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Abstract

Human induced pluripotent stem cells (hiPSCs) are a promising cell source with pluripotency and
self-renewal properties. Design of simple and robust biomaterials with an innate ability to induce
lineage-specificity of hiPSCs is desirable to realize their applications in regenerative medicine. In
this study, we investigated the potential of biomaterials containing calcium phosphate minerals to
induce osteogenic differentiation of hiPSCs. hiPSCs cultured using mineralized gelatin
methacrylate-based matrices underwent osteogenic differentiation ex vivo, both in two-
dimensional (2-D) and three-dimensional (3-D) cultures, in growth medium devoid of any
osteogenic-inducing chemical components or growth factors. Our findings that osteogenic
differentiation of hiPSCs can be achieved through biomaterial-based cues alone present new
avenues for personalized regenerative medicine. Such biomaterials that could not only act as
structural scaffolds, but could also provide tissue-specific functions such as directing stem cell
differentiation commitment, have great potential in bone tissue engineering.
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1. Introduction

Human pluripotent stem cells (hPSCs), which include both embryonic stem cells and
induced pluripotent stem cells, play an important role in regenerative medicine,
developmental biology and pathology, and drug screening owing to their ability to give rise
to any cells in the human body and indefinitely self-renew [1, 2]. hiPSCs developed from
human autologous somatic cells could circumvent concerns regarding immune properties
and ethical issues, making them an ideal cell source for regenerative medicine [3]. Despite
the benefits that hiPSCs offer, controlling their differentiation into targeted cell type(s)
remains a challenge. Studies over the years have shown that stem cells respond to their
microenvironment composed of soluble and matrix-based cues to regulate their fate and
commitment [4-6]. Synthetic biomaterials have been extensively used to recapitulate tissue-
specific physicochemical cues to direct self-renewal and differentiation of stem cells [7, 8].

Biomaterials containing calcium phosphate minerals have been shown to promote
osteogenic differentiation of stem cells [9-14]. These materials have also been shown to
support in vivo bone tissue formation [11-15]. Previously, we have shown that hydrogels
containing acryloyl-6-aminocaproic acid (A6ACA) moieties promote their mineralization
when exposed to a medium containing Ca2* and PO43" [16]. The carboxyl groups of
ABACA moieties bind to Ca2* ions and promote nucleation and growth of calcium
phosphate (CaP) minerals. By employing biomineralized poly(ethylene glycol)-diacrylate-
co-acryloyl-6-aminocaproic acid (PEGDA-co-A6ACA) matrices, we have shown that
mineralized matrices can direct osteogenic differentiation of human bone marrow-derived
mesenchymal stem cells (hnMSCs) and human embryonic stem cells (hRESCs) [10, 17].
However, it required the biomineralized PEGDA-co-A6ACA matrices to be coated with
Matrigel to promote initial attachment of the hESCs to the matrix. In this study, we have
developed mineralized matrices containing gelatin methacrylate (GelMA) and examined
their potential to direct osteogenic differentiation of hiPSCs. Gelatin, derived from natural
collagen, possesses cell adhesion motifs that could promote adhesion of hiPSCs to the
underlying matrix [18, 19]. Moreover, gelatin-based matrices have been demonstrated to
degrade [19-24] and have been studied extensively as a scaffold for tissue engineering [20,
21, 23, 25].

Studies that have reported osteogenic differentiation of hiPSCs often utilized derivation of
MSCs or mesoderm-like progenitor cells and their subsequent differentiation into
osteoblasts using osteogenic-inducing soluble factors such as B-glycerophosphate, ascorbic
acid 2-phosphate, dexamethasone, and/or growth factors like bone morphogenetic protein-2
(BMP-2) [26-32]. A recent study by de Peppo et al. has employed decellularized bone
matrix to create bone tissues from hiPSC-derived mesoderm progenitor cells [27]. However,
to our knowledge, there are no reports showing osteogenic differentiation of hiPSCs solely
through biomaterial-based cues. Here, we demonstrate that biomaterials containing CaP
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minerals induce osteogenic differentiation of hiPSCs in growth medium devoid of any
osteogenic-inducing small molecules or growth factors.

2. Materials and methods

2.1. Materials

Synthesis and modification of materials: Poly(ethylene glycol)-diacrylate (PEGDA; M, =
3.4 kDa) and N-acryloyl 6-aminocaproic acid (A6ACA) were synthesized as previously
described [17, 33, 34]. Gelatin-methacrylate (GelMA) was prepared through methacrylation
of gelatin (Sigma-Aldrich, catalog number: G1890) [19]. Briefly, 10 g of gelatin along with
100 mL of phosphate buffered saline (PBS) was added into a round-bottom flask purged
with argon gas and dissolved under stirring at 60 °C. Around 8 mL of methacrylic anhydride
(Polysciences, catalog number: 01517) was added in drop-wise under stirred conditions for 2
hours. The reaction mixture was kept at 60 °C for another 1 hour. 100 mL of pre-warmed
PBS at 60 °C was added to the mixture and maintained at 60 °C for 15 minutes. The resulted
GelMA was placed in a dialysis tube (Spectrum Laboratories, catalog number: 132676) in
deionized (DI) water at 40 °C for 7 days with two daily changes of DI water and filtered
through 40 pm-sized pores, lyophilized, and stored at -20 °C prior to use.

