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ABSTRACT

Materials made of recombinant spider silk proteins are promising candidates for cardiac tissue engineering, and their suitability has so far been investigated utilizing
primary rat cardiomyocytes. Herein, we expanded the tool box of available spider silk variants and demonstrated for the first time that human induced pluripotent
stem cell (hiPSC)-derived cardiomyocytes attach, contract, and respond to pharmacological treatment using phenylephrine and verapamil on explicit spider silk films.
The hiPSC-cardiomyocytes contracted for at least 14 days on films made of positively charged engineered Araneus diadematus fibroin 4 (eADF4(x16)) and three
different arginyl-glycyl-aspartic acid (RGD)-tagged spider silk variants (positively or negatively charged and uncharged). Notably, hiPSC-cardiomyocytes exhibited
different morphologies depending on the spider silk variant used, with less spreading and being smaller on films made of eADF4(x16) than on RGD-tagged spider silk

films. These results indicate that spider silk engineering is a powerful tool to provide new materials suitable for hiPSC-based cardiac tissue engineering.

1. Introduction

Cardiovascular disease is one of the most common causes of death
worldwide [1]. Despite great advances in reducing the acute mortality of
cardiovascular disease through identification of risk factors (e.g. physical
inactivity, high fat diet, high blood pressure, and smoking), education and
diagnosis, as well as minimizing cardiomyocyte loss (e.g. antiplatelet
therapy, optimized hospitalization, acute percutaneous coronary inter-
vention), the prevalence of heart failure is rising [1]. Thus, there is a great
need for novel therapies to improve heart function. Moreover, it is
becoming more apparent that data derived from animal models are often
not translatable into clinical practice [2-4]. Therefore, researchers in the
field are working toward developing predictive human engineered cardiac
tissues to model cardiac diseases [5-7], screen for therapeutic drugs [7,8],
as well as repair modalities for the injured heart [9-11]. A cornerstone of

this development is the advent of human induced pluripotent stem cells
(hiPSCs) and protocols for their efficient differentiation into cardiac lin-
eages [12-15]. The hiPSCs can be derived from patients’ own cells and
easily modified by the genome editing technology, Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR)/ CRISPR-associated
protein 9 (Cas9) to introduce or correct specific mutations or to introduce
reporters for monitoring specific processes [16,17].

The most advanced engineered cardiac tissues are based on cast
collagen matrices [5,7], in which tissue organization can be enhanced by
electrical and mechanical stimulation [18]. However, contractile forces
generated by engineered heart tissues (0.05-2 mN/mm? [19]) are still
significantly smaller than forces generated by native tissue (approx.
50 mN,/mm? [20]). This might, for example, be due to suboptimal me-
chanical properties of the utilized matrix and the fabrication approach
(casting). Only few other materials have been utilized for cardiac tissue
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engineering, such as fibrin [9,18,21] and gelatin methacrylate [22,23].
Expansion of the number of materials suitable for cardiac tissue engi-
neering will be necessary to identify one with optimized mechanical
properties and to enable fabrication approaches beyond casting to
generate hierarchically structured tissues including, for example, a
vasculature, which is required for the creation of thick heart tissues.
Limited by the rate of diffusion, the maximum thickness of
non-vascularized myocardial tissue in vitro generally ranges from 50 to
100 pm, but this can be increased to around 200 pm through perfusion
and high oxygen content and even to 0.5 mm when using an advanced
perfusion bioreactor [24,25].

In order to identify 3D printable new materials, suitable for tissue
engineering, the ones made of silk proteins are promising candidates
[26-29]. We have previously demonstrated that materials made of nat-
ural silkworm silk and recombinant silk proteins are suitable for cardiac
tissue engineering [30-32]. Recombinant spider silk proteins are
non-cytotoxic, show no immunogenicity [27,33,34] and can be produced
at a large scale with high purity and consistent quality [35-37].
Furthermore, their biological and mechanical properties can be engi-
neered by genetic modifications, and they can be functionalized with
growth factors or peptides specific for cardiomyocyte or cardiovascular
needs [38-42], which confers a definite advantage over naturally derived
(silk) proteins. A further advantage is the processability of recombinant
spider silk proteins into 3D scaffolds without the need of additives or
crosslinkers, such as hydrogels or foams, which can mimic the environ-
ment of natural tissue [43,44]. Our spider silk hydrogels show visco-
elastic and shear-thinning behavior and could be 3D bioprinted in the
presence or absence of encapsulated cells [38,45].

