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ABSTRACT: Chemically defined hydrogels are increasingly utilized to define the effects of extracellular matrix (ECM) components
on cellular fate determination of human embryonic and induced pluripotent stem cell (hESC and hiPSCs). In particular, hydrogels
cross-linked by orthogonal click chemistry, including thiol-norbornene photopolymerization and inverse electron demand Diels—
Alder (iEDDA) reactions, are explored for 3D culture of hESC/hiPSCs owing to the specificity, efficiency, cytocompatibility, and
modularity of the cross-linking reactions. In this work, we exploited the modularity of thiol-norbornene photopolymerization to
create a biomimetic hydrogel platform for 3D culture and differentiation of hiPSCs. A cell-adhesive, protease-labile, and cross-
linkable gelatin derivative, gelatin-norbornene (GeINB), was used as the backbone polymer for constructing hiPSC-laden biomimetic
hydrogels. GeINB was further heparinized via the iEDDA click reaction using tetrazine-modified heparin (HepTz), creating GeINB-
Hep. GeINB or GeINB-Hep was modularly cross-linked with either inert macromer poly(ethylene glycol)-tetra-thiol (PEG4SH) or
another bioactive macromer-thiolated hyaluronic acid (THA). The formulations of these hydrogels were modularly tuned to afford
biomimetic matrices with similar elastic moduli but varying bioactive components, enabling the understanding of each bioactive
component on supporting hiPSC growth and ectodermal, mesodermal, and endodermal fate commitment under identical soluble
differentiation cues.

1. INTRODUCTION heparin, hyaluronic acid) are increasingly being developed for
PSC culture and differentiation. For example, 4-arm PEG-
maleimide hydrogels cross-linked by protease labile peptides
were used to support the maturation of human intestinal
organoids.” However, in this study, the initial expansion of PSC-
derived intestinal stem cells was still conducted in Matrigel. It
was not clear whether chemically defined hydrogels could be
employed for in situ generation of embryoid body prior to their
lineage specific differentiation of iPSCs.

Ideally, engineered matrices should facilitate self-renewal and
expansion of PSC populations™® while also supporting lineage-

Human pluripotent stem cells (hPSCs), including embryonic
and induced pluripotent stem cells (hESCs and hiPSCs), are
invaluable for regenerative therapies, toxicology screening,
disease modeling, and basic research in developmental biology."
The PSC fate determinate (e.g, quiescence, self-renewal,
differentiation) is guided by a plethora of soluble and
immobilized biophysical—chemical cues of the extracellular
matrix (ECM),” with which to facilitate the understanding and
recapitulation of the stem cell niche. For example, animal-
derived basement membrane (BM) extracts (e.g, Matrigel,
Geltrex) have been used in various studies to generate PSC-

derived organoids.” However, the batch-to-batch variability and Received: May 9, 2022
ill-defined compositions of BM extracts pose significant Revised:  August 11, 2022
challenges for basic research and clinical translation of PSC Published: September 8, 2022

differentiation and organoid generation. To this end, hydrogels
consisting of synthetic materials (e.g., poly(ethylene) glycol,
PEG) and naturally derived macromolecules (e.g., gelatin,
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specific differentiation.”” ' For example, Ekerdt and colleagues
developed a thermo-reversible hyaluronic acid-poly(N-isopro-
pylacrylamide) (HA/PNIPAAm) hydrogel to support long-
term survival and self-renewal of hPSCs.” In another example,
Nazari et al. showed that the use of fibrin hydrogels significantly
increased differentiation of hiPSCs into oligodendrocytes as
compared with a two-dimensional (2D) culture.'” As major
ECM components, heparin and HA have both been used to
support in vitro culture and differentiation of PSCs.”''™"
Heparin is capable of sequestering and stabilizing numerous
growth factors, such as the basic fibroblast growth factor (bFGF)
and transforming growth factor beta-1 (TGE-$1),'°™"® both of
which maintain pluripotency and viability of PSCs."” In
addition, heparin has been shown to regulate mesoderm and
ectoderm differentiation of PSCs by modulating the Wnt
signaling pathway. In particular, heparin induced inhibition of
glycogen synthase kinase-3 (GSK-3/3) and stabilized f-catenin
during neuronal morphogenesis."' With respect to mesoderm
commitment, addition of soluble heparin enhanced brachyury
(T) and Wnt3A expression.'” However, heparin may inhibit
Axin2, a molecule downstream of Wnt signaling, which
promotes cardiomyocyte development.

Compared with soluble heparin, immobilization of heparin in
hydrogels may offer several benefits, including sustained
signaling, growth factor sequestration and stabilization, and
reduced growth factor dosing owing to the need for daily media
exchanges in a PSC culture.” Immobilization of heparin in
hydrogels can be achieved using a variety of bioconjugation
chemistry, including standard carbodiimide chemistry,”"”’
Michael-type addition between thiol and maleimide functional
groups”® or between thiol and acrylate groups,” thiol-
norbornene photoclick reaction, and inverse electron demand
Diels—Alder (iEDDA) tetrazine-norbornene reaction.”** For
example, Brown and colleagues utilized methacrylated- or
thiolated-heparin along with gelatin-methacryloyl (GelMA) to
enhance chondrocyte viability and matrix deposition.”” Siltanen
et al. utilized heparin-methacrylate for its immobilization/cross-
linking with 8-arm PEG-thiol (PEG8SH) and PEG-diacrylate
(PEGDA) into microgels via Michael addition.” The heparin-
immobilized microgels were found to enhance expression of
definitive endoderm (DE) markers in mouse ESCs (mESCs).

