require specific binding to ECMs, such as vitronectin or laminin to maintain their pluripotency during long-term culture. Therefore, several
structures of oligopeptide-grafted P-IA hydrogels with optimal stiffness characteristics were designed and prepared in formations of a single
chain, a single chain with a joint segment, a dual chain with a joint segment, and a branched-type chain32. Oligopeptide sequences were
selected from integrin- and glycosaminoglycan-binding domains of ECMs. The P-IA hydrogels grafted with vitronectin-derived oligopeptides with
a dual chain or joint segment, which have a storage modulus at approximately 25 kPa, supported the long-term culture of human ES and iPS
cells for over 12 passages under xeno-free and chemical defined conditions32. The joint segment and dual chain with cell adhesion molecules
on the hydrogels facilitated the proliferation and pluripotency of human ES and iPS cells32. Here, a protocol for preparing P-IA hydrogels (with a
storage modulus from 10 kPa to 30 kPa, which was measured under wet conditions in the air) grafted with and without oligopeptides or ECMs is
described. How to culture and passage several stem cells (including amniotic fluid stem cells, adipose-derived stem cells, human ES cells, and
human iPS cells) is shown.

Protocol

The experiments in this study were approved by the ethics committees of the Taiwan Landseed Hospital (IRB-13-05) and the National Central
University. All experiments were conducted in accordance with all relevant and applicable governmental and institutional guidelines and
regulations during this study.

1. Solution and Media Preparation

1. Polymer purification
1. Purify P-IA with carboxylic acid group with a degree of hydrolysis of >96.5% by washing P-IA with ethanol. Place 20 g of P-IA into 200

mL of ethanol in a 500-mL conical beaker and agitate on a magnetic stirrer for 24-30 h. Exchange the ethanol with fresh ethanol every
8-10 h.

2. Remove P-IA from the ethanol by filtration using a Büchner funnel.
3. Dry P-IA by vacuum drying at room temperature for 24 h.

 

NOTE: It is recommended to clean the trap in the vacuum drying system (by the removal of ethanol) frequently, especially during the
initial few hours, because the trap tends to become clogged after the removal of a large amount of ethanol from P-IA.

2. Preparation of the P-IA solution
 

NOTE: Add the polymer very slowly into the solvent (water). It is recommended to take at least 15 min to add the P-IA into the solvent. If
solvent is added into the polymer, the polymer would not be dissolved completely. Be careful not to generate explosive boiling of the P-IA
solution. Use protective glasses during preparation of the P-IA solution. The heating process of the P-IA solution is essential to dissolve
crystalline P-IA. It is suggested (and preferable) to prepare the P-IA solution in a relatively clean experimental room, if possible.

1. Dissolve the P-IA in pure water to a 0.050 weight% concentration for the cell cultivation experiment or a 0.50 weight% concentration for
the rheometer measurement: for example, dissolve 50 mg of P-IA in 100 mL of pure water for cell culture and 500 mg of P-IA in 100 mL
of deionized (DI) water for the rheometer measurements.

2. Agitate the P-IA solution for 1 h on the hot plate.
 

NOTE: To avoid explosive boiling, do not heat the solution over 95 °C. Explosive boiling of the polymer solution at a high temperature
may generate skin burns. Therefore, perform the heating of P-IA very carefully, and monitor the temperature of the P-IA solution during
the heating.

3. After the P-IA solution was cooled at ambient temperature, agitate the P-IA solution at room temperature for 48 h. Leave hot P-IA
solution on the hot plate without heating, and then leave it without agitation at room temperature for 20-24 h to ensure that air bubbles
are not present in the P-IA solution.

3. Preparation of the crosslinking solution
1. Make the composition of the crosslinking solution 1.0 weight% glutaraldehyde from 25% aqueous glutaraldehyde solution, 20.0

weight% Na2SO4 using 99% > purity, and 1.0 weight% H2SO4. For example, for one 6 or 12 well cell culture plate, add 100 µL of
glutaraldehyde solution, 2 g of sodium sulfate, and 100 µL of sulfuric acid into 10 mL of pure water.