Our studies are based on the recombinant spider silk protein
eADF4(C16), which is composed of 16 repeats of the C-module
(Sequence: GSSAAAAAAAASGPGGYGPENQGPSGPGGYGPGGP) based
on the Araneus diadematus fibroin (ADF4) of the European garden spider
[37]. One glutamic acid residue (E) in each C-module yields a negative
net charge in eADF4(C16) at neutral pH [37]. Although the material is
highly biocompatible, previous studies showed that several cell types
could not adhere to films made thereof [39,46], as most cells also have a
negatively charged surface and prefer positively charged surfaces for
attachment [47,48]. Further, the protein amino acid sequence of
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eADF4(C16) lacks any cell-binding motifs [39,46]. When eADF4(C16) is
modified with the tripeptide arginyl-glycyl-aspartic acid (RGD) cell
adhesion motif or the glutamic acid residues are replaced by lysine ones,
yielding the positively charged variant eADF4(x16), rat neonatal car-
diomyocytes can attach to films made of both proteins [31,32]. These
results suggested that materials made of specifically engineered spider
silk proteins can be used for cardiac tissue engineering.

In this work, we expanded the number of spider silk variants tested.
Further, we showed for the first time that hiPSC-cardiomyocytes can
efficiently attach, spread, contract, and respond to pharmacological
treatment on films made of explicit eADF4 variants.

2. Materials and methods

If not stated otherwise, all chemicals were purchased from Carl Roth,
Germany.

2.1. Production of recombinant spider silk variants

The cell-binding RGD-peptide was genetically fused to the C-terminus
of eADF4(x16) and the eADF4(Q216) variant (Fig. 1A) using our estab-
lished cloning strategy [37,39]. Therein, all recombinant eADF4-based
spider silk variants contain an N-terminally fused T7 tag enabling
detection by western blot analysis. While eADF4(C16) was purchased
from AMSilk GmbH in a high quality, all other recombinant eADF4-based
spider silk proteins were produced via time-dependent fed-batch
fermentation in Escherichia coli BL21 gold (DE3) as described previously
[37]. In brief, the protein synthesis was initialized by adding 0.5 mM
isopropyl-B-D-thiogalactoside at 30 °C. While eADF4(C16)-RGD [39] was
produced for 4 h, eADF4(x16) [41] and eADF4(Q16) [40] variants were
expressed for 2 h at 37 °C due to faster protein degradation and inclusion
body formation. After production, all recombinant spider silk proteins
were purified as described previously [37,39-41]. After cell disruption, a
heat step was used to denature residual E. coli proteins and an ammonium
sulfate precipitation to yield spider silk particles. After several washing
steps to remove residual E.coli DNA or salt, the spider silk particles were
lyophilized and stored at —20 °C. The purity of the recombinant spider
silk proteins was confirmed by ultraviolet visual (UV-Vis) spectroscopy,

Fig. 1. Design and processing of recom-
binant spider silk proteins based on
ADF4. A The negatively charged glutamic
acid (E) residue of the C-module, reflecting
the consensus sequence of the core domain
of the natural Araneus diadematus fibroin 4,
was replaced by a positively charged lysine
(K) or an uncharged glutamine (Q) residue to
generate the k- or the Q-module, respec-
tively. These modules were repeated 16
times to obtain the charged recombinant
spider silk variants eADF4(C16),
eADF4(x16), or the uncharged eADF4(Q16).
Additionally, by genetically fusing an
integrin-binding sequence RGD at the C-ter-
minus, eADF4(C16)-RGD, eADF4(x16)-RGD
and eADF4(Q16)-RGD were generated. B For
film casting, the recombinant spider silk
proteins were dissolved in a formic acid-
water mixture (5:1 v/v). The spider silk so-
lutions were drop-cast on glass substrates to
obtain films with 0.5 mg protein per cm?. For
negatively charged eADF4(C16) variants, the
glass substrates were modified using (3-
aminopropyl) triethoxysilane (APTES) before
film casting to generate a positive surface.
During solvent evaporation, p-sheets formed
making the spider silk films water-insoluble.
Scale bar: 2 mm.
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sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
Western Blot, fluorescence spectroscopy, and matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry to
be >98% as described previously [37,39].

