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Conductive electrospun polymer improves stem cell-derived
cardiomyocyte function and maturation
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Abstract

Despite numerous efforts to generate mature human pluripotent stem cell-derived cardiomyocytes
(hPSC-CMs), cells often remain immature, electrically isolated, and may not reflect adult

biology. Conductive polymers are attractive candidates to facilitate electrical communication
between hPSC-CMs, especially at sub-confluent cell densities or diseased cells lacking cell-cell
junctions. Here we electrospun conductive polymers to create a conductive fiber mesh and

assess if electrical signal propagation is improved in hPSC-CMs seeded on the mesh network.
Matrix characterization indicated fiber structure remained stable over weeks in buffer, scaffold
stiffness remained near /n vivo cardiac stiffness, and electrical conductivity scaled with conductive
polymer concentration. Cells remained adherent and viable on the scaffolds for at least 5 days.
Transcriptomic profiling of hPSC-CMs cultured on conductive substrates for 3 days showed
upregulation of cardiac and muscle-related genes versus non-conductive fibers. Structural proteins
were more organized and calcium handling was improved on conductive substrates, even at
sub-confluent cell densities; prolonged culture on conductive scaffolds improved membrane
depolarization compared to non-conductive substrates. Taken together, these data suggest that
blended, conductive scaffolds are stable, supportive of electrical coupling in hPSC-CMs, and
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promote maturation, which may improve our ability to model cardiac diseases and develop
targeted therapies.

Keywords

poly(3,4-ethylenedioxythiophene):polystyrene; sulfonate (PEDOT:PSS); poly(vinyl) alcohol
(PVA); Desmoplakin; Sarcomere organization; Calcium handling; FluoVolt

1. Introduction

Since the early efforts in differentiating human pluripotent stem cells into cardiomyocytes
(hPSC-CMs), their potential to study various cardiovascular diseases and their use as

a therapeutic for diseases has been greatly explored [1-3]. While initial studies aimed

to differentiate hPSC-CMs in two-dimensional (2D) monolayers and maximize cell
population purity [4,5], current efforts strive to generate more mature cells by recapitulating
the complexity of native cardiac tissue [6,7]. Previous studies indicate that hPSC-CM
maturation requires paracrine signaling between various cell types that compose cardiac
tissue [8], a tissue-relevant microenvironment conducive to cellular communication [9], and
more recently, electrical and mechanical stimulation [10]. However, despite many efforts to
achieve mature cells, hPSC-CMs remain immature, exhibit poor sarcomere organization
important for contractility, experience asynchronous contractions, and fail to replicate
metabolic activity levels of native cardiomyocytes [6].

Biomaterials are being explored as methods to address these problems and enhance overall
cardiac tissue maturation. Most biomaterials create an insulating environment, which may
impede electrical propagation, but recently, conductive materials [1] have been substituted
to improve electrical maturation and signal propagation between cells. Polypyrrole (PPy)
and polyaniline (PANI) are among the most studied conductive polymers [2-6], but these
materials are difficult to disperse in an aqueous environment and are cytotoxic, raising
concerns for their long-term use in physiological conditions [7]. In contrast, poly(3, 4-
ethylenedioxythiophene) poly(styrene sulfonate) (PEDOT:PSS) has recently been shown to
be conductive in an agueous environment [7] whereas PPy and PANI are not. PEDOT:PSS
biocompatibility may be more limited than other PEDOT derivatives [8,9], but when
blended with other polymers, such as poly(vinyl) alcohol (PVA) and a poly (ethylene
glycol) (PEG)-based crosslinker [10], PEDOT:PSS may exhibit improved chemical stability
and biocompatibility. Likewise, the addition of synthetic biocompatible polymers can
further tune mechanical properties, such as degradation rate and stiffness, of PEDOT:PSS
products to better mimic the native cardiac tissue environment. Alongside composition,
these materials can be configured as nanofibers by electrospinning [19] to better simulate the
fibrous extracellular matrix (ECM) structure of native tissues. By electrospinning blends of
biocompatible and conductive polymers, a tunable, conductive environment for hPSC-CM
maturation and function may be possible.

Cardiomyocytes in the heart exist in three-dimensional layers, interrupted by sporadic
cardiac fibroblasts, immune cells, blood vessels, and ECM, among other constituents. A
conductive polymer may be able to propagate signals and synchronous contraction even
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in sub-confluent monolayers of hPSC-CMs as would occur between layers in the heart.

To assess the degree to which this was possible, we first evaluated the material properties
and biocompatibility of electrospun PEDOT:PSS/PVA scaffolds. In hPSC-CMs, conductive
substrates increased expression of cardiac related genes as well as the localization and
organization of junction and structural proteins, such as desmoplakin (DP) and a-actinin,
respectively. Higher cardiac gene expression and improved structure led to more coordinated
calcium handling, even in sub-confluent hPSC-CM layers. Prolonged hPSC-CM culture

on conductive scaffolds demonstrated higher cell retention and action potential intensities,
overall suggesting that conductive polymer networks may improve function and contribute
to the maturity of hPSC-derived cardiac tissue constructs.

