Biomaterials Science

2 Biomaterials
PN Science

Synthetic hydrogels support robust and reproducible
cardiomyocyte differentiation.

Journal: | Biomaterials Science

Manuscript ID | BM-ART-12-2024-001636.R1

Article Type: | Paper

Date Submitted by the

Author 11-Feb-2025

Complete List of Authors: | Amitrano, Margot; University of Wisconsin-Madison

Cho, Mina; University of Wisconsin-Madison

Coughlin, Eva; University of Wisconsin-Madison

Palecek, Sean; University of Wisconsin-Madison, Chemical and biological
engineering

Murphy, William; University of Wisconsin

C(

i A
SCHOLA

JONE™
Manuscripts




Page 1 of 12

Biomaterials/Science

Synthetic hydrogels support robust and reproducible
cardiomyocyte differentiation.
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Cardiomyocyte manufacturing from human pluripotent stem cells is limited by the variability of differentiation efficiencies,
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partly attributed to the widespread use of the tumor-derived substrate Matrigel. Here, we describe a screening approach to

identify fully-defined synthetic PEG hydrogels that support iPSC-derived cardiac progenitor cell (iPSC-CPC) adhesion, survival,

and differentiation into iPSC-derived cardiomyocytes (iPSC-CMs). Our PEG hydrogels supported superior iPSC-CM

differentiation efficiency, with a 24 % increase in cTnT expression, and greater reproducibility when compared to cells

cultured on Matrigel. By combining our 5-level, 3-variable full factorial screening approach with multi-variate analysis, we
showed that all substrate variables manipulated here (adhesion ligand type/concentration, stiffness) had a significant
influence on iPSC-CPC confluency and that iPSC-CM differentiation was significantly influenced by adhesion ligands. These

results highlight the benefit of synthetic, tunable cell culture substrates and multi-variate screening studies to identify

substrate formulations for a targeted cell behavior.

Introduction

Human induced pluripotent stem cells (iPSCs) can successfully be
differentiated into cardiomyocytes (iPSC-CMs) [1], creating a
promising supply of iPSC-CMs to regenerate the heart post-infarction
or for use in disease modeling and drug screening applications [2-4].
However, iPSC-CMs are limited by their large batch-to-batch
variability in differentiation efficiencies, which may be caused in part
by heterogeneity in the traditional stem cell culture substrate
[5,6].
extracellular matrix (ECM) proteins and growth factors derived from
an Englebreth-Holm-Swarm tumor formed in mice. This substrate

Matrigel Matrigel consists of basement-membrane

can lead to xenogeneic contamination of cells during culture [6] and
has variable composition between batches [7-9], resulting in
unpredictable cell behavior [3,10]. In addition, the Matrigel shear
modulus has ranged from 0.1-0.3 kPa, whereas cardiac tissue ranges
from 0.5-6.0 kPa throughout heart development and can reach
greater than 10 kPa during cardiac disease [4,5,11,12].

Synthetic hydrogel substrates have emerged as an alternative to
Matrigel for cell culture applications [6]. For example, poly(ethylene
glycol) (PEG) hydrogels are widely used as a base substrate, as they
are typically bioinert, but can be readily modified to present cell
adhesion ligands. Synthetic hydrogels have often been used as an
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experimental tool to systematically study the influence of a specific
substrate chemical or mechanical property on cell behavior [13,14].
Simultaneous co-variation of multiple substrate properties has been
more rarely explored, but is important to ascertain how multiple
variables interact synergistically to influence a cell behavior of
interest. In particular, studying multi-variate effects of substrate
properties on iPSC-CM differentiation may identify substrate
formulations that effectively improve upon and replace Matrigel, and
maximize development of a desired cell phenotype.

PEG hydrogels have already been successful in supporting robust
iPSC-CM differentiation, highlighting the material’s potential as an
alternative cell culture substrate. Past studies demonstrate high
control over PEG hydrogel biochemical and mechanical properties
and the influence of these variables on iPSC-CM culture [15-18].
These prior studies have mainly limited their focus to single variable
manipulation, not taking full advantage of one of the important
properties of PEG hydrogel materials: their complete tunability.
Here, we hypothesized that systematically and combinatorially
varying multiple synthetic ECM properties would identify
biomaterials that support adhesion, survival, and differentiation of
iPSC-derived cardiac progenitor cells (iPSC-CPCs) to cardiomyocytes.
The ranges of substrate parameters used here were selected to
mimic aspects of human cardiac development, including stiffness
ranges and prevalent types of cell adhesion ligands [19]. Our
screening approach identified PEG hydrogel formulations able to
support adhesion and survival of iPSC-CPCs, and showed greater
iPSC-CM differentiation efficiency and reproducibility than the gold
standard Matrigel substrate.

