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The advancement of regenerative medicine requires robust, reproducible, and scalable platforms for the
expansion and differentiation of human pluripotent stem cells (hPSCs) into specialized cells, such as
cardiomyocytes. While current natural matrices like Matrigel™ suffer from batch-to-batch variability and
limited tunability, synthetic scaffolds with controllable biochemical and mechanical properties could
provide superior platforms for maintaining stem cell pluripotency and directing efficient cardiac
differentiation. Here, we report the development and evaluation of a customizable thermoresponsive
terpolymer composed of N-isopropylacrylamide (NiPAAm), vinylphenylboronic acid (VPBA), and
polyethylene glycol monomethyl ether monomethacrylate (PEGMMA) synthesized via free-radical
polymerization as a synthetic matrix for human hPSC culture. This terpolymer exhibited optimal
properties, including tunable stiffness, transparency, and thermoresponsiveness, facilitating non-invasive
cell harvesting and downstream applications, characterized by flow cytometry, immunofluorescence,
and gene expression analysis. In both two-dimensional (2D) and three-dimensional (3D) culture
conditions, the terpolymer effectively supported the maintenance of pluripotency and promoted robust
proliferation of human induced pluripotent stem cells (hiPSCs) and human embryonic stem cells (hESCs).
Furthermore, incorporation of bioactive molecules into the synthetic matrix such as RGD peptides,
vitronectin, and fibronectin significantly enhanced cell expansion, aggregation, and cardiac differentiation
efficiency. Differentiated cardiomyocytes exhibited statistically significant increases in the expression of
cardiac-specific markers (cTnT and cTnl) reaching ~65% and ~25% respectively, compared to cells
cultured on traditional matrices like Matrigel™, Cultrex™ and synthetic VitroGel™. These findings
demonstrated the potential of this synthetic terpolymer scaffold as a reliable and scalable alternative for
hPSC culture and differentiation, with significant implications for regenerative medicine, drug screening,
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1. Introduction to the irreversi?le loss of these cells, as adult ca.rdiomyocytes
lack the capacity to regenerate effectively.”® This creates an
Tissue engineering and advanced cell culture platforms are urgent need for in vitro systems capable of reliably producing
essential tools in biomedical research and biomanufacturing, functional cardiomyocytes for regenerative therapies and
enabling precise control over cellular behavior and differentia- disease modeling. Despite their promise, differentiating hPSCs
tion in vitro."* Among these platforms, human pluripotent stem into mature cardiomyocytes remains challenging, as the
cells (hPSCs)—including human induced pluripotent stem cells ~ resulting cells often exhibit fetal-like phenotypes with limited
(hiPSCs) and human embryonic stem cells (hESCs)—are contractility and immature electrophysiological properties,
particularly valuable due to their ability to differentiate into reducing their therapeutic potential.”** In addition to their role
virtually any cell type.* This unique potential makes hPSCs in cardiac regeneration, hPSCs are critical for applications in
indispensable in regenerative medicine, where they can be drug discovery, disease modeling, and toxicity testing offering
directed to generate specialized cells, such as cardiomyocytes, personalized treatment options when derived from the patient's
neurons, and hepatocytes for therapeutic applications.*® Car- own cells."
diomyocytes, the heart's primary contractile cells, are respon- Nevertheless, harnessing the full potential of hPSCs requires
sible for pumping blood throughout the body. However, culture systems that closely replicate the dynamic and complex in
cardiovascular diseases such as myocardial infarction (MI) lead ~vivo microenvironments, supporting hPSC expansion, pluripo-
tency, and efficient lineage-specific differentiation state.">'* The
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signals.”>'® In vivo, stem cells are maintained in specialized
niches, where interactions between ECM components and cell-
surface receptors tightly regulate self-renewal and differentia-
tion."” Current matrices, such as Matrige]™—a basement
membrane extract (BME) derived from Engelbreth-Holm-Swarm
(EHS) mouse tumors—consist of laminin, collagen IV, entactin,
proteoglycans, and various growth factors."*?® Cultrex™,
another BME derived from the same tumor source, provides
a similar composition and is often used as a defined alternative
to Matrigel™.*"*> However, these xenogeneic matrixes present
significant disadvantages, including batch variability, undefined
composition, and limited scalability, which decrease their
reproducibility and large-scale application.”® Additionally, these
natural matrices lack the flexibility needed to adjust to different
mechanical and biochemical cellular environments, which limits
their effectiveness across various biomedical applications.

To address these challenges, synthetic polymer scaffolds
have emerged as promising alternatives, offering precise
control over key properties like stiffness, ligand presentation,
and biochemical functionality.®** These synthetic platforms
address many of the limitations associated with natural
matrices.”® Unlike animal-derived products, synthetic scaffolds
ensure consistent quality across batches, reducing variability
and enhanced reproducibility, an essential requirement for
both experimental standardization and clinical applications.
Additionally, synthetic scaffolds can support both 2D**?*° and 3D
cultures,>* providing greater flexibility for various biomedical
applications, from basic research to tissue engineering. They
can also be tailored to incorporate specific bioactive motifs,
such as RGD peptides,***” vitronectin,**** and fibronectin,*
promoting cell adhesion, proliferation, and differentiation.
This customization offers a potential solution to the common
issue of immature phenotypes in iPSC-derived cardiomyocytes.
Furthermore, synthetic scaffolds mitigate immunogenic risks
and ethical concerns by eliminating the need for animal-based
materials.** Their scalability and cost-effectiveness make them
particularly well-suited for large-scale applications in tissue
engineering, regenerative medicine, and drug discovery.

One of the earliest efforts in the development of synthetic
scaffolds involved studies of peptide-acrylate surfaces (PAS)
functionalized with bone sialoprotein and vitronectin peptides.*
These matrices supported the long-term maintenance of hESCs
in chemically defined, xeno-free conditions, enabling car-
diomyocyte differentiation and scalability. Despite these
advancements, PAS faced challenges in achieving fully mature
cardiomyocyte phenotypes and required extensive optimization
to replicate the ECM environment. Building on this, poly(-
ethylene glycol) (PEG)-based hydrogels modified with integrin-
binding peptides such as RGDS and YIGSR were proposed to
facilitate iPSC adhesion and differentiation into neural progen-
itors.** While effective, these materials had limitations in repli-
cating the intricate mechanical and biochemical signals of the
native ECM. Similarly, the use of poly[2-(methacryloyloxy) ethyl
dimethyl-(3-sulfopropyl)Jammonium hydroxide] (PMEDSAH),*
a zwitterionic hydrogel, for feeder-free culture of transgene-free
iPSCs was investigated by Villa-Diaz et al. This system main-
tained pluripotency and genomic stability for nine months, yet
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its broader applicability in directing specific lineage differentia-
tion was limited. Additional studies have advanced synthetic
scaffolds to better mimic native ECM properties. For example,
methacrylated gelatin (GelMA)** hydrogels have shown
promise in supporting hPSC proliferation and guiding differen-
tiation through tunable stiffness and bioactivity. However, their
inability to efficiently produce mature cardiomyocytes and their
lack of scalability for therapeutic use remain significant chal-
lenges. Moreover, dynamic covalent hydrogels,"”** capable of
real-time modulation of cell environments, have enabled better
control over stem cell fate decisions. However, the interplay
between dynamic mechanical properties and biochemical
signals often requires further refinement for achieving consis-
tent lineage-specific differentiation.