4. Human ES/PS cell culture media
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NOTE: Use DMEM/F12 media, essential 6 media, and essential 8 media for the cell culture.
1. Return frozen 50X Essential 8 supplement slowly to the solution overnight by thawing in a 4 °C refrigerator.
2. Add one bottle of 50X Essential 8 supplement into one bottle of Essential 8 basal media. Separate the media into small aliquots (50 mL

each) in 100 mL centrifugation tubes, then store the media at -20 °C.

2. P-IA Hydrogel Dish Preparation

1. P-IA film preparation
1. Inject a 1 mL aliquot of the P-IA solution into a 35 mm TCP dish, and dry the dish in a 45 °C oven for 2 days to produce a P-IA film in a

clean bench.

2. Crosslinking of the P-IA hydrogel dishes
1. Immerse the P-IA films into an aqueous crosslinking solution for 0.5, 1, 2, 4, 6, 12, 24, and 48 h.

 

NOTE: 'P-IA-X' (e.g., P-IA-12 h) refers to a P-IA hydrogel crosslinked for X h (e.g., 12 h).
2. After crosslinking, rinse the P-IA hydrogels with pure water at ambient temperature, and then keep hydrogels in pure water at ambient

temperature in a clean bench.
3. Sterilize the P-IA hydrogels by immersion in a 75.0 volume/volume% ethanol solution for 1 min, rinse the P-IA hydrogels in pure water

six times, and then keep the P-IA hydrogels in pure water until used for cell cultivation.

3. Preparation of P-IA hydrogel dishes grafted with oligopeptide or ECM
1. Activate the P-IA hydrogels via immersion in 1 mL of an aqueous solution containing 10 mg/mL N-(3-Dimethylaminopropyl)-N'-

ethylcarbodiimide hydrochloride (EDC) and 10 mg/mL N-hydroxysuccinimide (NHS) for 1 h at 37 °C or 4 h at 4 °C.
2. Rinse the P-IA hydrogels with 1 mL of phosphate buffered saline (PBS, pH 7.2) 3 times and immerse the P-IA hydrogels in a PBS

solution containing 1 mL of oligopeptide (100-1,500 µg/mL) or ECM (10-100 µg/mL) for 24 h at 4 °C.
 

NOTE: The oligopeptide sequences and ECMs used for stem cell culture are summarized in Table 1.
3. After grafting the oligopeptide or ECM, wash the P-IA hydrogels with pure water 3 times.

 

NOTE: The P-IA hydrogels grafted with Y µg/mL of oligopeptide or ECM (Z) are hereafter referred to as P-IA-Xh-Z orP-IA-Xh-Z-
Y, where X refers to the crosslinking time (h), Y indicates the concentration of the oligopeptide or ECM, and Z indicates a different
oligopeptide or ECM.

3. Human ES/iPS Cell Culture

1. Method of passage and maintenance of the undifferentiated human ES and iPS cells
1. Maintain human ES (e.g., WA09 or H9) cells or human iPS (e.g., HS0077) cells on Matrigel in Essential 8 media in 6 cm dishes using

standard human ES/iPS cell culture protocols28,32.
2. Incubate near-confluent human ES/iPS cells with 2.0 mg/mL dispase II in DMEM/F-12 media at 37 °C for 8-10 min and then rinse

human ES/iPS cells twice with DMEM/F12 media.
3. After the addition of 2 mL of DMEM/F-12 media to human ES/iPS cell culture dishes, detach weakly adherent colonies using a cell

scraper or by pipetting.
4. Collect the human ES/iPS cells into 15 mL centrifugation tubes and centrifuge human ES/iPS cells at 160 × g for 5 min at 37 °C.
5. After centrifugation, discard the DMEM/F12 and suspend the human ES/iPS cells in 1 mL of E8 media, and then count the cell density

by using a cell counter.
6. Inoculate the ES/iPS cells after the appropriate density adjustment (1-5 x 104 cells per cm2 for passaging or as indicated) into new

culture dishes (P-IA hydrogels grafted with the oligopeptide or ECM).

4. Characterization of Human ES/iPS Cell Characterization

1. Evaluation of alkaline phosphatase (AP) activity
1. Measure the alkaline phosphatase (AP) activity of human ES/iPS cells using a standard alkaline phosphatase live staining.