HA has been implicated in embryogenesis™ and hESC
growth/differentiation in vivo.”” Gerecht and colleagues first
described the use of methacrylated-HA hydrogels for
encapsulation and maintenance of pluripotency of hESCs."
More recently, Miura and colleagues demonstrated that highly
sulfated HA was capable of maintaining hiPSCs in an
undifferentiated state under feeder-free and bFGF-free con-
ditions."* Both HA and heparin synergistically enhanced
development of PSC-derived brain organoids.'” Specifically,
soluble heparin and HA supported ectoderm differentiation, and
photo-cross-linked heparin-HA hydrogels directed neural
patterning toward a hindbrain fate."> Nonetheless, the effect of
immobilized heparin and HA on fate trilineage fate commitment
of iPSCs in vitro remains understudied.

In this study, we sought to evaluate the potential of engineered
hydrogels for in situ proliferation and trilineage differentiation of
iPSCs. We explored gelatin, heparin, and HA as the bioactive
building blocks for fabricating hydrogels via thiol-norbornene
and tetrazine-norbornene click chemistries. Specifically, nor-
bornene-functionalized gelatin (GelNB) served as the backbone
of the cross-linked hydrogels. While proteolytically labile and
cell adhesive gelatin has been widely used as a substrate for the
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2D cell culture,”®**° its use for the 3D culture of hiPSCs is

limited. Via thiol-norbornene photocross-linking, GelNB was
used to cross-link thiolated cross-linkers, including multi-arm
PEG-thiol (e.g., PEG-tetra-thiol or PEG4SH) or thiolated HA
(THA).”' When NB moieties are in excess, GeINB may be
further functionalized with tetrazine-containing molecules (i.e.,
heparin-tetrazine, HepTz) via the iEDDA click reaction owing
to its dual reactivity toward thiol and tetrazine. A number of
macromolecules have been functionalized with tetrazine
moieties including gelatin,”” PEG,”” and heparin.”* To develop
modular polysaccharide nanoparticles, our lab generated HepTz
to afford electrostatic complexation between heparin and
poly(i-lysine), where the Tz moiety was used for further
functionalization of the particles.”* Given the previous literature
supporting the modulation of critical PSC signaling pathways in
the presence of heparin and HA, we investigated the effects of
these 3D hydrogels on hiPSC pluripotency and trilineage
commitment of hiPSCs.

2. MATERIALS AND METHODS

2.1. Materials. Type A Gelatin (238—282 Bloom) was purchased
from Amresco. Carbic anhydride and 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC) were purchased from Acros.
N-hydroxysuccinimide was purchased from TCI. Four-arm PEG-SH
(PEG4SH, 10 kDa) was obtained from Laysan Bio. Heparin sodium salt
was obtained from Celsus Laboratories, and THA (~300 kDa) was
purchased from ESI Bio. Tetrazine-amine (Tz-NH,) was obtained from
Click Chemistry Tools. Type 1 Collagenase and hyaluronidase were
obtained from Worthington. Lithium aryl phosphinate (LAP) and 1-
ascorbic acid were obtained from Sigma Aldrich. All other chemicals
were purchased from Fisher Scientific unless noted otherwise.

2.2. Synthesis of Macromers. Macromer Type A GeINB was
synthesized as described previously without modification.** Substitu-
tion of NB (~3.5 mM NB/wt% Gel) was confirmed by the
fluoraldehyde assay. Low substitution HepTz was synthesized as
described previously using carbodiimide coupling chemistry.”* In a
round bottom flask, heparin sodium salt (~500 mg, 16.7 kDa), EDC
(2.5 to COOH groups), and NHS (2.5X to COOH groups) were
dissolved in 15 mL of ddH,0. Activation of the carboxylic acid groups
proceeded for 30 min prior to adding Tz-NH, to the flask. The reaction
was proceeded for ~16 h at room temperature protected from light.
The product was dialyzed against ddH,O protected from light for 3
days, lyophilized, and stored at —20 °C until ready to use. The Tz
substitution was quantified by measuring characteristic absorbance at
523 nm and comparing against a Tz-NH, standard. Heparinization of
gelatin was achieved using the tetrazine-norbornene iEDDA reaction.
In brief, HepTz was added to Gel-NB at specified concentrations,
placed at 37 °C. Consumption of Tz was monitored by periodic
measurement of the characteristic peak at 523 nm.

2.3. Mechanical Characterization of Hydrogels. Hydrogels
were fabricated under aseptic conditions using thiol-norbornene
photopolymerization. Macromer GeINB was mixed with cross-linker
PEG4SH or THA at specified concentrations and mixed with
photoinitiator LAP (2 mM). After homogenization, the precursor
solution was transferred between 1 mm Teflon spacer-separated glass
slides. The hydrogels were then subjected to UV-light (365 nm, S mW/
cm?) treatment for 2 min to achieve cross-linking. For heparinization of
gelatin-based hydrogels, macromers GelNB and HepTz were mixed for
~24 h prior to adding remaining precursor materials and performing
gelation as described above. All gels were swollen in sterile DPBS at 37
°C overnight. Unless otherwise specified, formulations utilized for all
experiments are given in Table S2. Oscillatory rheometry in strain
sweep mode (Bohlin CV100) was utilized to obtain elastic moduli (G’).
Dimethylmethylene blue (DMMB) was used to confirm heparin
functionalization of the hydrogels. In brief, hydrogels were fabricated as
described above, swollen for 16 h at 37 °C, and washed thrice with
DPBS (30 min per wash) to remove unreacted HepTz. After washing,
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the gels were incubated in DMMB solution overnight at 37 °C followed
by three additional 30 min washes to remove excess DMMB.