2.2. Synthesis of gelatin-methacrylate-co-acryloyl 6-aminocaproic acid (GelMA-co-
AB6ACA)hydrogels

GelMA-co-AB6ACA hydrogels were synthesized as follows. 30 w/v% GelMA was dissolved
in DI water at 45 °C. 1 M ABACA was dissolved in 1 M NaOH to deprotonate the carboxyl
groups. One part each of 30 w/v% GelMA and 1 M A6ACA were mixed to yield a solution
containing 15 w/v% GelMA and 0.5 M (equivalent to 9 w/v%) AG6ACA. Around 0.3 w/v%
of photoinitiator, 1-[4-(2-Hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1 (Ciba
Specialty Chemicals, Irgacure 2959) in 70% ethanol, was added into the above solution. The
solution was then dispensed into a Bio-Rad glass plate separated by a 1-mm spacer and
allowed to polymerize at 25 °C under 365 nm UV light for 10 minutes. The resultant
hydrogels were incubated in PBS for 24 hours with two changes of PBS. Hydrogels discs of
1 cm? (area) x 1 mm (height) dimensions were used for the cell culture experiments.

2.3. Synthesis of gelatin-methacrylate-co-acryloyl 6-aminocaproic acid-co-poly(ethylene
glycol)-diacrylate (GelMA-co-A6ACA-co-PEGDA) macroporous hydrogels

GelMA-co-A6ACA-co-PEGDA macroporous hydrogels were synthesized by using
polymethylmethacrylate (PMMA) leaching method [35]. First, 8-mm-diameter cylindrical
molds packed with PMMA were made from PMMA microspheres having a diameter of 165
um (Bangs Laboratories, catalog number: BBO5N). Each PMMA column was exposed to 60
ul of 20% acetone/80% ethanol mixture for 1 minute to fuse the PMMA beads. The mold
was dried at 80 °C for 1 hour and stored at room temperature. Next, 50 pl of a precursor
solution containing 10 w/v% GelMA, 9 w/v% ABACA (treated with NaOH), 10 w/v%
PEGDA, and 0.3 w/v% Irgacure 2959 (in 70% ethanol) was dispensed into PMMA-filled
molds and photopolymerized using UV light for 10 minutes. The PMMA beads embedded
within the GelMA-co-A6ACA-co-PEGDA networks were subsequently dissolved in acetone
for 3 days while replenishing fresh acetone three times each day, yielding the macroporous
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hydrogels. The resultant macroporous hydrogels were gradually hydrated from pure acetone
to acetone/DI water mixture and to pure DI water for a day. The macroporous hydrogels
were equilibrated in PBS for 6 hours and punched out to obtain constructs with diameter and
height dimensions of 5 mm and 2 mm, respectively.

2.4. Mineralization and sterilization of GelMA-co-A6ACA hydrogels and GelMA-co-AG6ACA-
co-PEGDA macroporous hydrogels

GelMA-co-AB6ACA hydrogels and GelMA-co-A6ACA-co-PEGDA macroporous hydrogels
were subjected to mineralization process as described elsewhere [17]. Briefly, both matrices
were soaked in DI water for 6 hours and immersed in modified simulated body fluid (m-
SBF; pH=7.4) at 25 °C for 6 hours. The m-SBF solution is composed of 142.0 mM Na*, 5.0
mM K*, 1.5 mM Mg?*, 2.5 mM Ca?*, 103.0 mM CI-, 10.0 mM HCOj3", 1.0 mM HPO,2",
and 0.5 mM SO,42" as described elsewhere [36]. The matrices were briefly rinsed with DI
water and soaked in 40 mM Ca?* and 24 mM HPO,2" solution (pH=5.2) at 25 °C for 45
minutes using VWR Mini Shaker (Catalog number: 12620-938) at 200 rpm. The matrices
were then briefly rinsed in DI water, incubated in m-SBF at 37 °C for 2 days with daily
change of m-SBF, and equilibrated in PBS for 6 hours.

The mineralized and non-mineralized matrices were sterilized by immersing in 70% ethanol
for 6 hours. The ethanol-treated matrices were then washed in sterile PBS by replenishing
the PBS four times each day for 4 days to fully remove residual ethanol. Sterile non-
mineralized and mineralized GelMA-co-A6ACA hydrogels were employed for 2-D culture.
Sterile non-mineralized and mineralized GelMA-co-A6ACA-co-PEGDA macroporous
hydrogels were utilized for 3-D culture.

2.5. Scanning electron microscopy (SEM) and energy dispersive spectra (EDS)

SEM imaging was carried out to investigate the morphology of the mineralized matrices.
EDS analysis was performed to determine the composition of the minerals. Samples were
briefly rinsed in DI water to remove non-bound ions for 5 minutes, cut into thin slices and
subjected to flash-freezing and lyophilization. After Iridium coating for 7 seconds in the
sputter (Emitech, K575X), samples were imaged by using SEM (Philips XL30 ESEM) and
analyzed for elemental spectra with integrated EDS system. INCA software was used to
quantify Ca/P atomic ratio from elemental spectra. The pore diameter of the macroporous
matrices was calculated either from SEM or bright field images to estimate the pore
structures in the dry and wet state, respectively. Roughly 10 pores were chosen from each of
three SEM or bright field images (n=30) and their diameter was determined using ImageJ.
The data are presented as mean * standard errors.