2.2. Spider silk film casting

Recombinant spider silk protein films were cast on glass slides
(Thermo Fisher Scientific, Germany) with an area of 1 cm? by a drop-
casting process (Fig. 1B). For negatively charged eADF4(C16) variants,
glass slides were functionalized using (3-aminopropyl) triethoxysilane
(APTES) (Sigma-Aldrich, Germany) before film casting to prevent film
detachment due to electrostatic repulsion as described previously [31,32].
In brief, after washing using acetone (VWR, Germany) and water, the glass
slides were incubated in ethanol (VWR, Germany)/APTES mixture (250:1
(v/v)) for 5 h at room temperature. Afterwards, the glass slides were
incubated for 1 h at 70 °C to stabilize the APTES functionalization. Before
film casting, the APTES-functionalized and the pure glass slides were
washed using water and ethanol. All eADF4 variants were solved at a
concentration of 5 mg/ml in a formic acid/water mixture (5:1 (v/v)) in a
step-wise manner in which the protein powder was first solved in formic
acid (VWR, Germany) for 30 min before water was added. 100 pL spider
silk solution was dropped on glass slides. After evaporation of the solvent,
spider silk films containing 0.5 mg spider silk protein per cm? were ob-
tained and stored at dry and dark conditions until further use. Formic acid
was used for film casting, as the obtained films were already
water-insoluble making a subsequent treatment afterwards unnecessary
[49-51]. The resulting films were used as-cast for subsequent experiments
without any further washing steps or treatment afterwards.

2.3. Fourier transform infrared spectroscopy

Fourier transform infrared (FT-IR) spectroscopy was performed using
a Bruker Tensor 27 FT-IR-spectrometer with Mercury Cadmium Telluride
(MCT)-detector (Bruker, Rheinstetten, Germany) coupled with a Hype-
rion 1000 FT-IR microscope (Bruker Rheinstetten, Germany) with an
attenuated total reflection (ATR) lens (20x). The germanium crystal was
brought into contact with the sample. The FT-IR spectra were recorded in
reflectance mode in a wavenumber range of 4000 cm™'-800 cm ™! with a
spectral resolution of 4 cm™!. One hundred scans were recorded for each
spectrum. Atmospheric compensation and background spectra in air
were applied to each spectrum. The spectra were smoothened with five
points, and the baseline was corrected using the rubber band method
with 64 baseline points and one iteration. Fourier self-deconvolution
(FSD) and curve fitting were performed as described previously [52,53].

2.4. Atomic force microscopy

For surface topography characterization, the recombinant spider silk
films on glass were analyzed in tapping mode using a Dimension Icon
atomic force microscope (Bruker, Karlsruhe, Germany) with a resolution
of 512 to 512 data points at 1 Hz. OTESPA-R3 silicon cantilevers with a
spring constant of 26 Nm ™! were used. The scan size was 50 pm-50 pm.
Images were processed with Nanoscope analysis 1.5 afterwards, plane
fitted and flattened with first-order fits.

2.5. Water contact angle measurements

Water contact angle measurements were conducted on spider silk
coatings as well as untreated and silanized glass slides at a Surftens-
universal tensiometer (OEG GmbH, Germany) using the SCA-20 soft-
ware and the sessile drop method. Therefore, water droplets were applied
on the surface of recombinant spider silk films or appropriate glass
substrates. After 10 s equilibration time at room temperature an image
was taken, and the contact angle was analyzed. (Nine measurements per
condition n = 9).
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2.6. Human induced pluripotent stem cells culture and cardiac
differentiation

Human induced pluripotent stem cells (hiPSCs) were cultured in
StemMACS iPS-Brew XF (Miltenyi Biotec, Germany) on Matrigel™-
coated multiwell culture plates. Medium change was performed
daily. For maintenance culture, hiPSCs were passaged at 75%-80%
confluency using ethylene diamine tetra acetic acid (EDTA, 0.5 mM,
Thermo Fisher Scientific) and re-plated in StemMACS iPS-Brew XF
supplemented with 10 pM rho-associated protein kinase (ROCK)-
inhibitor (Y-27632, Selleck Chemicals). For subsequent differenti-
ation, hiPSCs were dissociated into single cells using Accutase
(Sigma-Aldrich) and re-plated in StemMACS iPS-Brew XF supple-
mented with ROCK-inhibitor at a density of ~21,000 cells/cm?. A
cardiac differentiation protocol based on that described by Lian and
coworkers was used [15]. At 80%-90% confluency, cardiac differ-
entiation was initiated by exchanging the culture medium to dif-
ferentiation medium (Mpjg) comprising Roswell Park Memorial
Institute (RPMI) 1640 medium (Thermo Fisher Scientific) supple-
mented with 2% B-27 Minus Insulin (Thermo Fisher Scientific) and
100 pM r-ascorbic acid (Sigma-Aldrich). For the first 24 h (day
0-1), culture medium was further supplemented with 8-10 puM
CHIR-99021 (Sigma Aldrich). Subsequently, medium was
exchanged to Mpjf without additional supplementation. On day 3 of
differentiation, medium was exchanged to conditioned Mpj¢
comprising equal parts of fresh Mpig and Mpig from days 1-3 of
differentiation, and supplemented with 5 pM IWR-1 (Selleck
Chemicals). Fresh Mpig without additional supplementation was
added on day 5 of differentiation. Subsequently, on day 7 of dif-
ferentiation culture medium was exchanged to maintenance me-
dium (Mpain) comprising RPMI 1640 supplemented with 2% B-27
Supplement (Thermo Fisher Scientific). Cardiomyocytes were puri-
fied by switching to lactate selection medium comprising
Glucose-free RPMI 1640 (Thermo Fisher Scientific) supplemented
with 5 mM sodium-lactate (Sigma-Aldrich) and 100 mM t-ascorbic
acid. Metabolic selection was performed for 4-5 days starting on
day 9-11 of differentiation, after which culture medium was
changed back to Myp,in for continued maintenance.