Results

Synthetic PEG hydrogels enabled control of substrate properties.
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A three-factor, five-level full factorial design was used to define the
PEG hydrogel iPSC-CPC
adhesion, survival, and differentiation (Fig. 1a). Using a fully defined

conditions which were screened for

hydrogel synthesis workflow, we developed non-degradable PEG
hydrogels of varying formulations (Fig. 1b, Table S1). By manipulating
the monomer-to-crosslinker ratio, we observed a high level of
control over the resulting hydrogel shear modulus, with moduli
ranging from 0.5 kPa (2.5 mM PEG-NB, 10 mM PEG-DT) to 10 kPa (8
mM PEG-NB, 64 mM PEG-DT). The hydrogel moduli spanned the
ranges measured in previous studies for cardiac tissue at different
developmental stages: < 3 kPa in a neonatal environment, 3 — 9 kPa
in a healthy environment, and > 9 kPa in a fibrotic environment
[19,25-28] (Fig. S1a). In addition, synthetic peptides were efficiently
incorporated into the PEG hydrogels, ranging between 85 — 95 %
thiols reacted across conditions (Fig. S1b). The resulting hydrogel
swelling ratio from preparation to fully swollen varied with respect
to the concentration of input materials, ranging between 11 — 27 %
swelling across conditions (Fig. S2). The mechanical properties of the
resulting PEG hydrogels were unchanged by the addition of peptides
(Fig. S3), as previously demonstrated [21,29,30].

Synthetic PEG hydrogels supported iPSC-CPC adhesion and survival.

Screening 125 PEG hydrogel formulations identified 52 PEG
hydrogels that supported iPSC-derived cardiac progenitor cell (iPSC-
CPC) adhesion and survival (Fig. 2), defined here as greater than 20
% cell confluency, at 72 hours post-seeding. A three-variable, five-
level full factorial design generated 125 initial PEG hydrogel
formulations that were tested for their ability to support iPSC-CPC
adhesion and survival. iPSC-CPC populations adopted distinct
morphologies on different PEG hydrogel surfaces, ranging from large
cell colonies to dispersed cell clusters (Fig. 2a). This observation also
translated to varying confluency levels across hydrogel conditions
(Fig. 2b). All PEG hydrogel conditions without an RGD peptide were
unable to support cell survival, indicating that the laminin-derived
peptides (IKVAV, YIGSR) alone did not support iPSC-CPC adhesion
and survival at the ligand densities tested (Fig. 2c). The extent of cell
dispersion on the PEG hydrogel surface also varied with the identity
of the synthetic peptide (Fig. 2c, Fig. S4). The presence of c(RGDfC)
resulted in higher cell confluency (Fig. S4a), reaching up to 50 % for
the PEG hydrogel formulation 3.5 mM c¢(RGDfC) at 0.5 kPa (Fig. 2b).
Cell confluency levels were also greater on substrates with lower
stiffnesses, with moduli similar to those present in neonatal and
healthy adult cardiac tissues (Fig. 2d). In contrast, PEG hydrogels with
the highest shear modulus tested (10 kPa) had limited cell survival at
72 hours post-seeding (Fig. 2d). iPSC-CPCs on Matrigel were highly
confluent, reaching 73 + 5 % confluency, surpassing levels seen on
PEG hydrogel formulations.

Properties of synthetic PEG hydrogels individually influenced iPSC-
CPC confluency.

A multi-variate analysis revealed key hydrogel variables that
influenced iPSC-CPC confluency levels, with a coefficient of
determination of 0.43 (Fig. S5a). Both c(RGDfC) and CRGDSP peptides
had a direct effect on the level of cell confluency (p < 0.0001 and p <
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0.01, respectively). Higher concentrations of these two peptides
resulted in greater cell confluency (Fig. 2e). Hydrogel stiffness also
had a significant negative correlation with iPSC-CPC confluency (p <
0.001, Fig. 2e). However, the interactive effects of multiple substrate
variables did not significantly influence cell confluency levels (Fig.
2e).

Synthetic PEG hydrogels supported robust levels of iPSC-CPC
differentiation into cTnT+ iPSC-CMs.