2. Materials and methods

2.1. Preparation of PVA/PEDOT:PSS/PEGDE solutions

PVA (Sigma-Aldrich, 363146) was dissolved in deionized (DI) water at a 20 % (w/v) at

130 °C under magnetic stirring for 3 h. Poly(ethylene glycol) diglycidyl ether (PEGDE,
Sigma-Aldrich, 475696) was mixed with PEDOT:PSS 1.3 % wt. dispersion in water (Sigma-
Aldrich, 483095) at a 3 % (w/v) concentration as described by Solazzo et al. [10]. The

3 % PEGDE/PEDOT:PSS solution was vortexed for 30 s, sonicated for 30 min, and

syringe filtered with a 0.45 um filter (Corning, 431225) to remove aggregates. The resulting
solutions were combined to create base 8 % (w/v) PVA solutions with 0 %, 3.25 %, 6.5 %,
and 9.75 % mass to mass ratio solutions of PEDOT:PSS to PVA. A mass-matched solution
of 11 % (w/v) PVA was created to match the polymer mass of the 9.75 % solution. Solutions
were vortexed for 1 h to form a homogeneous mixture and desiccated for 1 h to remove air
bubbles.

2.2. Composite PVA/PEDOT:PSS/PEGDE electrospun scaffold fabrication

An Inovenso Nanospinner (KTP700 Basic) electrospinner was utilized for scaffold
fabrication at 0.5-0.75 mL/h flow rate, 20 cm working distance, 33 kV applied voltage,

and 30 % humidity with a 0.8 mm nozzle for a total of 0.1 mL solution spun per

session. Scaffolds were collected on 18 mm coverslips (Fisherbrand, 12545100) for scanning
electron microscopy (SEM), atomic force microscopy (AFM), and biological experiments
and on 24 x 40mm coverslips (Fisherbrand, 12545D) for conductivity measurements. To
crosslink the polymers, scaffolds were placed in a glass chamber (Chemglass, AF-0556) in
the presence of 0.2 M glutaraldehyde, subjected to vacuum for 15 s, and placed in an oven
at 80 °C for either 15 or 30 min. After crosslinking, scaffolds were washed three times for
30 min with a 1 % (w/v) glycine solution to remove unreacted glutaraldehyde, followed by
three 10-min washes in DI water [11]. Crosslinked scaffolds were dried at room temperature
overnight prior to use.

2.3. Scaffold degradation and fiber morphology

After either 15 or 30 min of crosslinking, 8 % w/v PVA electrospun scaffolds were
incubated in DPBS (1X) (Gibco, 14190-144) at 37 °C over 4 weeks. Scaffolds containing
9.75 % PEDOT:PSS/PVA crosslinked at 30 min were also incubated to investigate the
degradation of conductive scaffolds. Scanning electron microscopy (SEM) images of
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scaffolds immediately before and after crosslinking, as well as after 1, 2, or 4 weeks of
incubation were obtained on a Zeiss Sigma 500 SEM. The scaffolds were mounted on
carbon-taped standard aluminum stubs and sputter coated with iridium to reduce electron
charging on the sample surface. A working accelerating voltage of 3 kV and an objective
aperture of 30 um were utilized for all samples. Three images per scaffold at each timepoint
were obtained. SEM images obtained at 10 k magnification were analyzed on ImageJ to
determine the average electrospun fiber diameter over time. Three images per scaffold and
10 fibers per image were measured. In instances where the fibers annealed and formed a
film, the fiber diameter was not measured.

2.4. Bulk stiffness

Bulk stiffness after 30 min of crosslinking was measured using an Oxford Instruments
MFP-3D Bio atomic force microscope (AFM). Scaffolds with an 8 % PVA base containing
0 %, 3.25 %, 6.5 % and 9.75 % PEDOT:PSS/PVA as well as a mass-matched 11 % PVA
scaffold were soaked for 1 h in DPBS prior to AFM and maintained in DPBS during
measurements. A silicon nitride cantilever with a 45 um polystyrene bead tip and 0.03 N/m
stiffness (Novascan) was utilized with a scan rate of 8 kHz, 1 nN trigger force, 2 pm/s
velocity, and 3 um force distance. Three force maps of 20 x 20um with a total of 20 points
per force map were obtained per sample, with 4 scaffolds per group. Force maps were
analyzed by fitting a Hertz model to the curves [12].

2.5. Conductivity measurements

Transfer length method (TLM) measurements were performed to determine the sheet
conductivity. Autodesk AUTOCAD was used to create a software mask, which was
patterned on polyethylene terephthalate (PET) tape using a Universal Laser Systems
VLS3.60DT laser cutter to create a shadow mask for metal deposition directly on
electrospun scaffolds via electron beam (e-beam) evaporation. 50 nm thick gold (Au)
rectangular contacts with 1 cm width were deposited on the scaffolds with inter-contact
spacings of 500, 1000, 2000, 3000, 4000 and 5000 um. Current-voltage measurements for
inter-contact resistance evaluation were conducted using an Agilent B1500A Semiconductor
Device Analyzer. In TLM, the resistance between contact pairs provides a measure of the
contact resistance between the Au and the scaffolds (independent of inter-contact spacing)
and total scaffold film resistance between the contacts (linearly dependent on inter-contact
spacing). The sheet resistance may be calculated from the slope of the line-fit when plotting
resistance against inter-contact spacing from:

Rsh

w

slope =

where R, is the sheet resistance (€2 sq~!) and W’ is the Au contact width [13,14]. The final
material conductivity was calculated by:
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where ¢ is conductivity (S/cm?) and ¢ is the electrospun scaffold thickness. To measure
thickness, scaffolds were hydrated, cut to create a height difference between the scaffold
and glass substrate. Dried scaffolds were measured via a Dektak XT Stylus Profilometer
(Bruker) with a 12.5 pm stylus tip radius, 3 mg stylus force, and 6.5 um range.