2.7. Cardiomyocyte culture on recombinant spider silk films

Cardiomyocytes were dissociated on day 15-22 of differentiation by
incubation with Accutase for 30 min at 37 °C. 200,000 cells in Myain
supplemented with 1% RevitaCell (Thermo Fisher Scientific) were
seeded per coverslip and left to attach for 24 h. Coverslips were then
washed with Dulbecco's phosphate-buffered saline (DPBS, Thermo Fisher
Scientific) and subsequently cultured in Mpin, with medium changes
every 2 days.

2.8. Live-dead-staining

Cardiomyocytes cultured on spider silk films for 72 h were
incubated with 1 mM Calcein, 2 mM Ethidium Homodimer-1
(EthHD1) and 5 pg/mL Hoechst 33421 (all Thermo Fisher Scienti-
fic) in DPBS for 30 min at 37 °C. Cells were subsequently washed
with fresh DPBS and directly mounted onto glass slides using
Fluoromount-G (Thermo Fisher Scientific). Samples were imaged
immediately on a Keyence BZ-9000 epifluorescence microscope
equipped with a 20x Plan Apo objective (Nikon). Calceint and
Ethidium Homodimer-17 cells were counted manually using Hoechst
to distinguish autofluorescent debris.

2.9. Immunofluorescence staining

Cardiomyocytes were washed with DPBS and fixed with 4% para-
formaldehyde for 15 min at room temperature. Samples were washed
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and permeabilized (0.5% Triton X-100 in phosphate buffered saline
[PBS]), followed by incubation with blocking buffer (5% bovine serum
albumin [BSA], 0.2% Tween-20 in PBS). Samples were incubated with
primary antibody overnight at 4 °C. The following antibodies were used
at the indicated dilution: anti-sarcomeric o-actinin (abcam, ab9465,
1:500); anti-cardiac troponin-I (abcam, ab56357, 1:500); anti-connexin
43 (abcam, ab11370, 1:250). Secondary antibody incubation was per-
formed for 1 h at room temperature: donkey anti-mouse Alexa Fluor 647
(1:500); donkey anti-rabbit Alexa Fluor 488 (1:500); donkey anti-goat
Alexa Fluor 594 (1:500). All antibodies were diluted in blocking buffer.
Samples were counterstained with 4',6-diamidino-2-phenylindole (DAPI)
and mounted onto glass slides using Fluoromount G. Images were ac-
quired using a laser scanning confocal microscope (LSM 800, Zeiss)
equipped with a 20x Plan-APOCHROMAT and a 63x Plan-
APOCHROMAT oil immersion objective (both Zeiss).

2.10. Quantification of immunofluorescence staining

For quantification of cardiomyocyte size, images (~320 x 320 pm) of
hiPSC-cardiomyocytes, immunofluorescently stained for sarcomeric
a-actinin and counterstained with DAPI, were used. Intensity thresholds
were set for each image individually, and the area of a-actinin signal was
measured. Nuclei were counted and outlined manually, and their size
was recorded. All analyses were performed using the Fiji image pro-
cessing package of ImageJ [54].

2.11. Contraction analysis

Videos of beating cardiomyocytes were recorded at 15 frames per sec-
ond using a Keyence BZ-9000 microscope equipped with a 20x Plan Fluor
objective (Nikon). The number of contractions in each video (10 s) was
extrapolated to obtain beats per minute (bpm). The beating frequency
calculated from three to four videos were averaged for each sample.
Contraction profiles were generated using the MUSCLEMOTION plugin
[55] for the image processing software ImageJ/FIJI [54]. For analysis of
drug response, baseline contraction behavior was recorded first. Then,
50 pM phenylephrine was added to the culture medium. Videos were
recorded after incubating the samples for 10 min at 37 °C. Subsequently,
1 pM verapamil was added, followed by an additional incubation for 10 min
at 37 °C and a final recording.

2.12. Statistics

Statistical analyses were conducted in PRISM 5 (GraphPad). Statistical
significance was determined by one-way analysis of variance (ANOVA),
followed by a post hoc test according to Tukey, assuming normal distri-
bution, or two-way ANOVA when indicated. P-values of <0.05 were
considered to indicate significant differences between the groups tested.