2.4. Enzymatic Degradation of Hydrogels. For collagenase
degradation measurements, hydrogels were fabricated as specified.
After 16 h, the initial mass of the hydrogels was obtained (m;). The gels
were treated with 50 U/mL of type 1 collagenase and weighed
periodically (m,). For hyaluronidase degradation studies, the initial
mass was obtained as described above. Following this, gels were
subjected to 2000 U/mL hyaluronidase treatment and weighed
periodically. The mass remaining is presented as % mass remaining =
100 X (m, — m;)/m;. To obtain the mass swelling ratio, hydrogels were
formed and swollen in PBS overnight at 37 °C. The hydrogels were
weighted to obtain #1g,.,. The gels were dried in vacuo for 24 h and
weighed to obtain mg;4. The swelling ratio was determined with the
following equation: q = Mgyfien/ Mgrica-

2.5. Maintenance and Encapsulation of iPSCs in Gelatin-
Based Thiol-Norbornene Hydrogels. Cellartis hiPSC12 cell lines
(ChiPSC12, Takara) were cultured on vitronectin coated plates in
Essential 8 (E8, Gibco) medium. Vitronectin coating was conducted as
per the manufacturer’s protocol. For the first 24 h of culture after
thawing or passaging, media was supplemented with ROCK inhibitor
Y-27632 (E8Y, 10 uM). Media was refreshed daily with cell passaging
every 3 to 4 days. Passaging was conducted by washing the cells with
DPBS, treating with TrypLE Select dissociation reagent (Gibco) for §
min.

For encapsulation, dissociated iPSCs were mixed with a pre-polymer
solution at specified concentrations to achieve a final density of 2
million cells/mL. After pipetting gently to mix, the cell and precursor
mixture was pipetted into a cylindrical mold and treated with UV-light
for 2 min to polymerize. For experiments involving Gel-Hep, the
GeINB and HepTz precursor components were mixed and incubated
for 24 h at 37 °C. The Gel-Hep conjugate was mixed with other pre-
polymer components prior to adding the cell suspension and
polymerizing as described above. E8Y was changed on D2 post-
encapsulation and then daily on D4 and after. Following encapsulation,
the cell morphology was monitored via Brightfield imaging and the
viability was determined as described previously.” Cell proliferation was
assessed by adding 10 M of EdU reagent (Click-IT EdU staining kit)
to the culture media on D3 post-encapsulation. Incubation with EdU
was conducted for 24 h followed by washing the cell laden gels with
DPBS twice and gel fixation with 4% paraformaldehyde. The gels were
permeabilized with 0.5% Triton X-100 for 30 min followed by washing
with DPBS 2X and treatment with EdU reaction cocktail prepared via
the manufacturer’s protocol. The gels were counterstained with DAPI
for 1 h and washed twice with DPBS prior to imaging. All imaging was
conducted using a confocal microscope (Olympus Fluoview FV100
laser scanning microscope). At least three regions of interest were
imaged per sample (10 slices, 10 ym per slice).

2.6. Trilineage Differentiation of Encapsulated iPSCs. To
induce mesoderm cell differentiation of encapsulated ChiPSCI12
hiPSCs, E8Y media was replaced with LaSR media (Advanced
DMEM/F12, Thermo Fisher Scientific, and ascorbic acid, 60 ug/
mL) supplemented with CHIR99021 (6 uM) on D4 post-
encapsulation. The differentiating cells were treated with LaSR
+CHIR99021 for 2 days in total.*® Definitive endoderm differentiation
was conducted using a STEMJiff Definitive Endoderm Kit
(STEMCELL Technologies) on D4 post-encapsulation as per the
manufacturer’s protocol for 3 days in total. Non-neural ectoderm
differentiation was conducted by treating D4 encapsulated iPSCs for
four additional days with chemically defined media (CDM) with non-
neural ectoderm differentiation supplements as described previously.*®
Neuroectoderm differentiation was conducted using a STEMJiff
SMADIA neural induction kit (STEMCELL Technologies) on D4 post
encapsulation. Cells were treated with NE differentiation media for 7
additional days prior to assessment. Cells were assayed using
immunostaining, flow cytometry, and quantitative real-time PCR
(qPCR).

