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This work demonstrates the importance of recapitulating the
fibrous architecture and mechanics of myocardial ECM to
engineer structurally organized iPSC-derived cardiomyocyte
tissues using orthogonally tunable synthetic matrices.
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Cardiomyocytes derived from induced pluripotent stem cells (iPSC-CMs) show great potential for engin-
eering myocardium to study cardiac disease and create regenerative therapies. However, iPSC-CMs typi-
cally possess a late embryonic stage phenotype, with cells failing to exhibit markers of mature adult
tissue. This is due in part to insufficient knowledge and control of microenvironmental cues required to
facilitate the organization and maturation of iPSC-CMs. Here, we employed a cell-adhesive, mechanically
tunable synthetic fibrous extracellular matrix (ECM) consisting of electrospun dextran vinyl sulfone (DVS)
fibers and examined how biochemical, architectural, and mechanical properties of the ECM impact
iPSC-CM tissue assembly and subsequent function. Exploring a multidimensional parameter space span-
ning cell-adhesive ligand, seeding density, fiber alignment, and stiffness, we found that fibronectin-func-
tionalized DVS matrices composed of highly aligned fibers with low stiffness optimally promoted the
organization of functional iPSC-CM tissues. Tissues generated on these matrices demonstrated improved
calcium handling and increased end-to-end localization of N-cadherin as compared to micropatterned
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fibronectin lines or fibronectin-coated glass. Furthermore, DVS matrices supported long-term culture (45
days) of iPSC-CMs; N-cadherin end-to-end localization and connexin43 expression both increased as a
function of time in culture. In sum, these findings demonstrate the importance of recapitulating the

Published on 08 December 2020. Downloaded on 12/6/2025 1:27:06 PM.

rsc.li/biomaterials-science

Introduction

Heart disease is the leading cause of death worldwide." This is
in part due to the fact that many cardiomyopathies lead to per-
manent damage to the myocardium, which has limited poten-
tial to regenerate. Existing therapies fail to restore cardiac func-
tion after damage arising from chronic conditions or traumatic
injury from myocardial infarction.” Thus, there is a pressing
need to develop engineered myocardial tissue that can be used
in replacement or regenerative therapies. Additionally, physio-
logically representative in vitro models of cardiac tissue can aid
in the advancement of our understanding of cardiac disease
progression and the identification and subsequent development
of effective pharmacologic interventions.

Cardiomyocytes derived from induced pluripotent stem
cells (iPSC-CMs) show promise for engineering myocardium
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fibrous myocardial ECM in engineering structurally organized and functional iPSC-CM tissues.

for regenerative therapies and for disease modeling.? In recent
years, there have been many advances in culture protocols to
improve the efficiency of stem cell differentiation towards a
myocardial lineage.*”” However, in most cases, iPSC-CM matu-
ration stops at the late embryonic stage, with cells failing to
exhibit hallmarks of maturity such as myofibril alignment,
end-to-end polarization of gap junctions, and enhanced
calcium handling.>® More recent studies have demonstrated
the ability to achieve higher levels of engineered cardiac tissue
maturation through the use of naturally derived biomaterials
(e.g. collagen, fibrin, and Matrigel) combined with iPSC-CMs
and stromal cells, such as fibroblasts or mesenchymal stem
cells.**' Despite their success in improving the function of
engineered cardiac tissues, the incorporation of stromal cell
populations can confound study interpretation due to uncon-
trolled and uncharacterized crosstalk between these stromal
support cells and cardiomyocytes (CMs). Therefore, there
remains a need to engineer materials that can accurately
present the appropriate physical and mechanical cues present
in the native ECM to promote myocyte tissue formation in the
absence of supporting cells.

The mechanical function of the myocardium is dictated by
contractile CMs and the fibrous ECM that surrounds, orients,
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and groups them." This complex, hierarchical collagen
network organizes myocardium at multiple length scales: (1)
epimysial collagen fibers surround large groups of muscle
bundles to provide mechanical stability preventing excessive
stretching of the tissue; (2) perimysial fibers wrap around and
organize individual bundles of CMs; (3) small endomysial
fibers found within each bundle connect to the cytoskeleton of
each CM via costameres."* ™ In particular, perimysial collagen
fibers are approximately 1 pm in diameter and are co-aligned
along the long axis of each CM bundle."* The structural organ-
ization of surrounding perimysial fiber networks parallel that
of the myofibers within each muscle bundle. Together,
highly aligned CMs and surrounding ECM enable mechani-
cally anisotropic contractions critical to healthy cardiac func-
tion. The importance of this structure-function relationship is
particularly evident in disease states such as fibrosis
where fibroblasts deposit excessive amounts of disorganized
matrix in the perimysial space, impairing overall tissue
function."">1¢