3. Results and discussion

3.1. Analysis of spider silk variant films as scaffolds for hiPSC
cardiomyocytes

Negatively charged eADF4(C16) is based on 16 repeats of the
consensus sequence of ADF4 and has been established almost two de-
cades ago [37]. In recent years, modifications of this recombinant protein

Table 1
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comprised the introduction of an RGD-tag in eADF4(C16)-RGD [39].
Furthermore, the exchange of all glutamic acid residues with lysine or
glutamine ones, yielded positively charged eADF4(x16) [41], and un-
charged eADF4(Q16) [40], respectively. Herein, to further extend the
range of modified spider silk proteins, RGD-fusions with eADF4(x16) and
eADF4(Q16) were generated (Fig. 1A).

Spider silk films were processed on untreated and 3-amino-
propyltriethoxysilane (APTES)-functionalized (i.e. silanized) glass sub-
strates at a density of 0.5 mg protein per cm?. The differently charged and
RGD-modified spider silk proteins were successfully processed into flat
films. The positively charged eADF4(x16) and uncharged eADF4(216)
variants were stably fixed on the negatively charged glass substrates
without treatment beforehand. In contrast, silanization was used to
immobilize films made of the negatively charged eADF4(C16) and
eADF4(C16)-RGD variants. All films were stable during all experiments,
including long-term cell cultivation. No apparent degradation or
detachment was detected, confirming results from previous experiments
using spider silk films [31,32,34,56].

The secondary structure of recombinant spider silk films was
analyzed using FT-IR spectroscopy. In the herein used approach, a sub-
sequent treatment of the spider silk proteins afterwards was not neces-
sary [49-51], since the initial p-sheet content was sufficiently high, after
processing from the very beginning, turning the recombinant spider silk
films water-insoluble [51,52]. All recombinant spider silk variants
showed nearly the same broad curve shape of amide I (1,600 cm™* -1,
700 cm ™) and amide II (1,570 cm™! - 1,540 em™!) bands (Supple-
mentary Fig. 1A).

Fourier self-deconvolution (FSD) and curve fitting were used to
evaluate the secondary structure content of the amide I region (Supple-
mentary Fig. 1B, Table 1) [53].

Primary cell attachment to biomaterial surfaces is influenced by
surface topography and, in most cases, by the surface roughness of a
material. The surface topography of flat 2D spider silk films was deter-
mined without further washing using AFM (Fig. 2A). The height images
(Fig. 2A, AFM pictures, upper row) showed a smooth surface topography
for eADF4(C16) and eADF4(Q16) variants. However, the height AFM
pictures indicated circular patches in the cases of eADF4(C16)-RGD,
eADF4(Q16) and eADF4(Q216)-RGD films, which were also visible in
the related phase images (Fig. 2A, lower row). These phase images
represent the delay of the oscillation of the cantilever in tapping mode.
The phase signal is sensitive to different material-related properties like
composition, stiffness/softness and viscoelastic properties [57]. These
patches on eADF4(C16)-RGD, eADF4(Q16) and eADF4(Q16)-RGD films
(Fig. 2A, lower row) indicated different viscoelastic properties of the
patches in comparison to the rest of the film. The patches could result
from microphase separation of hydrophobic and hydrophilic parts of the
protein as published previously [51,52]. Thereby, during film assembly
the hydrophilic parts (GGX and GPGX motifs) of the eADF4-variants
separate from the hydrophobic parts (polyalanine stretches), leading to
structural patches with crystalline areas embedded in an amorphous
matrix. The coupled RGD sequence affected the size of these patches in
case of the negatively and uncharged variants, as they were smaller for
eADF4(C16)-RGD and eADF4(Q16)-RGD compared to eADF4(Q16). In
contrast, both positively charged films, eADF4(x16) and
eADF4(x16)-RGD, showed a smooth film surface without any patches
despite salt crystals distributed over the entire surface. These salt crystals
were increasing the apparent total surface roughness.

Secondary structure content [%] of recombinant spider silk films determined using FSD analysis according to Hu et al. [53].

Secondary structure eADF4(C16) eADF4(C16)-RGD eADF4(x16) eADF4(x16)-RGD eADF4(Q16) eADF4(Q16)-RGD
p-sheets 31.0 £ 0.4 34.4 £0.9 247 £7.9 28.1 £1.0 27.4 +£2.0 269 £ 1.4
random coils 35.4 + 0.5 344+ 0.3 36.9 + 3.7 34.1+£0.7 345+ 0.3 349 +£1.3
a-helices 11.5+ 0.3 109 + 0.1 12.2 +£ 0.7 11.1+ 0.4 11.24+ 0.3 11.5+ 0.5
p-turns 19.7 £ 0.3 18.8 £ 0.3 234 +15 20.1 £0.9 20.1 £1.5 20.4 £ 0.5

others 25+15 1.5+0.8 2.7 +£2.2 6.6 + 0.6 6.7 + 0.4 6.4 + 0.8




T.U. Esser et al.