2. Immunostaining
1. Perform immunostaining of Tra-1-81, SSEA-4, Sox2, and Oct3/4 on hES and hiPS cells to investigate pluripotency following the

conventional protocol28,32.
2. Add a 0.5 mL volume of 4% (volume/volume) paraformaldehyde into each 24 well dish in which the human ES/iPS cells were cultured,

and subsequently, incubate the dishes for 15 min at 4 °C to fix the cells.
3. Aspirate the paraformaldehyde solution from each well. Then, add 1 mL of PBS per well and aspirate PBS to rinse the cells. Perform

the rinsing process 3 times.
4. Permeabilize cell membranes by adding 0.5 mL of 0.3% (volume/volume) Triton-X 100 solution in PBS for 30 min at room temperature.
5. Aspirate the Triton-X 100 solution and add 300 µL of 2% (weight/volume) bovine serum albumin (BSA) in PBS (blocking buffer) into

each well, and incubate for 30 min at room temperature.
6. Remove the blocking buffer by pipetting, and subsequently, add the desired primary antibodies (Oct3/4 (1:200), Sox2 (1:200), SSEA-4

(1:200), and Tra-1-81(1:200) by pipette, see Table 2) into each well, where 1:200 indicates the antibodies were diluted with PBS 200-
fold and incubated for one day at 4 °C.

7. Aspirate the primary antibody solution, and wash the cells with 300 µL of 0.05% Tween 20 in PBS solution 3 times at room
temperature.
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8. Add 300 µL of secondary antibodies (1:200, see Table 2), which are specific to the primary IgG subtype, in 2% (weight/volume) BSA
solution into each well and incubate for 1 h at room temperature in the dark.

9. Wash the cells with 300 µL of 0.05% Tween 20 in PBS solution 3 times at room temperature in the dark.
10. Analyze the stained cells by fluorescence microscopy or confocal microscopy.

3. Embryoid body formation
1. Investigate pluripotency of human ES/iPS cells by embryoid body (EB) formation at passages 10 and 20.

 

NOTE: Near 80% confluence in 6-well plates is sufficient for the preparation of EB formation.
2. Rinse human ES or iPS cells with 2 mL of DMEM/F-12 media twice, and then immerse the cells in 1.5 mL of Essential 6 media.
3. Cut near 80% confluent human ES or iPS cells into approximately 32 pieces using 200 µL tips. Next, detach the cells from the dishes

by using a cell scraper.
4. Collect human ES/iPS cells and transfer into a 6-well ultralow attachment dish.
5. Exchange Essential 6 media by pipetting old media and adding fresh media every 2 days.

 

NOTE: Culture the cells in suspension for 2 weeks at 37 °C with 5% CO2.
6. After the EBs were homogenously suspended in Essential 6 media, transfer EBs to culture on 24-well TCP dishes coated with 0.1

weight% gelatin, and culture the cells in Essential 6 media for an additional week.
7. Stain the cells with antibodies against markers of the cells derived from three embryonic germline layers [AFP (endoderm), GFA

(ectoderm), β III-Tubulin (ectoderm), and SMA (mesoderm)] and evaluate the cells by the immunostaining method described above.

4. Teratoma formation
1. Investigate pluripotency of human ES/iPS cells by teratoma formation at passages 10 and 20.

 

NOTE: 5 dishes of near 80% confluence in 6-well plates are sufficient for teratoma formation (at least 3 x 106 cells are necessary for
the teratoma formation experiments).

2. Rinse the cells with 2 mL DMEM/F-12 media twice, and then add 1.5 mL DMEM/F-12 media to the cell culture dishes.
3. Cut nearly 80% confluent human ES or iPS cells into approximately 32 pieces by using 200 µL tips. Next, detach the cells from the

dishes by using a cell scraper.
4. Collect human ES/iPS cells into a 15-mL centrifugation tube and centrifuge the cells at 160 × g for 5 min at 37 °C.
5. After centrifugation, suspend the cell pellets in 100 µL DMEM/F12, and then mix the cell pellets with 100 µL Matrigel (1:1 volume ratio).
6. Transfer the cell suspension into a -20 °C pre-cooled syringe. Inject, in total, at least 3 × 106 cells subcutaneously into male NOD-SCID

(NOD.CB17-Prkdascid/JNarl) mice (5-8 weeks).
7. After 5-8 weeks, dissect teratomas, fix with 4.0% (weight/volume) paraformaldehyde solution, and then store at 4 °C.
8. Fix the teratoma with paraffin, slice the paraffin-embedded teratomas, and stain with hematoxylin and eosin (H&E) using a standard

protocol28,32.
 

