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Abstract
Silk fibroin (SF) is a natural protein extracted from Bombyx mori silkworm thread. From its
common use in the textile industry, it emerged as a biomaterial with promising biochemical and
mechanical properties for applications in the field of tissue engineering and regenerative medicine.
In this study, we evaluate for the first time the effects of SF on cardiac bioink formulations
containing cardiac spheroids (CSs). First, we evaluate if the SF addition plays a role in the
structural and elastic properties of hydrogels containing alginate (Alg) and gelatin (Gel). Then, we
test the printability and durability of bioprinted SF-containing hydrogels. Finally, we evaluate
whether the addition of SF controls cell viability and function of CSs in Alg–Gel hydrogels. Our
findings show that the addition of 1% (w/v) SF to Alg–Gel hydrogels makes them more elastic
without affecting cell viability. However, fractional shortening (FS%) of CSs in SF–Alg–Gel
hydrogels increases without affecting their contraction frequency, suggesting an improvement in
contractile function in the 3D cultures. Altogether, our findings support a promising pathway to
bioengineer bioinks containing SF for cardiac applications, with the ability to control mechanical
and cellular features in cardiac bioinks.

1. Introduction

Cardiovascular disease, including heart attack and
heart failure (HF), is the leading cause of death
worldwide [1]. Following the irreversible damage
caused by a heart attack (or ‘myocardial infarc-
tion’), healthy cardiomyocytes die and are replaced
by fibrotic tissue that develops into a failing heart
[2]. Given the limited availability of heart trans-
plants and the risks associated, such as rejection,
vasculopathies and infections, leading to poor sur-
vival of patients, novel strategies for HF patients are
needed. In this regard, tissue engineering applied
to regenerative medicine presents the promises to
facilitate the replacement of the fibrotic heart with

viable and functional bioengineered cardiac tissue
from patient-derived cells [2, 3]. To better address the
clinical need for personalised tissues, our team has
previously developed iPSCs-derived cardiac spher-
oids (CSs), which better mimic the cardiac microen-
vironment for in vitro and in vivo applications [3,
4]. These present a complete endothelial cell net-
work that prevents hypoxia and associated necrosis,
while facilitates biofabrication of complex tissue with
diversemorphology [3–5]. Given their ability to act as
building blocks in permissive alginate (Alg)–gelatin
(Gel) hydrogels, they have been explored for car-
diac bioprinting, showing promising effects on the
improvement of cardiac function when transplanted
in vivo [4].
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Alg enables the extrusion of the bioink that can
then be cross-linked ionically with calcium chloride,
while Gel promotes bioactivity in inert Alg hydrogels
[6, 7]. Their combination in cardiac bioinks has
shown high biocompatibility, while maintaining high
viability and function of 3D CSs [3, 5]. Nevertheless,
they present softmechanical properties thatmay limit
their use for in vivo applications in humans [5]. For
instance, they tend to degrade in physiological envir-
onments (37 ◦C, 5%CO2 in cell culture medium) [8].

Silk is a strong and stable polymer that has been
extensively explored for vascular applications and has
emerged as a promising biomaterial for cardiac tissue
engineering applications [9–13]. SF is a natural pro-
tein produced by the Bombyx mori silkworm [1, 14].
SF fibers present non-repetitive hydrophilic α-motifs
(light chains) and repetitive hydrophobic β-sheets
(heavy chains), which confer respectively elasticity
and strength to the fiber [1, 15]. In its regenerated
form, SF molecules interact through non-covalent
bonds such as hydrogen bonding, between the α-
helices and β-sheets (as reported in supplementary
figure 1) [1, 16]. Alternatively, SF can be added to
other formulations to have better control over their
mechanical properties and degradation rates [17, 18],
which can create new hydrogen bonding and elec-
trostatic interactions. For instance, sodium Alg and
SF blend through intermolecular hydrogen bonds,
which occur between the carboxyl group (COO–) of
Alg and the amide group of SF (–NH2), the amide
group (both the C=O and –NH2) of SF and –OH
molecules in Alg polymer. SodiumAlg also bindswith
Gel through intermolecular hydrogen bonds between
its –OH molecules and the carboxyl (COOH) and
amide group (NH2) of Gel. Gel and SF create electro-
static interactions, for instance between the carboxyl
group (COOH) of SF and the amide group (NH2)
of Gel, as well as between the –OH group of SF and
the carboxyl group (COOH) of Gel (supplementary
figure 1) [19, 20].

Because of silk hydrophilic motifs, SF-containing
hydrogels are used to increase hydration and porosity
to support cell viability, migration, nutrient diffusion
and oxygen delivery [1, 14, 21]. Given the tuneable
properties of SF and its low immunogenic response
in the human body, SF has shown great potential to
be used as biomaterial for cardiac bioink formula-
tions and cardiac tissue engineering applications [1,
22]. However, SF solutions cannot be printed by itself
or without any further modifications (e.g. through its
methacrylation [23]). This is due to its slow gelation
rates andβ-sheets formation, preventing its extrusion
through a nozzle [1].

In this study, we investigated for the first time
whether the addition of SF toAlg–Gel hydrogels could
control their mechanical properties and their effects

on cell viability and function. Our hypothesis is that
the addition of silk fibroin (SF) to Alg–Gel hydro-
gelsmay regulate their elasticity without affecting car-
diac cell viability in vitro and may improve cardiac
function in vivo. This was tested by combining dif-
ferent concentrations of SF with 4% (w/v) Alg-8%
(w/v) Gel hydrogels to evaluate any effects on hydro-
gel properties and cardiac cell viability and func-
tion. First, we evaluated the impact of 1% and 2%
SF-containing hydrogels on hybrid hydrogel micro-
structure using scanning electronmicroscopy (SEM),
and then on mechanical properties via classic com-
pression and rheology testing, as well as advanced
and non-destructive Brillouin spectroscopy. Brillouin
spectroscopy is highly sensitive to changes in micro-
scopic elasticity and viscosity [24–26]. Then, we ana-
lyzed the printability and durability of bioprinted SF-
containing hydrogels in cell culture medium at 37 ◦C.
Finally, SF–Alg–Gel hydrogelswere tested for their use
as bioinks to encapsulate CSs (figure 1).