2.6. Calcium and phosphate assays

Calcium and phosphate assays were conducted to determine the amounts of Ca2* and PO 43
in the mineralized matrices and to determine the dissolution of the minerals from the
mineralized matrices. The matrices were rinsed in DI water, homogenized and freeze-dried,
and their dry weights were measured. To measure the Ca?* and PO43" contents of the
mineralized matrices, the dried matrices were subjected to vigorous shaking in 0.5 M HCI at
25 °C for 3 days. To examine the dissolution of CaP minerals from the mineralized matrices
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into Ca2* and PO43" in an environment lacking these ions, equilibrium swollen matrices
were incubated in 1.5 mL of 50 mM Tris buffer (pH = 7.4), at 37 °C for 7 days and 0.3 mL
of incubation medium was collected and replenished with a fresh medium daily. The
collected medium was used to measure the dissolution of CaP as a function of the incubation
time.

Calcium assay was carried out according to manufacturer's protocol (Calcium reagent set,
Pointe Scientific, catalog number: C7503). Briefly, 20 ul of the sample solution was mixed
with 1 mL of assay solution containing o-cresolphthalein complexone (CPC). The reaction
of calcium with CPC gives rise to a purple color. The absorbance of the resultant product
was measured at 570 nm by using a UV/Vis spectrophotometer (Beckman Coulter, DU 730).
The absorbance values were compared with those of standard solution at 0, 5, 10, and 15
mg/dl of Ca%* in order to determine Ca2* content of the sample solution.

Phosphate assay was performed as reported elsewhere [37]. Briefly, the assay solution was
prepared by mixing 1 part of 10 mM ammonium molybdate, 2 parts of acetone, and 1 part of
5N H,S0,. 125 pl of the sample solution was mixed with 1 mL of assay solution. To this,
100 pl of 1 M citric acid was added. The absorbance of the resulting solution was measured
at 380 nm by using a UV/Vis spectrophotometer. The PO, concentration in solution was
determined using the standard curve for PO43", which was generated for a concentration
range of 0-4 mM PO,3".

2.7. Degradation

Non-mineralized and mineralized hydrogels (15% GelMA-c0-9% ABACA in dimensions of
8 mm diameter x 1 mm height) and macroporous hydrogels (10% GelMA-co0-9% ABACA-
c0-10% PEGDA in dimensions of 5 mm diameter x 2 mm height) were examined for their
degradation potential prior to cell cultures. All matrices were dried at 37 °C for 24 hours and
their dry weights (Wqg) were measured. The dried matrices were equilibrated in PBS and
incubated in 1.5 mL of 0.02 w/v% collagenase type Il (Worthington Biochemical, catalog
number: LS004177) in PBS at 37 °C [22]. The matrices incubated in 1.5 mL of PBS under
identical experimental conditions were used to examine hydrolytic degradation. The
incubation solution was replenished with a fresh solution every other day. After 1, 3, 7, and
14 days of incubation, the matrices were collected and briefly rinsed with PBS for 5 minutes
to remove any soluble components from degraded matrices. The matrices were dried at 37
°C for 24 hours and their weights (Wg;) were measured. Weight percentage of the remaining
matrix was calculated using the following equation.

Was 100

Weight of remaining matrices (%)=
do

where Wy and Wy; represent the weight of the matrix before and after degradation,
respectively.
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2.8. Cell culture

The hiPSC line (IMR90p18-iPS) was procured from WiCell Research Institute, which was
generated as described elsewhere [38]. The hiPSCs were maintained on feeder layers of
mitotically inactivated mouse embryonic fibroblasts (MEFs) using a medium consisting of
knockout DMEM (Life Technologies, catalog number: 10829-018), 10 v/v% knockout
serum replacement (Life Technologies, catalog number: 10828028), 10 v/v% human
plasmanate (Talecris Biotherapeutics), 1 v/v% non-essential amino acids, 1 v/v% penicillin/
streptomycin, 1 v/iv% Gluta-MAX, and 55 uM 2-mercaptoethanol as previously reported
[39]. The medium was changed daily with 30 ng/mL of bFGF (Life Technologies)
supplementation.

Cell culture grade glass coverslips (Fisherbrand, catalog number: 1254582) coated with
gelatin (Sigma-Aldrich, catalog number: G9391) was used as a control to compare the
cellular behaviors on gelatin-based matrices. The gelatin coating of glass coverslips was
carried out by incubating the coverslips with 0.1 w/v% gelatin solution at 37 °C for 3 hours.
Sterile GeIMA-co-A6ACA hydrogels and GelMA-co-A6ACA-co-PEGDA macroporous
hydrogels as well as gelatin-coated coverslips were incubated in growth medium composed
of DMEM with 10 v/v% FBS (Premium Select; Atlanta Biologicals, catalog number:
S11550) at 37 °C for 48 hours prior to cell culture.

For 2-D culture, hiPSCs were seeded onto non-mineralized and mineralized GelMA-co-
ABACA hydrogels and gelatin-coated coverslips at a seeding density of 10,000 cells/cm?.
Cells were cultured in 1.5 mL of growth medium (high glucose DMEM containing 5 v/v%
FBS and 1 v/v% penicillin/streptomycin) at 37 °C and 5% CO,. Medium was changed every
other day.