NOTE: Researchers may send fixed teratoma tissue to the company to fix the teratomas with paraffin, slice the paraffin-embedded
teratomas, and stain the sample with H&E, which is typically used in Department of Pathology in hospitals.

5. Human adipose-derived stem (ADS) cell culture
1. Warm culture media (DMEM containing 1% antimycotic antibiotic and 10% fetal bovine serum (FBS)), 0.25% of trypsin-EDTA, and PBS

to 37 °C in a water bath prior to use.
2. Wash human ADS cells by pipetting 10 mL of PBS into each 6-cm culture dish where the cells are cultured.
3. Add 1 mL of trypsin-EDTA solution (0.25%) into the 6-cm culture dishes and incubate the solution at 37 °C for 5 min.
4. Observe the cells in the 6 cm culture dishes under microscopy to confirm that the cells are detached.
5. Collect the cells into a 15-mL centrifuge tube, and add an equal volume of culture media (DMEM containing 1% antimycotic antibiotic

and 10% FBS) into the centrifuge tube to neutralize the trypsin-EDTA.
6. Centrifuge the cells at 250 × g for 5 min at 37 °C.
7. After centrifugation, discard the supernatant carefully by pipetting, without disturbing the cell pellet.
8. Resuspend the cells in the culture media, and then seed the cells at the appropriate density (5-10 x 103 cells per cm2 for passaging or

as indicated) into new culture dishes (P-IA hydrogels grafted with and without oligopeptides and ECM).

6. Human amniotic fluid stem (AFS) cell culture
1. Warm cultivation media (DMEM/MCDB 201 (2:3) containing 20% fetal bovine serum (FBS), 5 ng/mL bFGF and 1% antimycotic

antibiotic), 0.25% of trypsin-EDTA, and PBS to 37 °C in a water bath prior to use.
2. Wash human AFS cells by pipetting 10 mL of PBS in each 6-cm culture dish where the cells are cultured.
3. Add 1 mL of trypsin-EDTA solution (0.25%) into 6-cm culture dishes, and incubate the cells at 37 °C for 5 min.
4. Observe the cells on 6-cm culture dishes under microscopy to confirm the cells are detached.
5. Collect the cells into a 15-mL centrifuge tube, and add an equal volume of culture media (DMEM/MCDB 201 (2:3) containing 20% fetal

bovine serum (FBS), 5 ng/mL bFGF and 1% antimycotic antibiotic) into the centrifuge tube to neutralize the trypsin-EDTA.
6. Centrifuge the cells at 250 × g for 5 min at 37 °C.
7. After centrifugation, discard the supernatant carefully without disturbing the cell pellet by pipetting.
8. Resuspend the cells in the cultivation media and then seed the cells at the appropriate density (5-10x103 cells per cm2 for passaging or

as indicated) into new culture dishes (P-IA hydrogels grafted with and without oligopeptide and ECM).
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Representative Results

P-IA hydrogels grafted with ECM-derived oligopeptide (oligoECM) or ECM with different elasticities were prepared by following the reaction
scheme, as seen in Figure 1A, using different types of oligoECM (Figure 1B). The elasticities of the hydrogels were regulated by the applied
crosslinking intensity (time) (Figure 1C). P-IA hydrogels grafted with vitronectin-derived oligopeptides, which has a storage modulus of 25.3
kPa (24 h crosslinking time), supported the long-term culture of human iPS and ES cells for over 10-20 passages. Particularly, P-IA hydrogels
grafted with a joint segment (P-IA-24h-VN1G) or a dual chain (P-IA-24h-VN2G) supported the pluripotency of human iPS and ES cells, which
were prepared with a relatively lower concentration of oligoECM (200-500 μg/mL) than P-IA-VN1 hydrogels, which necessitated using a high
concentration of oligoECM (>1000 μg/mL) to maintain the pluripotency of human iPS and ES cells28,32.