Materials Today Bio 11 (2021) 100114

A eADF4(C16) GADF4(C16)- eADF4(16) eADF4(k16)- eADF4(Q16) eADFA(Q16)-

atomic force microscopy
phase mode height mode

80

water contact angle
at 10s [°]

N A O
o O O o
I 1 1 1

11

...‘.-‘soonm

non-coated silanized
glass glass

cADF4(C16) eADF4(C16)— cADF4(x16) eADF4(K16)— cADF4(Q16) eADF4(Q16)-

RGD

Fig. 2. Spider silk film surface characterization. A Film surface topography was determined using atomic force microscopy (AFM) in tapping mode in air. Scale bar:
10 pm B Water contact angles on spider silk films and non-coated and silanized glass materials were determined after 10 s using the sessile drop method. Scale bar: 1 mm.

Finally, water contact angle measurements were performed to evaluate
the surface hydrophobicity of the films (Fig. 2B). Surfaces with a water
contact angle below 90° are characterized as hydrophilic, while water
contact angles above this threshold are indicative of hydrophobic surfaces.
Untreated and APTES-functionalized (silanized) glass slides showed con-
tact angles around 66° and 81°, respectively, and are per se defined as
hydrophilic surfaces. Nevertheless, spider silk surfaces were more hydro-
philic, indicated by a better spread water droplet (Fig. 2B). All spider silk
variants, except eADF4(C16)-RGD, showed contact angles between 43°
and 49°. The slightly higher contact angle of 55° for eADF4(C16)-RGD in
comparison to eADF4(C16) confirmed results of a former study [31]. The
presence of salt crystals on eADF4(k16)-based spider silk films showed no
influence on the water contact angle and surface hydrophobicity [32].

3.2. Human induced pluripotent stem cell-cardiomyocytes attach to films
of distinct spider silk variants

In order to evaluate the spider silk variants’ suitability for human
cardiac tissue engineering applications, human induced pluripotent stem
cell (hiPSC)-cardiomyocytes were seeded on silk films, and the viability

A : B

100,  — T, i

EthHD1+
*

of attached cells was determined after 3 days using Calcein and Ethidium
Homodimer-1 (EthHD1) staining. As a control adhesion matrix, Matri-
gel™ was used, representing a laminin-rich mixture of extracellular
matrix (ECM) proteins. While Matrigel™ is typically used to culture
hiPSC-cardiomyocytes in vitro, it is not suitable for clinical translation,
due to its tumor-related origin and associated safety concerns. In addi-
tion, the composition of Matrigel™ is not fully defined and is also subject
to lot-to-lot variability [58].

High viability was found on films made of RGD-modified spider
silk variants, irrespective of their charge, comparable to the viability
of hiPSC-cardiomyocytes on Matrigel™ (Fig. 3A). Similarly, cells on
eADF4(x16) films exhibited high viability. In contrast, the degree of
viability was significantly reduced on eADF4(C16) and eADF4(Q16)
films (similar to glass controls). Considering the non-cytotoxic nature
of spider silk proteins [27,33,34], the reduced viability is probably
due to a lack of proper cell attachment. Note, our experience shows
also that non-proliferative cardiomyocytes undergo cell death when
seeded at very low densities. Importantly, part of the seeded cells is
dead as a result of metabolic selection during differentiation and cell
dissociation. These dead cells stick to surfaces (in our case also

Fig. 3. hiPSC-cardiomyocytes adhere to films
made of several spider silk variants. A Per-

M Calcein+

viability [%]
cells per area [mm]

centage of viable cells on spider silk films made of
different variants 3 days after seeding as deter-
mined by Calcein and Ethidium Homodimer-1
(EthHD1) staining. Data are mean =+ standard
error (SE) of the mean. *: p < 0.05, one-way
ANOVA followed by a post hoc test according to
Tukey. B Count of viable (Calcein+) and dead
(EthHD1+) cells per area on spider silk films
3 days after seeding. N = 4 independent experi-
ments. Data are mean + standard error of the
mean. *: p < 0.05, one-way ANOVA followed by a
post hoc test according to Tukey.
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Fig. 4. hiPSC-cardiomyocytes display
different morphologies depending on the
spider silk variant used as scaffold. A
Immunofluorescence staining for hiPSC-
cardiomyocyte marker protein sarcomeric
a-actinin (red) 3 days after seeding. Scale
bar: 100 ym. B Quantification of sarcomeric
a-actinin immunofluorescence signal area,
normalized to nuclei count 3 days after
seeding. Data from four independent exper-
iments are presented as mean + standard
error of the mean. *: p < 0.05, one-way
ANOVA followed by a post hoc test accord-
ing to Tukey. C Violin plots of nuclear size
3 days after seeding. Data from four inde-
pendent experiments are presented (n = 101
to 1944). Red lines: median; dashed lines: 1st
and 3rd quartile. A: number of data points
outside of the depicted range.
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non-coated glass) independently of adhesion motifs and thus are
overrepresented on films to which hiPSC-derived cardiomyocytes
adhere only inefficiently.