Building on these developments, our laboratory previously
designed a customizable thermo-responsive terpolymer
composed of NiPAAm, VPBA, and PEGMMA. This terpolymer
offers a unique combination of tunable mechanical properties,
biofunctionalization, and thermo-responsiveness. Its thermo-
responsive behavior enables non-invasive cell recovery,
thereby facilitating downstream applications. This platform has
been optimized for culturing various cell lines, including SKOV-
3 ovarian cancer cells, NIH-3T3 fibroblasts, Leukemia Jurkat T
cells, Pan-T cells, CAR-T cells and patient-derived glioblastoma
cells.** Previous characterization demonstrated that the
terpolymer formulations exhibited physiologically relevant
lower critical solution temperatures (LCST) near 37 °C and
tunable mechanical stiffness ranging from 0.5 to 18 kPa,
enabling customization for different cellular applications. The
biocompatible platform also showed capability for functionali-
zation with bioactive molecules, providing opportunities for
enhanced cell-matrix interactions.

The present study aimed to evaluate whether these synthetic
terpolymer scaffolds could serve as effective platforms for hPSC
and ESC culture and cardiomyocyte differentiation. We system-
atically investigated the performance of terpolymers functional-
ized with bioactive molecules including RGD peptides,
vitronectin, and fibronectin compared to traditional natural
matrices like Matrigel™ and Cultrex™, as well as commercial
synthetic alternatives such as VitroGel™. The research examined
how the incorporation of these ECM-derived molecules affects
pluripotency maintenance through assessment of key transcrip-
tion factors and how controlled mechanical properties influence
cardiac lineage. Additionally, we explored the versatility of
terpolymer blending to achieve tunable stiffness ranges suitable
for cardiac applications. This comprehensive evaluation sought
to determine the potential of our synthetic platform as a scalable,
reproducible alternative to existing matrices while providing
enhanced control over cell-matrix interactions to improve cardiac
differentiation efficiency in both 2D and 3D culture systems.

2. Materials and methods

2.1. Thermos-responsive scaffolds synthesis and
preparation

The protocol for synthesizing and preparing the thermo-
responsive terpolymer scaffold has been described elsewhere.*
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Briefly, the terpolymers were synthesized by free-radical poly-
merization using N-isopropylacrylamide (NiPAAm), 4-vinyl-
phenylboronic acid (VPBA) obtained from (Sigma Aldrich, St.
Louis, MO, USA), and poly(ethylene glycol) monomethyl ether
methacrylate (PEGMMA) from (Polysciences, Inc. Valley Rd,
Warrington, PA, USA). The molar ratios of the monomers were
varied to optimize properties like lower critical solution
temperature (LCST) and mechanical stiffness. The polymeriza-
tion was initiated with 2,2'-azobis(2-methylpropionitrile) (AIBN)
(Sigma Aldrich, St. Louis, MO, USA) at 65 °C in anhydrous
ethanol (Sigma Aldrich, St. Louis, MO, USA) for 24 hours. The
mixture was continuously stirred at 150 rpm with nitrogen
(Praxair, Guaynabo, Puerto Rico) flow maintained throughout
the reaction. Following synthesis, the polymers were precipitated
using petroleum ether (Sigma Aldrich, St. Louis, MO, USA), dried
and ground into powder for storage and characterization.

After characterization, the polymers were washed by di-
ssolving in cold deionized (DI) water, followed by thermo-
precipitation at 50 °C. The precipitated samples were re-
dissolved in cold DI water, dried, and ground into powder.
For sterilization, the terpolymer was dissolved in cold DI water
to form a 40 wt% solution and filtered using a hydrophilic PES
membrane (Millipore Sigma, St. Louis, MO, USA) filter in
a sterile laminar flow hood. The sterilized solution was stored in
a glass vial for later use in cell culture.

2.2. Scaffold characterization

The thermal and mechanical properties, focusing on the low
critical solution temperature (LCST) and storage modulus were
assessed by oscillatory strain using a modular compact rheometer
rheometer MCR 302 (Anton Paar, GmbH, Graz, Austria). Polymer
solutions at 15 wt% were prepared in deionized water and loaded
onto a parallel-plate geometry with a 25 mm diameter and
a 0.5 mm gap setting. The temperature was gradually increased
from 10 °C to 60 °C at a rate of 3 °C min " to monitor the tran-
sition from the sol (liquid) state to the gel state, indicating the
LCST. The storage modulus (G') was recorded as a function of
temperature to determine the start of gelation and the LCST,
noted at the temperature where G’ sharply increased. Stiffness
was analyzed at 37 °C, simulating physiological conditions, with
the G’ measured at a constant frequency of 5 Hz and 2% strain.

2.3. Cell culture

2.3.1. Human pluripotent stem cell lines. The hiPSC lines
WTC-11 and hESC lines H9 (WiCell, Madison, WI, USA) were
maintained using the feeder-free method. Cells were cultured
on Cultrex basement membrane extracts (Cultrex™) (R&D
Systems, Minneapolis, USA)—a defined ECM substitute derived
from EHS mouse sarcoma and used as an alternative to
Matrigel™>'—coated 6-well plates using mTeSR-1 (StemCell
Technologies, Vancouver, Canada) medium under feeder-free
conditions, following a defined procedure based on Ludwig
et al.>® Cells were passaged upon reaching 70-80% confluency
using Versene (Fisher Scientific, New Jersey, USA) to gently
dissociate cells and maintain pluripotency. Cultures were
incubated at 37 °C with 5% CO,, with daily medium changes.
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2.3.2. Differentiation of hiPSC and hESC into -car-
diomyocytes. The differentiation of human iPSCs (WTC-11) and
hESCs (H9) into cardiomyocytes was performed following the
Lian et al.>* protocol with optimizations for CHIR99021 (Tocris,
Bristol, United Kingdom) concentration, and cell density. Due
to variability between CHIR99021 lots, concentrations ranging
from 5 to 12 uM were tested alongside seeding densities of 50
000 to 150 000 cells per cm”. Cells at 70-80% confluency were
replated on Cultrex™-coated plates, with ROCK inhibitor in
mTeSR1 medium. Differentiation was initiated by switching to
RPMI1640 (Sigma Aldrich, St. Louis, Missouri USA) with B27-
(Gibco, Waltham, USA) and CHIR99021 on day 0. After 48 hours,
Wnt inhibition was induced with IWP2 (Tocris, Bristol, United
Kingdom), followed by media changes with RPM11640 and B27-
supplements on day 4. RPMI1640 and B27+ (Gibco, Waltham,
USA) supplements were added at days 6, and 8, continuing every
three days until day 15. Optimized conditions ensured consis-
tent cardiomyocyte differentiation for subsequent experiments.

2.3.3. Two and three-dimensional cell culture

2.3.3.1 Coating method. To prepare plates for cell culture in
a 2D condition, a 15 wt% layer of previously sterilized terpolymer
solution was applied at 360 uL cm 2 The solution was evenly
spread by gently tilting the plates within a Laminar Flow Hood
(LFH). Plates were incubated at 37 °C with 5% CO, for at least two
hours to allow for terpolymer gelation. For plates without
peptides, the supernatant was aspirated after gelation, and cells
were added at 100 000 cell per cm” directly onto the terpolymer-
coated surface. The plates were gently agitated to evenly
distribute the cells. For peptide-coated plates, a solution con-
taining RGD, RGDS, vitronectin, or fibronectin peptides was
added after initial gelation. The plates were incubated for an
additional two hours before the supernatant was removed and
cells were seeded, followed by gentle agitation for even distribu-
tion before incubation under standard culture conditions.
Cultrex™ coatings were performed at 100 pL cm > and used as
a control for this method.