For 3-D culture, non-mineralized and mineralized macroporous hydrogels were air-dried at
25 °C for 1 hour. 10 pl of cell suspension containing ~ 300,000 hiPSCs was dispensed into
the macroporous hydrogels. The hiPSCs-seeded matrices were incubated at 37°C and 5%
COy, for 2 hours for cell infiltration. The matrices infiltrated with the cells were cultured in
1.5 mL of growth medium with media change every other day.

2.9. Cell Tracker Staining

To visualize cell attachment in 2-D culture, cells were stained with CellTracker (Life
Technologies, catalog number: C34552) at 3 days post-plating. Briefly, the cells attached to
the matrix were incubated in 20 uM CellTracker reagent in DMEM at 37 °C for 30 minutes
and then in growth medium at 37 °C for an additional 30 minutes. The stained cells were
imaged using a fluorescence microscope (Carl Zeiss, Axio Observer.Al). The images were
used to determine the circularity of the cells using the equation below [10]. 10 cells per
image from three different images were used to calculate the area (A) and perimeter (p) of
the cells to estimate the circularity (n=30).

4
Circularity=—3-
p
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2.10. Reverse Transcription-Polymerase chain reaction (RT-PCR)

PCR analysis was conducted to evaluate time-dependent changes in gene expressions of
hiPSCs in 2-D and 3-D cultures. Total RNA was extracted from samples (n= 3 per group per
time point) using TRIzol according to manufacturer's protocol. For each sample, 1 pg of
RNA was used to synthesize cDNA using iScript cDNA synthesis kit (Bio-rad, catalog
number: 170-8891) following manufacturer's protocol. Quantitative RT-PCR measurements
were performed using SYBR Select Master Mix (Life technologies, catalog number:
4472908). In addition to Osteogenic PCR array (SA Biosciences, catalog number:
PAHS-026), gene expression profile for a number of osteogenic markers (RUNX2, OCN,
and SPP1) and pluripotency marker (NANOG) as a function of culture time was carried out.
The primer sequences are provided in supplementary Table S1. For PCR array, 84 gene
expressions relevant to osteogenic differentiation were profiled and presented as a heat map.
The colors of the heat map were scaled according to the relative expression of hiPSCs grown
on different matrices (mineralized GeIMA-based matrices, non-mineralized GelMA-based
matrices, and gelatin-coated coverslips). Red color was assigned to the group with the
highest expression while green color was assigned to the group with the lowest expression.
The color between red and green was assigned to the group with the intermediate expression
level. For RUNX2, OCN, SPP1, and NANOG, the gene expression was normalized to
GAPDH, a housekeeping gene. The expression level of each target gene was calculated as
2-8ACt The expression level of hiPSCs grown on various matrices in 2-D and 3-D cultures
was normalized to that of undifferentiated, pluripotent hiPSCs and presented as fold
expression.

2.11. Immunofluorescent staining

The cells cultured on various matrices were fixed with 4% formaldehyde at 25 °C for 7
minutes, washed in PBS, and blocked/permeabilized in a blocking solution of PBS
containing 3% BSA and 0.1% Triton-X at 25 °C for 30 minutes. The cells were then
incubated with a blocking solution containing primary antibodies against OCT4 (1:200;
rabbit polyclonal, Santa Cruz Biotechnology, catalog number: sc-9081), NANOG (1:200;
rabbit polyclonal, Santa Cruz Biotechnology, catalog number: sc-33759), or OCN (1:100;
mouse monoclonal, Santa Cruz Biotechnology, catalog number: sc-74495) at 4 °C for 16
hours. The cells were washed in PBS and incubated in a blocking solution containing
secondary antibody raised against rabbit (1:250; Life Technologies, Alexa Flour 647) or
mouse (1:250; Life Technologies, Alexa Flour 568) and phalloidin (1:100; Life
Technologies, Alexa Flour 488) at 25 °C for 60 minutes. To counterstain the nuclei, cells
were incubated in the Hoechst 33342 solution (2 pg/ml; Life Technologies) at 25 °C for 7
minutes. The images were acquired in a linear mode using the same exposure time for all
samples. Using ImageJ software, the background of images was identically subtracted from
all images by applying a rolling ball algorithm with rolling ball radius of 750 pixels. To
examine autofluorescence of minerals, acellular mineralized matrices were stained at the
same time and the images were exposed to the same processing as those with the cells. To
evaluate the specificity of osteocalcin antibody, hiPSCs cultured on mineralized matrices for
28 days were stained with secondary antibody without the use of primary antibody and the
background of images was subtracted by using the identical method.
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2.12. Live-dead assay

Live-dead assay was carried out to evaluate the viability and distribution of cells within the
macroporous hydrogels after 3 days of cell seeding using Live/Dead Viability/Cytotoxicity
kit, (Life technologies, catalog number: L-3224). Briefly, hiPSCs-seeded matrices were
washed in PBS and cut into thin slabs. These thin slices were stained using a solution
composed of DMEM with 0.05 v/v% green-fluorescent calcein-AM and 0.2 v/v% red-
fluorescent ethidium homodimer-1 at 37 °C for 30 minutes. The stained sections were
washed with PBS and imaged.