PEG hydrogels supported high levels of iPSC-CPC differentiation into
iPSC-CMs, regardless of substrate formulation. Due to the large
number of samples, one third of the hydrogel samples (48 out of 126
conditions, with 3 replicates each) were initially selected at random
to assess the overall level of differentiation (Table S2). Synthetic
hydrogels supported high levels of differentiation, as 74 £ 5 % of cells
on synthetic hydrogels expressed the cardiomyocyte marker cTnT
(Fig. 3a). In addition, iPSC-CMs differentiated on PEG hydrogels
exhibited apparently high levels of cTnT expression across the entire
surface of the substrate (Fig. 3c), with robust, uniform contractility
(Fig. S6). In comparison, 60 + 11 % of cells differentiated on Matrigel
expressed cTnT at an apparently lower level than the cells on PEG
hydrogels (Fig. 3a-b). Further, no difference was observed across the
CM markers at different steps in the differentiation (progenitor
stage: NKX2.5, ISL1; differentiated stage: cTnT) for
differentiated on PEG hydrogels, whereas we observed a significant

cells

decrease in the cell population expressing ISL1, a cardiac progenitor
marker, and that expressing cTnT, a cardiomyocyte marker, for cells
differentiated on Matrigel (Fig. 3c, Fig. S7, Table S3). This may
indicate that PEG hydrogels supported similar iPSC-CPC adhesion as
Matrigel and the increased cTnT expression on PEG hydrogels was
due to a greater commitment of iPSC-CPCs to iPSC-CMs rather than
a hydrogel selection of iPSC-CPCs during seeding.

In a separate experiment, we evaluated whether PEG hydrogel
substrates could “rescue” a differentiation — that is, whether PEG
hydrogels could improve differentiation of iPSC-CPC populations that
showed poor differentiation efficiency on Matrigel. In particular, a
batch of iPSC-CPCs that showed 36 £ 3 % cTnT expression when
differentiated on Matrigel in one experiment, was re-seeded onto
various PEG hydrogel formulations in a second experiment (Table
S4). On the PEG hydrogels, the cells reached 52 + 6 % cTnT expression
across all formulations, with the best performing hydrogel
formulation supporting 62 + 12% iPSC-CM differentiation (Fig. 3d). In
comparison, iPSC-CPCs reseeded onto Matrigel in the second
experiment reached only 40 £ 10 % cTnT expression (Fig. 3d).

PEG hydrogel parameters influenced iPSC-CPC differentiation into
iPSC-CMs.

The identity of cell adhesion peptides present in the PEG hydrogel
substrates significantly influenced iPSC-CPC differentiation into iPSC-
CMs (Fig. 4a, Fig. S8). A multi-variate analysis model was developed,
with a coefficient of determination of 0.56 (Fig. S5b), to study the
roles of these substrate parameters in iPSC-CM differentiation
efficiency. The primary peptide (either c(RGDfC) or CRGDSP)
correlated positively with cTnT expression (p < 0.0001), indicating a

This journal is © The Royal Society of Chemistry 20xx
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strong influence of the c(RGDfC) peptide (Fig. 4b). Similarly, the
secondary peptide (either CIKVAV or CYIGSR) correlated positively
with iPSC-CPC differentiation into iPSC-CMs (p < 0.01), highlighting
the importance of the CYIGSR peptide (Fig. 4b). The interactive
effects of multiple substrate variables did not demonstrate a
significant influence on differentiation efficiency (Fig. 4b). In
addition, hydrogel stiffness, measured as shear modulus, did not
have a significant influence on iPSC-CM differentiation over the
range tested here (Fig. 4b). Further, an additional multi-variate
analysis model, with a coefficient of determination of 0.39 (Fig. S5c),
revealed the influence of both the cell number and cell confluency
levels on differentiation efficiency. Both cell number and confluency
were observed to correlate positively with iPSC-CM
differentiation levels (p = 0.001 and p = 0.01, respectively) (Fig. 4c),

level

highlighting the influence of both cell-cell and cell-substrate
interactions on iPSC-CM differentiation.