As it is evident that organized fibrous ECM plays a critical
role in facilitating myofibrillar alignhment, a number of
material platforms have been developed to recapitulate these
cell-instructive cues to drive structural and functional matu-
ration of engineered cardiac tissue. ECM proteins can be
micropatterned into anisotropic geometries (e.g. lines or rec-
tangles) to organize attached CMs and improve tissue
functionality."” " However, these substrates lack cell-scale
topographical cues reminiscent of perimysial matrix which
may be required for myocardial tissue assembly and function.
Attempts to better recapitulate cardiac ECM topography have
included culturing iPSC-CMs on nanogrooved substrates.’*"
While these methods promote robust structural alignment and
higher tissue maturity, they lack mechanical tunability and fail
to accurately mimic the complex fibrous topography cells
experience in vivo. Electrospun scaffolds come closest to reca-
pitulating perimysial network architecture, but commonly
used electrospun biomaterials (e.g. polycaprolactone, polylac-
tide-co-glycolide, or polyvinyl alcohol) are typically orders of
magnitude stiffer than CMs or cardiac ECM.>**"*” This is par-
ticularly important given recent evidence that culture sub-
strates with elastic moduli approximating that of native myo-
cardium can enhance myofibril formation and overall tissue
maturity."”** ! Despite the success of these and other culture
platforms in improving iPSC-CM tissue function, each of these
approaches only mimic certain aspects of the cardiac ECM. As
such, a comprehensive, multiparameter understanding of the
physical environmental cues necessary to form high-function-
ing CM tissues is currently lacking. Thus, new biomaterial
approaches are needed that can accurately and orthogonally
recapitulate fibrous, biochemical, and mechanical attributes
of the cardiac ECM to promote further maturation.

We previously developed a synthetic fibrous ECM-like
material composed of polymeric fibers with comparable geo-
metry to perimysial collagen fibers.>> These fibers have a
highly tunable elasticity over a range reflecting measurements
of type I collagen fibers and enable user-defined control over
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presented adhesive ligands and overall architectural organiz-
ation. In this work, we alter biochemical, architectural, and
mechanical properties of these synthetic fibrous matrices to
identify critical ECM determinants to iPSC-CM attachment
and subsequent tissue assembly, structure, and function.
Systematically exploring a multidimensional biomaterial para-
meter space, we find that soft, aligned dextran vinyl sulfone
(DVS) networks presenting fibronectin (FN) promote the
highest levels of structural organization and function as
assessed by calcium flux imaging. Additionally, we compare
iPSC-CMs cultured in our material system to commonly used
CM culture platforms that lack anisotropic adhesive cues or
topography and find that compliant and aligned fibrous ECM
yields the highest degree of iPSC-CM tissue organization and
function. Lastly, we demonstrate the ability of DVS fiber
matrices to facilitate long-term culture of iPSC-CMs that
enables further structural organization as evidenced by end-to-
end localization of cell-cell adhesions. Taken together, these
studies highlight the importance of recapitulating key physical
attributes of the cardiac extracellular microenvironment and
isolating their respective influences on iPSC-CM tissues for-
mation and maturation.

Experimental
Reagents

All reagents were purchased from Sigma Aldrich and used as
received, unless otherwise stated.

DVS fibrous matrix fabrication

DVS polymer was synthesized as previously described by our
lab.?? Briefly, dextran was reacted with divinyl sulfone and the
product was dialyzed and lyophilized. For electrospinning,
DVS was dissolved at 0.7 ¢ mL™" in a 1:1 mixture of Milli-Q
water and dimethylformamide with 0.6% (w/v) lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (LAP; Colorado
Photopolymer Solutions) photoinitiator, 2.5% (v/v) methacry-
lated rhodamine (25 mM; Polysciences, Inc., Warrington, PA),
and 5.0% (v/v) glycidyl methacrylate. This solution was electro-
spun on coverslips affixed to a custom-built rotating mandrel
with a hexagonal geometry (Fig. 1a) driven by an AC motor
with controllable speed. Electrospinning was conducted in an
environmental chamber at 35% humidity with a flow rate of
0.2 ml h™, voltage of 7.0 kv, and a gap distance of ~5 cm to
the grounded mandrel. After collection, fibers were stabilized
by primary crosslinking under UV (100 mW cm™2) for 20 s,
then hydrated in varying concentrations of LAP photoinitiator
solution and exposed again to UV for 20 s to tune fiber
stiffness. To functionalize matrices with FN or collagen
(Corning International), 2.5% (w/v) heparin methacrylate
(HepMA) was dissolved in LAP solution during secondary UV
exposure. ECM proteins were diluted at a concentration of
50 pg mL™' and adsorbed to fibers at RT for 1 hour.
Alternatively, matrices were functionalized with cell adhesive
peptides cyclized [Arg-Gly-Asp-p-Phe-Lys(Cys)] (cRGDj; Peptides
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Fig. 1 Tunable DVS fibrous matrices for culturing iPSC-CMs. (a) Schematic of fabrication setup used to generate DVS matrices. A photocrosslink-
able DVS polymer solution was electrospun and collected on glass coverslips affixed to a rotating hexagonal mandrel. (b and c) Mandrel rotation

speed was varied to define fiber alignment. (d) To facilitate cell adhesion,

fibers were functionalized with full length proteins fibronectin or collagen

via a heparin sulfate conjugation scheme, or short adhesive peptides cRGD or GFOGER via Michael-type addition chemistry. (e) Fiber stiffness was
tuned by altering the amount of photoinitiated crosslinking. (f) iPSCs were differentiated through temporal modulation of the Wnt signaling pathway
as previously described,*® purified via metabolic selection for at least 4 days, and seeded on DVS fibrous substrates 30 days post initiation of differen-
tiation. Progression of the differentiation process can be seen from brightfield images of iPSCs taken before differentiating, immunofluorescent
images of iPSC-CMs just after metabolic selection, and iPSC-CMs seeded on aligned DVS matrices. All data presented as mean + std; n > 5 matrices;

*p < 0.05.