2.13. DNA assay

The hiPSCs-seeded macroporous hydrogels were subjected to the DNA assay at 3, 7, and 28
days of culture. The cell-laden matrices were lyophilized and their dry weights were
measured. Each lyophilized sample was homogenized in 1 mL of papain solution and
incubated at 60 °C for 16 hours. The papain solution was prepared by dissolving 125 pg/mL
of papain in a buffer containing 10 mM L-cysteine, 100 mM phosphate, and 10 mM EDTA
at pH 6.3. To measure DNA contents of the digested sample, Quant-iT PicoGreen dsDNA
assay kit (Life technologies, catalog number: P11496) was used. One part each of digested
samples and PicoGreen dsDNA reagent were mixed. Fluorescence of the resulting solution
was measured using a microplate reader (Beckman Coulter, DTX 880). Fluorescence values
of the samples were compared with those of Lambda DNA standard to quantify the DNA
contents of the experimental samples. DNA content of each sample was normalized to the
corresponding dry weight.

2.14. Immunohistochemical staining

The hiPSCs-laden matrices were fixed with 4% paraformaldehyde at 4 °C for 1 day,
demineralized in 10% ethylenediaminetetraacetic acid (EDTA; pH = 7.3) at 4 °C for 3
hours, and equilibrated in PBS for 6 hours. Gradual dehydration of the samples was
achieved by immersing them in water/ethanol mixtures and then in pure ethanol for 6 hours.
The dehydrated samples were soaked in Citrisolv solution for 1 hour, incubated in a mixture
of 95 w/w% paraffin and 5 w/w% poly(ethylene-co-vinyl acetate) (PEVA; Sigma Aldrich,
catalog number: 437220) liquid at 70 °C under vacuum for 1 day. The specimens were
embedded with paraffin-PEVA mixture through solidification at 25 °C for 1 day. The
samples were subsequently sectioned into 10 um-sized slices using a microtome (Leica,
RM2255). The sections were placed into DI water at 40 °C for 5 minutes, then onto charged
glass slides, and allowed to dry at 37 °C for 16 hours. The sections on the glass slides were
immersed in Citrisolv at 60 °C for 15 minutes with two changes of Citrisolv to remove
paraffin-PEVA mixture. The Citrisolv solution was then replaced with pure ethanol. The
samples were progressively hydrated by using ethanol/DI water mixtures and followed by
DI water.

The sections were incubated in a blocking solution composed of PBS with 3 w/v% BSA and
0.1 v/v% Triton X-100 at 25 °C for 60 minutes and incubated with primary antibody (diluted
in blocking solution) against OCN (1:100, mouse monoclonal, Abcam, catalog number:
ab13420) at 4 °C for 16 hours. The sections were washed in PBS containing 0.05 v/v%
Tween 20 (PBS-Tween 20) three times and treated with 3 v/v% hydrogen peroxide for 7
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minutes to deactivate endogenous peroxidases. The sections were then incubated in a
blocking buffer containing horseradish peroxidase (HRP)-conjugated secondary antibody
against mouse (1:100, Santa Cruz Biotechnology, catalog number: sc-2005) at 25 °C for 60
minutes. The sections were washed in PBS-Tween20 three times and exposed to a
developing solution containing 3-3’ diaminobenzidine (DAB) substrate (Vector
Laboratories, catalog number: SK-4100) for 7 minutes, washed in PBS-Tween 20 three
times, and subsequently imaged using a microscope in color mode.

2.15. Statistical analysis

3. Results

Statistical analyses were performed using GraphPad Prism (version 5.00) software.
Statistical significances were assigned for p-values less than 0.05. The asterisks were
assigned to further demonstrate different degrees of statistical significances. Three different
statistical methods were used to compare groups in various combinations. Two-tailed
Student's t-test was employed to compare two groups at the same time point. One-way
analysis of variance (ANOVA) with Tukey-Kramer post-hoc test was used to compare
multiple groups at the same time point. Two-way ANOVA with Bonferroni post-hoc test
was utilized to compare multiple groups at various time points.

3.1. Synthesis, characterization, and degradation of mineralized matrices

Hydrogels and macroporous hydrogels were used for 2-D and 3-D cultures, respectively.
The hydrogel and macroporous matrices were mineralized to incorporate calcium phosphate
moieties. Both mineralized hydrogels and macroporous hydrogels were found to be opaque
in contrast to the transparent non-mineralized counterparts (Supplementary Figs. Sla, S2a).
Scanning electron microscopy (SEM) images of the mineralized hydrogels and macroporous
hydrogels showed matrix-bound minerals having a plate-like morphology; no such features
were present in the corresponding non-mineralized controls (Fig. 1a,e). Elemental dispersive
spectra (EDS) revealed the presence of calcium and phosphorus elements in mineralized
matrices with a Ca/P ratio of 0.99 and 1.42 for the mineralized hydrogels and macroporous
hydrogels, respectively. As expected, no calcium or phosphorous elements were detected in
their non-mineralized counterparts. As evident from Ca2* and PO,3- measurements, the
mineralized hydrogels contained 32.2 + 1.5 and 50.3 + 4.8 mg of Ca%* and PO,3 per gram
of dry weight, respectively (Supplementary Fig. S1b-c). Similarly, the mineralized
macroporous hydrogels had 68.4 + 4.2 and 112.3 + 4.7 mg of Ca2* and PO43" per gram of
dry weight, respectively (Supplementary Fig. S2c-d). Concurrent with previous findings, the
CaP moieties of the mineralized matrices (mineralized hydrogels and macroporous
hydrogels) dissociated into Ca* and PO,3" ions in a medium lacking these components (Fig.
1b-c,f-g) [17]. Both mineralized hydrogels and macroporous hydrogels exhibited a rapid
release of CaZ* and PO,3" ions within 1 day followed by a slow release of Ca2* and no
significant release of PO43" for 7 days.