Synthetic PEG hydrogels supported reproducible levels of iPSC-CPC
differentiation into iPSC-CMs.

iPSC-CPC differentiation levels were more reproducible on PEG
hydrogels between experiments and between experimental
replicates when compared to iPSC-CPC differentiation on Matrigel.
Across experiments, PEG hydrogels supported a higher rate of
reproducibility, measured as the standard deviation of cTnT
expression (%), compared to Matrigel (Fig. 5a). The reproducibility
level on PEG hydrogels was measured as an average of 48 different
PEG formulations (Table S2), highlighting that the platform itself
supported reproducible differentiation levels irrespective of the
specific formulation. Similarly, the PEG hydrogels supported superior
reproducibility to Matrigel across replicates (Fig. 5b). This highlighted
the heterogeneity of Matrigel even within a single batch, as
previously reported [7,8], and the relative consistency of the

synthetic PEG formulations.

Discussion

Synthetic materials have proven effective in improving
differentiation outcomes for several cell types, including hMSCs [31-
33], endothelial cells [24,31], hepatoblasts [34,36], neural stem cells
[36,37], iPSC-derived alveolar cells [38], and PSC-CMs [20,39], and
outperforming the traditional Matrigel substrate. The complex and
variable composition of Matrigel has had a direct influence on stem
cell behavior, including on stem cell-derived cardiomyocyte
differentiation [40-42]. Proteins found in Matrigel (e.g. Matrix
metalloproteinase-3 and Chemokine ligand 2) and their negative
influence on stem cell differentiation may contribute to limited iPSC-
CM differentiation efficiency [40]. Through simultaneous variation of
multiple substrate properties, our work builds upon other studies
showing that synthetic materials improve iPSC-CM differentiation
outcomes when compared to Matrigel [43-45]. For example, Jung et
al. performed an engineering optimization to develop PEG hydrogels
with full-length ECM proteins for improved iPSC-CM differentiation
efficiency [15]. They demonstrated that a higher fraction of cells

expressed the cardiomyocyte marker cTnT when cultured on their

This journal is © The Royal Society of Chemistry 20xx
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optimized substrate (40 mg/mL PEG and 1.15, 0.45, and 0.28 mg/mL
of collagen, laminin, and fibronectin, respectively) when compared
to blank PEG and PEG hydrogel crosslinked with the study’s
maximum concentration of each ECM protein [15]. Here, by
systematic co-variation of multiple ECM properties, with ranges of
ECM properties restricted to mimic some aspects of human cardiac
development, we identified PEG hydrogel conditions relevant for
iPSC-CM differentiation and compared our material to Matrigel, the
traditional substrate in iPSC-CM differentiations [20]. Further, we
observed a clear increase in iPSC-CM differentiation efficiency across
all the PEG hydrogel formulations (Fig. 3a), highlighting the direct
advantage of using synthetic PEG hydrogels relative to Matrigel.

In the context of other synthetic alternatives, we observed
significantly improved cTnT expression on our PEG hydrogels (75 %)
compared to other synthetic hydrogels (< 70 %) (Table 1).
Recombinant ECM protein coatings performed better than synthetic
hydrogels, including our PEG hydrogels. However, our best
performing PEG hydrogel formulation (7 mM cRGDfC 10 kPa)
demonstrated similar cTnT expression (82 %) as recombinant ECM
proteins (> 80 %) (Table 1). It is worth noting that our PEG hydrogels
could be further modified to potentially support greater iPSC-CM
differentiation levels, which would be more challenging using
PEG hydrogels
outperformed other synthetic hydrogel alternatives and reached
levels generally associated with recombinant ECM proteins.

recombinant ECM proteins. Overall, our

Direct comparisons of iPSC-CM differentiation efficiency between
different culture protocols are rare and generally do not include
many synthetic alternatives. When studying the effect of synthetic
materials on iPSC-CM differentiation, studies seem to focus the
optimization within their respective material rather than directly
comparing to the traditional iPSC-CM culture substrate Matrigel
[15,16]. In addition, studies comparing iPSC-CM differentiation
efficiencies across different differentiation strategies generally limit
the synthetic alternatives to Synthemax or recombinant ECM
proteins [46,47]. Still, Sung et al. demonstrated approximately 87 %
cTnT-expressing cells on Synthemax compared to 75 % on Matrigel,
resulting in a 16 % increase in cTnT expression on Synthemax [47].
Here, we demonstrated a 25 % increase in cTnT expression on our
PEG hydrogels, as summarized in Table 2. We also emphasize that
this is a limited description of our results as we described
improvements in cTnT expression across the PEG hydrogel platform
as a whole, rather than a single optimized PEG hydrogel formulation.
This points to a dramatic increase in iPSC-CM differentiation
efficiency on our PEG hydrogels, with potentially consequential
results on iPSC-CM manufacturing.