2.6. Scaffold sterilization and NIH/3T3 cell culture

Scaffolds containing increasing PEDOT:PSS suspended on 18 mm coverslips were
crosslinked for 30 min and sterilized under UV for 1 h on either side, transferred to 12

well plates, and washed with sterile DPBS three times to remove debris. A 0.1 % (w/v)
gelatin-coated glass substrate was used as a positive control in all experiments, while an 11
% PVA scaffold was used as a mass-matched control. NIH/3T3 embryonic mouse fibroblasts
were seeded at a concentration of 20,000 cells per well. Media composed of DMEM
(Dulbecco’s Modified Eagle Media; Gibco, 11966025), 10 % v/v fetal bovine serum (FBS)
(Omega Scientific, NC0471611), and 1 % v/v penicillin/streptomycin (Gibco, 15070063)
was changed daily.

2.7. Cell viability assays

Material cytotoxicity was determined via a LIVE/DEAD Viability/Cytotoxicity kit
(Invitrogen, L3224). Cells adhered onto each substrate for 24-120 h, were washed with
DPBS, then incubated in 2 uM calcein-AM and 4 pM ethidium-homodimer-1in DPBS for 30
min at room temperature. Scaffolds were inverted onto a 35 mm glass bottom culture dish
(MatTek, P35G-0-20-C) and sealed with Parafilm to prevent solution evaporation. A Nikon
Eclipse Ti microscope with a Yokogawa CSU-X1 confocal attachment were used to image
the percentage of live and dead cells. ImageJ was used to quantify the percentage of live

to dead cells at 1 and 5 days after cell seeding. Alternatively, cells were stained with Ki67
(1:800, Invitrogen, 14-5698-82) at day 5 to mark nuclei for dividing cells and quantified
similarly to the live-dead stain using ImageJ.

In addition to the live/dead assay, a resazurin cell viability assay (Biotium, 30025) was
performed on NIH/3T3s. Cells were allowed to adhere for 4 h, then incubated in media
containing 10 % (v/v) resazurin. After 4 h of incubation, 100 puL of media per sample was
transferred to a 96 well plate. The fluorescence was read using a microplate reader (ex./em.
560/590, BioTek Synergy 4). Cell-free scaffolds were also incubated in 10 % resazurin

and used as blanks to subtract any background fluorescence from the scaffolds. Media was
changed and the assay repeated on days 1, 3, and 5 after initial cell attachment.

2.8. hPSC-CM differentiation and cell seeding

RUES2 hPSCs were expanded on Matrigel-coated 6-well plates (Corning, CLS354234) in
mTeSR 1 media (Stemcell Technologies, 85850) with daily changes. Cells were passaged
at 85-90 % confluency at 1.6 by incubating for 4 min in Versene (Gibco, 15040066),
lifting with a cell scraper, and resuspending in media supplemented with 5 uM Y-27632
dihydrochloride (LC Laboratories, Y-5301). To produce hPSC-CMs, the GiWi cardiac
differentiation protocol was employed [15].

Biomaterials. Author manuscript; available in PMC 2024 May 01.
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After 50 days of cardiac differentiation, the resulting hPSC-CMs were seeded on 8 % PVA
scaffolds containing 0 %, low (3.25 %), and high (9.75 %) concentrations of PEDOT:PSS
suspended on 18 mm coverslips as well 0.1 % gelatin-coated glass 18 mm coverslips in
12-well plates. hPSC-CMs were dissociated in 0.5 mL collagenase IV (4 mg/mL, Gibco,
17104-019) for 50 min at 37 °C, followed by 25 min in 0.5 mL 0.25 % Trypsin-EDTA
(Gibco, 25200) at 37 °C. Cells were quenched in RPMI + B27 with insulin +20 % FBS
v/v + 5 UM Y-27632 dihydrochloride and centrifuged at 400 g for 10 min. hPSC-CMs were
resuspended in the quenching media and seeded at 104 (sub-confluent monolayer) or 10°
(monolayer) cells per well (4 x 103 or 4 x 10° cells/cm?, respectively).

2.9. RNA isolation, sequencing and analysis

hPSC-CMs on 8 % PVA or conductive scaffolds were dissociated with 0.5 mL 0.25 %
Trypsin-EDTA and pelleted centrifugation at 400g for 5 min. The cells were resuspended
in DPBS, re-pelleted, and lysed with 1 mL QIAzol (Qiagen, 79306) for 5 min. Chloroform
was added 1:5 to QIAzol, shaken for 15 s, and incubated for 3 min. The samples were
centrifuged for 10 min at 15,000 RPM and 4 °C (Eppendorf, Centrifuge 5452 R) and

the aqueous phase containing the RNA was transferred to new tubes. An equal volume

of isopropanol was added, and the samples were allowed to rest for 10 min, followed

by a 10-min centrifugation at 15,000 RPM at 4 °C. The supernatant was then removed

and the RNA pellet was resuspended in 1 mL of cold 75 % molecular grade ethanol in
diethylpyrocarbonate (DEPC) water. The samples were re-pelleted at 15,000 RPM at 4

°C, decanted, and resuspended in 100 uL of DEPC water. An RNeasy Mini kit (Qiagen,
74104) was used to purify the RNA following the manufacturer’s protocol. The final RNA
concentration was measured by a Nanodrop spectrophotometer and the samples were stored
at —80 °C for further processing.