Both non-mineralized and mineralized macroporous hydrogels exhibited interconnected
pores as evident from the SEM images (Fig. 1e). Furthermore, the pore diameter of the
macroporous hydrogels in their dried state, estimated from the SEM images, was 50.2 + 3.0
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um. The pore diameter of the non-mineralized and mineralized macroporous hydrogels in
their swollen state, estimated from the bright field images, was 117.7 £ 5.7 and 115.2 + 6.4
um, respectively (Supplementary Fig. S2b).

The ability to degrade in presence of collagenase is a characteristic of gelatin-based
scaffolds. To evaluate the effect of mineralization on degradation of GeIMA-based matrices,
the mineralized and non-mineralized hydrogels and macroporous hydrogels were incubated
in PBS or PBS containing collagenase type Il. Enzymatic degradation of non-mineralized
and mineralized GelMA-based hydrogels with collagenase type Il resulted in ~ 29% and
25% of mass loss by 14 days, respectively, while their incubation in PBS exhibited less than
10% of mass loss during the same time period (Fig. 1d). A similar degradation pattern was
observed for macroporous hydrogels (Fig. 1h). Enzyme-mediated degradation of non-
mineralized and mineralized GelMA-based macroporous hydrogels yielded ~ 30% and 25%
of mass loss after 14 days of incubation in collagenase type 11, respectively. The hydrolytic
degradation of such macroporous matrices was found to be negligible during 14 days of
incubation in PBS.

3.2. Attachment, proliferation, and osteogenic differentiation of hiPSCs on mineralized
matrices in 2-D culture

The pluripotency of hiPSCs prior to their culture on various matrices was confirmed by
immunofluorescent staining for OCT4 and NANOG, well-established pluripotent markers
(Supplementary Fig. S3) [39]. The pluripotent hiPSCs were seeded onto mineralized and
non-mineralized GelMA-co-A6ACA hydrogel matrices as well as gelatin-coated coverslips.
The adhesion and growth of hiPSCs on mineralized GelMA-co-A6ACA hydrogels were
examined and compared against those on non-mineralized hydrogels and gelatin-coated
coverslips as a function of culture time (Fig. 2a-b). All matrices supported the attachment of
hiPSCs within 3 days of culture with no significant differences in cell adhesion (Fig. 2a).
The cell shape measured in terms of circularity suggests that cells on all matrices spread and
acquired similar shape within 3 days of plating (Fig. 2b). By 10 days of culture, hiPSCs on
all the matrices grew to reach confluence (Fig. 2a). Having verified that all matrices under
investigation support the attachment and proliferation of hiPSCs in similar extents, we next
evaluated the osteogenic differentiation of hiPSCs on various matrices. After 28 days of
culture, PCR array revealed that the cells on mineralized matrices exhibited an upregulation
of various genes relevant to cells undergoing osteogenesis compared to those on non-
mineralized matrices and gelatin-coated coverslips (Fig. 3a). The gene profile was further
verified through time course analyses of different osteogenic gene markers and it was found
that the cells on mineralized matrices showed higher expression of RUNX2, OCN, and SPP1
compared to those on non-mineralized and coverslip groups throughout 28 days of culture
(Fig. 3b-d). Immunofluorescent staining for OCN in hiPSCs on mineralized hydrogels
revealed positive staining after 28 days of culture, which was not detected on non-
mineralized hydrogels or coverslips (Fig. 3e and Supplementary Fig. S4). Moreover, OCN
staining intensity was found to gradually increase for hiPSCs on mineralized hydrogels with
culture time (Supplementary Fig. S5a). The corresponding Hoechst and F-actin staining of
the cells on various matrices as a function of culture time are also shown (Supplementary
Fig. S5a-b). The hiPSCs cultured on all matrices exhibited the downregulation of NANOG
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expression compared to pluripotent hiPSCs prior to their culture on various matrices
(Supplementary Fig. S5c).

3.3. Osteogenic differentiation of hiPSCs on mineralized macroporous matrices in 3-D

culture

We next determined the potential of 3-D mineralized matrices in directing osteogenic
commitment of hiPSCs by using mineralized GelMA-co-A6ACA-co-PEGDA macroporous
hydrogels. The PEGDA molecules were incorporated to optimize pore interconnectivity and
robustness of the macroporous matrices. The mineralized matrix-induced osteogenic
differentiation was compared against that of corresponding non-mineralized macroporous
hydrogels. Live-dead staining of hiPSC-laden matrices after 3 days of cell seeding
demonstrated homogeneous distribution for a majority of live cells within the non-
mineralized and mineralized matrices (Fig. 4a). While both matrices supported cell survival,
there were distinct differences in cell shape and cell-matrix interactions. Most cells within
the non-mineralized matrices were aggregated to form small clusters while those within the
mineralized matrices were found to spread on the pore walls of the matrices. Despite the
differences in cell shape and adhesion between two matrices, DNA assay showed similar
DNA contents of hiPSCs cultured in both non-mineralized and mineralized matrices at all
experimental time points, suggesting that similar cell numbers were maintained between the
mineralized and non-mineralized matrices (Fig. 4b). Time-resolved gene expression of
osteogenic markers for RUNX2, OCN, and SPP1 revealed significant upregulation of these
markers in cells on mineralized matrices compared to those on non-mineralized matrices,
akin to 2-D culture (Fig. 4c-e). Immunohistochemical staining for OCN further corroborated
the gene expression pattern as prevalent staining for OCN was observed in mineralized
matrices, which remained absent in non-mineralized counterparts (Fig. 4g). Furthermore,
pervasiveness of OCN stains in mineralized matrices progressively increased with culture
time. Although only the hiPSCs on mineralized macroporous matrices were found to
differentiate into osteoblasts, cells cultured in all macroporous matrices showed a significant
downregulation of NANOG expression, similar to 2-D culture (Fig. 4f).