2.7. Immunostaining and Imaging of Encapsulated iPSCs.
Hydrogels were collected at specified time points and washed at room
temperature with DPBS for S min. The washed hydrogels were fixed
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with paraformaldehyde (4%) for 45 min at room temperature.
Following one wash with DPBS and two washes with DPBS with 1%
bovine serum albumin (BSA) and 0.3% Triton X-100 at S min each, the
gels were blocked and permeabilized with DPBS containing 1% BSA
and 0.3% Triton X-100. After blocking and permeabilization, the
hydrogels were incubated overnight at 4 °C with specified primary
antibodies (for neuroectoderm: 1:200 diluted rabbit anti-PAX6, Cell
Signaling; for non-neural ectoderm: 1:50 diluted mouse anti-AFP2a,
Santa Cruz Biotechnology; for mesoderm: 1:200 diluted rabbit anti-T,
Cell Signaling; for definitive endoderm: 1:200 diluted rabbit anti-
SOX17, Cell Signaling). After three additional washes with DPBS
containing 1% BSA and 0.3% Triton X-100 for 45 min each at room
temperature, the gels were incubated with corresponding secondary
antibodies (1:200 diluted goat anti-mouse AF647, Santa Cruz
Biotechnology or 1:200 anti-rabbit AFSSS, Cell Signaling) overnight
at 4 °C. Three additional 30 min DPBS washes were conducted
followed by 1 h counterstaining with DAPI nuclear stain. After three
final 10 min washes with DPBS, the gels were imaged as described
above.

2.8. RNA Extraction, RT-PCR, and TagMan Array Analysis of
iPSCs in 2D and 3D Formats. After 4 days culture in hydrogels or in
2D format, three cell-laden Gel, Gel-HA, Gel-Hep, or Geltrex hydrogels
were pooled and incubated with Type 1 collagenase (50 U/mL) for 1 h
or until complete degradation. Geltrex hydrogels were pipetted
vigorously to disrupt the matrix. 2D samples were dissociated with
TrypLE Select as described above. After collection of all samples in
DNase/RNase free microtubes, the samples were flash frozen in liquid
nitrogen and stored at —80 °C until ready for analysis. RNA extraction
was conducted using the NucleoSpin RNA 1II kit (Clontech) without
modification to the manufacturer’s protocol. The concentration and
quality of RNA was assessed using a NanoDrop 2000 spectropho-
tometer (Thermo Scientific). A PrimeScript RT reagent kit (Clontech)
was utilized to convert the RNA into single-stranded cDNA. A 96-well
TagqMan array (Thermo Fisher Scientific) was utilized to assess
expression patterning of iPSCs in 2D and 3D formats as described
previously. In brief, 10 yL of an equal volume dilution of 100 ng/mL of
cDNA and a TaqMan fast universal mix was added to each of the 96
wells. After sealing and vortexing the plate, a QuantStudio 3 Real-Time
PCR system was used to collect quantitative PCR (qPCR) data. A total
of three biological replicates were used for each condition. The relative
fold change to the 2D sample (RQ) was determined with global
normalization using DataAssist Software v3.01 (Thermo Fisher). The
heat map plot and hierarchical clustering of 63 detected genes (C, < 40)
was visualized in DataAssist using Pearson’s correlation as the distance
measure and average linkage as the clustering method. Volcano plots
were generated with a p-value boundary set to <0.0S and a fold change
boundary of 2 using Student’s t test with a Benjamini—Hochberg false
discovery rate procedure conducted. For differentiation studies, an
SYBR Premix Ex TAqII kit (Clontech) was used with primers listed in
Table SI. 18S was used as the housekeeping gene, and expression was
compared against control group Geltrex using the 244" method.

2.9. Flow Cytometry of Differentiated iPSCs in Gelatin-Based
Thiol-Norbornene Hydrogels. Three cell-laden hydrogels from each
condition were pooled into a single well. The cells were liberated from
the gelatin and heparinized-gelatin hydrogels through 2 h collagenase
treatment (S0 U/mL). Cells were liberated from Geltrex via vigorous
pipetting. The cells were centrifuged (1000 rpm for 3 min) and
resuspended in a TrypLE Select dissociation reagent. After 10 min
incubation at 37 °C to dissociate the cells clusters, one additional wash
with DPBS was conducted. The cells were fixed with 4% PFA for 10 min
at room temperature. The cells were washed once with DPBS and
blocked/permeabilized with DPBS containing 1% BSA and 0.3% Triton
X-100. The cells were incubated with the primary antibodies as describe
above at 4 °C overnight. The cells were washed twice with DPBS with
1% BSA and 0.3% Triton X-100 and treated with anti-rabbit AF555
(1:200 dilution) or AF488 (1:200 dilution) for 90 min. After three
additional DPBS washes and cell straining, flow cytometry was
conducted on a BD LSR II or Fortessa analyzer, and data was analyzed
with Flow]Jo software.

https://doi.org/10.1021/acs.biomac.2c00585
Biomacromolecules 2022, 23, 4141—-4152


https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.2c00585/suppl_file/bm2c00585_si_001.pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.2c00585?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biomacromolecules

pubs.acs.org/Biomac

S B. C.
GelNB HO HepTz o%n
-0,SOCH, O
= o (o}
i;\fo " . wooy 1= H
HO< N NH, /" NH, WA o OH NN
NH, H
o=H 080,
o (o] /
N= X HO
OH N N
Q N
D. 11 E.
s e |
£ 09 £
N o~
< 08 <
- °©
(1] [
N -
E 0.7 E
5 064 = HepTz 5
4 GelNB+HepTz z
0.5 T T T
1 1
0 1. 2 3 \)\e‘,‘ﬂ \,‘QQ‘
Time (hrs.) a
o

Hep

HepTz (mg/mL)