Bulk RNA sequencing was performed by the Institute for Genomic Medicine at UC San
Diego. Total RNA integrity was assessed via an Agilent TapeStation 4200. Samples with

an RNA Integrity Number (RIN) above 8.0 were prepared using the lllumina Total RNA
Prep (Ribodepletion) and sequenced with the Illumina NovaSeq 6000 with paired end reads
(PE100). Quality of sequencing data was assessed using FASTQC [16]. Reads were aligned
to the human reference genome hg38 using STAR [17] and gene counts were determined
using featureCounts [18]. Log, fold changes of differentially expressed genes (DEGs) were
determined with DESeq?2 [19] via a paired model of non-conductive versus conductive
substrates and including biological replicates as a covariate. Top DEGs were filtered with

a log, fold change greater than or equal to 0.25 and p-value less than or equal to 0.05

and used to construct a volcano plot via EnhancedVolcano [20], an MA plot via ggpubr’s
‘ggmaplot’ function [21], as well as to determine gene ontology(GO) terms via g:Profiler
[22]. For generating a principal component analysis (PCA) plot and heatmap, normalization
of sequencing data into log, counts per million (cpm) was performed with edgeR [23].
Batch effect corrections due to biological replicates was performed with the sva package’s
‘ComBat’ function [24] after averaging technical replicates. Normalized data with batch
correction were used to generate a PCA plot via ggplot [25] and heat map via pheatmap
[26]. Raw RNA-sequencing was deposited and is accessible in NCBI under the Gene
Omnibus Express number GSE226541.

Biomaterials. Author manuscript; available in PMC 2024 May 01.
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2.10. hPSC-CM immunofluorescent assays

After 5070 days in culture, hPSC-CMs were allowed to adhere to conductive electrospun
scaffolds and a glass control for 3 days prior to fixation with 3.7 % paraformaldehyde
(Fisher Scientific, 04042-500) in DPBS with calcium and magnesium (Corning, 20-030-
CV) for 15 min at room temperature. Cells were permeabilized in 0.5 % (v/v) Triton X-100
(Fisher Bioreagents, BP151-100) for 10 min and blocked for 1 h in DPBS with calcium
and magnesium containing 2 % w/v bovine serum albumin (BSA, Goldbio, A-420-10)

and 0.1 % (v/v) Triton X-100. hPSC-CMs were incubated in either desmoplakin 1/2 (DP)
(1:200, Biorad, 2722-5204) primary antibodies to determine cell-cell mechanical coupling,
or a-actinin (1:800, Sigma-Aldrich, A7811) primary antibodies for detecting sarcomere
organization for 2 h at room temperature in the blocking buffer. Samples were then
incubated in AlexaFluor 488 conjugated donkey anti-mouse (1:1000, Invitrogen, A21202)
antibody and rhodamine-phalloidin (1:500, Biotium, 00027) for 2 h at room temperature.
Samples were finally incubated in Hoechst 33342 in DI water (1:2000, Invitrogen, H3570)
for 15 min at room temperature, mounted on slides with Fluoromount-G (Southern Biotech,
0100-01), and allowed to dry overnight prior to immunofluorescent (IF) imaging. A Zeiss
LSM 780 confocal microscope with a 63x oil objective and Nikon Eclipse Ti microscope
with a Yokogawa CSU-X1 confocal attachment and a 60x water objective were used to
image DP and a-actinin.

DP intensity analysis was performed with ImageJ with brightness and contrast adjusted to
overexpose the area of the image with cells and then converted to an inverted binary image.
The mask was applied to the original DP channel such that the mean pixel intensity was only
quantified in the region of the image with hPSC-CMs. For sarcomere organization, images
were converted into 8-bit, split into individual channels, and the background was removed
from the a-actinin channel. A grid was placed over the image and a random number
generator was used to select regions of interest for analysis. Each region was analyzed using
an open-source MATLAB script [27] that produces a normalized organization index.

2.11. Calcium handling

hPSC-CMs were seeded at sub-monolayer and monolayer densities on electrospun scaffolds
with increasing PEDOT:PSS concentration. hPSC-CMs were further seeded on 0.1 % gelatin
coated 35 mm glass bottom culture dishes. After 3 days of attachment, scaffolds were
transferred to 35 mm glass bottom culture dishes and incubated with 2 uM fluo-4 AM ester
(Biotium, 50018) in RPMI + B27 with insulin for 15 min at 37 °C in the dark. After 15

min, the scaffolds were inverted in the dish and imaged using a Nikon Eclipse Ti microscope
with a Yokogawa CSU-X1 confocal attachment and a 60x water objective. Five videos per
sample across 3—4 biological replicates were captured for 30 s with 100 ms intervals for a
total of 301 frames. In ImageJ, the rotated rectangle tool was used to select 1-pixel wide
sections perpendicular to the calcium flux on individual cells. The selection was duplicated
and converted into an orthogonal XZ view. Two sections per cell were analyzed. The XZ
projections were saved and analyzed using a custom MATLAB script, which is available via
Github (https://github.com/englea52/PEDOT _PSS).

Biomaterials. Author manuscript; available in PMC 2024 May 01.
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2.12. FluoVolt imaging

hPSC-CMs were seeded at monolayer densities on electrospun scaffolds with increasing
PEDOT:PSS concentration and gelatin-coated glass. After 7 days of attachment, scaffolds
were incubated in FluoVolt membrane potential dye (Invitrogen, F10488) in Tyrode’s
solution (Thermo Scientific Chemicals, J67593-K2) following the manufacturer’s protocol.
Briefly, scaffolds were washed twice with Tyrode’s solution and incubated with FluoVolt
loading solution at 37 °C in the dark. Scaffolds were then washed twice in Tyrode’s solution,
inverted onto a glass bottom well plate (Cellvis, P24-0-N), and maintained in fresh Tyrode’s
solution for imaging. Samples were imaged on an Andor Dragonfly spinning disk confocal
microscope. Five videos per sample across 3 biological replicates were captured for 20 s
with 2.5 ms intervals. In ImageJ, the rotated rectangle tool was used to select 1-pixel wide
sections across several regions of interest (ROIs) in each video (5 ROIs per monolayer or

1 ROI per cell cluster in instances lacking a monolayer). ROIs were analyzed similarly to
calcium handling sections using our custom MATLAB script.