Human ES cells maintained on mouse embryonic fibroblasts (MEFs) were shifted to culture on other synthesized coating materials (e.g.,
Synthemax II) coated dishes and P-IA-24h-VN1 hydrogel dishes (Figure 2)28. Human ES cells cultured on commercially available coating dishes
were found to more easily differentiate, especially at the edge of the colonies (Figure 2a and 2c), whereas human ES cells could maintain their
pluripotency on P-IA-24h-VN1-1000 hydrogel dishes because the differentiated cells could not be observed from the morphology of human ES
cells on P-IA-24h-VN1-1000 hydrogel dishes (Figure 2b and 2d)28.

The pluripotency of human ES (Figure 3A) and iPS (Figure 3B) cells cultured on P-IA-24h hydrogels grafted with oligoECM (P-IA-24h-
VN1-1000, P-IA-24h-VN1G-1000, P-IA-24h-VN2C), as well as conventional recombinant vitronectin (rVitronectin)-coated dishes, was evaluated
based on the expression of pluripotent maker proteins (Nanog, Sox2, and Oct3/4) after the cells were cultured on each dish in xeno-free
conditions using Essential 8 media for 10 passages32. These pluripotency proteins were satisfactorily expressed on human iPS and ES cells
cultured on P-IA hydrogels grafted with oligoECM, as well as on rVitronectin-coated dishes in xeno-free conditions.

Evaluation of the differentiation ability into the cells derived from three germ layers in vitro (EB formation) and in vivo (teratoma formation) is
essential to verify the pluripotency of human ES and iPS cells after cultivation on synthetic biomaterials. Therefore, human ES cells (Figure 4)
and human iPS cells (Figure 5) were cultivated on P-IA-oligoECM hydrogel dishes and recombinant vitronectin-coated dishes for 10 passages,
and subsequently, the cells were cultured in suspension to form EBs. The EBs were further cultivated on gelatin-coated dishes for a few weeks
to observe the ability of the cells to spread on the dishes (Figure 4A and Figure 5A)32. Differentiated human ES (Figure 4B) and iPS (Figure
5B) cells were immunostained for proteins derived from three germ layers: alpha-fetoprotein (AFP, endoderm), smooth muscle actin (SMA,
mesoderm), and glial fibrillary acidic protein (GFAP, ectoderm)32. Both human iPS and ES cells were found to differentiate into the cells derived
from all three germ layers, indicating another verification of the pluripotency of human iPS and ES cells, even after cultivation on P-IA hydrogels
grafted with oligoECM in xeno-free conditions for the long term (passage >10 passages).

The differentiation ability of human ES cells into the cells originated from three germ layers in vivo (teratoma formation assay) was also
evaluated. Human ES cells, which were cultivated on P-IA-VN1-1000 (Figure 6A) and P-IA-VN2C-1000 (Figure 6B) in xeno-free culture
conditions for 10 passages, were injected subcutaneously into NOD-SCID mice32. The teratomas were isolated from the mice, and teratoma
tissue sections were fixed and stained with H & E (Figure 6A and 6B)32. The teratomas displayed the existence of cells originating from all
three germ layers: endoderm (intestinal epithelium, Figure 6A(b) and 6B(b)), mesoderm (cartilage, Figure 6A(c) and 6B(c)), and ectoderm
(neuroepithelium, Figure 6A(d); retinal pigment epithelium, Figure 6B(d)). These results suggest that human ES cells cultured on P-IA-24h-
VN1-1000 and P-IA-24h-VN2C-1000 in xeno-free conditions for 10 passages can differentiate into cells originating from three germ layers,
indicating that their pluripotency is maintained in vivo.