Although high efficiency iPSC-CM differentiation is achievable via
traditional methods (i.e. culture on the Matrigel substrate or other
ECM-derived proteins) [1,20], differentiation efficiencies are highly
variable across replicates and batches [48]. The variability in
differentiation efficiencies is often attributed to the complexity and
lack of compositional reproducibility in the Matrigel substrate,
despite extensive quality testing required of this material to validate
its ability to support iPSC culture and CM differentiation [6,9].
Notably, Matrigel mechanical and biochemical properties have been

J. Name., 2013, 00, 1-3 | 3
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highlighted for their lack of reproducibility, as seen through highly
variable elastic modulus [8] and protein composition [40]. Matrigel
variability may directly translate into variability in cell behavior,
including in cell differentiation [40,49]. We have reasoned that
synthetic materials, which are fully defined and tunable, could
potentially minimize the variability in differentiation outcomes.
Extensive characterization and use of fully-defined components in
synthetic materials has been shown to contribute to superior
reproducibility of other cell culture results [6,48]. For instance, a
previous study showed greater reproducibility of endothelial
network formation by HUVECs and iPSC-derived endothelial cells
when using PEG-based hydrogels when compared to Matrigel [24].
Reproducible endothelial network formation also led to superior
sensitivity and reproducibility of an endothelial “tubulogenesis”
assay commonly used to evaluate angiogenesis regulators [24]. In the
current study we used the same materials, at different ratios, to
achieve greater reproducibility in iPSC-CM differentiation efficiency
on PEG-based hydrogels (Fig. 5). Specifically, we observed a 44 %
decrease in variability of cTnT expression across experimental
replicates of PEG hydrogel conditions compared to Matrigel and,
similarly, a 68 % decrease in variability across experiments (Fig. 5,
Table 1). This suggests that these cells could also have greater value
in cardiac disease modelling.

By varying multiple substrate properties simultaneously, we
observed the emergence of synergies between the effects of
different hydrogel properties. Although our PEG hydrogels broadly
outperformed Matrigel regardless of the formulation, multi-variate
analysis revealed the significant influence of the fibronectin- and
laminin-derived peptides on iPSC-CM differentiation (Fig. 4b). This
observation aligns with previous studies highlighting the importance
of multiple ECM proteins, such as collagen, laminin, and fibronectin,
in iPSC-CM differentiation [45,51,52]. For example, the significance
of laminin in iPSC-CM differentiation was observed in a previous
multivariate model [15]. Jung et al. showed that the ECM proteins
studied were positive in maximizing cTnT expression [15], as was the
case in our multivariate model showing a positive correlation
between cTnT expression and the synthetic cell adhesion peptides
tested (Fig. 4b). Further, Jung et al. highlighted that laminin had the
most significant main effect on differentiation when compared to
collagen and fibronectin [15]. In comparison, we showed that the
c(RGDfC) and CRGDSP peptides have an integral role in the iPSC-
derived CPC-to-CM differentiation (Fig. 4b), possibly indicating that
the role of the RGD peptide motif (fibronectin-derived) is greater
during terminal differentiation from progenitor to cardiomyocyte.
Neiman et al. showed increased expression of fibronectin at the CPC
stage, compared to the undifferentiated stage. The cell integrin
receptor subunit a5 engaged by fibronectin was also shown to be up-
regulated at the CPC stage [53]. Similarly as in our work, fibronectin
appeared to have a crucial role at the CPC stage of iPSC-CM
differentiation [53]. Further, we showed the importance of ¢(RGDfC)
and CRGDSP peptides for cell confluency (Fig. 2e). The increased level
of cell confluency may have contributed to improvements in iPSC-CM
differentiation. Although substrate stiffness, measured as the shear
influence iPSC-CM

modulus, has been previously shown to
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differentiation [10,11], it had a minimal influence here in comparison
to the influence of ECM-derived cell adhesion peptides (Fig.4b). This
may be caused by the relatively small range of shear modulus
assessed here, as substrate stiffness can be varied over a much larger
range of moduli (100s of kPa) [48] but was limited here in order to
remain within physiologically relevant cardiac stiffnesses [7,8,10,11].
Cell adhesion ligands played an apparently more significant role in
iPSC-CPC differentiation into iPSC-CMs compared to substrate
stiffness (Fig. 4b).