International) or Gly-Phe-Hyp-Gly-Glu-Arg (GFOGER; CPC
Scientific) via Michael-Type addition to available vinyl
sulfone groups. Peptides were dissolved at 200 pM in Milli-Q
water containing HEPES (50 mM), phenol red (10 pg mL™"),
and 1 M NaOH to bring the pH to 8.0. A volume of 150 pL was
added to each substrate and incubated at room temperature
for 30 min. Substrates were sterilized in 70% ethanol prior to
cell seeding.

DVS matrix mechanical testing

Mechanical properties of DVS matrices were determined using
previously developed methods.**** Briefly, suspended net-
works of DVS were indented with a rigid SU8 cylinder affixed
to a pure tungsten filament using a commercial CellScale
Microsquisher (CellScale). Young’s modulus was approximated
assuming the material behaves as an elastic membrane as pre-
viously described.?*??

This journal is © The Royal Society of Chemistry 2021

Microcontact printing

To create substrates to compare with DVS matrices, 3 um wide
FN parallel lines spaced 3 pm apart were created via traditional
microcontact printing approaches. Using photolithography
techniques, patterns were transferred to a silicon wafer spin-
coated with 1 pm thickness Microposit S1813 photoresist
(MicroChem). Following development, polydimethylsiloxane
(PDMS) (Sylgard 184, Dow Corning) was cast on to wafers and
cured at 80 °C for 2 h to generate micropatterned stamps. To
patterns, FN was fluorescently tagged with
AlexaFluor555 succidinyl ester following the manufacturer’s
protocol. Briefly, a 1 mg mL™" solution of FN was reacted with
AlexFluor55 succidinyl ester at a 9-fold molar excess for 2 h at
RT with agitation in a 1 M sodium bicarbonate solution and
purified by dialysis (6.5 kDa cutoff). For microcontact printing,
fluorescent FN was diluted to 50 pg mL™" in sterile Milli-Q
water and adsorbed to the micropatterned stamps for 30 min

visualize
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at RT. The fibronectin pattern was transferred to UV ozone acti-
vated, PDMS coated coverslips (via spin coating, 5000 rpm).
After sitting overnight to allow for the recovery of hydrophobi-
city, substrates were sterilized in 70% ethanol and then incu-
bated in Pluronics F-127 (0.2% w/v in Milli-Q water) for 30 min
at RT to prevent protein and cell adhesion to non-printed
regions of the substrate. To create control non-micropatterned
substrates, FN (50 pg mL™") was adsorbed to UV ozone treated
glass coverslips for >30 min at RT.

iPSC culture and CM differentiation

Induced pluripotent stem cells containing a GFP-titin repor-
ter* (gift from the Seidman Lab) were cultured in
mTeSR1 media (StemCell Technologies) and differentiated in
RPMI 1640 media supplemented with B27 minus insulin
(ThermoFisher). Differentiation was initiated on day 0 with the
addition of 12 uM CHIR99021 for 24 hours and then 5 pM
IWP4 on day 3 for 48 hours. On day 9, media insulin was intro-
duced and cells began to contract on day 10. For CM purifi-
cation, cultures were transferred to RPMI lacking glucose and
glutamine (Biological Industries) supplemented with 4 mM br-
lactate on day 11 for 4-6 days. Following purification, CMs
were maintained in CM maintenance media (RPMI 1640 sup-
plemented with 2% (v/v) B27 (Thermo Fischer)). On day 30,
CMs were dissociated using accutase (Corning) and seeded on
fibrous matrices or control substrates. Cultures were main-
tained in CM maintenance media replenished every other day
for the duration of studies. All studies were carried out for 7
days unless otherwise specified.

Calcium imaging

Calcium handling analysis was performed by incubating cells
for 1 hour at 37 °C with 5 pM Cal520, AM (AAT Bioquest). Cells
were then returned to conditioned media preserved prior to
adding the calcium sensitive dye and allowed to equilibrate for
>30 minutes at 37 °C and 5% CO,. Following equilibration,
tissues were imaged under epifluorescence at 96 Hz while
maintaining temperature and CO,.