Even though previous studies focused on the
development of advanced 3D devices and/or plat-
forms for tissue engineering as well as 3D cell con-
structs in different kinds of applications, this is
the first one to investigate whether SF increases
the elasticity of alginate–gelatin hydrogels and reg-
ulates cardiac cell contractile function in cardiac
bioinks. For instance, Guarino et al [27] investigated
the role of scaffolds and hydrogels in osteochondral
and intervertebral disc tissue engineering. They con-
cluded that the use of composite and/or hybrid hydro-
gels made by combining both natural- and synthetic-
based polymers or adding synthetic peptides is prom-
ising for the design of 3D structures with improved
mechanical properties, as well as enhanced swelling
and degradation rates. Additionally, Reitmaier et al
[28], studied the biomechanical features of a nuc-
leus disc 3D model. In particular, they investigated
whether the alterations in the mechanical properties
of the model were affecting the functionality and
the biomechanical behaviour after implantation in
the native environment. Here, we demonstrate that
the addition of SF to Alg–Gel hydrogels improves
their durability in cell culture medium, as well as
it increases the elasticity of the bioprinted patches.
Our study also showed that the addition of SF-
containing hydrogels improves the contractile activ-
ity of CSs compared to when they are embedded
in Alg–Gel hydrogels alone. Altogether, our findings
suggest that SF-containing hydrogels can be used to
control mechanical and cellular features in bioprin-
ted cardiac patches, with the potential to be used for
cardiac applications. This will help to better control
the elasticity of hydrogels that include other poly-
mers than alginate-gelatin for advanced bioprinting
techniques.
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Figure 1. Schematic representation of alginate–gelatin–silk fibroin hydrogels preparation and characterization silk fibroin is
mixed with alginate and gelatin natural-based polymers to biofabricate a hybrid hydrogel formulation. This hydrogel formulation
is 3D bioprinted, in order to analyse its microstructure by SEM, mechanical properties by compression testing and Brillouin
microscopy, cell viability and function with cardiac cells.

2. Material andmethods

For SF extraction, sodium carbonate (Sigma-Aldrich,
Darmstadt, Germany) and lithium bromide (Sigma-
Aldrich, Darmstadt, Germany) were used. For
hydrogels preparation, sodium alginate (Sigma-
Aldrich, Darmstadt, Germany) and gelatin from
bovine skin (Sigma-Aldrich, Darmstadt, Germany)
powders were dissolved in Dulbecco Modified Eagle’s
Medium-high glucose medium (Sigma-Aldrich,
Darmstadt, Germany) containing 50 units ml−1

penicillin and 50 µg streptomycin ml−1 (Gibco,
ThermoFisher Scientific, Waltham, MA, USA)
and 200 mM L-glutamine (Gibco, ThermoFisher
Scientific, Waltham, MA, USA). To crosslink Alg–
Gel–SF hybrid hydrogels, calcium chloride (Sigma-
Aldrich, Darmstadt, Germany) was dissolved in
Dulbecco’s phosphate buffered saline (Sigma-
Aldrich, Darmstadt, Germany).

For 2D cell culture, human coronary artery
endothelial cells (Cell Applications, Inc., San Diego,
CA, USA) were cultured in MesoEndo Cell Growth
Medium (Cell Applications, Inc., San Diego, CA,
USA), while human cardiac fibroblasts (CFs) (Cell
Applications, Inc., San Diego, CA, USA) were cul-
tured in CFs Growth Medium (Cell Applications,
Inc., San Diego, CA, USA). Human induced pluri-
potent stem cell-derived cardiomyocytes2 (Fujifilm
Cellular Dynamics, Inc., Madison, Wisconsin, USA)
were cultured on fibronectin (bovine, Sigma-Aldrich,

Darmstadt, Germany) pre-coated flasks using iCell
Cardiomyocytes Plating Medium (Fujifilm Cellular
Dynamics, Inc., Madison, Wisconsin, USA). Plating
Medium was replaced with iCell Cardiomyocytes
Maintenance Medium (Fujifilm Cellular Dynamics,
Inc., Madison, Wisconsin, USA).

To collect the three cell types, we used Trypsin–
EDTA 0.25% Gibco, ThermoFisher Scientific,
Waltham, MA, USA). To count cells, Trypan Blue
Solution 0.4% (Gibco, ThermoFisher Scientific,
Waltham, MA, USA) was added to cell suspen-
sions. NucBlueTM Live Cell Stain ReadyProbesTM
reagent (Hoechst 33 342, Invitrogen, ThermoFisher
Scientific, Carlsbad, CA, USA) was added to the
cells to identify the nuclei, while the Live/Dead®

Viability/Cytotoxicity Kit (Invitrogen, ThermoFisher
Scientific, Carlsbad, CA, USA) was used to label live
and dead cells.

Cells were fixed in Formalin solution 10% neut-
ral buffer (Sigma-Aldrich, Darmstadt, Germany),
then washed using sodium azide (Sigma-Aldrich,
Darmstadt, Germany) and permeabilised using
Triton X-100 solution (Sigma-Aldrich, Darmstadt,
Germany) and blocked with bovine serum albu-
min (Sigma-Aldrich, Darmstadt, Germany). Human
coronary artery endothelial cells were stained
with Purified Mouse Anti-Human CD31 (BD
PharmigenTM, BD Biosciences, Cat# 550 389,
Lot# 0079029) and Alexa Fluor® 647-conjugated
AffiniPure Goat Anti-Mouse IgG (H + L) (Jackson
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ImmunoResearch Laboratories, Inc., West Grove,
Pennsylvania, USA), human CFs were stained with
Alexa Fluor® 488 Mouse monoclonal Antibody to
Vimentin [V9] (ab195877) (abcam, Cambridge,
Cambridgeshire, UK). Human induced pluripotent
stem cell-derived cardiomyocytes2 were stained with
Alexa Fluor® 546-conjugated Troponin T-C (CT3,
sc-20025 AF546) (Santa Cruz Biotechnology, Dallas,
Texas, USA).

2.1. SF isolation and formation of an aqueous
solution
An aqueous solution of SF was prepared from the
silkworm Bombyx mori cocoon thread (purchased
from Sato Yama, Japan) through a three-step pro-
cedure as per our previously established protocols
[29, 30]. Briefly, 5 g of delaminated silk samples
were degummed using 0.02 M sodium carbonate
(Na2CO3, Sigma Aldrich) in 2 l water at high tem-
perature (90 ◦C–100 ◦C), to remove sericin from SF
. First, degummed fibres were rinsed in water and
dried under a fume hood. Then, they were dissolved
in 9.3 M lithium bromide (LiBr, Sigma Aldrich) at
60 ◦C (4 ml/1 g fibres). Finally, a dialysis process
using a cellulose membrane (1 cm/3 ml SF solu-
tion) (SnakeSkinTM Dialysis Tubing, Thermofisher
scientific) and a 3-cycle centrifugation (8700 rpm,
4 ◦C, 15 min each step) was performed. The SF solu-
tion obtainedwas 7%–9% (w/v). SF solutionwas then
stored at 4 ◦C before its use.