We showed that individual substrate variables directly influenced
iPSC-CM differentiation efficiency whereas combinatorial effects
were not significant (Fig. 4b). This highlights the apparently
independent roles of substrate stiffness and cell adhesion ligands on
iPSC-CPC differentiation into iPSC-CMs in the context of our
experimental The
fibronectin and laminin proteins was previously observed by Jung et
al., and their combination demonstrated a lesser effect [15].

parameter space. individual influence of

Specifically, collagen and laminin had a significant influence on
expression of the cardiomyocyte marker cTnT, with fibronectin
having a less significant role, while all interaction effects between
distinct proteins did not significantly influence cTnT expression.
Here, we similarly showed a stronger influence of individual
substrate variables when compared to interactive effects (Fig. 4b).

Materials and Methods

iPSC culture and maintenance

WTC11 human iPSCs were maintained on 6-well plates coated with
Matrigel (Corning) in mTeSR medium (Stem Cell Technologies) at
37°C and 5% CO,. The media was changed every day and cells were
passaged every 3 days using Versene (Life Technologies) for transfer
to fresh Matrigel-coated plates.

iPSC-CM differentiation

iPSCs were differentiated to cardiomyocytes as previously described
[20]. Briefly, stem cells were passaged to a fresh Matrigel-coated 12-
well plate using Accutase (Sigma Aldrich) and seeded at 40,000
cells/cm? in mTeSR medium with 5 uM ROCK inhibitor (R&D
Systems). Cells were expanded for 2 days with daily changes of
mTeSR medium. On day 0 of differentiation, the media was changed
to RPMI 1640 medium (Thermo Fisher Scientific) with B27
supplement without insulin (B27-; Thermo Fisher Scientific),
supplemented with 7 uM CHIR-99021 (Selleck Chemicals), to induce
differentiation. After 48 hours, cells were fed with fresh RPMI 1640
medium with B27- supplemented with 5 uM IWP2 (Tocris). After an
additional 48 hours, cells were then fed with fresh RPMI 1640
medium with B27-. On day 6 of differentiation, the media was
replaced with fresh RPMI 1640 medium with B27 supplement with
insulin (B27+; Thermo Fisher Scientific). Cells were then fed with
RPMI 1640 medium with B27+ every 2-3 days until day 16 of
differentiation. Initial steps of the differentiation were conducted on
Matrigel until the cardiac progenitor stage (day 5 of differentiation),
at which point the cells were lifted and singularized using Accutase

This journal is © The Royal Society of Chemistry 20xx
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and frozen in liquid nitrogen. Cells were then thawed and seeded
either on Matrigel or PEG hydrogels for continued differentiation.

PEG hydrogel synthesis

PEG hydrogels were prepared using 8-arm, 20 kDa norbornene-
functionalized PEG (JenKem Technology), 3.4 kDa PEG di-thiol
crosslinker, 0.1 wt/wt% Irgacure 2959 (CIBA)
photoinitiator, diluted with DPBS (Gibco) to reach desired
concentrations. The following peptides were added at varying
concentrations: CRGDSP (3.5 mM or 7 mM) or head-to-tail cyclized
RGDfC (cRGDfC, where the “f” notation represents a D-amino acid;
3.5 mM or 7 mM), referred to as a primary peptide, and CIKVAV (1.5
mM or 3 mM) or CYIGSR (1.5 mM or 3 mM), referred to as a
secondary peptide. All peptides were purchased from GenScript. The

(Laysan Bio)

shear modulus of the hydrogels was varied by adjusting the
monomer-to-crosslinker ratio. We assayed physiologically relevant
stiffnesses, measured as shear modulus, corresponding to neonatal
(0.5 kPa and 2 kPa), healthy adult (4 kPa and 6 kPa), and fibrotic (10
kPa) cardiac tissue [4,5,11,12]. A full factorial design of these 3
variables (primary peptide, secondary peptide, and shear modulus)
was used to define the hydrogel formulations tested here.

Hydrogel shear modulus was characterized using methods previously
described [21-25]. Shear modulus was tested on bulk hydrogel
samples demonstrating dimensions of 8.0 mm diameter and 1.2 mm
depth. Hydrogels were incubated in PBS for 24 hours to allow
swelling prior to testing. The Ares-LS2 rheometer (TA Instruments)
was used to test hydrogel shear modulus. Parallel plates of the same
dimensions as our hydrogel samples were used to apply a 20 g force.
A dynamic strain sweep test with 1 Hz frequency was performed
between 0.1 and 50 % strain. The shear modulus for each sample was
measured between 1 to 10 % strain.