2.3.3.2 Sandwich method. This technique was used to
encapsulate cells within a 3D polymer matrix. For this purpose,
a base layer of terpolymer was added and spread uniformly as
described in the Coating method. Cells were then mixed with
terpolymer solution for even distribution and deposited over
the base layer at 15 wt% in culture media. When using func-
tionalized terpolymers, a peptide solution (RGD, RGDS, vitro-
nectin, or fibronectin) was added to the terpolymer mixture.
Cells were incubated at 37 °C with 5% CO, and the culture
media was replaced every 24 hours. For 3D culture controls, the
xeno-free VitroGel™ system was used. Cells were suspended in
mTeSR-1 medium at the same cell concentration as that used in
the terpolymer formulations. After 10-20 minutes at room
temperature for gel formation, additional culture medium was
added to stabilize the scaffold, and the plates were incubated at
37 °C with 5% CO.,.

2.4. Cell harvesting

hiPSC and hESC were harvested from Cultrex™ at 70-80%
confluency, and cardiomyocytes were harvested 15 days post-
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differentiation under 3D conditions. For harvesting, 500 puL of
cooled (4 °C) 20 mM fructose solution was added and incubated
for 10 minutes as described before.*” The contents were trans-
ferred to a centrifuge tube and spun at 220 rcf for 5 minutes.
The supernatant was discarded, and cell pellets were treated
with Accutase (Innovative Cell Technologies, San Diego, USA)
for 5 minutes, followed by centrifugation at 200 rcf for 5
minutes. After removing the Accutase, cells were resuspended
in 1 mL DMEM for analysis.

For cells cultured in VitroGel™, cells were washed with PBS
and treated with 0.5 mL of VitroGel™ Organoid Recovery
Solution (The Well, North Brunswick, USA) for 5 minutes before
being transferred to a 15 mL conical tube with 1 mL DMEM. The
cells were centrifuged at 200 rcf for 5 minutes to complete
harvesting.

2.5. Flow cytometry analysis

Flow cytometry was performed using an Accuri C6 Plus Flow
Cytometer (BD Biosciences, San Jose, CA, USA) to verify plu-
ripotency and cardiomyocyte differentiation.> For pluripotency
assessment, hiPSCs and hESCs were analyzed for Oct4 (Cell
Signaling, Boston, USA) and Nanog (Cell Signaling, Boston,
USA). Cardiomyocytes at day 15 of differentiation were analyzed
for cardiac Troponin T (c¢TnT, Abcam, Connecticut, USA) and
cardiac Troponin I (cTnl, Abcam, Connecticut, USA) as markers
of differentiation and maturation. Cells were first washed with
PBS, dissociated with Accutase (5 minutes), and centrifuged at
220 rcf for 5 minutes. Cell counts were determined using
a hemocytometer, and samples were prepared at 200 000 cells
per mL. Cells were then fixed with 1% (v/v) paraformaldehyde in
PBS and permeabilized with 90% (v/v) methanol (Sigma Aldrich,
St. Louis, MO, USA). After washing with a solution of 1% (w/v)
BSA and 0.5% (v/v) Triton X-100 (Sigma Aldrich, St. Louis,
MO, USA) prepared in PBS, cells were incubated overnight at 4 ©
Cin the dark with primary antibodies diluted 1 : 200 in the same
blocking/permeabilization buffer. Secondary antibodies were
applied as follows: Alexa 488 (Invitrogen, California, USA) for
Nanog and cTnT, and Alexa Fluor 647 (Thermo Fisher Scientific,
Waltham, USA) for Oct4 and cTnl.

2.6. Immunofluorescence staining

Immunostaining was performed to evaluate pluripotency and
cardiomyocyte differentiation using fluorescence microscopy
with an Olympus IX83 confocal microscope (Center Valley, PA,
USA). Human induced pluripotent stem cells and embryonic
stem cells were washed three times with PBS, fixed with 4%
paraformaldehyde for 15 minutes at room temperature, and
permeabilized and blocked in PBS containing 0.5% Triton X-
100 and 1% BSA for 1 hour to minimize nonspecific binding.
Primary antibodies targeting Oct4 and Nanog as pluripotency
markers or ¢InT and cTnl as cardiomyocyte markers were
diluted at 1:200 in the blocking solution and incubated with
the cells overnight at 4 °C. After three PBS washes, Alexa Fluor
488 and Alexa Fluor 647 conjugated secondary antibodies were
applied at a dilution of 1:2000 for 1 hour at room temperature
in the dark.”®
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2.7. Metabolic potential

The metabolic activity of cells cultured on terpolymer was
assessed using a Seahorse XF Analyzer (Agilent Technologies,
Santa Clara, USA) to measure extracellular acidification rate
(ECAR) and oxygen consumption rate (OCR).*® Initially, cells
were plated at a density of 60 000 cells per well in a 24-well plate
coated either with terpolymer or with Cultrex® (used as
a control). After 72 hours, cells were dissociated with Accutase
and reseeded into a Seahorse XF 24-well microplate (Agilent
Technologies, Santa Clara, USA) coated with Cultrex®. The cells
were cultured in mTeSR-1 medium for 24 hours to ensure
proper adhesion and recovery. Prior to the assay, cells were
washed with pre-warmed XF DMEM Medium (Agilent Tech-
nologies, Santa Clara, USA) and incubated in the assay medium
at 37 °C without CO, for one hour to equilibrate temperature
and pH. The Seahorse XF Cell Mito Stress Test was then per-
formed according to manufacturer's instructions to assess
metabolic parameters. Following the Seahorse analysis, cells
were stained with Hoechst (Thermo Fisher Scientific, New
Jersey, USA) and observed under a Keyence microscope (Key-
ence Corporation of America, Itasca, USA) for cell counting.

2.8. RNA isolation and quantitative PCR

Total RNA was extracted using the PureLink RNA Mini Kit
(Thermo Fisher Scientific, New Jersey, USA) following the
manufacturer's protocol. RNA quantity was measured with
a Qubit 4 fluorometer (Thermo Fisher Scientific, New Jersey,
USA). Pluripotency of hiPSCs and hESCs was evaluated via
quantitative real-time PCR (qRT-PCR) using TagMan RNA
probes specific for OCT4 (Hs04260361_gl1), NANOG
(Hs04399610_g1), and SOX2 (Hs00602736_S1). GAPDH
(Hs99999905_m1) served as the housekeeping gene for
normalization. For cardiomyocyte differentiation, gene expres-
sion of TNNi3 (Hs00165957_m1), TNNT2 (Hs00943911_m1),
CACNA1C (Hs00167681_m1), and MYH6 (Hs01101425_m1) was
assessed using the TagMan RNA probe method. Relative gene
expression was calculated using the 20249 method, normal-
izing against GAPDH. qRT-PCR reactions were prepared using
the TagMan Gene Expression Master Mix, with each 20 pL
reaction containing 2 pL RNA, 1 uL TagMan RNA probe, 11.5 pL
Master Mix, and 6.5 pL nuclease-free water. The qRT-PCR was
performed on a Quantum Studio 3 Real-Time PCR System
(Thermo Fisher Scientific, New Jersey, USA) with the following
cycling parameters: 95 °C for 10 minutes, followed by 40 cycles
of 95 °C for 15 seconds and 60 °C for 1 minute.

2.9. Statistical analysis

All statistical analyses were performed using GraphPad Prism
version 10.0 (GraphPad, San Diego, CA, USA) for Windows. Data
are presented as mean =+ standard error of the mean (SEM) from
at least triplicate experiments unless otherwise specified.
Parametric tests including Student's t-test for two-group
comparisons and one-way ANOVA followed by Turkey post hoc
test for multiple comparisons were used. Relative gene expres-
sion was calculated using the 2022 method with GAPDH as
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reference gene. Statistical significance was set at p < 0.05, with
significance levels denoted as *p < 0.05, **p < 0.01, ***p <0.001,
***%p < 0.0001, ns = not significant.