4. Discussion

The potential of biomaterials in directing stem cell differentiation continues to be revealed,
leading to new possibilities in regenerative medicine. Human pluripotent stem cells, such as
hiPSCs that offer a unique cell source, in conjunction with biomaterials, could be powerful
in treating compromised tissues and organs. Studies over the years have designed
biomaterials with defined physicochemical cues to direct differentiation of stem cells into
targeted phenotypes. Previously, we have shown that biomaterials containing CaP moieties
promote osteogenic commitment of stem cells both in vitro and in vivo [10, 11, 17]. Here, by
employing a mineralized GelMA-based matrix, we ask whether matrix-based cues alone can
direct differentiation of pluripotent hiPSCs into osteoblasts.

Human iPSCs grown on GelMA-based matrices in 2-D culture demonstrated similar levels
of attachment, spreading, and proliferation in growth medium. Though all the matrices
supported the adhesion and growth of hiPSCs to similar extents, only the cells on
mineralized matrices were found to undergo osteogenic differentiation. hiPSCs on
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mineralized matrices after 28 days of culture in a 2-D setting demonstrated intense staining
for OCN, an osteoblast marker, coincident with F-actin staining in a majority of the cells.
This finding suggests efficient osteogenic differentiation of hiPSCs in a mineralized
environment. Previous studies demonstrated that biomaterial-assisted osteogenic
differentiation of stem cells in 2-D culture was accompanied by changes in cell shape [40].
However, our findings that cells only on the mineralized matrices underwent osteogenic
differentiation despite cells on all matrices having similar shape suggest that the observed
osteogenic differentiation of hiPSCs on mineralized matrices is not attributed to the cell
shape. This finding further implies that the osteogenic differentiation of hiPSCs observed on
mineralized matrices is mainly attributed to the mineral environment-mediated
differentiation cues. Similar results were also observed with 3-D culture, albeit within
disparate spatial geometry in the culture. The findings that hiPSCs undergo osteogenic
differentiation on CaP-rich GelMA-based matrices in 2-D and 3-D culture conditions are
consistent with our previous findings that CaP-rich PEGDA-based matrices promote
osteogenic differentiation of hMSCs and hESCs [10, 11, 17]. Together, these studies suggest
that mineralized matrices containing CaP moieties offer a robust environment to support
osteogenic commitment of stem cells despite the differences in the organic moieties of the
scaffold.

In contrast to 2-D culture, cells in 3-D macroporous hydrogels showed significant
differences in their attachment; cells on mineralized matrices exhibited more spread
morphology whereas those on non-mineralized matrices showed aggregation. These results
suggest enhanced cell-matrix interactions on mineralized macroporous matrices compared to
their non-mineralized counterparts. The reason behind the observed difference between 2-D
and 3-D cultures is not apparent. The hiPSCs cultured in all matrices showed significant
downregulation of NANOG expression, indicating that all the matrices and culture
conditions used in this study are not conducive for the maintenance of pluripotency. This is
in agreement with previous studies that showed the importance of a delicate balance in
physicochemical cues of the matrix on the maintenance of pluripotency for hiPSCs [39].

Although a number of studies have shown that materials containing CaP moieties promote
osteogenic differentiation of progenitor cells and contribute to in vivo bone tissue repair,
recent studies suggest that the osteoinductive function of such matrices is dependent upon
their ability to regulate extracellular Ca* and PO43" [9, 12]. This could partially explain the
different extents of osteogenic outcomes observed among CaP-based matrices with different
levels of crystallinity and composition, owing to disparate dissociation kinetics of CaP
minerals into CaZ* and PO43". Osathanon et al. previously reported that CaP-rich
biomineralized matrices exhibiting faster dissolution rates have higher osteostimulatory
effect on osteoblast-like cells when compared with hydroxyapatite-incorporated matrices
[41]. Results from our dissolution studies suggest that the CaP minerals of the mineralized
matrices readily dissociate into Ca2* and PO,3" ions in a permissive environment. The
extracellular Ca?* and PO,3" ions have been shown to promote osteogenic commitment of
stem cells through various signaling pathways. Studies by Wen et al. have shown that
extracellular Ca?* promotes osteogenic differentiation of MSCs through L-type calcium
channels [42]. Recently, we have shown that mineralized matrices containing CaP moieties
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could direct osteogenic differentiation of stem cells through adenosine signaling [43]. In
addition, the dissolution and re-precipitation of CaP minerals can adsorb and release
osteoinductive growth factors [44-46]. All of these factors could be contributing to the
observed CaP-bearing matrices-induced osteogenic commitment of hiPSCs.