Peptide incorporation into the hydrogel during polymerization was
assessed using methods previously described [21-25]. Briefly, the
availability of free thiol groups was measured using the Ellman’s
assay (Thermo Fisher Scientific). After hydrogel polymerization, the
gels were incubated in Ellman’s buffer for 20 minutes. Absorbance
was read on a plate reader at 412 nm. A standard curve using L-
Cysteine hydrochloride was used to measure remaining thiol content
in the hydrogel.

Confluency characterization

Cells were imaged on day 3 after seeding to assess confluency levels.
Samples were stained by washing with PBS and incubating in RPMI
1640 medium with B27+, containing 1.5 uM ethidium homodimer-1
and 1 uM calcein-AM (Thermo Fisher Scientific), for 30 minutes at
37°C. Samples were imaged on a Nikon TI Eclipse microscope.
Samples were washed twice with PBS before adding fresh RPMI 1640
medium with B27+ supplement, for continued differentiation. Using
FUJI, confluency levels were determined by thresholding fluorescence
intensity and quantifying total object area per sample.

Flow cytometry

Cardiomyocyte purity was assessed using flow cytometry to measure
cardiac troponin T (cTnT) expression for cells after 11 days of culture.

This journal is © The Royal Society of Chemistry 20xx
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Cells were lifted and singularized with Accutase before transferring
to tubes containing DMEM/F12 medium (Thermo Fisher Scientific).
Samples were centrifuged at 200xg for 5 minutes and cells were
resuspended in 1% formaldehyde solution and incubated in the dark
for 20 minutes at room temperature. Samples were centrifuged and
resuspended in 90% methanol solution in the dark for 20 minutes at
4°C before being transferred to -20°C until processing. Samples were
washed twice in Flow Buffer 1 (PBS containing 0.5 % BSA) and
incubated overnight at 4°C in Flow Buffer 2 (PBS containing 0.5% BSA
and 0.1% Triton X-100) with a primary antibody. Samples were then
washed with Flow Buffer 2, incubated for 30 minutes at room
temperature in the dark in Flow Buffer 2 with a secondary antibody,
washed with Flow Buffer 2, and resuspended in Flow Buffer 1. Data
was collected on an Attune flow cytometer (Thermo Fisher Scientific)
and analyzed on FCS Express software. The primary antibodies used
were mouse anti-human cardiac troponin T (cTnT; Abcam, 1:800),
mouse anti-human ISL-1 (DSHB, 1:20), and goat anti-human NKX2.5
(Abcam, 1:100). The secondary antibodies used were donkey anti-
mouse AlexaFluor 488 (Thermo Fisher Scientific, 1:1000) and donkey
anti-rabbit AlexaFluor 647 (Thermo Fisher Scientific, 1:1000).

Immunofluorescence imaging

Images of cardiomyocytes were taken after 11 days in culture.
Briefly, cells were fixed by incubating in 4 % formaldehyde solution
for 20 minutes in the dark. After washing, fresh PBS was added and
samples were placed at 4°C until staining. Samples were incubated in
Flow Buffer 2 for 1 hour at room temperature, followed by an
overnight incubation in Flow Buffer 2 with primary antibodies at 4°C.
The samples were washed with PBS three times for 10 minutes
before incubating in Flow Buffer 2 with secondary antibodies for 1
hour in the dark at room temperature. The samples were then
washed an additional three times for 10 minutes before adding fresh
PBS and placing samples at 4°C until imaging. Images were taken
using the Tl Eclipse microscope (Nikon). The primary antibody used
was mouse anti-human cTnT (Abcam, 1:200). The secondary
antibody used was donkey anti-mouse AlexaFluor 488 (1:1000). DAPI
was used for nuclear staining (Thermo Fisher Scientific, 1:1000).

Data analysis and statistics

Multi-variate analysis was performed using JMP statistical analysis
software. A standard least squares model was generated and
Student t-test was performed to assess the effect of each culture
parameter on the measured outcome (e.g. cell confluency,
differentiation efficiency). Additional analysis

performed using GraphPad Prism software with Student t-test or

statistical was

one-way ANOVA as indicated.