2.13. Statistical analysis

The respective statistical tests and n numbers are described in the figure legends. The
following statistical significance cut off was applied: p > 0.05, *p < 0.05, **p < 0.01,
***p < 0.01, ****p < 0.0001. Data expressed as box-and-whisker plots show all points
with the whisker ends corresponding to minimum and maximum values. All other values
are expressed as mean + SD. Statistical analyses were performed using GraphPad Prism
Software v9.0.

3. Results and discussion

3.1. Characterization of PEDOT:PSS/PVA electrospun scaffolds

To create fibrillar conductive scaffolds, we blended and electrospun PVA and PEDOT:PSS
and crosslinked the resultant scaffolds for either 15 or 30 min to prevent PVA dissolution
(Fig. 1a—b). PVA scaffolds remained fibrous for up to 4 weeks in solution with 30 min of
crosslinking, although the addition of 9.75 % PEDOT:PSS to the same scaffold (Fig. 1c) led
to an initial increase in fiber diameter compared to PVVA-only scaffolds (Fig. 1d). However,
conductive fiber diameters remained within the range of fiber diameters within collagen type
I gels [28]. Since PVA scaffolds crosslinked at 30 min experienced the least amount of fiber
annealing over time, subsequent experiments were performed on these scaffolds.

Along with scaffold structure, material stiffness is well-known to affect stem cell fate

and cell spreading [29,30]; hence, we also assessed electrospun scaffolds stiffness. Bulk
stiffness scaled with PEDOT:PSS concentration (Fig. 1e) and stiffness values spanned a
range consistent with normal cardiac muscle [31]. The large variance observed in stiffness
values may reflect the random nature of the PMVA mesh from electrospinning, despite using
larger AFM probes for measurement. Since hPSC-CMs are electrically active cells and
given the anisotropic structure of electrospun scaffolds [32], we measured PEDOT:PSS/PVA
scaffold conductivity using TLM, which uses a network of variable length resistors made

by the scaffolds to evaluate contact resistance and sheet resistance [13,14] (Fig. S1). 8

% PVA was non-conductive, i.e., insulating, whereas conductivity increased substantially
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with PEDOT:PSS concentration, up to 7 x 1073 S/cm? (Fig. 1f). These data suggest
scaffold properties are consistent and mimic physiologically relevant conditions when
crosslinked at 30 min and additional electrically conductive properties are achievable with
the incorporation of PEDOT: PSS.

3.2. PEDOT:PSS/PVA biocompatibility

To ensure that hPSC-CM results were not affected by variable attachment, proliferation,

or survival, we first determined how a non-conductive cell type, e.g., NIH/3T3 fibroblasts,
behaved on the electrospun scaffolds. Cells preferentially adhered to conductive scaffolds
and glass versus non-conductive scaffolds (Fig. 2a—c) but remained >90 % viable on all
substrates. Given that 8 % PVA scaffolds are thinner due to their lower total polymer

mass compared to our highest PEDOT:PSS percentage of 9.75 %, we introduced an 11 %
PVA scaffold as a mass-matched control to the 9.75 % condition. Independent of mass,
however, cell attachment remained higher on conductive scaffolds compared to both non-
conductive controls (Fig. 2d). To quantitatively assess proliferation, we also monitored
metabolic changes over five days by resazurin reduction. Given higher initial cell attachment
on the conductive scaffolds compared to PVVA-only scaffolds (Fig. 2a—c), fluorescence
intensity signal was greater on conductive scaffolds at day 0 and remained higher on
conductive scaffold over the time course (Fig. 2e). Gelatin-coated glass had the highest
attachment, perhaps due to the presence of ECM proteins, which were purposefully excluded
from the electrospun scaffold samples to directly assess cell adhesion to the fiber and

not a matrix coating. Yet, serum proteins are classically known to deposit on electrically
conductive substrates [33], hence the enhanced cell binding to PEDOT:PSS versus PVA
could be due to non-specific serum protein binding. Resazurin reduction is affected by
initial adhesion, hence we also stained cells for the proliferation marker Ki67, which enables
single cell assessment of proliferation. While we found differences with cells cultured on
gelatin-coated glass, there were no differences in proliferation between scaffolds of varying
PVA and PEDOT:PSS (Fig. 2f). Similarly high levels of cell adhesion and proliferation

to PEDOT:PSS fibers and substrates have been reported with other mouse and human
fibroblast lines relative to control fibers or surfaces [34,35], suggesting that conductive
substrates have low cytotoxicity and support cell adhesion and proliferation.

3.3. Conductive scaffolds upregulate cardiac-related genes, improve cytoskeletal
structures, and aid calcium handling and membrane depolarization

Given their compatibility, we next determined how conductive scaffolds generate
transcriptomic differences within hPSC-CMs. Principal component analysis (PCA) (Fig.