2.2. SF-containing hybrid hydrogel preparation,
gelation and crosslinking
4% (w/v) Alg–8% (w/v) Gel hydrogels were pre-
pared in a biosafety cabinet under sterile conditions
according to our previously published protocol [5].
Briefly, sodium alginate (Alg, Sigma Aldrich) and
gelatin (Gel, gelatin from bovine skin, Sigma Aldrich)
powders were mixed under gentle rotation at 60 ◦C
into 100 ml of Dulbecco Modified Eagle’s Medium-
high glucose (DMEM, Sigma Aldrich), containing
1% (v/v) penicillin-streptomycin (Sigma Aldrich)
and 1% (v/v) L-glutamine (Sigma Aldrich). Hybrid
hydrogels containing SF were prepared by mixing
stock SF water solutions with Alg–Gel hydrogels that
contained either a 1% (w/v) or a 2% (w/v) SF final
concentration. 0% (w/v) SF hydrogels were prepared
as well as control 4% (w/v) Alg-8% (w/v) Gel hydro-
gels. Hybrid hydrogels were stored at 4 ◦C until use.

A 2% (w/v) calcium chloride (CaCl2, Sigma
Aldrich) solution in Dulbecco’s Phosphate Buffered
Saline (DPBS, Sigma Aldrich) was prepared to cross-
link Alg-containing hydrogels.

2.3. SEM and sample preparation
First, crosslinked hydrogels were prepared in a 96 well
plate. Then, SF-containing hydrogels were incubated
at 37 ◦C with DMEM cell culture medium up to
28 d. Before imaging, samples were dried overnight
using a vacuum oven (Gallenkamp Vacuum Oven

OVA031.XX1.5). Finally, hydrogels were coated with
gold/palladium (Au/Pd) using a sputtering and car-
bon thread coater machine (Leica EM ACE600
Sputter Coater) and imaged using the Zeiss EVO
scanning electron microscope. SEM images of SF-
containing hydrogels were acquired through Zeiss
SmartSEM software and at least 10 random areas
from each SF-containing hydrogel region (n⩾ 6), for
each day of incubation were used for measurements
[3]. The areas for each SF-containing hydrogel region
were analyzed through ImageJ software (NIH Fiji), in
order to measure the pore size of the hydrogels (sup-
plementary figure 2).

2.4. Mechanical characterization of SF-containing
hybrid hydrogels
As previously done in 4%Alg–8%Gel hydrogels, the
mechanical properties of SF-based hybrid hydrogels
were assessed using two complementary technolo-
gies: Brillouin spectroscopy and compression/rhe-
ology testing using a standard rheometer [24–26].

2.4.1. Brillouin spectroscopy
TheBrillouinmicrospectroscopy systemwas identical
to that reported by us previously [3]. The samples
for Brillouin spectroscopy analysis were added to
two 48-well plates to test two different conditions:
samples before and after the 48 h crosslinking pro-
cess. Each hydrogel condition had 3 repeats (n = 3).
Brillouin measurements were taken at random points
within three samples for each SF concentration and
the measurement data were fitted using a Damped
Harmonic Oscillator model. The Brillouin frequency
shift (BFS) value was taken as the average between
the Stokes and anti-Stokes frequencies in order to
remove possible laser frequency drift [31]. Eachmeas-
urement was repeated 3 times and the data were ana-
lyzed using Ghost 7.00 software. The data reported
here represents the average across all repeats for each
SF concentration.

2.4.2. Compression and rheology testing
Liquid samples were prewarmed at 37 ◦C and 500 µl
were pipetted on the bottom plate geometry of the
rheometer. Three samples for each SF hydrogel con-
centration (n= 3) were compressed between the two
parallel plate geometries with a diameter of 25 mm,
until the top one was touching the hydrogel surface.
Tests were performed applying shear stress using a
TA Instruments Dynamic Hybrid Rheometer (DHR-
3, TA Instruments) and data were acquired through
TRIOS Data acquisition software. The plate geomet-
ries were set first at 30 ◦C and then a temperature
sweep from 30 ◦C to 4 ◦C was applied, with a tem-
perature change of 3 ◦Cmin−1. The oscillation strain
(%) applied was between 0.2% and 2% of 360◦ of
rotation and the angular frequency was set on the
rheometer at 1 rad s−1 for the test at 30 ◦C and at
10 rad s−1 for the test at 30 ◦C–4 ◦C.
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Solid samples for compression and rheology test-
ing were prepared in two different 6-well plates,
in order to test two different conditions: samples
before crosslinking, which are those after gelation,
and samples after crosslinking. Following gelation
and overnight crosslinking (following the procedure
described above), four punch biopsies (n = 4) of
8 mm in diameter were prepared for each SF-based
hydrogel. Tests were performed through unconfined
compression and applying shear stress using a TA
Instruments Dynamic Hybrid Rheometer (DHR-3,
TA Instruments) and data were acquired through
TRIOS Data acquisition software. The mechanical
characterization was performed by placing the 8 mm
diameter punch biopsies between the two parallel
plate geometries of the instrument. The samples were
compressed up to 0.1N axial force, thus not damaged,
and the rate of deformation applied was constant at
10 µm s−1.

The software collected data relative to the axial
force applied on the sample’s surface (cross-section
area, m2) and the rate of deformation (µm). To ana-
lyze compression data, the stress (Pa) and strain data
were calculated and the analysis derived from these
values resulted in a linear regression of the stress-
strain curve, which was reproduced in Excel. The cal-
culated slope of the linear region was characteristic of
the compressive modulus (or Young’s modulus) [24].

The stress and strain values were calculated using
the following equations:

Strain= ratio of deformation= x0–xi/x0
x0 = deformation at the beginning of compression
(µm)
xi = step of sample deformation (µm)

Stress (Pa)= load= | Fi |/Cross section area
Fi= axial force (N) applied on sample surface
Cross section area (m2)= r2 ∗ π

When measuring shear strain, the storage modu-
lus (or shear elastic, G′, MPa) and loss modulus (or
shear viscous, G′′, MPa) values resulted directly from
the instrument and they derived from the oscillatory
shear stress applied to the hydrogel. The samples were
compressed between the plate geometries of the rheo-
meter, up to 0.1 N axial force with a rate of deform-
ation of 10 µm s−1 (as described above). During the
rheometric measurements, the plate geometries were
rotating on the samples (360◦ rotation) resulting in
an oscillation strain (%) between 0.2% and 2% of
360◦ of rotation. The angular frequency (rad s−1),
which corresponds to the speed of oscillation, was set
on the rheometer at 1 rad s−1 [24]. The whole exper-
iment was performed at room temperature (25 ◦C)
and the values of compression, shear elastic and vis-
cous moduli compare the average across four meas-
urements for each SF hydrogel.

2.5. Printability and durability of 3D bioprinted
SF-containing hybrid hydrogels
SF-containing hybrid inks were 3D bioprinted using
a BIO X6 extrusion-based bioprinter (CELLINK,
Sweden). Pre-warmed three ml of hydrogels were
loaded into a cartridge and at least six replicates for
each SF concentration (n⩾ 6) were extruded through
a 22-gauge size nozzle into 6 well plates. Samples were
bioprinted as a lattice of 20 mm× 20mm× 0.82mm
(width × length × height) with two layers of
0.41 mm, which was designed using the DNA Studio
4 software (CELLINK, Sweden) with a rectilinear pat-
tern and infill density of 25%.