3. Results and discussion

3.1. hPSCs expansion and maintenance on 2D
thermoresponsive scaffolds

Based on comprehensive characterization of NiPAAm-co-4-
VPBA-co-PEGMMA terpolymers previously reported by our
group® the combination of 2% 4-VPBA, 4% PEGMMA400, and
94% NiPAAm (designated as 2:4:94 P400) was selected for
hPSC culture and differentiation studies. This formulation was
previously characterized and shown to exhibit optimal proper-
ties including a lower critical solution temperature near physi-
ological conditions (37.0 + 0.63 °C), suitable mechanical
stiffness (17.8 + 2.5 kPa), and optical transparency for cell
monitoring. The terpolymer previously demonstrated success-
ful application in multiple cell culture systems,*** suggesting
its potential as a synthetic alternative to traditional matrices for
stem cell applications.

Initial assessment of hPSCs behavior on the terpolymer
scaffold concentrated on evaluating growth patterns, morpho-
logical characteristics, and maintenance of pluripotency
markers in 2D culture. Cell proliferation was quantified using
live fold expansion measurements to determine the scaffold's
capacity to support robust cellular growth over time. WIC-11
and H9 cells were seeded at a density of 100 000 cells per cm?
on 24-well plates coated with 2:4:94 P400 terpolymer at
15 wt%. The coating was achieved by applying 360 uL cm™> of
terpolymer solution per well, which was selected for its optimal
transparency and physiological gelation temperature. When
culturing iPSCs (WTC-11) and ESCs (H9) on different surfaces,
distinct differences in how the cells organized themselves was
observed (Fig. 1A). On Cultrex™ surfaces, both cell lines formed
the characteristic flat, spread-out colonies typical of 2D culture,
consistent with previous reports."*” However, when grown on
the 2:4:94 P400 terpolymer scaffold, cells adopted a more
three-dimensional, spheroid-like appearance (Fig. 1A, compare
T, T + FB, and T + RGD conditions with Cultrex control). This
morphological transformation aligns with observations in
previous studies where iPSCs cultured on nanofibrillar cellulose
hydrogels similarly developed rounded morphologies while
maintaining high OCT4 expression.*® This type of spheroid
formation reflects the unique interactions between cells and
synthetic surfaces. Previous research has shown that surface
chemistry and polymer composition significantly influence how
stem cells organize into colonies.** The hydrophobic-
hydrophilic balance created by the combination of NiPAAm,
VPBA, and PEGMMA may create a microenvironment that
favors three-dimensional aggregation over two-dimensional
adhesion. Similar morphological transitions have been
observed during the long-term culture of human pluripotent
stem cells on other synthetic polymer surfaces, where cells
spontaneously formed aggregates, while maintaining their
undifferentiated state.®®** These synthetic surfaces often lack
the extensive protein-binding sites found in natural matrices,
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leading cells to preferentially interact with each other rather
than with the substrate.*>*® Together, these findings suggest the
proposed terpolymer provides biophysical and biochemical
cues that resemble the three-dimensional architecture of the
native stem cell niche, promoting spontaneous spheroid
formation, while maintaining pluripotency.

3.2. Incorporation of cell-adhesive biomolecules enhances
the functionality of 2D synthetic terpolymer matrices

To further enhance the biomimetic properties of the scaffolds,
various ECM-derived molecules such as RGD, RGDS peptides,
and fibronectin were incorporated. The rationale behind this
approach was based on the crucial roles of these molecules in
cell-matrix interactions within natural tissues.®® RGD and
RGDS sequences are specifically recognized by cell surface
integrins such as a5p1 and avf3,* while fibronectin provides
multiple binding sites that promote cell attachment and
maintain pluripotency-related signaling pathways.** Terpoly-
mers were then enriched the with these bioactive molecules at 6
ng per well. Images revealed colony formation, particularly with
RGD peptides and fibronectin, where cells formed notably
larger and more compact spheroid structures (Fig. 1A).

More importantly, the improvements in colony morphology
were accompanied by consistent cell proliferation. Both WTC-
11 and H9 cells exhibited comparable live fold expansion
rates under most conditions (Fig. 1B). A slight decrease in
proliferation was only observed for WT'C-11 cells cultured on T +
RGDS, suggesting that this particular modification may be less
optimal for supporting iPSC growth. These results are consis-
tent with previous reports that demonstrated that stem cell
responses to synthetic substrates can vary depending on
integrin expression profiles across different cell lines.>>%*%* Flow
cytometry analysis was employed to quantitatively assess the
expression of key pluripotency markers, providing objective
validation of stem cell identity maintenance. Similar to the
expansion results, cells maintained their pluripotent state
across most culture conditions, as evidenced by OCT4 expres-
sion levels (Fig. 1C) by flow cytometry. Both cell lines showed
robust OCT4 expression (>95%) on Cultrex™. In the case of the
unmodified terpolymer with H9 cells, OCT4 expression was
slightly lower (88.43 £ 3.11%), but notably, the addition of RGD
peptides and fibronectin to the terpolymer improved this
expression to levels comparable to commercial matrices (91.5 +
3.8% and 96.2 + 2.4%). However, a significant reduction in
OCT4 expression was observed with T + RGDS, particularly in
WTC-11 cells, suggesting that this specific peptide sequence
may adversely affect both proliferation and pluripotency
maintenance. This finding aligns with studies showing that
different integrin-binding motifs can have variable effects on
pluripotent stem cell self-renewal pathways.®* For the case of
immunostaining analysis, results clearly demonstrated robust
nuclear expression of OCT-4 and surface expression of TRA-1-81
markers in hPSCs cultured on the 2:4:94 P400 terpolymer
(Fig. 1D). These observations align closely with the flow
cytometry results, further confirming high expression of key
pluripotency markers comparable to established commercial

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Impact of peptide incorporation on hPSC morphology and function. (A) Representative brightfield micrographs comparing WTC-11 and
H9 hPSC cultures across different substrate conditions: Cultrex™, terpolymer alone (T), terpolymer with fibronectin (T + FB), and terpolymer with
RGD peptide (T + RGD). Scale bars: 200 um. (B) Cell proliferation measured as live fold expansion for both cell lines when cultured on 2:4: 94
P400 terpolymer (15 wt%) modified with different bioactive molecules (FB, RGD, RGDS; 6 nug per well). (C) Maintenance of pluripotency assessed
by OCT4 expression using flow cytometry under identical culture conditions. Data shown as mean + SD with n = 5. Statistical significance: *p <
0.0001, **p = 0.081, #p = 0.0383 compared to Cultrex™. (D) Immunofluorescence images of WTC-11 hiPSCs cultured on 2:4:94 P400
terpolymer scaffolds (15 wt%) demonstrating expression of pluripotency markers OCT-4 (green) and TRA-1-81 (red), with nuclear counter-
staining using DAPI (blue). Merged images confirm maintenance of stem cell identity. Scale bars: 100 pm.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2025, 15, 31296-31312 | 31301


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra04674b

Open Access Article. Published on 02 September 2025. Downloaded on 2/12/2026 6:33:52 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

matrices. Quantitative gene expression analyses for OCT4,
SOX2, and NANOG via qPCR provided additional validation
(Fig. 2A-C). For both cell lines, expression levels were compa-
rable or even superior to Cultrex™, notably in the case of OCT4
for H9 cells, indicating enhanced pluripotency maintenance on
the terpolymer scaffold. These gene expression profiles align
with previous findings suggesting that synthetic scaffolds, when
properly functionalized, can effectively support pluripotency by
providing appropriate biochemical cues similar to traditional
substrates.**