Immunofluorescence staining

Samples were fixed in 2% paraformaldehyde for 15 min at RT.
Autoflourescence quenching was performed by incubating
samples in 0.1 M NH,CI (pH 8.0) for 10 min at RT, and then in
a fresh NH,CI solution for an additional 5 min. This was fol-
lowed by antigen retreival via incubation in pre-warmed
10 mM trisodium citrate dihydrate (pH 6.0) for 15 minutes.
Samples were then permeablized in PBS solution containing
Triton X-100 (0.2% v/v), sucrose (10% w/v), and magnesium
chloride (0.6% w/v) for 10 min and blocked in 1% (w/v) bovine
serum albumin. Tissues were incubated with mouse mono-
clonal anti-N-cadherin (1:200; BD Bioscience 610921) overnight
at 4 °C, rabbit monoclonal anti-connexin43 (1:1000; Millipore
Sigma AB1728) antibodies overnight at 4 °C, mouse mono-
clonal anti-o-actinin (1:500; Abcam ab9465) for 1 hour at RT,
mouse monoclonal anti-cardiac troponin T  (1:500;
ThermoFisher MA5-12960) for 1 hour at RT, mouse mono-
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clonal or rabbit monoclonal anti-Ki67 (1:1000; Sigma-Aldrich
PIMA514520) for 1 hour at RT, followed by either goat anti-
mouse Alex Fluor 647 (1:1000; Life Technologies A21236) or
goat anti-rabbit Alexa Fluor 647 secondary antibodies, (1:1000;
Life Technologies A21245) and DAPI for 1 hour at RT.

Image analysis

Time-lapse movies of calcium flux were analyzed with custom
MATLAB scripts (Fig. S1t). Briefly, average fluorescent profiles
over time were determined from select areas of each tissue and
parameters such as beats per minute, peak-to-peak irregular-
ity, flux rise time, flux decay time, and peak full width half
max were calculated. Contraction correlation coefficient was
determined by dividing the entire field of view into 16 regions
of equal area and calculating the average Pearson’s correlation
coefficient between the flux profiles of each of these regions.*
Sarcomere alignment was also quantified via custom MATLAB
scripts (Fig. S271). Briefly, images of titin-GFP reporter were
thresholded and individual z-discs segmented. Z-discs were
subsequently grouped with neighboring z-discs based on
proximity and orientation to identify myofibrils within the
image. The orientation of all identified myofibrils within a
field of view was fit to a Gaussian distribution. Sarcomere
alignment deviation was defined at the standard deviation of
this distribution using circular/angular statistics.>®

Statistical analysis

Statistical significance was determined by one-way analysis of
variance (ANOVA) with post-hoc analysis (Tukey test), with sig-
nificance indicated by p < 0.05. Studies were conducted a
minimum of 3 times with at least n = 3 tissues per condition
and the data presented are representative data sets from one
these replicate studies. Specific sample size is indicated within
corresponding figure legends and all data are presented as
mean + standard deviation.

Results and Discussion

Synthetic extracellular matrix fabrication and iPSC-CM seeding
parameters

To mimic perimysial collagen networks of native myocardium,
we fabricated fibrous matrices composed of electrospun DVS
fibers following methods established in our lab.*> We pre-
viously used this material system to investigate the effects of
physical matrix properties on cell behaviors including fibro-
blast spreading and myofibroblast differentiation.***” These
studies demonstrated the mechanical tunability, biocompat-
ibility, and stability of this material over long-term culture
thus motivating its use as a suitable platform for studying
iPSC-CM engineered tissue formation. Here, we altered bio-
chemical, architectural, and mechanical parameters to
examine how each feature impacts the structure and function
of iPSC-CM tissues. Controlling the speed of a rotating, hexag-
onal mandrel with affixed glass coverslips reproducibly
defined the degree of fiber alignment within each matrix

This journal is © The Royal Society of Chemistry 2021
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(Fig. 1a—c). Control over subsequent photoinitiated free radical
polymerization via LAP photoinitiator concentration defined
the degree of crosslinking within each fiber and resulting
stiffness of bulk matrices (Fig. 1le). To facilitate cell attach-
ment, fibers were functionalized with short cell-adhesive pep-
tides cRGD or GFOGER directly coupled to remaining VS
groups via Michael type addition. Alternatively, HepMA was co-
valently coupled to remaining VS groups to enable functionali-
zation with full length heparin sulfate proteoglycan (HSPG)-
binding ECM proteins, including collagen and fibronectin
(Fig. 1d). iPSC-derived CMs were differentiated and purified as
previously described,*®*° then seeded on substrates of varying
material parameters and subsequently characterized by
immunostaining and calcium imaging (Fig. 1f).
Differentiation of iPSC-CMs was further confirmed by immu-
nofluorescent staining of a-actinin and cardiac troponin T
(Fig. S37). In contrast to electrospun materials that have been
previously used to induce cardiac tissue organization and
function, DVS matrices provide concurrent and orthogonal
architectural, mechanical, and biochemical control, enabling
careful dissection of how iPSC-CMs respond to critical ECM
features known to vary with the age and disease status of
cardiac tissue.'®41"