0 5

',-
.
—

Figure 1. Schematic illustration of (A) GeIlNB and (B) HepTz. (C) Reaction schematic of the tetrazine-norbornene iEDDA click reaction. (D)
Normalized absorbance at 523 nm (As,3,,) representing Tz consumption with 0.5 wt % HepTz alone or 0.5 wt % HepTz with S wt % GelNB. The
reaction was monitored for 3 h. (E) Normalized As,;,,,, of HepTz/GeINB+HepT?z after 10 h of iEDDA click reaction. (F) Representative image of
DMMB staining of hydrogels containing 0 or 5 mg/mL of HepTz.
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Figure 2. Schematic representation of multifunctional thiol linkers: (A) PEG4SH and (B) THA. (C) Thiol-ene photopolymerization reaction. (D)
Effect of PEG4SH concentration on modulus (G’) of GeNB (S wt %) hydrogels. (E) Modulus of various gelatin-based hydrogels, all cross-linked with S
wt % (GelNB or GeINB-Hep). Mass loss profiles of hydrogels treated with exogenously added (F) type 1 collagenase or (G) hyaluronidase. Hydrogels
were fabricated with S wt % GelNB cross-linked with either PEG4SH (0.6 wt %) or THA (0.4 wt %) and 2 mM LAP. For heparin-containing hydrogels,
0.1 wt % HepTz was preconjugated to macromer GelNB. All cross-linking was conducted under 2 min of 365 nm light exposure. Significance was
determined using a one-way ANOVA with Tukey test to compare significance between each group (N = 3 gels per condition, * and *** represent p <

0.05 and 0.001, respectively).

2.10. Statistical Analysis. As specified, a one-way or two-way

analysis of variance (ANOVA) with a Tukey’s post-hoc test was

conducted. Statistical significance was considered at a p value of <0.05.
Single, double, triple, and quadruple asterisks were used to represent p
values of <0.0S, 0.01, 0.001, and 0.0001, respectively. The mean + SEM
was used to represent quantitative results. At least three independent

repeats were conducted for each experiment.

3. RESULTS AND DISCUSSION

3.1. Macromer Synthesis and Characterization. The
iEDDA click reaction between Tz (on HepTz) and NB (on
GelNB) moieties was employed to prepare the GelNB-Hep
macromer for iPSC encapsulation and differentiation (Figure

1A—C). The Tz-NBiEDDA click reaction is an efficient method
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Figure 3. (A) Viability of iPSCs 1 h post-encapsulation in Gel and Gel-Hep hydrogels fabricated with S wt % GelNB with or without 0.1 wt % HepTz
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circularity of iPSC aggregates in Gel-Hep, Gel-HA, and Gel-Hep-HA hydrogel D4 post-encapsulation. At least three independent regions of interest

were imaged (z-stacked image, 10 slices, 10 um per slice).

commonly used for bioconjugation (e.g, attachment of
fluorophores to proteins)’’ and is increasingly employed for
fabrication of biomaterials.*® In this work, standard carbodii-
mide coupling was first utilized to synthesize HepTz and GeINB,
followed by simple mixing of the two macromers for “clicking”
heparin to GeINB. Successful clicking/conjugation of HepTz to
GelNB was verified via quantification of the Tz characteristic
absorbance peak at 523 nm (Asy3,,).” In the presence of GeINB
(5 wt %, ~18 mM NB), a steady decrease of Agy;,, was
observed, indicating consumption of Tz (0.5 wt % HepTz,
~0.75 mM initial Tz concentration) (Figure 1D). Near
complete Tz consumption was observed after 10 h at 37 °C
(Figure 1E). Of note, incubation of HepTz alone over 10 h also
led to slight reduction of Asy3,, (~10%), presumably due to the
instability of the Tz moiety at extended incubation times at 37
°C.* In all studies, the concentration of the NB moiety on
GelNB was used in >100-fold excess to that of the Tz moiety on
HepTz. Therefore, given that the iEDDA reaction follows
second order rate laws,*’ it is likely that all Tz is consumed well
before the ~16 h incubation time prior to gelation. The
immobilization of heparin in Gel-Hep hydrogels was confirmed
by the intense purple color of the DMMB reagent following
extensive rinse to remove unbound reagent (Figure 1F)."' While
heparin is utilized in this study, the Tz-NB reaction could be
extended to generate a multitude of other macromer—macromer
or ligand—macromer (e.g., RGDS-PEG) combinations.
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3.2. Modular Cross-Linking of Gelatin-Based Hydro-
gels. After confirming heparin conjugation to GelNB through
the Tz-NB iEDDA click reaction, thiol-norbornene photo-
polymerization was used to cross-link the primary hydrogel
network with either GeINB (denoted as “Gel”) or GeNB-Hep
(denoted as “Gel-Hep”) macromers. Inert PEG4SH (Figure 2A)
and bioactive THA (Figure 2B) were utilized for the thiol-ene
cross-linking reaction (Figure 2C). While the Tz-NB iEDDA
click reaction could also be used to generate the primary cross-
linking network, thiol-norbornene photopolymerization mini-
mizes the working time to preserve the viability of highly
sensitive cell types such as iPSCs. In fact, thiol-norbornene
photopolymerization has been successfully used to encapsulate
iPSCs for their proliferation and differentiation in 3D.”*
Without altering the bioactive gelatin macromer content (i.e., S
wt % GelNB), moduli of the hydrogels were readily tuned by
adjusting multi-functional thiol cross-linker (e.g., PEG4SH). For
example, increasing the cross-linker PEG4SH concentration
from 0.6 to 1.4 wt % led to a G’ value of ~1.5 to ~3.5 kPa (Figure
2D).