Metabolic profiling using Seahorse XF Analyzer was per-
formed to evaluate cellular bioenergetics, as metabolic state
serves as a sensitive indicator of cellular health and pluripo-
tency status. Seahorse XF Analyzer measurements indicated
comparable metabolic profiles (OCR and ECAR) for cells
cultured on the terpolymer relative to Cultrex™ controls
(Fig. 2D and E). For WTC-11 cells, OCR values of 142.8 &+ 12.6%
(T) and 148.7 £ 13.8% (T + RGD) were statistically equivalent to
Cultrex™ control (145.0 £+ 14.3%) as well as ECAR values (T:
168.9 £+ 16.4%, T + RGD: 172.4 + 17.8% vs. control: 165.2 +
18.7%). HO cells exhibited metabolic activity with OCR values of
162.7 + 14.9% (T) and 167.4 &+ 15.6% (T + RGD) compared to
control (158.3 + 16.8%), reflecting the characteristic metabolic
of ESCs. Pluripotent stem cells typically exhibit a balanced
metabolic state characterized by relatively high ECAR accom-
panied by maintained OCR, reflective of the Warburg effect
commonly observed in proliferating pluripotent cells.*®*” The
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preserved ECAR > OCR relationship across all conditions
confirmed maintenance of the glycolytic preference essential
for pluripotency, with stable levels indicative of healthy mito-
chondrial function and glycolytic capacity critical for support-
ing rapid cell proliferation and biosynthesis of essential
biomolecules.*® Similar metabolic behavior has been reported
in other synthetic hydrogel systems supporting stem cell
cultures.®®*® Collectively, the immunostaining, flow cytometry,
gene expression, and metabolic potential analyses strongly
corroborate each other, confirming that the 2:4:94 P400
terpolymer provided an effective and supportive microenviron-
ment for hPSC culture. These findings reinforce the potential of
thermoresponsive synthetic scaffolds as viable, xeno-free alter-
natives for pluripotent stem cell cultivation and downstream
applications in regenerative medicine and disease modeling.

3.3. Consistent pluripotency maintenance of hPSCs in 3D
terpolymer cultures across sequential passages

Building upon our promising 2D culture results, we investigated
the capability of the NiPAAm-co-4-VPBA-co-PEGMMA
terpolymer scaffold to support multi-passage of iPSC culture in
a three-dimensional environment. The transition to 3D culture
is critical for advancing toward therapeutic applications, as it
provides a more physiologically relevant microenvironment that
better mimics native tissue architecture and cell-cell interac-
tions compared to conventional 2D systems. This three-

A B C
e g
: S dus
3 204 . I—\ § 207 9 2
< < Q
a2 (2 ¥ s
5 157 § 1.5 gL
2
g g g
S 1.0 £ 1.0- 5 1.0
= = )
2 2 &
g 0.5 £ 0.5 £ 0.5
3 = ~
= 0.0 S 0.0 8 00
8 Cultrex T T+RGD ) Cultrex T T+RGD 5 Cultrex T T+RGD
z
D E
E wrc-n B WrC-11 B Wwrcn [ | WTC-11
2 250- Stressed OCR Stressed ECAR & 250+ Stressed OCR Stressed ECAR
& 200 & 200
N X
3 1501 3 150 R ——
100 100
-9 -
S 50+ = 504
E- -
5 0- s 0-
S P T S P F IR &IPS
& PGS & PGS & L SO
00\ & &xq' 00\ & &xQ' Cé «§ &xQ' 00 & &,3'

Fig.2 Gene expression profiles and metabolic activity of WTC-11iPSCs and H9 hESCs cultured on the terpolymer (2 : 4 : 94 P400) with and without
the addition of peptides (fibronectin (FB), RGD) at a concentration of 6 pg per well. (A) Relative expression of OCT4 assessed by gPCR for WTC-11
and H9 cells. (B) Relative expression of SOX2 assessed by gPCR for WTC-11 and H9 cells. (C) Relative expression of NANOG assessed by qPCR for
H9 cells. (D) Metabolic potential (stressed OCR and ECAR) measured by Seahorse analysis for WTC-11 cells. (E) Metabolic potential (stressed OCR
and ECAR) measured by Seahorse analysis for H9 cells. Cultrex™ was used as the control substrate for all comparisons. Statistical comparison
between cell lines under T + RGD condition was performed to evaluate differential responses of iPSCs versus ESCs to the same scaffold modi-
fication. Statistical significance: *p < 0.03. Bars represent mean + STDV (n = 3 for gene expression, n = 5 for metabolic potential assays).
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dimensional context is essential for scalable manufacturing
processes in regenerative medicine, where maintaining plurip-
otency while enabling efficient cell expansion and harvest
represents a central challenge for clinical translation.**”*”*
The terpolymer's thermoresponsive properties offered the
distinct advantage of facilitating cell recovery during passaging,
which helped preserve cell integrity for maintaining pluripo-
tency of hPSCs.* To create the 3D microenvironment, the
sandwich culture method was employed, where a base layer of
terpolymer was first applied to prevent cell attachment to the
well bottom, followed by a mixture of cells with terpolymer
solution (Fig. 3A). This encapsulation approach allowed for true
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three-dimensional cell-matrix interactions throughout the
culture period, similar to strategies employed by Caiazzo et al.,
who demonstrated successful 3D encapsulation of pluripotent
stem cells in defined hydrogels.”

As shown in Fig. 3B, a comprehensive multi-passage analysis
to evaluate the stability of the 3D culture system supported by
the terpolymer scaffold with RGD was performed. Fluorescence
microscopy revealed robust OCT4 expression and proper cyto-
skeletal organization in WTC-11 iPSCs cultured within the 3D
terpolymer matrix across multiple passages (Fig. 3C). The
spheroids maintained their structural integrity and pluripotent
state through at least six passages, indicating stability of the
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Fig. 3 Maintenance of pluripotency in iPSCs cultured in 3D terpolymer scaffolds with RGD over multiple passages. (A) Schematic representation
of the "sandwich” method used for 3D encapsulation of iPSCs in the terpolymer scaffold. (B) A comprehensive multi-passage analysis was
performed to evaluate the stability of the 3D culture system supported by the terpolymer scaffold with RGD. (C) Fluorescence microscopy
images showing OCT4 expression (green), actin cytoskeleton (red), and merged channels for WTC-11 iPSCs cultured in 3D terpolymer scaffolds
across passages 1, 3, and 6. Scale bars represent 100 pm. (D) Flow cytometry quantification of OCT4 expression across passages 1, 2, 4, and 6 (n =
5). (E) Flow cytometry quantification of NANOG expression across the same passages (n = 5).
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culture system. The maintained expression pattern suggested
that the 3D microenvironment effectively supported the pres-
ervation of pluripotency-associated transcription factors
without compromising self-renewal capacity.”>’* Similar main-
tenance of pluripotency in 3D synthetic environments has been
reported and validated the importance of suitable synthetic
matrices for long-term stem cell culture.**”®