Having defined parameters to control biochemical and bio-
physical attributes of DVS matrices, we next sought to identify
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adhesive ligands that facilitate robust iPSC-CM attachment to
aligned DVS fiber matrices, given previous observations that
anisotropic substrates promote the formation of organized
cardiac tissues.>'®?%>* Matrices were functionalized for cell
adhesion with full length ECM proteins type I collagen or
fibronectin, or shorter peptides containing their integrin-
binding domains, GFOGER or cRGD, respectively. Fiber dia-
meter remained consistant regardless of functionalization
scheme (Fig. S4af). Overall, there was less robust iPSC-CM
adhesion on substrates modified with GFOGER or full length
type I collagen as compared to cRGD or fibronectin (Fig. 2a
and b). In general, engineered healthy myocardium exhibits
regular and synchronous patterns of calcium flux as well as
highly aligned contractile machinery, as aberrations to these
characteristics have been implicated in a number of disease
states, including cardiac fibrosis.'®?> Therefore, the overall
functionality of iPSC-CM tissues was assessed by live imaging
with a calcium sensitive dye after an additional 7 days of
culture on engineered substrates. The spontaneous beat rate of
tissues was found to be consistent across adhesive moieties
(Fig. 2c). We found that tissues cultured on matrices present-
ing ¢RGD or fibronectin contract with a more regular fre-
quency and more synchronously across the tissue surface
(Fig. 2d and e; Fig. S1; Movie S1t). These findings are in line
with the critical role of fibronectin in myocardial development
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and in facilitating CM integrin engagement to the ECM
in vivo.*>** Inhibition of the integrin a5 subunit, a receptor
that predominately binds fibronectin, during cardiac develop-
ment has demonstrated a critical role for this specific binding
moiety in cardiac morphogensis.*®*” More recently, Neiman
et al. highlighted the importance of the «5 subunit in iPSC
differentiation to CMs in vitro, as knockdown of this integrin
resulted in less efficient differentiation, suggesting that
defined integrin binding could further dictate CM differention
in vitro.*® These results indicate that fibronectin or its cRGD
derivative exhibit superior capacity for in vitro cardiac tissue
generation on our fibrous matrices as compared to collagen.
Although no functional differences in tissues created on fibro-
nectin and cRGD functionalized matrices were noted, full-
length fibronectin was utilized in all subsequent studies
described below, given its importance in the cardiac ECM and
widespread use in other iPSC-CM studies.'®****% Previous
work has also demonstrated the potential utility of functiona-
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lizing ECM mimetic scaffolds with developmentally informed
bioactive ligands to direct stem cell differentiation.’*™>* For
example, Li et al. showed that coupling a Wnt5a mimetic
ligand, Foxy5, to hyaluronic acid scaffolds increased noncano-
nical Wnt signaling, enhanced mechanotransduction through
RhoA-ROCK signaling, and drove osteogenic differentiation of
human mesenchymal stem cells.’ In separate studies, cardiac
tissue regeneration was improved post-infarction after the
introduction of nanofibers functionalized with insulin-like
growth factor 1.%° Thus, the effect of presenting other bioactive
ligands in addition to integrin-binding proteins or peptides is
worth exploring in future work.

As different adhesive ligands resulted in variations in
attachment and subsequent CM density that correlated with
calcium transient synchronicity, we next sought to determine
the optimal density of CMs required to create an organized
and functional layer of tissue on fibronectin-functionalized
DVS matrices (Fig. 3a). At low seeding densities (50 and
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Fig. 3 iPSC-CMs at intermediate seeding density form highly organized and functional tissues. (a) Confocal fluorescent images of iPSC-CMs on
aligned DVS matrices functionalized with fibronectin seeded at different densities ranging from 50 to 250k cm™2. (b) Histogram of distribution of sar-
comere angle in representative tissues seeded at 50, 150, and 250k cm™~. (c) Quantification of overall sarcomere alignment of tissues seeded at den-
sities ranging from 50 to 250k cm™2. (d) Beat rate, (e) peak-to-peak irregularity and (f) contraction correlation coefficient for formed tissues obtained
via analysis of calcium fluxes. (g) Image slices at 0, 5, and 10 um from substrate surface taken via confocal microscopy within a dense (250k cm™2)
tissue. (h) Sarcomere alignment deviation of slices within specified height ranges for tissues seeded at 250k cm™2. All data presented as mean + std;
n > 8 fields of view across 3 tissues; * p < 0.05.
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100k cm™?), myofibrils in resulting tissues were highly aligned,
as quantified by image analysis of titinGFP-demarcated sarco-
meres (Fig. S2t), however confluent monolayers did not form
across the matrix (Fig. 3a—c). Disconnections across the mono-
layer resulted in greater beat irregularity and lower synchroni-
city across the tissue (Fig. 3e and f; Movie S2t). At higher
seeding densities (200 and 250k cm™?), beat rates were more
consistent and synchronous, but an increase in the angular
deviation of myofibrils was noted (Fig. 3a-f; Movie S27).
Optical sectioning through the thickness of tissues by confocal
microscopy revealed that cells directly in contact with the
underlying matrix possessed highly aligned myofibrils (Fig. 3g
and h). iPSC-CMs farther away from the matrix surface were
increasingly disorganized as evidenced by an increase in myo-
fibril angular deviation (Fig. 3g and h). These results highlight
the significant role that ECM architecture plays in iPSC-CM
organization."'* Given these findings, an intermediate
seeding density (150k cm™) was selected for subsequent
studies. This seeding density yields a confluent layer of
iPSC-CMs where all cells receive alignment cues from the
underlying matrix. CM density has also been shown to affect
overall tissue function in other previously established in vitro
models.” Shadrin et al. found that iPSC-CMs in a 3D hydrogel
at high densities had reduced force output per cell and
increased conduction velocity, most likely due to restricted
space for CMs to grow in these dense tissues.” These findings
further motivate the use of intermediate seeding densities on
DVS where iPSC-CMs are given adequate space to spread as
they sense the fibrous matrix below.