The hydrogels printability was calculated using
ImageJ software (NIH Fiji); multiple (n ⩾ 6) images
of the width of the extruded hydrogel filaments were
analyzed and a ratio between the measured values of
the widths and the internal diameter of the nozzle was
measured. Following gelation and one-hour cross-
linking processes (described above), DMEM cell cul-
ture medium was added to each well and 3D bioprin-
ted hydrogels were incubated at 37 ◦C in 5% (v/v)
CO2 in air for over 28 d. Cell culture medium was
replaced with fresh medium every 4 d and hydrogels
were imaged at different time points: after 1 d, 7 d,
14 d and 28 d from the day they were 3D bioprinted
(day 0) [5].

2.6. Contractile activity and cell viability of CSs
embedded in SF-containing hybrid hydrogels
CSs were prepared and analyzed as previously
described [32]. Briefly, human coronary artery
endothelial cells (HCAECs, Cell Applications, Inc.,
San Diego, CA, USA) and human CFs (HCFs, Cell
Applications, Inc., San Diego, CA, USA) were cul-
tured in T-flasks using MesoEndo Cell Growth
Medium (Sigma Aldrich) for HCAECs and CF
Growth Medium (Sigma Aldrich) for HCFs and
incubated at 37 ◦C in 5% (v/v) CO2 in air. Cell
culture media were changed every 2 or 3 d and
cells were detached using trypsin-EDTA (Sigma
Aldrich) when cells reached 70%–80% conflu-
ency. Human induced pluripotent stem cell-derived
cardiomyocytes2 (hiPSCs-CMs, iCells2, Fujifilm
Cellular Dynamics, Inc., Madison, Wisconsin, USA)
were cultured on fibronectin pre-coated flasks using
iCell Cardiomyocytes Plating Medium (Fujifilm
Cellular Dynamics, Inc., Madison, Wisconsin, USA).
After 2 d, Plating Medium was replaced with iCell
Cardiomyocytes Maintenance Medium (Fujifilm
Cellular Dynamics, Inc., Madison, Wisconsin, USA).

CSs were generated by mixing hiPSCs-CMs,
HCAECs and HCFs in a 2:1:1 ratio. 30 000 cells per
spheroid were plated in 81 wells non-adherent 2%
(w/v) agarose (Sigma Aldrich) micro-moulds, casted
in 3DPetriDish® (SigmaAldrich). Themicro-moulds
were placed in 12 well plates and submerged using
CSs medium, which was prepared by mixing iCell
Cardiomyocytes Maintenance Medium, MesoEndo

5
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Cell and CF Growth Media in a 2:1:1 ratio. CSs
medium was replaced every 2 d.

CSs were plated in 96 well plates; at least three
spheroids (n ⩾ 3) were plated in each well and SF-
containing hybrid hydrogels were added on top of the
spheroids. Following gelation and one-hour cross-
linking processes (described above), CSs medium
was added to the wells and well plates were incub-
ated at 37 ◦C in 5% (v/v) CO2 in air. CSs medium
was replaced every 2 d with fresh medium up to
28 d. At the 28th day, CSs were recorded using
EVOS M7000 Cell Imaging System (ThermoFisher
Scientific) microscope. These videos were used to
measure the contraction frequency (number of con-
tractions of the CSs per second) and the fractional
shortening % (FS%). The latter was calculated using
the following formula:

(Dc−Dr)/Dc

where ‘Dc’ corresponds to the diameter of the con-
tracted spheroid and ‘Dr’ to the one of the relaxed
spheroids. Then CSs were stained with Hoechst
dye (Nuc Blue Life Technologies), calcein-AM
and ethidium homodimer (Live/Dead®, Invitrogen,
Carlsbad, CA, USA), to identify cell nuclei and detect
live and dead cells respectively [5]. Following 3 h
of incubation at 37 ◦C with calcein-AM and eth-
idium homodimer, CSs were imaged through LAS
X imaging software using an LSCM Leica Stellaris
DMI-8 confocal microscope (Leica Mycrosystems)
and images were analyzed using ImageJ software
(NIH Fiji) in combination with Adobe Photoshop
CC (Adobe Systems, Inc., San Jose, CA, USA).

2.7. Immunostaining of CSs embedded in
SF-containing hybrid hydrogels
CSs in hydrogels were stained as previously described
[3, 5]. Briefly, at least three replicates (n ⩾ 3)
of CSs embedded in SF-containing hybrid hydro-
gels were fixed with 10% neutral buffered form-
alin solution (containing 4% formaldehyde) (Sigma
Aldrich) and incubated at 4 ◦C overnight. Following
3x washes using 0.01% (v/v) PBSA (PBS contain-
ing 0.01% (v/v) sodium azide), samples were per-
meabilized using 0.02% (v/v) Triton X-100 solu-
tion and blocked by adding 3% (w/v) bovine serum
albumin (BSA) in 0.01% (v/v) PBSA to the wells.
Samples were incubated at 4 ◦C overnight [5]. Then,
CSs were immunostained using primary purified
mouse anti-human CD31 antibody (5 µg ml−1, BD
PharmigenTM, BD Biosciences) to label HCAECs,
and samples were incubated at 4 ◦C overnight.
The following day, samples were first washed using
0.01% (v/v) PBSA and incubated with the second-
ary antibody Alexa Fluor® 647-conjugated goat anti-
mouse (10.5 µg ml−1, Jackson ImmunoResearch
Laboratories, Inc., West Grove, Pennsylvania, USA)
in the dark at 4 ◦C overnight. CSs were also immun-
ostained with monoclonal antibody Alexa Fluor® 488
(1 µg ml−1, abcam) against Vimentin, for HCFs, and

using Troponin T-C, Alexa Fluor® 546-conjugated
(16.7 µg ml−1, Santa Cruz Biotechnology) for car-
diac troponin, thus CMs, together with Hoechst dye
(4 drops ml−1, Nuc Blue Life Technologies). Samples
were incubated in the dark at 4 ◦Covernight. Between
each step, samples were washed using 0.01% (v/v)
PBSA and after adding the antibodies, well plates
were placed on ice on a rocking plate at 60 rpm.
Samples were then imaged through LAS X imaging
software using an LSCM Leica Stellaris DMI-8 con-
focal microscope (Leica Microsystems), by capturing
Z-stack images [32]. The fluorescence was analyzed
through ImageJ software (NIH Fiji) in combination
with Adobe Photoshop 2023 (Adobe Systems, Inc.,
San Jose, CA, USA).