Flow cytometry analysis provided quantitative confirmation of
these observations, with OCT4 expression remaining consistently
above 94% (Fig. 3D) and NANOG above 85% (Fig. 3E) across all
passages examined. These expression levels parallel those
observed in conventional BME-based culture systems (typically
95-98% for OCT4 and 88-90% for NANOG), demonstrating the
efficacy of the synthetic terpolymer in maintaining stemness even
after repeated passaging cycles.®”*”” Complementing these
results, Fig. S1, also based on flow cytometry, demonstrated that
both WTC-11 and H9 cell lines maintained their pluripotency
after 6 passages when cultured with RGD-functionalized
terpolymer, further validating the universal applicability of this
synthetic scaffold across different pluripotent stem cell types. The
consistent expression profile is particularly noteworthy, as
successful long-term maintenance of pluripotency is essential for
applications requiring large-scale cell expansion, including
regenerative medicine and disease modeling.”®”

3.4. Biofunctionalization with ECM-derived molecules
enhances hPSC expansion in 3D terpolymer environments

To further investigate the versatility of our 3D culture system,
the performance of the basic terpolymer formulation (T) with
variants incorporating bioactive molecules, specifically fibro-
nectin (T + FB), RGD peptide (T + RGD), and vitronectin (T +
VN), using both WTC-11 iPSCs and H9 ESCs was compared. The
commercially available VitroGel™ was selected as a 3D control
because it is a synthetic hydrogel,**** providing a consistent and
well-validated model for benchmarking 3D culture perfor-
mance. Vitronectin was incorporated since it is a key extracel-
lular matrix protein that supports cell adhesion, survival, and
proliferation, and has been shown to enhance the maintenance
of pluripotency in stem cell cultures, especially in synthetic and
xeno-free systems.*>*

Live fold expansion analysis revealed that the base
terpolymer supported cellular proliferation comparable to
VitroGel™ for both cell lines (Fig. 4A). Notably, the incorpora-
tion of RGD peptide significantly enhanced proliferation for
both WTC-11 and H9 cell lines, outperforming the VitroGel™
control. These findings align with two-dimension results that
demonstrated RGD-containing motifs enhanced integrin-
specific engagement and improve stem cell expansion. Inter-
estingly, the addition of vitronectin showed differential effects
between cell lines, with H9 cells demonstrating significantly
higher proliferation compared to WTC-11 cells, which showed
low improvement over the control. This cell-specific response to
vitronectin likely reflects differential expression of integrin
receptors between iPSCs and ESCs, consistent with reports who
documented different expression of vitronectin-binding integ-
rins (particularly «VB5) in stem cell lines.®"*
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Pluripotency maintenance, assessed by flow cytometry,
demonstrated high expression of OCT4 (>93%) and NANOG
(>87%) across all conditions for both cell lines, with no statis-
tically significant differences respect to the VitroGel™ control
(Fig. 4B and C). In addition, gene expression analysis by qPCR
revealed interesting cell line-specific patterns. For OCT4
expression (Fig. 4D), H9 cells cultured in the terpolymer alone
showed significantly higher expression compared to VitroGel™,
while WTC-11 cells maintained comparable expression levels to
the control. SOX2, which is a measure of the stem cell self-
renewal capacity and a critical component of the pluripotency
regulatory network, showed enhanced expression in terpolymer
culture for both cell lines (Fig. 4E), though the effect was more
pronounced in H9 cells compared to WTC-11 cells. Notably,
NANOG expression in H9 cells (Fig. 4F) was substantially
increased in both unmodified terpolymer and terpolymer with
RGD compared to VitroGel™.

Metabolic profiling using Seahorse analysis demonstrated
that both WTC-11 and H9 cells maintained healthy metabolic
signatures in the 3D terpolymer environment, with no statisti-
cally significant differences compared to VitroGel™ control
conditions. For WTC-11 cells, OCR values for terpolymer alone
(128.4 + 16.2%) and terpolymer with fibronectin (125.8 =+
19.5%) or RGD (135.9 + 17.3%) were statistically comparable to
VitroGel™ control (132.6 £ 18.9%), while ECAR values similarly
showed no significant differences across conditions (T: 194.7 £
22.1%, T + FB: 187.2 + 26.3%, T + RGD: 203.4 £ 23.8% vs.
VitroGel™: 189.3 + 24.6%). H9 cells exhibited the same pattern,
with OCR values showing no significant variation between
terpolymer formulations (T: 151.3 + 19.6%, T + FB: 143.7 +
22.8%, T + RGD: 156.9 + 20.2%) and VitroGel™ (145.8 +
21.4%). ECAR measurements also remained statistically equiv-
alent across all conditions (T: 213.2 + 26.4%, T + FB: 198.5 +
30.1%, T + RGD: 224.6 + 27.3% vs. VitroGel™: 205.7 + 28.9%).
The preserved ECAR > OCR relationship across all conditions
confirmed that both iPSCs and ESCs maintained their charac-
teristic glycolytic preference essential for pluripotency.®®5>%
The lack of significant metabolic differences confirmed that the
terpolymer formulations, with or without bioactive additives,
successfully maintained the pluripotent state in 3D culture.

Overall, these findings demonstrated that the NiPAAm-co-4-
VPBA-co-PEGMMA terpolymer not only supports short-term
culture but also enabled maintenance of pluripotent stem cells
in a 3D environment across multiple passages. The incorporation
of bioactive molecules, particularly RGD peptide and vitronectin,
further enhanced proliferation, while maintaining pluripotency.
The differential response between iPSCs and ESCs to certain
formulations highlights the importance of tailoring synthetic
matrices to specific cell types and applications, as previously
suggested by Amitrano et al.>®* and Mulero-Russe et al.*

3.5. Encapsulation in terpolymer scaffolds allow hPSCs
differentiation to cardiomyocytes

After establishing that hPSCs could be effectively maintained in
an undifferentiated state within 3D terpolymer environments,
we proceeded to investigate their capacity for directed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Maintenance of pluripotency and metabolic activity of hPSCs in 3D terpolymer culture. (A) Live fold expansion of iPSCs (WTC-11) and
hESCs (H9) encapsulated in 2:4:94 P400 terpolymer (T) at 15 wt% compared to VitroGel™ commercial synthetic matrix control, with and
without addition of fibronectin (T + FB), RGD peptide (T + RGD), or vitronectin (T + VN). (B) Flow cytometry analysis showing percentage of cells
expressing pluripotency markers OCT4 and (C) NANOG, across different culture conditions. (D) Relative gene expression of OCT4 and (E) SOX2
assessed by qPCR for WTC-11 and H9 cells. (F) Relative expression of NANOG assessed by qPCR for H9 cells. (G) Metabolic potential measured by
Seahorse analysis showing stressed oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) for WTC-11 and (H) H9 cells,
respectively. Bars represent mean 4 SD (n = 5 for all analyses except gene expression where n = 3). Statistical significance: *p < 0.05, **p =

0.0123, ***p = 0.0004.

differentiation into cardiomyocytes. An optimized protocol,
illustrated in Fig. 5A, which included temporal modulation of
wnt signaling through CHIR99021 and IWP2 treatments, was
used to induce cardiac lineage differentiation.®*** When
encapsulated within the 3D terpolymer environment, both
WTC-11 and H9 cells demonstrated differentiation after 15 days
of differentiation. Confocal microscopy analysis revealed the
expression of cardiac-specific markers within the differentiated
cells (Fig. 5B). Cells exhibited strong immunoreactivity for
cardiac troponin T (cTnT), a critical component of the sarco-
meric thin filament that regulates muscle contraction, as well as
cardiac troponin I (cTnlI), which serves as a key indicator of
cardiomyocyte maturation.’®>

Flow cytometry analysis was utilized to quantify the expres-
sion of cardiac-specific proteins, enabling precise determina-
tion of differentiation efficiency and cardiomyocyte maturation.
Quantitative assessment via flow cytometry confirmed these
observations, revealing that approximately 60% of cells
expressed cTnT when differentiated within the unmodified