Effect of altered matrix alignment and mechanics on
iPSC-CMs

The preceding studies imply that contact with aligned fibrous
matrices is critical for creating iPSC-CM tissues with organized
myofibrils. To confirm that matrix architecture dictates tissue
organization, we next examined how alterations to the align-
ment of the fibrous matrices affect iPSC-CM tissue organiz-
ation and function. As previously described, fiber alignment
can be easily defined by changing the speed of the rotating col-
lector (Fig. 1c). Seeding iPSC-CMs on nonaligned (100 rpmy;
0.916 m s~ ), intermediate (1100 rpm; 10.1 m s~ '), and aligned
(2100 rpm; 19.3 m s~ ') matrices resulted in increasing levels of
myofibril organization (Fig. 4a and b). Matrix alignment also
resulted in increased synchronicity across the tissue but no
change in peak-to-peak irregularity (Fig. 4c and d; Movie S37).
Furthermore, tissues formed on nonaligned matrices exhibited
longer calcium flux rise and decay times (Fig. 4e), both of
which are established indicators of immaturity in tissues.”®
This finding is consistent with other studies indicating the
importance of matrix anisotropy in generating cardiac tissues
with enhanced organization and calcium handling.>"®>%>*
Interestingly, the data presented here suggests that while the
highest degree of fiber alignment induced greater myofibril
alignment (Fig. 4b), an intermediate degree of fiber alignment
was sufficient for rapid calcium handling (Fig. 4c-e). Previous
studies have shown that integrin organization and overall
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Fig. 4 Aligned matrices promote myofibril organization and improve
tissue function. (a) Confocal fluorescent images of iPSC-CMs seeded on
aligned (2100 rpm), intermediate (1100 rpm), and random (100 rpm). (b)
Quantification of sarcomere alignment deviation. (c) Peak-to-peak and
(d) correlation coefficient irregularity, as calculated from calcium flux
data. (e) Individual calcium fluxes were analyzed to determine flux rise
time, decay time, and peak full width half max. All data presented as
mean + std; n > 12 fields of view across 3 tissues; * p < 0.05.

structural anisotropy directly influences the organization and
expression of calcium handling machinery within cardiomyo-
cytes, leading to changes in overall tissue function.>”*° These
data suggest however that only an intermediate degree of
adhesive or topographical anisotropy is necessary to elicit
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improvements in calcium handling. As fine control over matrix
alignment is straightforward with this platform, future studies
could explore how matrix alignment guides subcellular organ-
ization in the contexts of cardiac development, during which
the ECM transitions from disorganized to highly ordered
between gestation days 100 and 143,*" or disease progression,
characterized by increasing deposition of disorganized
matrix.' "¢

In conjunction with organizational cues, substrate stiffness
close to that of healthy cardiac tissues has also been shown to
promote further functional maturation of CMs compared to
culture on tissue culture plastic or glass."”**7° For example,
Ribeiro et al. showed that culturing CMs on non-fibrous hydro-
gel substrates approximating the stiffness of myocardium (~10
kPa) resulted in higher functioning CMs, whereas stiffer sub-
strates hindered structural, functional, and transcriptional
development of iPSC-CMs."” These findings have been corro-
borated by studies using other hydrogel systems,>*" but these
settings fail to recapitulate the fibrous architecture of native
cardiac ECM. Additionally, electrospun fibrous materials used
to induce greater iPSC-CM function are typically supraphysio-
logic in stiffness and lack mechanical tunability.**** After
defining matrix architecture, DVS matrix stiffness can be
tuned over the range of Young’s moduli reported for develop-
mental (<6 kPa), physiologic (9-14 kPa), and pathophysiologic
myocardial tissues (>20 kPa)*' via tuning photocrosslinking
(Fig. 1d).*

To examine if iPSC-CMs sense changes to the stiffness of
fibrous matrices, we controlled the amount of photoinitiated
crosslinking of the DVS fibers while keeping matrix fiber
density and alignment constant.”” Altering the stiffness of the
underlying fibers had no effect on myofibril alignment or beat
synchronicity (Fig. 5a, b and d). However, iPSC-CMs cultured
on low stiffness fibers (~1 kPa) resulted in greater calcium flux
regularity with faster calcium fluxes in contrast to tissues gen-
erated on stiffer fibers (>20 kPa) (Fig. 5c and e; Movie S47).
These findings indicate that CMs can sense the stiffness of the
matrix despite the fact that fibers were tethered to an under-
lying rigid glass surface that did not support fractional short-
ening of contracting tissues. This mechanoresponse may
potentially be modulated by non-muscle myosin activity at
costameres or integrin clustering, both of which have been
previously shown to activate structural and functional changes
in CMs.”**> There was also evidence of cell force-mediated
matrix deformations and permanent reorganization on soft
fiber matrices, as indicated by lateral translocations of fibers;
in contrast, no deformations were evident in matrices of stiffer
fibers (Fig. S51). Additionally, as it has been suggested that
CM proliferation can increase on stiffer substrates,’® we exam-
ined iPSC-CM proliferation after 7 days of culture by immuno-
staining for Ki67, a proliferation marker. We find that
iPSC-CMs on DVS matrices exhibited low proliferation rates
with no differences noted across the range of stiffnesses
explored here (Fig. S67).