The use of modular thiol-norbornene photopolymerization
also permitted the cross-linking of hydrogels with different
compositions but similar moduli (~1.5 kPa. Figure 2E).
Similarly, the swelling ratios of these hydrogels were kept
relatively unchanged across all conditions, with values of 21 +
0.9,20 + 0.1, 19 + 0.8, and 18 + 0.7 for Gel, Gel-Hep, Gel-HA,
and Gel-Hep-HA hydrogels, respectively. As these hydrogels

https://doi.org/10.1021/acs.biomac.2c00585
Biomacromolecules 2022, 23, 4141—-4152


https://pubs.acs.org/doi/10.1021/acs.biomac.2c00585?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.2c00585?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.2c00585?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.2c00585?fig=fig3&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.2c00585?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biomacromolecules

pubs.acs.org/Biomac

A. 5wt% GelNB + Xwt% PEG4SH
X =0. X=1.0
<
=
Q
o ‘ -
v . -
<
wi
0
7]

5
S
=
+
®
<)
1
]
=

5wt% GelNB + Y Macromer

Y =Hep Y =HA

Y =Hep-HA

OCT4

SSEA4

Merge + Nuclei

Figure 4. (A) Effect of PEG4SH concentration on pluripotency marker
expression OCT4/SSEA4 on D7 post-encapsulation. (B) Pluripotency
marker expression in Gel, Gel-Hep, Gel-HA, and Gel-Hep-HA on D4
post-encapsulation. At least three independent regions of interest were
imaged (z-stacked image, 10 slices, 10 ym per slice).

were cross-linked by gelatin and in some conditions with HA,
collagenase and hyaluronidase were used to evaluate protease-
mediated matrix degradation. As expected, all gelatin-based
hydrogels treated with type 1 collagenase were completely
degraded eventually, albeit with different degradation behaviors.
Specifically, the mass of Gel and Gel-Hep hydrogels decreased
monotonically immediately following collagenase treatment and
were unmeasurable after 1 h of enzyme treatment. On the other
hand, the mass of HA-containing hydrogels increased initially,
followed by rapid decreases and the gels become unmeasurable
after 2 to 2.5 h (Figure 2F). The initial gain in mass of THA-
containing hydrogels was attributed to the high water-imbibing
ability of HA. Hydrogel mass started to decrease once the
sufficient degree of network cleavage occurred. When hydrogels
were treated with hyaluronidase, only gels cross-linked with
THA showed noticeable degradation (Figure 2G). These data
collectively show that the hydrogel biochemical and mechanical
properties can be precisely tuned for encapsulation.

3.3. Effect of Hydrogel Properties on iPSC Viability and
Pluripotency. To assess the cytocompatibility of thiol-
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norbornene photocross-linking on hiPSCs, we first examined
the effect of the cross-linking/conjugation reactions on the
viability of ChiPSC12 cells encapsulated in Gel and Gel-Hep
hydrogels cross-linked by PEG4SH. The viability of hiPSCs in
the GeINB and GeINB-Hep hydrogels was assessed by live/dead
staining 1 h post-encapsulation. As shown in Figure 3A, viability
was relatively high following the cross-linking reaction (~86—
889% viable cells). While some dead cells were visible by D4 post-
encapsulation (Figure 3C,D), the surviving cells were highly
proliferative and formed embryoid body-like aggregates (Figure
3B). Specifically, ~60% of the cells were EdU+ during the 24 h
treatment starting on D3 post-encapsulation. We further
evaluated the metabolic activity of hiPSCs maintained in the
2D culture without treatment (control) or treated with Gel (or
Gel-Hep) and monofunctional PEG-SH along with photo-
initiator LAP. Monofunctional PEG-SH was used as a surrogate
for the thiol-norbornene photo-click reaction with GelNB as it
permitted the same thiol-norbornene reaction without produc-
ing a cross-linked hydrogel network. No noticeable difference
was found in the metabolic activities 3 days post-treatment
(Figure S1). In this non-gelling condition, dead cells were easily
washed away from the 2D culture and the cells alive exhibited
similar metabolic activity. Therefore, we conclude that the dead
cells seen after several days of culture in 3D hydrogels were a
natural process for hiPSCs, as detached dead cells and debris
encapsulated in hydrogels were not readily removed from the 3D
hydrogels.