© 2025 The Author(s). Published by the Royal Society of Chemistry

terpolymer scaffold (Fig. 5C). This efficiency was comparable to
that observed in the VitroGel™ control, indicating that the
synthetic terpolymer provided an equally supportive microen-
vironment for cardiac differentiation. Notably, the modification
of the terpolymer with bioactive molecules significantly
enhanced differentiation outcomes. The incorporation of RGD
peptide and vitronectin resulted in increased cTnT expression
(65.8 &+ 5.2% and 66.2 + 5.9%, respectively) compared to the
unmodified terpolymer (49.7 + 5.8%). This efficiency is
comparable to previously reported differentiation efficiencies
using BME-based protocols, which typically yield between 50—
70% cTnT-positive cells.*»***” Similarly, the expression of cTnl,
showed a parallel trend (Fig. 5D). While the unmodified
terpolymer supported cTnl expression at levels comparable to
VitroGel™ (approximately 17%), the addition of RGD peptide
and vitronectin resulted in significantly higher expression (23.5
+ 6.8% and 26.8 £ 7.1%, respectively). The enhanced cTnl
expression with bioactive modifications suggests improved
cardiomyocyte maturation, as cTnl is a late-stage cardiac
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Fig. 5 Encapsulation in terpolymer scaffolds promotes hPSC aggregation and differentiation. (A) Schematic representation of the differentiation
protocol from hiPSCs/hESCs into cardiomyocytes within BME and synthetic scaffolds.>*** (B) Representative confocal fluorescence images
showing expression of cardiac-specific markers: cardiac Troponin T (cTnT, green), cardiac Troponin | (cTnl, orange), and merged channels in
WTC-11 iPSC-derived cardiomyocytes encapsulated in the terpolymer scaffold. Scale bars: 100 um. (C) Flow cytometry quantification of cTnT
and (D) cTnl expression for WTC-11 and H9-derived cardiomyocytes after 15 days of differentiation compared to VitroGel™ (n = 5). (E) Relative
gene expression analysis by gPCR of cardiac differentiation markers TNNT2, CACNAlc, and MYH6 for (E) WTC-11 and (F) H9 cell lines cultured in
3D terpolymer scaffolds (n = 3). Data shown as mean + SD. Statistical significance: *p < 0.05, **p < 0.001.

marker that indicates functional contractile apparatus devel-
opment. This improvement demonstrated the importance of
integrin-ECM interactions in driving cardiac lineage progres-
sion beyond initial specification.® The improvements in both
¢TnT and cTnl expression likely stem from enhanced integrin-
mediated signaling, as demonstrated by Santoro et al. and
Israeli-Rosenberg et al., suggesting that the bioactive-modified
scaffolds not only improved differentiation efficiency, but also
promoted cardiomyocyte maturation, addressing a key chal-
lenge in cardiac tissue engineering.***°

Gene expression analysis via quantitative PCR was per-
formed to evaluate transcriptional changes associated with
cardiac lineage commitment and functional maturation. Gene
expression analysis via qPCR provided further evidence of
successful cardiac differentiation within the terpolymer scaf-
folds (Fig. 5E and F). For both WTC-11 and H9 cell lines,
a substantial upregulation of key cardiac genes was observed,
including TNNT2 (encoding cardiac troponin T), CACNAlc
(encoding the alpha subunit of the L-type calcium channel
essential for cardiac excitation-contraction coupling), and

31306 | RSC Adv, 2025, 15, 31296-31312

MYH6 (encoding alpha-myosin heavy chain, a primary
contractile protein in the heart).*® Together, these molecular
changes represented the fundamental transition from pluripo-
tent stem cells to functional cardiac cells. The expression levels
of these genes were comparable between the terpolymer and
VitroGel™ conditions, with slight enhancements observed in
the bioactive-modified scaffolds, particularly for CACNA1lc in
the terpolymer with vitronectin condition. These expression
patterns indicated cardiac lineage and the acquisition of key
cardiomyocytes characteristic within our system, similar to
observations by Vuckovié¢ et al., who characterized the metabolic
maturation in iPSC-derived cardiomyocytes.®”

The metabolic profile of the differentiated cardiomyocytes
within the terpolymer scaffolds provided additional insights
into their functional maturation. Seahorse analysis revealed
that the iPSCs maintained healthy metabolic, with OCR and
ECAR comparable to those observed in the VitroGel™ control
(Fig. S2). Notably, there were no significant differences in
metabolic potential across the different culture conditions,
indicating that the terpolymer environment, with or without

© 2025 The Author(s). Published by the Royal Society of Chemistry
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bioactive modifications, adequately supported the metabolic
requirements of differentiating cardiomyocytes. This finding is
particularly important as the metabolic shift from glycolysis to
oxidative phosphorylation is a key feature of cardiomyocyte
maturation, as demonstrated by Correia et al., who showed that
3D aggregate culture improved metabolic maturation of human
pluripotent stem cell-derived cardiomyocytes.®® Additional
characterization, including c¢TnT expression via flow cytometry
and confirmation by immunostaining of cardiomyocytes
differentiated in 2D conditions is presented in Fig. S3, allowing
direct comparison between 2D and 3D differentiation efficiency.

3.6. Tunable mechanical properties through terpolymer
blending enables precise tailoring of scaffold stiffness

Building upon previous work characterizing individual
NiPAAm-co-4-VPBA-co-PEGMMA terpolymers where LCST, stiff-
ness, and other critical properties were assessed, the investi-
gation intended to explore how blending these polymers could
further enhance their versatility for diverse cell culture appli-
cations requiring specific mechanical properties.**>' An earlier
publication demonstrated that varying the molar ratios of
NiPAAm, VPBA, and PEGMMA monomers, along with the
molecular weight of PEGMMA (P400 or P1000), yielded
terpolymers with a range of thermal and mechanical charac-
teristics. This foundational work established individual
terpolymers with specific properties; however, creating a wider
spectrum of scaffold characteristics while maintaining physio-
logically relevant thermal behavior remained challenging.”

The current study addressees this limitation by systemati-
cally blending selected terpolymers to create matrices with
intermediate properties. Terpolymer blend combinations were
analyzed to establish their potential for creating customized
cellular microenvironments. As an example, when blending 2 :
3:95 P400 with 10: 4 : 86 P1000, it was observed that increasing
the proportion of 10 : 4 : 86 P1000 progressively reduced scaffold
stiffness from 19.1 kPa to 6.4 kPa, while shifting the LCST from
34.5 °C toward 43.1 °C (Fig. S4A). Similarly, the combination of
2:3:95 P400 with 4:8:88 P400 demonstrated that higher
proportions of 4 : 8 : 88 P400 decreased stiffness, while elevating
the LCST (Fig. S4B).

As a result, several blend formulations that maintained an
LCST close to physiological temperature (37 °C), were targeted
since they are particularly suitable for cell culture applications
(Table S2). For instance, a 90: 10 blend of 2 : 3: 95 P400 and 10:
4:86 P1000 produced a scaffold with 17.7 kPa stiffness and an
LCST of 36.5 °C, while a 70 : 30 mixture of 4:4:92 P400 and 4:
12:84 P1000 yielded a softer matrix (7.4 kPa) with an LCST of
37.6 °C. The relationship observed between blend composition
and resulting properties enables predictable scaffold engi-
neering for specific applications. These near-physiological LCST
blends were selected for cell culture experiments, allowing the
examination of how scaffold rigidity influenced cell behavior,
while maintaining consistent thermal responsiveness. When
assessed with iPSCs, terpolymer blends with stiffness values
ranging from 1.5 to 18.0 kPa and functionalized with RGD
peptide, all supported comparable cell proliferation rates

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

(Fig. 6A). Expression of pluripotency markers OCT4 and Nanog
remained consistently high (>95% and >87%, respectively) across
all stiffness conditions (Fig. 6B), indicating that iPSC pluripo-
tency was robustly maintained within this mechanical range.