Human AFS cells were also cultured in unmodified P-IA hydrogel, P-IA-oligoECM hydrogel, and TCP dishes in expansion media. Figure 7 shows
the morphologies of human AFS cells cultivated after four days of culture in P-IA and P-IA-oligoECM hydrogel dishes with elasticities (E') of
12.2 (crosslinking time = 6 h), 18.3 (crosslinking time = 12 h), 25.3 (crosslinking time = 24 h), and 30.4 kPa (crosslinking time = 48 h) using an
oligoECM concentration of 0 or 50 μg/mL as well as TCP dishes with 3-12 GPa of stiffness30.

Human AFS cells could not proliferate on P-IA hydrogel dishes with or without oligoECM when the stiffness of the P-IA hydrogels was less than
11 kPa (PV-2h, PV-2h-Y, PV-4h, and PV-4h-Y), whereas human AFS cells could proliferate with or without oligoECM when E' was greater than
12 kPa, with the exception of the P-IA-6h and PV-IA-6h-COL1 hydrogel dishes. P-IA-6h and P-IA-6h-COL1 seem not to be favorable for the
culture of human AFS cells because the soft cell culture biomaterials halt the cell cycle progression30.

The above results suggest that P-IA hydrogel dishes are an optimal material for long term stem cell cultivation and maintain the pluripotency
of the stem cells by selection of specific stiffness and oligoECM, as well as the optimal reaction concentration of oligoECM (surface density of
oligoECM).
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Figure 1: Preparation of P-IA hydrogels grafted with oligoECM or ECM. (A) Scheme of the reaction for P-IA hydrogels grafted with ECM
and ECM-derived oligopeptide (oligoECM)29. Copyright 2015. Adapted with permission from The Royal Society of Chemistry. (B) Design
and sequence of oligopeptides grafted on P-IA hydrogels. Single chain oligopeptides (P-IA-BSP, P-IA-VN1, and P-IA-HBP1), single chain
oligopeptides with a joint segment (P-IA-VN1G), and dual chains (P-IA-VN2C and P-IA-HBP2C) and ECM (P-IA-ECM) were grafted on P-
IA hydrogels32. Adapted under a Creative Commons Attribution License. (C) Stiffness of P-IA hydrogels prepared by different periods of
crosslinking29. Copyright 2015. Adapted with permission from The Royal Society of Chemistry. Please click here to view a larger version of this
figure.
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Figure 2: Comparison of human ES cell cultures on P-IA-24h-VN1 hydrogels and commercially available coating dishes. Morphology
of human ES cells (WA09) cultivated on commercially available coating dishes (a, b) and P-IA-24h-VN1-1000 (c, d) dishes at passage 1 when
human ES cells were shifted from cultivation on mouse embryonic fibroblasts (MEFs) into cultivation on commercially available coating dishes
or PVA-24h-VN1-1000 dishes. Red arrows show the differentiated human ES cells. The scale bars indicate 50 µm (a, b) and 100 µm (c, d)28.
Adapted under a Creative Commons Attribution License. Please click here to view a larger version of this figure.
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Figure 3: Characterization of the pluripotency of human ES and iPS cells on P-IA hydrogels grafted with different oligopeptide designs.
(A) Expression of pluripotency proteins Nanog (red), Sox2 (green), and Oct3/4 (green) on human ES (H9) cells analyzed by immunostaining
with dual staining with Hoechest33342 for nuclear labeling (blue) after culturing on (a) P-IA-24h-VN1-1000, (b) P-IA-24h-VN1G-1000, and (c) P-
IA-24h-VN2C-1000 hydrogels, and on (d) recombinant vitronectin (rVitronectin)-coated dishes under xeno-free conditions for 10 passages. (B)
Expression of pluripotency proteins Nanog (red), Sox2 (green), and Oct3/4 (green) on human iPS cells analyzed by immunostaining with dual
staining with Hoechest33342 for nuclear labeling (blue) after culturing on (a) P-IA-24h-VN1-1000 hydrogel, (b) P-IA-24h-VN2C-1000 hydrogel,
and (c) recombinant vitronectin (rVitronectin)-hydrogels coated dishes under xeno-free conditions for 10 passages32. The scale bars indicate 50
µm. Adapted under a Creative Commons Attribution License. Please click here to view a larger version of this figure.
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Figure 4: Characterization of the differentiation ability of human ES cells on P-IA hydrogels grafted with different oligopeptide designs.
(A) Morphology of cells from EBs differentiated from human ES (H9) cells after culturing on (a) P-IA-24h-VN1-1000, (b) P-IA-24h-VN1G-1000,
and (c) P-IA-24h-VN2C-1000 hydrogels, and (d) recombinant vitronectin (rVitronectin)-coated dishes under xeno-free conditions for 10
passages. The scale bars indicate 100 µm. (B) Expression of an ectoderm protein (GFAP, red), mesoderm protein (SMA, green), and endoderm
protein (AFP, green) in human ES (H9) cells evaluated by immunostaining with dual staining with Hoechest33342 for nuclear labeling (blue)
after culturing on P-IA-24h-VN1-1000, P-IA-24h-VN1G-1000, and P-IA-24h-VN2C-1000 hydrogels, and on recombinant vitronectin (rVitronectin)-
coated dishes under xeno-free conditions for 10 passages32. The scale bars indicate 50 µm. Adapted under a Creative Commons Attribution
License. Please click here to view a larger version of this figure.
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Figure 5: Characterization of the differentiation ability of human iPS cells on P-IA hydrogels grafted with different oligopeptide
designs. (A) Morphology of cells from EBs differentiated from human iPS (HPS0077) cells after culturing on (a) P-IA-24h-VN1-1000 hydrogels,
(b) P-IA-24h-VN2C-1000 hydrogels, and (c) recombinant vitronectin (rVitronectin)-coated dishes under xeno-free conditions for 10 passages.
The scale bars indicate 100 µm. (B) Expression of an ectoderm protein (GFAP, red), mesoderm protein (SMA, green), and endoderm protein
(AFP, green) in human iPS (HPS0077) cells analyzed by immunostaining with dual staining with Hoechest33342 for nuclear labeling (blue) after
culturing on (a) P-IA-24h-VN1-1000 hydrogels, (b) P-IA-24h-VN2C-1000 hydrogels, and (c) recombinant vitronectin (rVitronectin)-coated dishes
under xeno-free conditions for 10 passages32. The scale bars indicate 50 µm. Adapted under a Creative Commons Attribution License. Please
click here to view a larger version of this figure.