2.8. Statistical analyses
Results were plotted in GraphPad Prism™ (La Jolla,
CA) and statistical significance of the analyses was
assessed using a Brown–Forsythe and Welch ANOVA
test, together with a Dunnett’s T3 multiple comparis-
ons test. Each error bar is representative of the stand-
ard errormean of the average value; for SEM and con-
tractile activity values, the median value is showed.
Durability results were calculated using a Kaplan-
Meier Survival curve Log-rank (Mantel-Cox) test,
together with a Gehan–Breslow–Wilcoxon test.

3. Results

3.1. Hydrogel pore size decreases with increased SF
concentrations to Alg–Gel hydrogels
In order to evaluate the potential role played by SF
in controlling the mechanical properties of previ-
ously established Alg–Gel hydrogels for cardiovascu-
lar applications [3], we first generated hybrid hydro-
gels containing 1% and 2% SF. We decided to test
these specific SF concentrations based on previous
studies [5, 8, 18, 29, 33, 34].

These hydrogels were then characterized via SEM
to evaluate if the addition of SFmay control their pore
size, which are important to maintain proper oxygen
and nutrient exchange [3]. Our analyses showed that
increasing SF concentrations reduce the size of the
pores in Alg–Gel hydrogels starting from one day in
cell culture medium (figure 2). The addition of 1%
SF to 4%Alg–8%Gel hydrogels decreases the pore size
by 40%, 49%, 10% and 38% at 1, 7, 14 and 28 d,
respectively (figures 2(A)–(D)). The addition of 2%
SF reduced the pore size of Alg–Gel hydrogels by 65%,
83%, 79% and 69% at 1, 7, 14 and 28 d, respectively
(figures 2(A)–(D)).

3.2. The addition of SF to Alg–Gel formulations
modulates their mechanical properties
In order to evaluate if SF can alter the mechanical
properties of Alg–Gel hydrogels, they were analyzed
using both Brillouin microspectroscopy and classic
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Figure 2.Microstructural changes following SF addition to Alg–Gel hydrogels. (A)–(D) Analyses of the pore size measurements
for crosslinked 4%Alg–8%Gel hydrogels containing 0%, 1%, and 2% SF concentration, after 1 d (A), 7 d (B), 14 d (C) and 28 d
(D) of incubation with cell culture medium at 37 ◦C in 5% (v/v) CO2 in air. The statistical analyses performed on Alg–Gel–SF
hydrogels includes a Brown–Forsythe and Welch ANOVA test, together with a Dunnett’s T3 multiple comparisons test. Data are
represented as the median (∗∗ p< 0.01, ∗∗∗ p< 0.001 ∗∗∗∗ p< 0.0001, n⩾ 6).

rheology as complementary [3]. Brillouin micro-
spectroscopy directly measures the speed of hyper-
sound waves within the sample that in turn can be
related to the sample’s local elasticity and viscosity
[22, 26, 35]. Brillouin measurements of samples with
increasing SF concentration (0% (w/v), 1% (w/v) and
2% (w/v) SF) were performed before (figure 3(A))
and after (figure 3(B)) crosslinking. The statist-
ical analysis shows that the BFS detected for non-
crosslinked samples (figure 3(A)) increases with the
addition of SF, equating to 0.05 ± 0.002 GHz differ-
ence between hydrogels containing 0% SF and 1% SF,
whereas 2% SF hydrogels show an increment of BFS
equal to 0.05± 0.005 GHz difference. This increment
in the BFS is relatively small compared to the res-
ult obtained for crosslinked hydrogels (figure 3(B)),
where the BFS between 0% SF and 2% SF hydrogels
increases by 0.12 GHz. This indicates that the addi-
tion of SF into hydrogel suspension does not lead to
significant changes in mechanical properties as the
result of the gelation process only (i.e. a crosslinking

stage was required to form molecular bonds within
hydrogel material and to induce an elastic response).

As SF-containing hydrogels are designed to be
employed for 3D bioprinting of cardiac tissues, stand-
ard rheology was performed on liquid (supplement-
ary figure 3) hydrogels. This helped to analyse the
elasticity and viscosity of the materials at the temper-
ature of bioprinting while in a liquid form (30 ◦C). In
addition, we also analyzed the rheological properties
of the hydrogels during gelation at lower temperat-
ures (down to 4 ◦C, supplementary figure 3) and after
crosslinking (figure 4).

Before gelation (at 30 ◦C), the shear elastic
(G′, supplementary figure 3(a)) and shear viscous
(G′′, supplementary figure 3(B)) moduli are quite
low (<0.001 kPa for all measurements) compared
to their solid form and the results are not statist-
ically different after the addition of SF; however,
the shear viscous modulus (supplementary figure
3(B)) is always higher than the shear elastic modulus
(supplementary figure 3(A)), which is an expected
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Figure 3. Brillouin spectroscopy of Alg–Gel–SF hydrogels.(A)–(B) Analyses of Brillouin microspectroscopy frequency shift (GHz)
measurements of Alg–Gel–SF hydrogels before (A) and after (B) crosslinking. The values for each SF concentration represent the
average across three measurements of three hydrogels. The statistical analyses performed on Alg–Gel–SF hydrogels includes a
Brown–Forsythe and Welch ANOVA test, together with a Dunnett’s T3 multiple comparisons test. Data are represented as mean
with standard error mean (∗ p< 0.05, ∗∗ p< 0.01, ∗∗∗ p< 0.001, n= 3).

behavior for hydrogels when they are in a liquid
form.

During gelation (between 30 ◦C and 4 ◦C) (sup-
plementary figures 3(C)–(F)) show that at 30 ◦C the
shear viscous modulus is higher than the shear elastic
one; once the temperature starts decreasing gradu-
ally until 4 ◦C, the trend of both moduli changes
and the shear elastic modulus becomes higher than
the viscous one. The crossover points between the
shear elastic and viscous moduli, which correspond
with the point when hydrogels start to solidify, are
19 ◦C for all SF-containing hydrogels. supplementary
figures 3(C)–(E) show the trend of both shear elastic
and viscous moduli of 0% SF (supplementary figure
3(C)), 1% SF (supplementary figure 3(D)) and 2% SF
(supplementary figure 3(E)) hydrogels during a tem-
perature sweep between 30 ◦C and 4 ◦C. supplement-
ary figure 3(f) represents all values of shear elastic
and viscous moduli that are already shown in supple-
mentary figures 3(C)–(E).

Rheology and compression tests were performed
on both non-crosslinked (figures 4(A) and (C),
respectively) and crosslinked hydrogels (figures 4(B)
and (D), respectively).

When evaluating changes in rheological proper-
ties due to crosslinking (figure 4), the shear elastic
modulus of SF-containing hydrogels before cross-
linking does not significantly change with the addi-
tion of SF (figure 4(A)). However, the shear elastic
modulus significantly increases after crosslinking

with increasing concentrations of SF (figure 4(B)).
The shear viscous modulus increases only after
the addition of 2% SF compared to 0% before
crosslinking (figure 4(C)) and after crosslinking
(figure 4(D)).