5. Conclusion

In summary, the results described in this study show that mineralized GelMA-based
matrices containing CaP mineral direct osteogenic differentiation commitment of hiPSCs in
growth medium lacking osteoinductive soluble factors. To our knowledge, this is the first
demonstration of osteogenic differentiation of hiPSCs by inherent material-based cues.
Future work includes the transplantation of hiPSCs with GelMA-based matrices in vivo to
study the effect of minerals and degradation on the osteogenic differentiation of hiPSCs and
bone tissue formation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Development and characterization of GelMA-based matrices
(a) SEM images and corresponding EDS for non-mineralized (NM) and mineralized (M)

gelatin-methacrylate-co-acryloyl 6-aminocaprioic acid (GelMA-co-A6ACA) hydrogels.
Scale bar: 1 um. Inset shows high magnification image. Scale bar: 200 nm. Dissolution of
(b) Ca2* and (c) PO43 from mineralized GelMA-co-ABACA hydrogels incubated in Tris-
HCI buffer at 37 °C as a function of time. (d) In vitro degradation of non-mineralized and
mineralized GeIMA-co-A6ACA hydrogels in 0.02 w/v% collagenase type Il solution or PBS
at 37 °C as a function of time. (€) SEM images and corresponding EDS for non-mineralized
and mineralized gelatin-methacrylate-co-acryloyl 6-aminocaproic acid-co-poly(ethylene
glycol)-diacrylate (GelMA-co-A6ACA-co-PEGDA) macroporous hydrogels. Red arrows
indicate mineral structures. Scale bar: 100 pm. Inset shows high magnification image. Scale
bar: 1 um. Release of (f) Ca* and (g) PO,3" from mineralized GelMA-co-A6ACA-co-
PEGDA macroporous hydrogels in Tris-HCI buffer at 37 °C as a function of time. (h) In
vitro degradation of non-mineralized and mineralized GelMA-co-A6ACA-co-PEGDA
macroporous hydrogels in 0.02 w/v% collagenase type 1l solution or PBS at 37 °C as a
function of time. Data are presented as mean + standard errors (n=3).
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Figure 2. Attachment and proliferation of hiPSCs on different matrices
(a) Bright field images for hiPSCs after 1, 3, and 10 days of culture on non-mineralized

(NM) and mineralized (M) hydrogels and gelatin-coated coverslips (CS). Scale bar: 200 pm.
(b) Images of hiPSCs labeled using CellTracker after 3 days of culture on non-mineralized
and mineralized hydrogels and coverslips. Scale bar: 100 um. The bar graph shows the
quantitative representation of the circularity; the circularity indices were determined from
the stained images. Data are shown as mean = standard errors (n=30).
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Figure 3. Osteogenic differentiation of hiPSCs on CaP-rich mineralized hydrogels in 2-D culture
(a) Gene expression array analyses of hiPSCs cultured for 28 days on non-mineralized (NM)

and mineralized (M) hydrogels and coverslips (CS). Relative expressions: red (high), black
(medium), and green (low). Gene expressions of (b) RUNX2, (c) OCN, and (d) SPP1 for
hiPSCs cultured on non-mineralized and mineralized hydrogels and coverslips as a function
of culture time. Data are presented as fold expression of target genes after normalization to
undifferentiated, pluripotent hiPSCs. (e) Immunofluorescent staining for OCN (green) and
F-actin (red) of hiPSCs cultured on non-mineralized and mineralized hydrogels and
coverslips for 28 days. Nuclei are stained blue with Hoechst. Scale bars represent 100 um.
Data are displayed as mean + standard errors (n=3). (b-d) Comparison of multiple groups at
the same time point was made by one-way ANOVA with Tukey-Kramer post-hoc test.
Asterisks indicate statistical significances corresponding to p-values (*: p < 0.05; **: p <
0.01; ***: p < 0.001).
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Figure 4. Osteogenic differentiation of hiPSCs on CaP-rich mineralized macroporous hydrogels
in 3-D culture
(a) Live-dead staining of hiPSC-laden non-mineralized (NM) and mineralized (M)

macroporous hydrogels after 3 days of culture. Arrows and inset indicate aggregated and
spread hiPSCs within the non-mineralized and mineralized matrices, respectively. Scale bars
represent 200 um and scale bars in the inset indicate 50 pm. (b) DNA contents of hiPSCs
cultured using non-mineralized and mineralized matrices as a function of culture time. Data
are presented as DNA contents after normalization to dry weight of matrices. Gene
expression of (¢) RUNX2, (d) OCN, (e) SPP1, and (f) NANOG of hiPSCs on non-
mineralized and mineralized matrices as a function of culture time. Data are presented as
fold expression of target genes after normalization to undifferentiated, pluripotent hiPSCs.
(9) Immunohistochemical staining for OCN of hiPSCs on non-mineralized and mineralized
matrices as a function of culture time. Scale bars represent 100 um. Inset shows high
magnification images. Arrows indicate positive stains. Scale bars in the inset represent 20
pum. Data are displayed as mean =+ standard errors (n=3). (c-e) Two groups at the same time
point were compared by two-tailed Student's t-test. (f) All the groups were compared to
undifferentiated, pluripotent hiPSCs prior to their culture on all matrices by two-way
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ANOVA with Bonferroni post-hoc test. Asterisks represent statistical significances
according to p-values. (*: p < 0.05; **: p < 0.01; ***: p < 0.001).
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