We then fixed the content of GelNB at 5 wt %, while
increasing the cross-linker PEG4SH concentration to evaluate
cell viability in hydrogels with different stiffness values (Figure
2D). Consistent with a prior work in synthetic PEG-peptide
hydrogels, the cross-linking density of the gelatin-based
hydrogels affected the viability, size, and morphology of iPSC
aggregates (Figure 3C). Specifically, there were considerably
fewer but morphologically irregular aggregates formed in the
hydrogels cross-linked by 1.4 wt % PEG4SH, the group with the
highest cross-linking density. We reasoned that hydrogels with
higher cross-linking density would lead to higher matrix stress
than the encapsulated cells, leading to higher frequency of cell
death. The mechanism leading to irregularities in size and
morphology of aggregates in stiffer hydrogels remains unclear.
When gelatin-based hydrogels were cross-linked at a relatively
low modulus of ~1 kPa, qualitatively, no noticeable difference
was found in cell viability or frequency of aggregate formation in
the Hep, HA, and Hep-HA conditions (Figure 3D). However,
the morphology of aggregates in the Gel-Hep hydrogels were
less spherical as determined by quantifying circularity of the
aggregates (Figure 3E). Interestingly, iPSC aggregates in the
Gel-Hep-HA conditions were significantly more circular than
the Gel-Hep hydrogels alone. Heparin has been shown to
modulate the canonical Wnt 51gnahn§ pathway and its
downstream effectors of cell motility.""*>** We speculated
that the addition of immobilized heparin may be inducing iPSC
protrusions due to increased Wnt activation and beta-catenin
nuclear stabilization. Additional mechanistic studies are needed
to test this hypothesis. The structural compositions of cross-
linkers PEG4SH or THA may be leading to the restoration of the
spherical clusters observed in the Gel-HA and Gel-Hep-HA
hydrogels. The exact mechanism is unclear, and future studies
are warranted to elucidate the cause for this phenomenon.

3.4. Growth of iPSCs in Heparinized Gelatin-Based
Hydrogels. Given the observed differences with varied
hydrogel cross-linking density/compositions on iPSC aggre-
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Figure 5. (A) Stem cell-associated gene expression 2D, Geltrex, Gel, Gel-Hep, and Gel-HA hydrogels. Gene expression levels were quantified via RQ_
analysis with the global normalization group. Each formulation contained three biological replicates. Higher expression is represented by red colors,
whereas lower expression is indicated by blue colors. Detailed gene labels are shown in Figure S2. (B) Volcano plots showing differentially expressed
genes in each hydrogel condition. Dotted lines represent +/— 2-fold change in expression, and p-value < 0.0S.

gates, particularly in the stiffer Gel hydrogels and the Gel-Hep immunostaining (Figure 4) and qRT-PCR (Figure S). Of note,

hydrogels of lower stiffness, expression levels of stem cell- and pluripotency of encapsulated iPSCs appeared to be reduced at a
differentiation-associated molecular markers were assessed via higher modulus as shown by diminishing OCT4/SSEA4
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0.0001, respectively).

staining (Figure 4A). In contrast, OCT4/SSEA4 expression
appears to be largely maintained in the Gel, Gel-Hep, and Gel-
HA hydrogels after 4 days of culture (Figure 4B), suggesting that
HepTz functionalization and THA cross-linking did not
significantly affect pluripotency in the 3D culture.

We further analyzed the gene expression patterns of iPSCs
grown in the multicomponent hydrogels with cells grown in
Geltrex and the conventional 2D cell culture plate as 3D and 2D
controls, respectively (Figure S). Hierarchical clustering analysis
revealed broad differences in stem cell marker expression in
Geltrex-encapsulated iPSCs relative to the other three
conditions (Figure SA, Figure S2). To our surprise, clustering
analysis identified high similarity of gene expression between
iPSCs grown in 3D gelatin-based hydrogels and in 2D control
samples. This suggests that both the vitronectin-coated 2D cell
culture strategy and the gelatin-based multifunctional hydrogels
provide sufficient E-cadherin-mediated cell—cell interactions
and integrin-mediated celllECM to maintain the pluripotency
and self-renewal of the iPSCs over the 4 day culture time.*
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Results of statistical analyses were represented in the volcano
plots to identify significantly upregulated and downregulated
genes (Figure SB). In particular, aggregates in the Gel and Gel-
Hep hydrogels have elevated expression of growth differ-
entiation factor 3 (GDF3), a member of the TGFf family and
associated with stem cell pluripotency.*>*” Interestingly, unlike
Gel and Gel-Hep, addition of HA did not yield significant
upregulation of GDF3. Of the multicomponent hydrogels, Gel-
Hep also led to significant elevation of nuclear receptor
subfamily S group a member 2 (NRSA2), which has been
shown to regulate stem cell pluripotency.”® Downregulated
genes in Gel-Hep hydrogels included cellular retinoic acid
binding protein 2 (CRABP2). Aside from these few genes, no
significant changes in cell pluripotency genes (e.g, OCT4,
SOX2, NANOG) were detected; confirming that the Gel, Gel-
Hep, and Gel-HA hydrogels did not negatively affect iPSC
pluripotency. Consistent with other studies using basement
membrane extracts for iPSC encapsulation,” Geltrex led to
significant upregulation of differentiation associated genes
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fibronectin 1 (FN1) and eomesodermin (EOMES). However,
pluripotency-associated genes were not significantly down-
regulated in Geltrex, suggesting the presence of undifferentiated
iPSCs. In contrast, the panel results combined with the
immunostaining results suggest that the multicomponent
gelatin-based hydrogels may be suitable for culturing iPSC
aggregates in 3D.

3.5. Trilineage Differentiation of iPSCs in Heparinized
Gelatin-Based Hydrogels. Trilineage differentiation was
utilized to assess the differentiation potential of gelatin-
encapsulated iPSCs toward the ectoderm (including non-
neuroectoderm (NNE) and neuroectoderm (NE)), mesoderm,
and definitive endoderm (DE) (Figure S3, Figures 6 and 7).
Results were compared against differentiation of iPSCs in 3D
Geltrex-based hydrogels. Of note, we did not pursue differ-
entiation of iPSCs in the presence of HA given our observations

regarding the similarities in cell viability and stem cell marker
expression in Figures 3—5. Interestingly, after differentiation,
significantly more cell deaths were observed in the Geltrex
hydrogels but less in the surviving aggregates in the Gel and Gel-
Hep hydrogels (Figure 6A). Further, differentiated iPSCs in
Geltrex hydrogels exhibited a higher degree of spreading in all
three germ layers relative to the Gel and Gel-Hep conditions.
Interestingly, lobular structures were apparent in the NE-
differentiated iPSC aggregates in the Gel and Gel-Hep
conditions.