Similar to the outcomes of shear elastic modu-
lus measurements and Brillouin spectroscopy meas-
urements, Young’s modulus increases proportion-
ally with the addition of SF concentration before
(figure 4(E)) and after (figure 4(F)) crosslinking.
Only the addition of 2% SF significantly increased
the Young’s moduli before crosslinking (figure 4(E)).
After crosslinking, Young’s modulus increased pro-
portionally with the addition of SF, but it was not
statistically significant (figure 4(F)). Altogether, our
findings show that the addition of SF alters the
mechanical properties of Alg–Gel hydrogels only after
crosslinking.

3.3. Increasing SF concentrations improve the
printability and durability of Alg–Gel hydrogels
To assess the printability and durability of SF-
containing hybrid hydrogels [5], we 3D bioprinted
SF-containing hybrid hydrogels using an extrusion-
based BIO X6 (CELLINK Life Sciences) bioprinter
(supplementary videos 1(A)–(C)). Hybrid hydrogels
containing 4% (w/v) Alg, 8% (w/v) Gel at different
SF concentrations (0% (w/v), 1% (w/v) and 2% (w/v)
SF) were 3D bioprinted on day 0 in 6 well plates with
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Figure 4. Rheometric measurements of solid Alg–Gel–SF hydrogels.(A)–(D) analyses of rheometric measurements characteristic
of the shear elastic moduli before (A) and after (B) crosslinking, and the shear viscous moduli before (C) and after (D)
crosslinking of SF-based hybrid hydrogels. (E)–(F) analyses of compression testing measurements characteristic of Young’s
moduli before crosslinking (E) and after crosslinking (F) of SF-based hybrid hydrogels. The values are characteristic of the average
between measurements performed on four not-crosslinked (A), (C) and (E) and four crosslinked (B), (D) and (F) samples for
each SF concentration. The statistical analyses performed for mechanical characterization of Alg–Gel–SF hydrogels include
Brown–Forsythe and Welch ANOVA tests, together with Dunnett’s T3 multiple comparisons tests. Data are represented as means
with standard error means (∗∗ p< 0.01, ∗∗∗∗ p< 0.0001, n= 4, CL= crosslinking).

at least 6 replicates per group. These were bioprin-
ted in a four-squares construct through a rectilinear
pattern.

The analysis of printability of 3D bioprinted SF-
containing hybrid hydrogels is shown in the plot
(figure 5(A)), which is representative of normalised
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Figure 5. Printability and durability of Alg–Gel–SF hydrogels. (A)–(B) Analyses of the printability and durability of Alg–Gel–SF
hybrid hydrogels. (A) The plot is characteristic of the printability of 4%Alg/8%Gel hydrogels with varying concentrations of SF. It
represents normalised values of the ratios between the measures of the widths of the 3D printed filaments at day 0, before
crosslinking, and the internal diameter of the nozzle. The statistical analysis performed includes a Brown–Forsythe and Welch
ANOVA test, together with a Dunnett’s T3 multiple comparisons test. Data are represented as mean with standard error mean
(∗∗∗∗ p< 0.0001, n⩾ 6; 0% SF (n= 7), 1% SF (n= 20), 2% SF (n= 11)). (B) The plot shows the durability of the 3D printed
structures in cell culture medium at day 7, 14 and 28, meant as a percentage of intact hydrogels. It indicates the specific days,
where the 3D printed structures did not preserve their shape. The statistical analysis performed includes a Log-rank
(Mantel–Cox) test, together with a Gehan–Breslow–Wilcoxon test (n⩾ 6; 0% SF (n= 7), 1% SF (n= 20), 2% SF (n= 11)).

data of the ratio between the width of extruded
filaments and the internal diameter of the nozzle.
The values of the width of printed filaments are
compared with the measure of the nozzle diameter
(0.41 mm); considering the nozzle diameter as the
ideal printability of the filaments (the closer the value
is to 0.41 mm, the more printable it is). The statistical
analysis of the printed hydrogels shows an increase
in printability and fidelity shape proportional to the
addition of SF to Alg–Gel hydrogels (supplementary
figure 4).

The durability of the 3D bioprinted Alg–Gel–SF
hydrogels in cell culture medium was evaluated visu-
ally over 28 d at different time points: after 1 d,
7 d, 14 d and 28 d from the day of bioprinting
(day 0) (figure 5(B)). At least 90% of the bioprinted
hybrid hydrogels containing SFwere durable and they
did not dissolve in cell culture medium. The addi-
tion of 1% and 2% SF to 4%Alg–8%Gel hydrogels
improved their durability by 21% and 22% after 28 d,
respectively.

3.4. The addition of SF to Alg–Gel hydrogels
regulates the contractile activity and affects cell
viability of CSs embedded in SF-containing hybrid
hydrogels
To evaluate the possible role of SF in supporting and
enhancing the viability and function of human car-
diac cells, in vitro CSs in Alg–Gel–SF hydrogels were
cultured up to 28 d [3, 5].

The contractile activity of CSs embedded in SF-
containing hydrogels (supplementary videos 2(A)–
(C)) was analyzed at 28 d of incubation in cell cul-
ture medium. This includes the analysis of their

contraction frequency (figure 6(A)), which corres-
ponds to the number of contractions of the spher-
oids per minute, as well as the FS%, figure 6(B),
which is related to the difference between the dia-
meter of the contracted and relaxed spheroid. The
addition of 2% SF led to a decrease in contraction fre-
quency (figure 6(A)). The addition of 1% SF led to
a FS% increase by 41%, representative of a stronger
FS, which we never observed before (figure 6(B)).
Furthermore, figures 6(C) and (D) are representative
of the diameters of the CSs when are relaxed and con-
tracted, respectively. For instance, relaxed CSs present
a diameter average of 122 ± 4 mm, 101 ± 6 mm
and 108 ± 8 mm when embedded in 0% SF, 1% SF
and 2% SF hydrogels, respectively. Contracted CSs,
instead, present a diameter average of 125 ± 4 mm,
105± 6 mm and 111± 8 mmwhen embedded in 0%
SF, 1% SF and 2% SF hydrogels, respectively. In both
cases, the data show that CSs diameters decreased,
thus CSs size is reduced, by increasing SF concentra-
tions to Alg–Gel hydrogels.