We next explored how simultaneously altering matrix archi-
tecture and mechanics influenced iPSC-CM-matrix inter-
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Fig. 5 iPSC-CMs on soft, DVS fibers exhibit improved calcium handling.
(a) Confocal fluorescent images of iPSC-CMs seeded on aligned
matrices composed of DVS fibers of differing stiffnesses by tuning
photoinitiated crosslinking via photoinitiator (LAP) concentration. (b)
Quantification of sarcomere alignment deviation. (c) Correlation coeffi-
cient and (d) peak-to-peak irregularity, as calculated from calcium flux
data. (e) Individual calcium fluxes were analyzed to determine flux rise
time, decay time, and peak full width half max. All data presented as
mean + std; n > 12 fields of view across 3 tissues; * p < 0.05.

actions. iPSC-CMs were seeded on DVS matrices with orthog-
onally varied alignment and stiffness and immunostained for
the focal adhesion (FA) protein, vinculin. Custom image ana-
lysis was used to segment and quantify the total FA area per
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cell, the average size of individual FAs within each cell, and
the aspect ratio of adhesions (Fig. S7af). While the alignment
of matrix fibers increased the aspect ratio and size of individ-
ual FAs (Fig. S7c and dt), total FA area per cell appeared to be
affected by both fiber organization and stiffness, with soft/
non-aligned fibers expressing similar overall FA area to both
soft/aligned and stiff/aligned matrices (Fig. S7bt). Softer
matrices may lead to increased FA adhesion formation via the
increased nanoscale flexibility of adhesive ligands, thereby
enabling integrin clustering required for focal adhesion
formation.>**’>° Additionally, we qualitatively noted an
impact on the organization of FAs which aligned with their
long axis in the direction of myofibrils and underlying DVS
fibers. On aligned matrices, FAs appeared to co-localize with
sarcomeres, potentially to optimally mechanically support the
more organized contractile myofibrils within aligned
iPSC-CMs. The influence of fiber alignment on iPSC-CM myofi-
bril assembly and organization may explain the equivalent
total FAs area per cell of stiff/aligned matrices as compared to
soft/aligned or soft/nonaligned matrices.'® This potential addi-
tive effect is reiterated by the marked increase in FA aspect
ratio on soft aligned matrices as compared to all other matrix
conditions (Fig. S7df). These results highlight the importance
of orthogonally controlling fiber organization and mechanics
when studying how CMs respond to changes in their
microenvironment.

DVS matrices afford improved tissue organization and
function over other platforms

While ECM-coated tissue culture plastic or glass remain a
typical setting for studies of iPSC-CMs, the use of micropat-
terned or topographical substrates to promote tissue organiz-
ation and improve overall function has become increasingly
common.>'”1820:22.24 g explore the relative importance of an-
isotropic adhesive patterning vs. topographical cues, we com-
pared tissue organization and calcium handling characteristics
of iPSC-CMs cultured on fibronectin-functionalized DVS
matrices, microcontact-printed fibronectin lines, and fibronec-
tin adsorbed to glass substrates (Fig. 6). Soft aligned DexVS
matrices were selected for this comparison, as they guided the
formation of the highest functioning tissues in the studies
above. Microcontact-printed arrays of fibronectin lines (3 pm
width with 3 pm spacing) on glass were chosen to approximate
the adhesive surface area and alignment of DVS fibers and
non-patterned fibronectin-coated glass served as a control.
Functionally, iPSC-CMs seeded on DVS matrices exhibited
more regular and synchronous calcium transients compared to
tissues on micropatterned and non-patterned fibronectin
(Fig. 6b and c; Movie S5t). Furthermore, DVS induced faster
rise and decay times in calcium fluxes (Fig. 6d). Structurally,
iPSC-CMs on DVS matrices exhibited the highest levels of myo-
fibrillar organization (Fig. 6a and b). As the native myocardium
matures, proteins such as N-cadherin and connexin43 localize
end-to-end at intercalated discs to enable directional propa-
gation of action potentials.®® Immunostaining for N-cadherin,
we noted more frequent end-to-end localization on DVS
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matrices than on glass controls or micropatterned lines where
such localization was not observed (Fig. 6a). Although the
mechanism mediating this localization requires further study,
this observation suggests a critical requirement for both topo-
graphy and anisotropic adhesive cues afforded by fibers.