Conclusion

Efficient manufacturing of human iPSC-derived cells is highly
dependent on the cell culture substrate and its ability to support
effective and reproducible differentiation. Here, we identified fully-

defined, xeno-free, PEG-based hydrogels as an alternative to
Matrigel for human iPSC-CM differentiation. The tunability of this

J. Name., 2013, 00, 1-3 | 5
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technology offered a range of formulations that supported iPSC-CPC
survival and iPSC-CM differentiation levels that outperformed those
seen on Matrigel, while also providing significantly enhanced

reproducibility. The screening approach employed here is

generalizable to other cell types and could aid in identifying key
environmental variables for specific human stem cell applications.
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Figure 1. Schematic representation of (a) the traditional workflow and our proposed workflow relying on screening of PEG hydrogel
formulations, and (b) the PEG hydrogel synthesis workflow. Schematic not to scale.
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Figure 2. Synthetic PEG hydrogels, representative of developmental stages of the cardiac ECM, supported iPSC-CPC adhesion and survival.
(a) Representative calcein-AM fluorescence images of live iPSC-CPCs cultured on PEG hydrogels 3 days after seeding. Scale bar = 500 um. (b)
Quantitative heat map of iPSC-CPC confluency levels at 72 hours post-seeding on PEG hydrogels. Each box = 3 replicate gels. (c) Confluency
quantification of iPSC-CPCs cultured on PEG hydrogels presenting different peptides. **** p<0.0001, Student t-test. Each bar = 25 gels. (d)
Confluency quantification of iPSC-CPCs cultured on PEG hydrogels with different stiffnesses. *** p<0.001, one-way ANOVA. Each bar = 50
gels (neonatal & healthy adult) or 25 gels (fibrotic). (e) Multivariate analysis (MVA) of individual and interactive effects of hydrogel variables
on iPSC-CPC confluency levels.
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Figure 3. PEG hydrogels supported high levels of iPSC-CM differentiation. (a) Flow cytometry quantification of cTnT-expressing cells (%) with
terminal differentiation conducted on Matrigel or PEG hydrogels. **** p<0.0001, Student t-test. Each bar = 9 gels (Matrigel) or 126 gels (PEG
hydrogels). (b) Flow cytometry quantification of CPC markers (NKX2.5, ISL1) and CM markers (cTnT) on Matrigel and PEG hydrogels. ns: no
significance, * p<0.05, one-way ANOVA. Each bar = 6 gels (Matrigel) or 9 gels (PEG hydrogels). (c) Immunofluorescence images of iPSC-CMs
on different substrates. (d) Flow cytometry quantification of cTnT-expressing cells (%) rescued for terminal differentiation on PEG hydrogels
or Matrigel. ** p<0.01, Student t-test. Each bar = 9 gels (Matrigel) or 44 gels (PEG hydrogels). Scale bar = 500 um.
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Figure 4. PEG hydrogel formulations influenced iPSC-CM differentiation efficiency. (a) 3D plot representative of cTnT-expressing cells (%) in
PEG hydrogel formulations of varying primary peptide (0-7 mM CRGDSP, represented as negative values, or 0-7 mM c(RGDfC)), secondary
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Figure 5. PEG hydrogels supported superior reproducibility in iPSC-CM differentiation efficiencies when compared to Matrigel (a) between
experiments, **** p<0.0001, Student t-test, each bar = 3 experiments for 3 conditions (Matrigel) or 42 conditions (PEG hydrogels); and (b)
between experimental replicates, * p<0.05, Student t-test, each bar = 3 replicates for 3 conditions (Matrigel) or 42 conditions (PEG hydrogels).
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Material cTnT expression (%) References
Synthemax 85-95 Burridge et al. Lin et al. Sung et al.
Vitronectin 80 Tan et al. Lin et al.
Laminin 85 Burridge et al. Zhang et al.
Polyacrylamide hydrogel 70 Hazeltine et al.
Polydimethylsiloxane hydrogel 70 Korner et al.
PEG hydrogels 35 Jung et al.
Our PEG hydrogels 75
7 mM cRGDfC 10 kPa -
(our highest performing PEG hydrogel)

Table 1. Comparison of synthetic substrates and our PEG hydrogels’ performance in iPSC-CM differentiation efficiency.

cTnT expression (%) Variabili_ty across Variabil.ity across
experiments replicates
Matrigel 60 25.3 6.2
PEG hydrogels 75 8.2 3.5
Difference ™25% ™ 65% ™ 45%

Table 2. Summary comparison of Matrigel and PEG hydrogel performance in iPSC-CM differentiation efficiency.
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