In addition, cardiac cell viability analysis was per-
formed on CSs embedded in SF-containing hydro-
gels after 28 d in cell culture medium and 37 ◦C.
The Live/Dead staining through calcein-AM and eth-
idium homodimer was used to identify live and dead
cells respectively (figures 7(A)–(C)). Our results show
that most of the cardiac cells contained in CSs sur-
vived when embedded in 4%Alg–8%Gel hydrogel
(0% SF, figure 7(A)), as well as in 1% SF-containing
hydrogels (figure 7(B)). 2% SF-containing hydro-
gels (figure 7(C)), instead, represent a less-friendly
microenvironment for cardiac cell survival. The ana-
lysis of the CS toxicity ratio (figure 7(D)) is represent-
ative of data on the ratio between dead and live cells.
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Figure 6. Contractile activity of encapsulated cardiac spheroids in Alg–Gel–SF hydrogels. (A)–(B) analyses of contraction
frequency ((A), 0% SF (n= 11), 1% SF (n= 8), 2% SF (n= 5)) and their fractional shortening ((B), 0% SF (n= 13), 1% SF
(n= 11), 2% SF (n= 4)) of cardiac spheroids encapsulated in 4%Alg–8%Gel hydrogels with different concentrations of SF
(0–2%). The data derive from videos acquired through EVOS M7000 microscope after 28 d of incubation at 37 ◦C in cell culture
medium. (C) analysis of the size of the spheroids when they are not contracted, thus the diameter of CSs when they are relaxed
(0% SF (n= 13), 1% SF (n= 11), 2% SF (n= 4)). (D) Analysis of the size of the spheroids when they are contracted, thus the
diameter of CSs when they are contracted (0% SF (n= 13), 1% SF (n= 11), 2% SF (n= 4)). The statistical analyses performed is
a Brown–Forsythe and Welch ANOVA test, together with a Dunnett’s T3 multiple comparisons test. Data are represented as the
median (∗ p< 0.05, ∗∗ p< 0.01, n⩾ 3).

Our statistical analysis showed that, while the addi-
tion of 1% SF did not significantly reduce the viabil-
ity of cells, the addition of 2% was too high for cells
to live in these hydrogels. As a comparison, we also
report the percentage of dead cells versus total cells
(supplementary figure 5), which is consistent with the
toxicity ratio results. As a result of both our analyses of
the contractile function and cell viability in SF hydro-
gels, we decided to select the 1%SF hydrogels for the
next analyses.

3.5. The addition of SF to Alg–Gel formulations
does not affect the cell distribution in CSs
embedded in SF-containing hybrid hydrogels
We have previously demonstrated that Alg and Gel
hydrogels are suitable to support cardiac endothelial

cells (CECs) and CFs growth, as well as cardiomyo-
cyte contractile activity within CSs (CMs) [3, 5]. To
evaluate any effect of 1%SFon these cells, CSs embed-
ded in Alg–Gel–SF hydrogels were stained using
antibodies against CD31, cardiac troponin T and
vimentin, which label CECs, CMs and CFs, respect-
ively. Our analysis of CSs cultured for 28 d in their cell
culture medium and either 0% or 1% SF hydrogels,
stained with the cell-specific antibodies and imaged
under a confocal microscope, confirmed the presence
of CECs (CD31, red), CMs (cardiac troponin T, blue)
and CFs (vimentin, green) (figures 8(A) and (B),
respectively). Of note, the diameter of CSs in 1% SF
is smaller than in 0%SF (figures 6(C), (D) and 8(B)),
which was even smaller for CSs in 2%SF (figures 6(A)
and (B)). Altogether, our analyses showed that 1%SF
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Figure 7. Toxicity ratio of encapsulated cardiac spheroids in Alg–Gel–SF hydrogels. (A)–(C) Representative images of cell viability
of cardiac spheroids embedded in 4%Alg–8%Gel hydrogels with different concentrations of SF. The images are characteristic of
collapsed Z-stacks of CSs and they represent the live (calcein-AM) and dead (ethidium homodimer) staining for CSs embedded
in 4%Alg–8%Gel hydrogels containing 0% ((A), n= 4), 1% ((B), n= 5) and 2% ((C), n= 3) SF after 28 d of incubation at 37 ◦C
in cell culture medium. (D) Statistical analyses of toxicity ratios (dead cells/live cells) of CSs embedded in the hybrid hydrogels.
The statistical analysis performed is a Brown–Forsythe and Welch ANOVA test, together with a Dunnett’s T3 multiple
comparisons test. Data are represented as mean with standard error mean (∗ p< 0.05, magnification bar= 100 µm, n⩾ 3).

can be added to Alg–Gel hydrogels to improve their
contractile activity without affecting their viability.

4. Discussion

In this study, we reported for the first time the use
of SF as bioink formulation for cardiac tissue engin-
eering applications, despite previous attempts [1].
We aimed to test different concentrations of SF (0%
(w/v), 1% (w/v), 2% (w/v)) mixed with 4%Alg–
8%Gel hydrogels, which already showed optimal con-
ditions for cardiac cells viability and contractile activ-
ity, in vitro and in vivo [3–5]. However, Alg–Gel
hydrogels are characterised by limitations, such as
limited durability in physiological conditions [5].
Given the SF tuneable mechanical features and low
immunogenic response when transplanted in the

human body [1, 36], we studied the role of SF in
modulating the mechanical properties of Alg–Gel
hydrogels, as well as in improving their printability.
Our analyses demonstrated that the addition of SF
reduced the pore size in Alg–Gel hydrogels, but it
increased their elasticity (Figures 3(B) and 4(D)). By
creating a hybrid Alg–Gel–SF bioink, we also solved
the printability problem related to the low viscosity
of pure SF aqueous solution, which was impossible to
print.

Moreover, the addition of SF to Alg–Gel hydrogels
allowed us to control the slow gelation and degrad-
ation rates of SF solutions, as well as the transition
from α-helices to β-sheets due to the heat and shear
thinning forces during the bioprinting process, which
causes the occlusion of the nozzle [1, 37, 38]. Recent
works also demonstrated that SF was extrudable at
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Figure 8. Cardiac endothelial cells, cardiomyocytes and cardiac fibroblasts presence in cardiac spheroids embedded in Alg–Gel–SF
hydrogels. (A)–(B) Representative collapsed Z-stack confocal images of cardiac spheroids embedded in 4%Alg–8%Gel hydrogels
containing 0% (A) and 1% (B) SF. Each CS was stained with antibodies against CD31 (cardiac endothelial cells, red), cardiac
troponin T (cardiomyocytes, blue) and vimentin (cardiac fibroblasts, green) (magnification bar= 100 µm, n⩾ 3).

low concentrations (2%–5% w/v) when combined
with higher concentrations of natural-based bioma-
terials and this was necessary to achieve the required
rheological features to bioprint SF solution [35, 39,
40]. In this regard, all of our SF-hydrid hydrogels were
extrudable using an extrusion-based bioprinting sys-
tem (supplementary videos 1(A)–(C)). This might be
due to the ability of SF to bindwithAlg allowing quick
gelation [1, 20]. Furthermore, the addition of increas-
ing concentrations of SF to 4%Alg–8%Gel hydro-
gels resulted in an improved printability and geo-
metry fidelity of the 3D bioprinted constructs, com-
pared to only 4%Alg–8%Gel hydrogels (figure 5(A)
and supplementary figure 4). The addition of CaCl2
to allow the crosslinking process of alginate within
the Alg–Gel–SF hybrid hydrogels played a key role
in fabricating a 3D structure with higher durabil-
ity; this was likely caused by electrostatic interac-
tions between calcium positive ions (Ca2+ ions) and
SF negative charged amino acids present in the SF
chains [41].