 

Figure 6: Characterization of the differentiation ability of human ES (H9) cells in vivo after culturing on P-IA-24h-VN1 and P-IA-24h-
VN2C hydrogels. (A)(a) Picture of a teratoma by injection with human ES cells after culturing on P-IA-24h-VN1-1000 hydrogels under
xeno-free cell culture conditions after 10 passages. Tissues including (b) intestinal epithelium (endoderm), (c) cartilage (mesoderm), and
(d) neuroepithelium (ectoderm) can be observed. (B)(a) Picture of a teratoma by injection with human ES cells after culturing on P-IA-24h-
VN2C-1000 hydrogels under xeno-free cell culture conditions after 10 passages. Tissues including (b) intestinal epithelium (endoderm), (c)
cartilage (mesoderm), and (d) retinal pigment epithelium (ectoderm) can be observed32. The scale bars indicate 100 µm. Adapted under a
Creative Commons Attribution License. Please click here to view a larger version of this figure.
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Figure 7: Morphology of human AFS cells cultivated on TCP dishes and P-IA hydrogel dishes immobilized with or without ECM-derived
oligopeptides after 4 days of culture. (A) Morphology of human AFS cells on TCP dishes. (B) Morphology of human AFS cells on P-IA-6h
and P-IA-6h-Z hydrogel dishes (P-IA-6h, P-IA-6h-COL1-50, P-IA-6h-FN1-50, P-IA-6h-VN1-50, P-IA-6h-HBP1-50, and P-IA-6h-cRGD-50). (C)
Morphology of hAFCs on P-IA-12h and P-IA-12h-Z hydrogel dishes (P-IA-12h, P-IA-12h-COL1-50, P-IA-12h-FN1-50, P-IA-12h-VN1-50, P-
IA-12h-HBP1-50, and P-IA-12h-cRGD-50). (D) Morphology of human AFS cells on P-IA-24h and P-IA-24h-Z hydrogel dishes (P-IA-24h, P-
IA-24h-COL1-50, P-IA-24h-FN1-50, P-IA-24h-VN1-50, P-IA-24h-HBP1-50, and P-IA-24h-cRGD-50). (E) Morphology of human AFS cells on P-
IA-48h and P-IA-48h-Z hydrogel dishes (P-IA-48h, P-IA-48h-COL1-50, P-IA-48h-FN1-50, P-IA-48h-VN1-50, P-IA-48h-HBP1-50, and P-IA-48h-
cRGD-50). The scale bars indicate 100 μm30. Copyright 2017. Adapted with permission from The Royal Society of Chemistry. Please click here
to view a larger version of this figure.