3a; left) shows clustering due to substrate, while the Euclidean distance matrix illustrates
the increased dissimilarity between conductive and non-conductive scaffolds (Fig. 3a; right).
Using an adjusted p-value (p-adj.) value of less than 0.05 and log fold change (FC) cut-off
of 0.25, 287 differentially expressed genes (DEGs) were identified between the hPSC-CMs
seeded on the PVVA-only and PEDOT:PSS scaffolds (Fig. 3b, Table S1). Gene ontology (GO)
terms associated with PVA-only scaffolds included response to external stimulus, immune
system process, response to virus, and innate immune response, illustrating an increased
stress response on PVA-only scaffolds. In contrast, the presence of PEDOT:PSS produced
terms related to heart contraction, heart process, muscle system process, muscle contraction,
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and a decreased stress response (Fig. 3c, Table S2). We further plotted the normalized gene
expression of cardiac genes related to these GO terms and found hPSC-CM contractility
(MYH6, MYH7, MYL?7), sarcomere organization (7CAP), and electrophysiology (KCNIPZ2,
ATP1AZ, RNF207) gene expression was elevated on conductive scaffolds (Fig. 3d). Given
that MYH?7is a marker of hPSC-CM maturity [36], these findings suggest that a conductive
environment not only leads to increased contractility gene expression but may also result

in additional maturation beyond protocols used to differentiate hPSC-CMs initially [15].
While the switch from MYL 7to MYLZ2is another marker of maturity [36], MYLZ2,

though not a DEG, has higher expression on hPSC-CMs on conductive scaffolds compared
to PVA-only scaffolds (Table S3). Our results also indicated the upregulation of 7TCAP,
which encodes for titin-cap and enables titin assembly at the Z-disk [37], as well as
electrophysiological genes on PEDOT:PSS/PVA scaffolds. Based on our transcriptomic
analysis, we find that PEDOT:PSS/PVA scaffolds cause increased contractility, sarcomere,
and electrophysiological gene expression, which may impact hPSC-CM function.

To assess the morphological and functional impact of the transcriptomic differences, we
first looked at desmoplakin, which provides cardiac mechanical stability and aids in
electrical communication through the maintenance of gap junctions [38,39]. After 3 days of
exposure to experimental substrates, DP was highly localized to the hPSC-CM perimeters on
conductive scaffolds compared to non-conductive scaffolds (Fig. 4a). Mean DP fluorescence
intensity was similar between gelatin-coated glass and conductive scaffolds, indicating that
similar DP expression for mechanical stability can be achieved on electrospun scaffolds
even in the absence of native ECM components (Fig. 4b). Further, the differences between
conductive and non-conductive scaffolds were statistically significant, illustrating that a
conductive microenvironment aids in mechanical stability. In addition to DP, organized
sarcomeres are necessary for the contractility of hPSC-CMs [40]. hPSC-CMs were seeded
as either sub-confluent or confluent monolayers to determine if the conductive scaffolds
could promote sarcomere organization in hPSC-CMs that are not directly in contact

with one another. At both seeding densities, scaffolds containing PEDOT:PSS improved
sarcomere organization index compared to PVA-only (Fig. 4c), when assessed via an
unbiased organization index, which scaled with increasing PEDOT:PSS concentration even
in the absence of a confluent monolayer (Fig. 4d); sarcomere organization differences were
also indicative in overall morphology differences as a function of increasing PEDOT:PSS
concentration (Fig. S2) and were not impacted by differences in CM purity between
substrates (Fig. S3). These results suggest that the presence of PEDOT:PSS permits
sarcomeres to organize in hPSC-CMs with or without a monolayer and integrin attachment
points, further establishing the importance of a conductive scaffold for electrical signal
propagation.

Intracellular calcium homeostasis involves the release and reuptake of calcium through
various calcium handling machinery, resulting in subsequent contractions and force
generation by sarcomeres [41,42]. Intercellular calcium, and therefore cell-cell electrical
communication, is facilitated by gap junctions and allows for synchronous contractions of
hPSC-CMs [43]. Thus, we investigated functional maturity through assessment of calcium
handling kymographs in either the absence or presence of a confluent monolayer (Fig.
5a). For both cell densities, conductive scaffolds had more intense and frequent calcium
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spikes relative to 8 % PVA-only scaffolds (Fig. 5b); normalized fluorescent intensity (dF/Fg)
was highest in the presence of PEDOT:PSS at both cell densities compared to all other
substrates (Fig. 5¢). This suggests that the presence of PEDOT:PSS allows for a larger
calcium flux from the sarcoplasmic reticulum (SR) into the cytoplasm of hPSC-CMs [44],
implying stronger contractions. In addition to dF/F, the time for each calcium cycle to peak
decreased at both low and high seeding densities on PEDOT:PSS compared to PVA-only
scaffolds (Fig. 5d), demonstrating that conductive scaffolds enable rapid calcium efflux.
Although cycle length and width (Fig. 5, e-f), which indicate how fast calcium is being taken
into the SR, did not decrease with increasing PEDOT:PSS concentration in non-monolayer
cells, both values decreased in the presence of a monolayer. Likewise, when comparing
cycle length and width, there was density-dependent improvement in timing of hPSC-CMs
seeded on the same substrate (Fig. 5, e-f). Thus, signal intensity is enhanced by conductivity
through the presence of PEDOT:PSS whereas signal timing is enhanced by monolayer
confluence.