In addition to the viability and morphology, distinct
differentiation outcome was observed between the Geltrex,
Gel, and Gel-Hep hydrogels. Of note, NNE differentiation was
conducted with minimal efficiency for all hydrogel-based
conditions as indicated by a lack of expression of transcription
factor AP-2a (TFAP2a) (Figure S3). Unsuccessful NNE
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differentiation might be due to the general differences in
protocols. In prior studies, NNE differentiation was conducted
with embryoid bodies in a suspension culture as opposed to
single cell encapsulation in this study.’® With respect to NE
differentiation, considerable differences in paired box protein
Pax-6 (PAX6) expression were observed across all three
conditions. The highest degree of PAX6+ NE cells was present
in the Gel condition, compared with significantly fewer numbers
of PAX6+ cells in the Gel-Hep and Geltrex conditions (Figures
6B and 7). This was accompanied by high PAX6 and SOX1 gene
expression relative to the Geltrex control (Figure 6C).
Interestingly, we observed slightly elevated SOX1 expression
as well as significant differences in aggregate morphology
comparing the Gel and Gel-Hep conditions (Figure $4). We also
observed rosette structures in the Gel-Hep hydrogels, which
were not as readily apparent in the Gel hydrogels (Figure S4).
The characteristic rosette structures accompanied by PAX6-
positive neuroepithelium marker in the Gel-Hep hydrogels may
be an area of future work. Regardless, we show that the Gel-
based hydrogels exhibit efficient NE differentiation and may be
useful in establishing models of neural development and disease.

Prior studies have shown the effect of soluble heparin on
mesoderm lineage commitment.'” Therefore, the effect of
immobilized heparin within the gelatin-based hydrogels on
mesoderm differentiation was also assessed and compared
against Gel hydrogels. Immunostaining results revealed a
percentage of cells in Gel hydrogels stained positive for
Brachyury (T), but the fluorescence intensity was considerably
low (Figure 6B). Very limited T-positive cells were detected in
the Geltrex condition; however, over 90% of cells in the Gel
hydrogels were positive for T (Figures 6B and 7). Interestingly,
while the expression of T was only elevated ~1.44-fold with no
significant difference in Geltrex and Gel gels, Mix1 homeobox
(MIXL1) was elevated ~3.4 in the Gel hydrogels (Figure 6D).
The reason for the differences in the T gene expression and
immunostaining result is unclear, but it is speculated that the
gene expression levels may explain the relatively low
fluorescence intensity in the Gel condition. Flow cytometry
results confirmed the significant increase in T-positive cells in
both the Gel and Gel-Hep hydrogels relative to the Geltrex
control (Figure 7). It is hypothesized that heparin may be acting
on the Wnt signaling pathway along with the soluble GSK34
inhibitor, CHIR99021, to drive early mesoderm commitment;
however, further investigation is required.

In DE differentiation, fewer SRY-BOX transcription factor 17
(SOX17)-positive cells were present in Geltrex relative to Gel
and Gel-Hep (Figure 6B) after DE differentiation. Flow
cytometry analyses confirmed the immunostaining results with
significantly higher degree of differentiated cells (Figure 7).
Consistent with the immunostaining results, both SOX17 and
Forkhead Box A2 (FOXA2) expressions were elevated in the Gel
and Gel-Hep hydrogels (Figure 6E). While mesoderm differ-
entiation was affected by the presence of heparin, the Gel-Hep
hydrogels did not significantly improve definitive endoderm
differentiation. Like mesoderm differentiation, definitive
endoderm differentiation requires Wnt activation through
small molecule treatment or the addition of exogenous
recombinant Wnt and also requires modulation of the
Activin/NODAL pathways.”® Given that heparin has been
shown to have affinity for Activin A,”" which is commonly used
to induce definitive endoderm differentiation, it was expected
that the hydrogels may influence endoderm lineage commit-
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ment in 3D; however, the gelatin-based hydrogels alone were
sufficient for DE differentiation.

4. CONCLUSIONS

In this work, we integrated the tetrazine-norbornene iEDDA
click reaction and thiol-norbornene photopolymerization to
generate bioactive multicomponent hydrogels for culture and
differentiation of hiPSCs. hiPSCs were encapsulated in gelatin-
based thiol-norbornene hydrogels with high viability, and the
encapsulated cells formed proliferative embryoid body-like
clusters. We found that engineered GeINB hydrogels were
superior to naturally derived Geltrx in supporting differentiation
of NE, mesoderm, and DE lineages but not for NNE
commitment. We further identified that the immobilization of
heparin in the gelatin-based hydrogels led to slight reduction of
PAXG6 expression in NE differentiation but promoted formation
of the neural rosette structure. Our results also suggest that the
multicomponent gelatin-based hydrogels may be particularly
suited for DE differentiation. Future work will explore the use of
these hydrogels for neural and pancreatic organoid generation.
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