Long term culture of iPSC-CMs on DVS matrices

In addition to these improvements in subcellular organization
quantified after 7 days in culture, DVS matrices also supported
long-term culture of iPSC-CMs. Whereas confluent iPSC-CMs
seeded on both micropatterned and non-patterned fibronectin
detached from underlying substrates after 8-10 days of culture
due to their innate contractile forces, DVS matrices enabled
culture of purified confluent iPSC-CMs to at least 45 days post-
seeding (Fig. 6f). High magnification imaging of tissues
immunostained for vinculin demonstrated increased numbers
of costameres distributed at greater density across multiple
imaging planes in DVS matrices compared to standard sub-
strates (Fig. S8%). This suggests that the three-dimensional
nature of DVS fibers promotes increased cell-ECM adhesion to
stabilize tissues. Long-term culture of iPSC-CM on fibrous
matrices could facilitate time-dependent maturation processes
required for intercalated disc assembly or T-tubule formation.?
A number of other studies have also applied external mechani-
cal or electrical stimuli to drive maturation of tissues.®®' ®?
Given the long-term stability of these tissues and the facile
deposition of DVS fibers on elastomer or electrically conduc-
tive substrates, future studies will explore these important
maturation signals.

Previous work has shown that long-term culture (up to 45
days) of non-confluent iPSC-CM facilitates further maturation,
as characterized by improved sarcomere organization, hyper-
trophy, reduced proliferation, and enhanced calcium
handling.®** As we observed improved iPSC-CM subcellular
organization and function after 7 days on DVS matrices, we
hypothesized that prolonged culture of pure, confluent
iPSC-CMs could facilitate further maturation. Culturing
iPSC-CMs on soft, aligned DexVS matrices for up to 28 days,
we observed no changes in calcium handling outputs includ-
ing rise and decay time as a function of culture duration
(Fig. 7e-g). End-to-end localization of N-cadherin to intercellu-
lar junctions was evident at all time points while myofibril
alignment remained constant (Fig. 7a and b). Since con-
nexin43 accumulates in developing gap junctions during devel-
opment, we also stained for this protein in tissues on aligned
DVS matrices.®>®> Immunostaining for connexin43 revealed
increased production as a function of culture duration, further
indicating that anisotropic fibrous cues drive the assembly of
key subcellular structures (Fig. 7c and d; Fig. S9t). Changes in
connexin43 localization and other maturation markers over
time warrants further study, and in sum we conclude that
while structural cues guide tissue organization and function,
they alone are not sufficient for driving significant iPSC-CM
tissue maturity.

Previous studies have also suggested limitations to long-
term culture on substrates that solely define tissue anisotropy,
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sented as mean + std; n > 12 fields of view across 3 tissues; * p < 0.05.

indicating that while alignment cues induce the expression of
some maturation markers, further maturation requires the
addition of other stimuli such as mechanical loading, electri-
cal pacing, soluble factors or even other heterotypic cell com-
munication ~ with  supporting  cell  types.>®®710:63,66
Nevertheless, organizational cues provided by DVS matrices
that mimic aspects of the native perimysial ECM appear to
drive cardiac tissue assembly and function by controlling
adhesive signaling between iPSC-CMs and the ECM. Despite
this, DVS matrices fail to recapitulate the more complex hier-
archical organization of the cardiac ECM, limiting the study of
how cues from other ECM layers, and interactions between
them, impact overall tissue function."' By altering electro-
spinning parameters, fibrous matrices could be fabricated
with fiber diameters and mechanics similar to epimysial and
endomysial networks.”” The future development of scalable
technologies to generate tissues from multiple layers of

102 | Biomater. Sci, 2021, 9, 93-107

iPSC-CM-laden fibrous matrices could provide a route to regen-
erative or tissue replacement therapies.®”

In addition, mechanosensing of ECM properties by CMs
has been shown to be vital during cardiac tissue development
and in supporting healthy tissue function, but many studies,
including the ones described here, indicate that this relation-
ship requires further investigation.**%%
has explored the influence of fiber mechanics on cell spread-

Other work in our lab

ing, migration, and multicellular network assembly by sus-
pending matrices over microfabricated wells in contrast to the
studies described above depositing fibers on rigid
coverslips.’>?*>® As both passive and active mechanical pro-
perties of the ECM have been shown to foster tissue
maturation,'”*?%>7%7! exploration of the iPSC-CMs response
to ECM settings that enable fractional shortening of tissues is
a focus of ongoing investigations. Studies such as these could

provide further insights into how CMs respond to dynamic
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mechanical changes of the ECM and could be integrated with
previously established pacing protocols to promote iPSC-CM
maturation.

Conclusion

In summary, we established synthetic, tunable DVS fibrous
matrices that model perimysial collagen networks of native
myocardium. Varying adhesive ligand, architecture, and mech-
anics of these matrices, we found that soft, aligned DVS fibers
functionalized with fibronectin or cRGD best facilitate the for-
mation of organized and contractile iPSC-CM tissue layers.
Fibrous topographical cues and anisotropic distribution of
adhesive ligand improved calcium handling, enhanced struc-
tural organization, including N-cadherin end-to-end localiz-

This journal is © The Royal Society of Chemistry 2021

ation, and enabled long-term culture of iPSC-CM tissues.
While our results support the notion that fibrous ECM cues
are not sufficient in generating iPSC-CM tissues with adult-like
phenotypes, prolonged culture on DVS matrices promoted
N-cadherin end-to-end localization and increased connexin43
expression. Taken together, these studies motivate the
inclusion of fibrous cues in biomaterial culture platforms
towards generating mature iPSC-CM tissues for applications in
replacement/regenerative therapies, disease modeling, and
drug screening.
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