To further probe the effect of conductive substrates on the cell retention and
electrophysiology of hPSC-CMs over an extended period, i. e. 7 days of culture, we assessed
action potential intensities and depolarization events of these cells seeded in monolayer on
our substrates. After 7 days of culture, hPSC-CMs failed to form monolayers on 8 % PVA
(Fig. 6a), while monolayers were maintained on all other conditions. Assessed kymographs
(Fig. 6b) illustrate how decreased cell attachment on 8 % PVA resulted in asynchronous
depolarization events, while the enhanced attachment to conductive scaffolds allowed

for synchronicity across independent ROIs. Further, overall action potential intensity
remained significantly higher on conductive substrates (Fig. 6c), similar to calcium flux
experiments (Fig. 5¢) performed after only 3 days of culture. This suggests that over

time, the electrophysiological function, particularly signal intensity, remains higher across
hPSC-CMs in the presence of PEDOT:PSS, and it may be supported through voltage-gated
sodium channels such as Nav1.5 which is responsible for initial membrane depolarization
[45]. Interestingly, the total percentage of depolarizing ROIs decreased on non-conductive
substrates, i.e. glass and 8 % PVA scaffolds, compared to PEDOT:PSS scaffolds (Fig. 6d).
Therefore, while cells experienced improved attachment to gelatin-coated glass compared
to 8 % PVA, they experienced an almost identical percentage of depolarizing events, likely
due to the lack of a conductive microenvironment to assist in signal propagation. Because of
these differences in depolarization events, temporal parameters such as cycle length became
difficult to interpret across different substrates. While 8 % PVA had similar cycle length

t0 9.75 % PEDOT:PSS scaffolds, the lower percentage of depolarizing ROIs and lack of
monolayer made these comparison challenging as cell density affects action potentials in
hPSC-CMs [46]. However as a function of PEDOT:PSS, cycle length decreased such that
cells depolarized more often on 9.75 % PEDOT:PSS scaffolds. Taken together with calcium
handling, these data demonstrate that PEDOT:PSS allows for higher calcium and action
potential intensity as well as synchronicity in hPSC-CMs, both of which are illustrative of
improved electrical maturity.
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4. Conclusion

Here we constructed composite PEDOT:PSS/PVA electrospun scaffolds to enhance the
structural and functional maturity of hPSC-CMs in the absence of external stimuli. These
scaffolds are biocompatible, capable of mimicking mechanical and physical properties

of native cardiac tissue and provide a conductive microenvironment for electrical signal
propagation. Initial transcriptomic analysis revealed upregulated cardiac genes in hPSC-
CMs on conductive scaffolds, motivating further investigation of important structural protein
organization and functionality. We found an increase in DP localization and sarcomere
organization of hPSC-CMs in the conductive environment compared to an insulating (non-
conductive) environment and, surprisingly, saw that sarcomere organization increased under
these conditions even in the absence of a cell monolayer. Calcium handling experiments
further revealed improved functional maturity of both low and high density hPSC-CMs on
conductive scaffolds, indicated by increased calcium signal intensity and decreased time

to peak. Upon investigating how these cells responded to PEDOT:PSS after a prolonged
time in culture, we found improved cell retention, higher instances of depolarizing ROIs,
and stronger action potential intensities on conductive substrates. While many groups have
investigated the effects of conductive materials in hPSC-CM maturity, including the use

of PEDQOT:PSS [47], here, we have demonstrated that maturity can be achieved in the
absence of external stimulation or a confluent monolayer if hPSC-CMs are provided with

a conductive microenvironment. Taken together, these data suggest that conductive polymer
platforms are capable of conducting electrical signals between distant hPSC-CMs, further
warranting their investigation in 3D engineered tissue constructs or for application in disease
modeling purposes.
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Fig. 1.

Physical characterization of electrospun scaffolds. (a) SEM images of 8 % PVA electrospun
scaffolds incubated in DPBS 4 weeks post-crosslinking with glutaraldehyde vapor for 15
min, (b) 30 min, and (c) 30 min with 9.75 % PEDOT:PSS/PVA. Scale bar = 2 pm.

(d) After 4 weeks of incubation, 8 % PVA crosslinked for 15 min had a median fiber
diameter of 828.04 nm (n = 3 scaffolds for week 0, 1, 4; n = 4 scaffolds for week 2;

3 average measurements per scaffold), while 8 % PVA crosslinked for 30 min had a
median fiber diameter of 302.7 nm and 560.1 nm with PEDOT:PSS (n = 4 scaffolds per
timepoint, 3 average measurements per scaffold). (e) Bulk stiffness (kPa) of PVA-only (8
% and 11 %) and 8 % PVA with PEDOT:PSS (3.25 %, 6.5 %, and 9.75 % mass ratio)
electrospun scaffolds crosslinked for 30 min measured by AFM. Median stiffness values
of 8 % PVA, 11 % PVA, 3.25 %, 6.5 %, and 9.75 % were 9.30, 26.68, 18.36, 27.91, and
44.76 kPa, respectively (n = 4 scaffolds per condition; 1 point represents 1 force map).

(f) Conductivity measurements of 8 % PVA electrospun scaffolds containing 0-9.75 %
PEDOT:PSS measured by TLM. Median conductivity values of 3.25 %, 6.5 %, and 9.75 %
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were 1.09 x 1077, 1.57 x 1075, and 7.00 x 1073 S/cm?, respectively. Each point indicates one
scaffold (n.c. indicates not conductive, n = 2). Statistical significance was determined via a
mixed-effects analysis (d), a one-way ANOVA with Tukey’s multiple comparison test (e), or
just a one-way ANOVA (f).
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Fig. 2.