To further examine the interaction of hiPSC-cardiomyocytes with the
different surfaces, the absolute numbers of live (Calcein®) and dead
(EthidiumHD1™) cells were assessed (Fig. 3B). The number of cells on
unmodified eADF4(C16) and eADF4(Q16) films were very low and
comparable to glass controls, where only a few viable cells were found. In
contrast, the amounts were markedly higher on RGD-modified spider silk
variants, as well as eADF4(x16). Importantly, the number of viable cells
on eADF4(x16) films was comparable to that observed for eADF4(x16)-
RGD ones. No significant differences were observed between the
different RGD-modified variants. The observed higher number of
attached cells on Matrigel™, compared to RGD-variant and eADF4(x16)
films, might be explained by the greater variety of cell adhesion motifs
and integrin recognition sites, as Matrigel™ comprises a multitude of
extracellular matrix (ECM) proteins [59]. In addition, growth factors
present in Matrigel™ might promote attachment.

Attachment on eADF4(x16) films appeared to be mediated by its
charge, since the primary amino acid sequence of this spider silk sequence
contains no cell-binding motif [46], and the cell membrane of mammalian
cells is mainly negatively charged and interacts preferentially with poly-
cationic surfaces [32,47,48]. The attachment efficiency to eADF4(x16)
films was comparable with the efficiencies of eADF4(C16)-RGD or
eADF4(Q16)-RGD ones. Interestingly, the RGD-modification of
eADF4(x16) did not further improve cell attachment. This suggested that
the peptide motif of eADF4(x16)-RGD has no additional, synergistic effect
on initial adhesion to the positively charged surface.

3.3. hiPSC-cardiomyocytes exhibit different morphologies depending on the
spider silk variant

Immunofluorescent staining of sarcomeric a-actinin revealed hiPSC-
cardiomyocyte spreading on RGD-modified variants, similar to Matri-
gel™-controls, 3 days after seeding (Fig. 4A). In contrast, on eADF4(C16)
and eADF4(Q16) films, hiPSC-cardiomyocytes remained rounded and
did not spread. Notably, while being comparable in number (Fig. 3B), the
hiPSC-cardiomyocytes on eADF4(x16) films appeared less spread and
smaller than those on eADF4(x16)-RGD films (Fig. 4A). To obtain an
estimation of cardiomyocyte size, the area of a-actinin staining was
determined as well as the number of nuclei of a given field of view
(Fig. 4B). Our analyses showed that the few cardiomyocytes attached to
unmodified variants, irrespective of charge, exhibited the smallest
a-actinin areas/nuclei with values comparable to those of cells on glass
controls. The analyses further revealed that cardiomyocytes spread most
on films made of RGD-variants, with a-actinin/nuclei levels highest for
cells grown on Matrigel™, eADF4(Q16)-RGD and eADF4(C16)-RGD and
slightly smaller for cells on eADF4(x16)-RGD. Notably, the analyses
confirmed that cells on eADF4(x16) films exhibited a significantly lower
a-actinin area per nuclei compared with cells on eADF4(x16)-RGD.

To validate these results, nuclear size was quantified as an indirect
indicator of cardiomyocyte cell size. Notably, cells usually maintain a
roughly constant nuclear-to-cytoplasmic volume ratio [60]. It has been
previously shown that during maturation, the increase in cardiomyocyte
size is accompanied by an increase in size of the nuclei [61].

As shown in Fig. 4C, nuclear size data were in agreement with
a-actinin area/nuclei data, whereby the average nuclear size was largest
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Fig. 5. Long-term cultivation of
hiPSC-cardiomyocytes on spider
silk films. A Immunofluorescence
staining of the hiPSC-cardiomyocyte
marker proteins sarcomeric a-actinin
(red), cardiac troponin I (magenta)
and connexin 43 (green) 14 days after
seeding. White scale bar: 50 pm;
magenta scale bar: 10 ym. B Beating
frequency of hiPSC-cardiomyocytes at
3, 7 and 14 days after seeding. Data
from 3 independent experiments are
presented as mean =+ standard error of
the mean.
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on eADF4(Q16)-RGD, surpassing sizes on both eADF4(C16)-RGD and
eADF4(x16)-RGD as well as Matrigel™.