The addition of SF also changed the microstruc-
ture of Alg–Gel 3D constructs. Increasing SF con-
centrations decreased the pore size of the hydrogels
between 7 and 28 d of incubation in cell culture
medium (figures 2(B)–(D)). This is due to the form-
ation of more polymer bindings between SF and Alg–
Gel polymers, which is proportional to the amount of
SF added, indicating a higher level of crosslinking and
more compact hydrogel network, whichmay contrib-
ute to the reduction in pore size (figure 2) [42]. This
might be responsible for less exchange of oxygen and
nutrients, which is crucial for cell growth and prolif-
eration within the hydrogel. The increased crosslink-
ing may also be responsible for a reduction in space

for cells to migrate in [43], which can also be linked
to the reduced viability of cardiac cells at higher con-
centrations of SF (figure 7(C)).

Furthermore, higher SF concentrations in Alg–
Gel hydrogels can also affect the water uptake capa-
city of the hydrogels, due to the hydrophobic proper-
ties of the β-sheets present in silk . The reduced pore
size limits the accessibility of water molecules [44],
indicating that hydrogels containing higher SF con-
centrations are less able to absorb and retain water
and, thus less hydrated, which may have an impact
on cell viability, reducing oxygen diffusion through
the 3D structure [43].

Other important features to be considered for
bioinks formulations are their mechanical proper-
ties. If rheology provides information on the Young’s,
shear elastic and shear viscousmoduli averaged across
the entire sample volume, Brillouin microscopy has
the advantage of microscale resolution, although the
outputs from Brillouin microscopy measurements
differ from that of rheology and characterize mater-
ial compressibility in the high-frequency regime of
mechanical perturbation [45, 46]. The shear elastic
modulus (figures 4(A) and (B)) and shear viscous
modulus (figures 4(C) and (D)) represent the mater-
ial’s stiffness and viscoelastic properties and refer to
the resistance of the material during a shear deform-
ation, while Young’s modulus is an unconfined com-
pressionmodulus (figures 4(E) and (F)). It is import-
ant to note that the average value for Young’s mod-
uli was 5–7 times higher for crosslinked hydrogels
(figure 4(F)) compared to those prior crosslink-
ing (figure 4(E)), supporting the efficiency of the
process in forming polymer network and stiffening
the hydrogels.
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The results of these two techniques (rheology and
Brillouin spectroscopy) are often found to correlate
but cannot be directly related to one another due
to the complex structure of the multi-component
hydrogel network. The BFS is directly proportional
to the longitudinal modulus, which is related to the
elastic properties of the hydrogels and has a meaning
of inverse compressibility [31]. Following the addi-
tion of SF at increasing concentrations, an increase
in frequency shift was measured, suggesting higher
longitudinal modulus and lower compressibility of
SF-rich hydrogels. This is consistent with our rhe-
ology and confined compression tests, which both
show a positive correlation between SF concentra-
tion and the respective moduli. The effects are more
pronounced in crosslinked hydrogels as expected,
suggesting higher stiffness of the hydrogels [41]. This
results in reduced compressibility of the hydrogels,
with a direct influence on the frequency of contract-
ile activity of CSs, leading to frequency reduction
(figure 6(A)). Furthermore, the increase of hydrogel
stiffness, which is consistent with a decrease in pore
size (figure 2), also affects the number of cell adhesion
sites [43]. Altogether, the increase of SF-containing
hydrogel stiffness makes their pores smaller, reduces
the number of cell adhesion ligands and causes car-
diac cell death. These hydrogels present a different
behavior between their liquid and solid form, in terms
of their shear elastic and viscous moduli (supple-
mentary figures 3(C)–(F)), which does not change
for non-crosslinked hydrogels. This is important as
cells will be bioprinted in their liquid form when
extruded through the nozzle (30 ◦C), whereas they
will be crosslinked at a lower temperature (4 ◦C).
Nevertheless, they all gel regardless of the addition of
SF at the same temperature (19 ◦C).

To complete our study, we tested the viability
of CSs, comprising CMs, CECs and CFs, embedded
in SF-containing hybrid hydrogels and incubated in
cell culture medium for 28 d. The addition of SF
to 4%Alg-8%Gel hydrogels affected the viability of
cardiac cells within Alg–Gel hydrogels, by decreas-
ing the number of live cells. A significant increase in
toxicity ratio was only measured in hydrogels con-
taining 2% SF (figure 7(C)). This is consistent with
the reduced pore size measured by our SEM analyses
(figure 2), where the reduction of pore size of hydro-
gels already at 14 d provides limited space for the cells
to migrate and proliferate, as well as did not guaran-
tee enough nutrient exchange for cells to survive in
the 3D microenvironment.

Finally, we evaluated whether SF had any effect
on CS contractile function and cell presence. Our
confocal analyses of CSs stained with antibodies
against CD31, cardiac troponin T and vimentin
to mark CECs, CMs and CFs respectively, dis-
played that 1% SF does not affect the presence and
distribution of cardiac cells within the spheroids.
However, it was observed a reduction in spheroid

size when embedded in 1% SF-containing hydrogels
(figure 8(B)). This might be related to the increase
in stiffness of the hydrogels, which was previously
reported to control the spheroid size [43, 47]. While
their size was reduced, this also led to a stronger con-
tractile activity in terms of FS% for CSs in 1% SF
hydrogels (figure 6(B)), without negatively affect their
viability at 28 d (figure 7(B)). Altogether, our find-
ings demonstrated for the first time that SF can be
added to Alg–Gel hydrogels to control their mech-
anical properties and cardiac cell viability and func-
tion. Future studies will be required in vivo to determ-
ine the applicability of SF hydrogels for long-term
treatment of HF beyond the current 28 d that has
been demonstrated with the application of Alg–Gel
hydrogels [4].

5. Conclusions

The addition of 1%SF to Alg–Gel hydrogels can be
used for bioink formulations to 3D bioprint cardiac
tissues. In fact, they were successfully printable using
a 3D extrusion-based bioprinting system and they
improved their durability over 28 d. Additionally,
increasing concentrations of SF in Alg–Gel hydrogels
modulated the hydrogel mechanical properties, res-
ulting in an increase of the elastic modulus, thus in
stronger 3D architectures, as well as a reduction in the
pore size. This had a strong impact on the viability of
CSs embedded in Alg–Gel–SF hydrogels, where only
1%SF formulations did not affect cell viability, but it
improved the contractile activity.
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