Cells are viable and proliferative independent of PEDOT:PSS concentration. LIVE/DEAD
staining 1 and 5 days after NIH/3T3 cell seeding on (a) glass, (b) 8 % and 11 % PVA,

and (c) 8 % PVA scaffolds containing 3.25 % and 9.75 % PEDOT:PSS. Green indicates
live cells and red indicates dead cells. Scale bars (a—c) = 100 um. (d) Cell viability was
calculated as the number of live cells over the total (live + dead) cells and represented as
mean + std dev. At day 5, cell viability is above 90 % for glass and electrospun scaffolds
containing PEDQOT:PSS. For D1, n =2, 3, 2, 3, and 3 for glass, 8 % and 11 % PVA, and

8 % PVA scaffolds containing 3.25 % and 9.75 % PEDOT:PSS, respectively. For D5, n =
2,3, 3,4, and 4 for glass, 8 % and 11 % PVA, and 8 % PVA scaffolds containing 3.25 %
and 9.75 % PEDOT:PSS, respectively. (e) Cell proliferation (mean * std) as measured by
resazurin fluorescence intensity illustrates higher cell viability with increasing PEDOT:PSS
concentration as compared to PVVA-only scaffolds. For D1, n=1, 4, 2, 4, and 4 for glass,
8% and 11 % PVA, and 8 % PVA scaffolds containing 3.25 % and 9.75 % PEDOT:

PSS, respectively. For D5, n =1, 4, 2, 4, and 4 for glass, 8 % and 11 % PVA, and 8 %

PVA scaffolds containing 3.25 % and 9.75 % PEDOT:PSS, respectively. (f) The fraction of
Ki67 positive cells is indicated in the plot at day 5 post-plating on the indicated scaffolds.
Statistical significance was determined via a mixed-effects analysis for (d), a two-way
ANOVA for (e), or a one-way ANOVA for (f), both with Tukey’s multiple comparison test.
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(For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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Fig. 3.

RNA sequencing identifies upregulation of cardiac-related genes on conductive substrates.
(a) PCA (post-batch correction) for hPSC-CMs seeded on 8 % PVA or 8 % PVA+9.75

% PEDOT:PSS scaffolds with total contribution from each axis noted (left) and Euclidian
distance matrix (right) indicating the similarity between groups, where 30 indicates the
largest dissimilarity between samples. (b) Volcano plot (left) indicating differences in DEGs
between 8 % PVA and conductive scaffolds and heatmap (right) illustrating transcriptomic
clustering of the top 287 significant genes. (c) Top four GO terms for each experimental
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condition and their statistical significance. (d) Normalized expression of genes related to
hPSC-CM contractility, sarcomere organization, and electrophysiology (p-adj. < 0.05). A FC
cut-off >0.25 and p-adj. cut-off <0.05 for (b) and (c) was used.
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Structural characterization of hPSC-CMs. (a) IF images of desmoplakin (DP) localization

in hPSC-CMs seeded on glass, 8 % PVA, and PEDOT:PSS/PVA (3.25 % and 9.75 %)

electrospun scaffolds at the indicated densities. Scale bar = 20 um. (b) Mean DP pixel

intensity is plotted for each condition. Data is reported as the mean pixel intensity of

DP across four biological replicates with 5-11 images per sample. (c) IF images of hPSC-
CMs seeded on glass, 8 % PVA, and PEDOT:PSS/PVA (3.25 % and 9.75 %) electrospun
scaffolds at the indicated densities. Filled arrowheads indicate organized sarcomeres and

open arrowheads indicate unorganized sarcomeres. Scale bar = 10 um. (d) Sarcomere

organization index is plotted for the indicated scaffold compositions on a scale of 0 (least)
to 1 (most) organized. Each point represents one section of an image across three biological
replicates. Statistical significance was determined via a one-way ANOVA with Tukey’s
multiple comparisons test (b) and Kruskal-Wallis test with Dunn’s multiple comparisons (d)
test to account for unequal variance between experimental groups.
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hPSC-CM calcium handling on conductive PEDOT:PSS/PVA electrospun scaffolds. (a)
Graphical illustration of relevant calcium handling parameters. (b) Kymograph of hPSC-
CMs in monolayer on 8 % PVA or 9.75 % PEDOT:PSS/PVA. Black chevron indicates
calcium peak. Scale = 3 s dF/F, (c) increases and time to peak (d) decreases with
increasing PEDOT:PSS concentration in both low and high hPSC-CM seeding densities.
Cycle length (e) and width (f) decrease with increasing PEDOT:PSS concentration at high
seeding densities. Each point represents one cell across n = 3 biological replicates. Statistical
significance was determined by one-way ANOVA with Tukey’s multiple comparison test.
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Fig. 6.

thSC—CM action potentials on conductive PEDOT:PSS/PVA electrospun scaffolds. (a)
Representative images of hPSC-CMs seeded in monolayer and stained with voltage sensitive
dye FluoVolt after 7 days of culture on 8 % PVA or 9.75 % PEDOT:PSS/PVA. Scale = 100
pum (b) Kymograph of hPSC-CMs ROIs on 8 % PVA or 9.75 % PEDOT:PSS/PVA. Black
chevron indicates action potential peak. Scale = 3 s. (¢) dF/F, was measured on conductive
scaffolds and plotted relative to glass and 8 % PVA. (d) Cycle length for rhythmically
contracting cells was measured from kymographs and plotted. Since not all samples were
rhythmically contracting, total percentage of depolarizing ROIs was also plotted (green)
with the most number of depolarizing ROIs on conductive scaffolds (glass = 41.2 %; 8 %
PVA =42.3 %; 3.25 % = 94.4 %; 9.75 % = 100 %). Each point represents one ROl across n
= 3 biological replicates. Statistical significance was determined by Kruskal-Wallis test with
Dunn’s multiple comparison test. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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