Name of Material/ Equipment Abbreviation

GTPGPQGIAGQRGVV COL1

GACRGDCLGA Cyclic RGD (cRGD)

KGGAVTGRGDSPASS FN1

EILDVPST CS1

KGGPQVTRGDVFTMP VN1

GKKQRFRHRNRKG HBP1

CGGGKKQRFRHRNRKG HBP2C

GGGGKGGPQVTRGDVFTMP VN1G

GCGGKGGPQVTRGDVFTMP VN2C

Vitronectin rVN

Fibronectin FN

Table 1: ECM-derived oligopeptide sequences and ECM used in this study.

Antibodies Concentration (dilution rate)

Nanog 1:200

SSEA4 1:200

OCT3/4 1:200

Sox2 1:200

Smooth Muscle Actin 1:200

(α-SMA) 1:200

AFP 1:200

GFAP 1:200

Alexa Fluor 555 – conjugated Goat anti-Mouse 1:200

Table 2: Antibodies used for immunostaining in this study.
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Discussion

P-IA-oligoECM and P-IA-ECM hydrogels with varying stiffness were developed for the long-term expansion of human ES and iPS cells
maintaining their pluripotency for over ten passages in xeno-free conditions, as well as for the culture of human AFS cells, ADS cells, and
hematopoietic stem cells25,28,32. P-IA hydrogels immobilized with oligoECM are an excellent candidate for cell cultivation materials to investigate
the effect of cell culture materials on the fate of differentiation and proliferation of various types of stem cells as well as primary cells and cancer
cells.

P-IA solution should be transparent, when P-IA solution is cast on the dishes. The crosslinking time decides the crosslinking intensity of P-IA
hydrogels. 24 h crosslinking of P-IA hydrogels produces optimal hydrogels for human ES/iPS cell culture. Any oligopeptides and ECMs can be
grafted on P-IA hydrogels using this protocol, where the oligopeptides and ECMs have free amino groups25,28,29,30,31,32. The surface density
of the oligopeptides or ECMs can be detected by X-ray photoelectron spectroscopy (XPS) measurements, although XPS cannot present an
absolute value of the surface density, but the existence of the oligopeptides or ECMs can be safely analyzed.

P-IA hydrogels with and without grafted oligopeptides or ECMs can be prepared, which have storage modulus from 3-30 kPa, depending on
the crosslinking time. It is rather difficult to prepare P-IA hydrogels having less storage modulus than 3 kPa and higher storage modulus than
30 kPa25,28,29,30,31,32. This is the limitation of the present hydrogel preparation method of chemical crosslinking of P-IA hydrogels. However, the
present protocol provides another option of the hydrogels having different elasticity, which can support the culture of primary cells, cancer cells,
or stem cells including human ES and iPS cells, but are not made of polyacrylamide. Especially, human ES and iPS cells cannot proliferate on
polyacrylamide hydrogels, but can proliferate on P-IA hydrogels as shown in Figure 2, Figure 3, Figure 4, Figure 5, and Figure 6. Indeed, P-
IA-24h-VN1 hydrogels supported human ES cell culture better than commercially available coating dishes (Figure 2). Therefore, P-IA hydrogels
are preferable for the culture of human ES and iPS cells.

It would be interesting to investigate optimal elasticity of the hydrogels where human ES and iPS cells are differentiated into specific lineages of
the cells such as cardiomyocytes35, retinal pigment epithelium36, β cells6, and TH+ cells6 for future development of regenerative medicine.
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