This finding aligns with several recent studies that have also
reported mechanical insensitivity within specific ranges or
conditions. For example, Eroshenko et al. demonstrated that
early differentiation of human embryonic stem cells appears to
follow a stochastic process across different PDMS substrate
stiffnesses, with some cells maintaining pluripotency markers
regardless of mechanical cues.” Similarly, Llewellyn et al. showed
that while substrate stiffness can modulate hiPSC differentiation
competence, different hPSC lines could react differentially to
substrate stiffness, suggesting that additional unknown factors
present in culture conditions might cooperate with substrate
mechanical properties.”® Cozzolino et al. found that liver stem
cells showed context-dependent responses to substrate stiffness,
with some cellular processes being more influenced by
biochemical rather than mechanical factors within certain
ranges.” These studies collectively demonstrate that stem cell
response to substrate stiffness can be context-dependent, with
some cell types or culture conditions showing minimal sensitivity
to mechanical cues within certain ranges. However, this contrasts
with the well-established paradigm from studies by Paiva et al
and others showing clear stiffness-dependent lineage specifica-
tion.”” The apparent mechanical insensitivity of pluripotency
maintenance observed in our system suggests that other factors,
including the presence of bioactive molecules like RGD peptide
and the three-dimensional nature of the encapsulation, may play
a more dominant role in regulating iPSC behavior than substrate
stiffness alone within the tested range.

For cardiac differentiation applications, a series of tailored
terpolymer blends spanning 2.2-9.0 kPa (Table 1) were created.
All formulations supported comparable levels of ¢TnT (~60%),
suggesting that differentiation efficiency was not significantly
affected by substrate rigidity within this range (Fig. 6C). The c¢Tnl
expression levels also remained consistent across the different
stiffness conditions (Fig. 6D), indicating that matrix rigidity
within this range did not significantly impact cardiomyocyte
maturation markers. However, cells cultured on the 9.0 kPa
scaffold exhibited improved contractile behavior, which aligns
with the mechanical properties of native myocardium.’**” This
observation suggested that while expression of cardiac markers
may not be significantly affected by substrate stiffness in this
range, functional properties such as contractility may still be
influenced by the mechanical microenvironment.

The significance of substrate mechanics for cardiac cell
function has been well-documented. Previous investigations
have shown that matrices mimicking the stiffness of the
developing myocardium (~10 kPa) can promote optimal
sarcomere organization and contractile activity.”**” Addition-
ally, dynamic alterations in substrate rigidity during culture
periods have been reported to enhance maturation by repli-
cating the physiological stiffening that occurs during cardiac
development.*~*® This work extends these concepts to iPSC-
derived cardiomyocytes in 3D culture, demonstrating that
functional cardiac properties can be modulated through
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Fig. 6 Effect of scaffold stiffness on iPSC proliferation and differentiation into cardiomyocytes. (A) Live fold expansion rates of WTC-11 iPSCs
cultured on terpolymer scaffolds with varying stiffness values and control substrates. (B) Expression of pluripotency markers OCT4 and NANOG
in iPSCs across different terpolymer stiffness conditions. (C) Percentage of cells expressing cTnT following differentiation on various terpolymer
formulations. (D) Percentage of cells expressing cTnl across identical culture conditions. Statistical significance indicated as: ns = not significant.

Data represents mean + SD, n = 4.

Table 1 Concentration and stiffness of terpolymers blends used as
scaffold to differentiate iPSCs into cardiomyocytes

Combination Concentration Stiffness
(terpolymer 1-terpolymer 2) (Wt%) (kPa)

2:4:94 P400-2:4:94 P1000 60-40 2.2 £0.3
2:4:94 P400-4:8:88 P400 60-40 4.4 + 0.2
2:4:94 P400-2:4:94 P1000 70-30 6.3 + 0.2
2:4:94 P400-4:8:88 P400 70-30 9.0 + 0.3

mechanical cues despite minimal changes in protein marker
expression.

These findings demonstrated that terpolymer blending
provided a straightforward approach to generate a spectrum of
scaffold properties, while maintaining physiologically relevant
thermal characteristics. The ability to create scaffolds with precise
LCST values near 37 °C and independently controllable mechan-
ical stiffness significantly expands the utility of these synthetic
matrices for applications requiring specific microenvironments,
such as stem cell expansion and directed differentiation.

4. Conclusion

This study demonstrated the successful maintenance of plu-
ripotency in both iPSCs and ESCs using a fully synthetic, xeno-

31308 | RSC Adv,, 2025, 15, 31296-31312

free, and thermoresponsive terpolymer scaffold. The 2:4:94
P400 formulation exhibited optimal performance, enabling
robust expansion, while maintaining high expression of plu-
ripotency markers comparable to traditional biological
matrices. A key advantage of this system is the precise control
over mechanical properties, with scaffolds demonstrating
tunable stiffness ranging from 0.5 to 18.0 kPa, covering the
physiologically relevant range for various tissue types, including
cardiac tissue (10-15 kPa). Compared to tunable hydrogels that
typically cannot independently control mechanical properties
and other functionalities, this terpolymer system uniquely
combines independent control of stiffness and thermal
responsiveness with thermoresponsive cell recovery capabil-
ities, batch consistency, and dual 2D/3D compatibility in
a single platform. This tunability could allow researchers to
tailor the microenvironment to specific cellular requirements,
addressing a significant limitation of natural matrices where
mechanical properties cannot be readily adjusted.

The terpolymer scaffold supported efficient differentiation
into cardiomyocytes, achieving approximately 65% cTnT-
positive and 25% cTnl-positive cells. The mechanical proper-
ties of the scaffold likely played a role in this efficient differ-
entiation, as optimal substrate stiffness has been shown to
influence lineage-specific differentiation of stem cells. Unlike
conventional matrices such as Matrigel™ and Cultrex™, which
exhibit inherent batch-to-batch variability due to their

© 2025 The Author(s). Published by the Royal Society of Chemistry
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biological origin,'**° this platform eliminates such variability
and undefined composition, offering reproducibility and scal-
ability essential for clinical translation. The incorporation of
bioactive motifs like RGD peptides and vitronectin further
optimized cellular expansion, aggregation, and differentiation
processes. Additionally, the scaffold's thermoresponsive nature
enabled non-invasive, gentle cell recovery, preserving cellular
integrity for downstream applications. The consistent meta-
bolic activity observed across conditions confirmed the ability
of the scaffold to support the energetic demands of both
pluripotent and differentiated cells.

Collectively, these results position this tunable terpolymer
system as a potential versatile tool for stem cell research,
regenerative medicine, disease modeling, and drug discovery.
Its mechanical tunability, reproducibility, and compatibility
with both 2D and 3D culture platforms make it a significant
advancement toward engineering functional tissues and devel-
oping next-generation therapeutic strategies for cardiac and
other diseases. Future research should explore the use of this
thermoresponsive terpolymer scaffold for the differentiation of
hPSCs into other specialized cell types, such as hepatocytes,
neurons, intestinal organoids and pancreatic beta cells, poten-
tially with tailored stiffness parameters optimized for each
specific lineage.
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