In summary, hiPSC-cardiomyocytes attachment did not correlate with
cell size, as hiPSC-cardiomyocytes attached on eADF4(x16) films were
markedly smaller than those attached on films made of RGD-modified
variants. These findings are in agreement with reports that RGD-
mediated integrin signaling is required for hypertrophic responses in
cardiomyocytes [62,63].

3.4. Long-term cultivation of hiPSC-cardiomyocytes on spider silk films

To evaluate the possibility of long-term cultivation of hiPSC-
cardiomyocytes on spider silk films, cultures were analyzed for up
to 14 days. Immunofluorescent staining for o-actinin revealed a
striated pattern, typical for hiPSC-cardiomyocytes, on all RGD-
modified spider silk variants, similar to that on Matrigel™
(Fig. 5A). hiPSC-cardiomyocytes cultured on eADF4(x16) remained
smaller, even after this prolonged culture period. Additionally, car-
diac troponin I (cTnI), an isoform of troponin I associated with
hiPSC-cardiomyocytes maturation, was found in a striated pattern on
RGD-modified variants, whereas it appeared more disorganized on
eADF4(x16) (Fig. 5A). Further, the gap junction protein connexin 43
could be identified at cell-to-cell contacts, suggesting electrical

coupling (Fig. 5A). In accordance, spontaneous contractions of
hiPSC-cardiomyocytes were observed on films made of RGD-
modified variants and eADF4(x16) as early as 24 h after seeding,
and consistently by day 3 of culture. Connexin 43 was not specifically
localized to longitudinal termini of cardiomyocytes (i.e. intercalated
discs) on either of the matrices investigated, but distributed around
the entire cells, suggesting that hiPSC-derived cardiomyocytes did
not undergo advanced maturation on spider silk films compared to
Matrigel™.

Of note, hiPSC-cardiomyocytes on RGD-modified variants and
Matrigel™ contracted synchronously across each field of view, while
contractions on eADF4(x16) were asynchronous (Supplementary Fig. 2),
which appears to result from the smaller cell size and, therefore, lower
coverage and cell-to-cell contact impairing electrical coupling.

To investigate hiPSC-cardiomyocyte contractility on spider silk
variant films over time, cultures were analyzed for up to 14 days, and the
beating behavior was recorded (Fig. 5B). An overall reduction in beating
frequency was observed with increasing culture time (influence of cul-
ture time: p < 0.05 determined by two-way ANOVA). However, no sig-
nificant differences between RGD-modified variants, eADF4(k16) or
Matrigel™ were observed at either time point (day 3, 7 or 14). These
findings indicated that films made of these spider silk variants supported
long-term culture and did not impair hiPSC-cardiomyocyte contractility.
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3.5. hiPSC-cardiomyocytes on spider silk films respond to pharmacological
stimulation

Next, cells were treated with phenylephrine, an adrenergic agonist,
and subsequently verapamil, an inhibitor of L-type calcium channels, and
the contractions were recorded (Fig. 6A). Phenylephrine induced a sig-
nificant increase in beating frequency of hiPSC-cardiomyocytes on all
spider silk variants tested, while verapamil abolished beating (Fig. 6B
and C). A 1.7-2.9-fold increase in beating frequency was detected upon
phenylephrine treatment.

4. Conclusion

Two Previous studies have established that spider silk materials made of
eADF4 variants are very suitable and promising materials for tissue engi-
neering and biomedical applications, as spider silk materials are highly
biocompatible and cause no unspecific immune response [27,33,34]. From
the findings presented here, we deduce that these materials are also
promising scaffolds for cardiac tissue engineering. Interestingly, while
hiPSC-cardiomyocytes could not adhere to eADF4(C16) without additional
modification, they could be cultivated on specifically engineered spider silk
variants. We conclude that specific modified spider silk variants, tailored to
tissue-specific requirements, can be utilized to engineer human cardiac
tissues aiming at modeling human diseases, screening for therapeutic
drugs, and improving heart function in patients. This is an important
observation, as it might allow to design strategies for selective growth of
cardiomyocytes in the future, and thus might help in designing hierar-
chically structured cardiac tissues. Further, hiPSC-cardiomyocytes exhibi-
ted selective cell behavior on films made of the different spider silk
variants, which might be of advantage for certain applications. The smaller
cell size in contact with eADF4(k16) surfaces might allow the generation of
cardiac tissues with a higher cardiomyocyte density, which might, there-
fore, exhibit a higher contractile force. Such a construct could then also be

enlarged by subsequent stimulation with pro-hypertrophic agents. In the
context of 3D printing, a smaller cell size might also be of advantage, for
example, regarding shear stress.
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