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Abstract

Biofabrication of cardiac patches is a challenging strategy proposed as an alternative
to transplantation for end-stage heart failure patients. The optimization of the bioink
used for this strategy can be limited by costs, properties, and biocompatibility of its
building blocks. Lately, sericin has emerged within a wide range of natural proteins,
thanks to its bioadhesive and biocompatibility potential. In this study, we assessed
for the first time the effects of adding silk sericin on alginate-gelatin hydrogels,
proposed for cardiac applications. To this aim, we first biofabricated sericin-
containing hydrogels with increasing protein concentrations. Thus, we characterized
hydrogels’ mechanical behavior, porosity and structure through rheology, Brillouin
microspectroscopy, and scanning electron microscopy. Then, we bioprinted the
formulated hydrogels and evaluated their effects on human cardiac spheroids (CSs)
in vitro. Our mechanical characterization demonstrated that adding sericin
significantly enhanced the elasticity and the viscosity of alginate-gelatin hydrogels.
Sericin also modified hydrogels’ swelling behavior and their pore size, increasing by
20%, 62%, and 92% in Ser1%, Ser2%, and Ser3%, respectively. Although Ser1% did
not exhibit significant effects on CSs, Ser2% and Ser3% enhanced cardiac cell viability
for up to 14 days compared to the sericin-free hydrogel by acting on the fibroblast
population. Sericin-based bioinks showed better printability and durability with
+33% and +28% intact patches after 28 days of culture at 37°C compared to alginate-
gelatin. Taken together, our results validated the use of sericin as a promising
component for the optimization of bioink intended for cardiac applications.
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1. Introduction

Myocardial infarction (MI) remains a leading cause of
morbidity and mortality worldwide.! By itself, an adult
myocardium has low regenerative capacity compared
to other tissues in the human body, especially when
myocardial cells have been damaged after MI.* Instead
of replacing the injured area with functional tissue, the
physiological repairing response after MI results in the
formation of fibrotic scar tissue, which thickens the heart
wall and triggers left ventricular remodeling.’ These events
reduce the mechanical support to the organ, which is
deprived of its full functionality to pump blood, due to the
increased workload and oxygen demand, contributing to
an increased risk of arrhythmias and the development of
a failing heart.” The permanent remedy for patients with
end-stage heart failure (HF) is heart transplantation.’
However, heart transplantation is restricted by limited
donors’ availability and is associated with several post-
surgery complications, such as graft rejection and
immunosuppression-related problems.’” In this scenario,
cardiac bioengineering offers advanced and personalized
approaches to transform MI treatment through innovative
technologies, such as 3D bioprinting, as alternatives to
whole-organ transplantation.*” The epicardial application
of 3D-bioprinted cardiac patches represents a pivotal
technique aimed at repairing myocardial tissue after ML.'**
This approach allows to deliver cells with regenerative
potential (such as stem cells) directly in the proximity
of the injured myocardial area and provides mechanical
support for the native myocardium, preventing its further
deterioration after MI-related events.”””'® Moreover, the
evolution of the field enabled the possibility to create
patient-tailored cardiac patches, by designing their shape
and size to match the patient’s specific infarcted region."”
During the design of a cardiac patch, the selection of the
bioink represents a fundamental step.'®'* A suitable bioink
should be able to both mimic the native extracellular matrix
(ECM) and match mechanical properties standards to
support the stress caused by cardiac mechanical forces.'®"
Hydrogel-based bioinks, particularly those derived from
natural polymers, have been widely used as biomaterials
for these aims, thanks to their high biocompatibility,
tunable mechanical properties, and ability to resemble
the ECM organization.'"”* Our team has previously
proposed cardiac spheroids (CSs) as bioengineered cardiac
tissues able to model the human cardiac pathophysiology
in vitro*** We used CSs combined with a natural
polymers-derived hydrogel, made of alginate and gelatin,

to 3D-bioprint functional cardiac patches, which provided
cardiac cells integration and viability in vitro and improved
myocardial function in an in vivo model of MI.*?*%*
Although these constructs were successfully transplanted
during the testing on small animal modes, their mechanical
properties, printability, and durability could be further
improved to better match the requirements of the human
cardiac tissue.”>*

Sericin is the globular protein that constitutes 25-30
wt% of the whole silk filament.” Sericin has the function
of enveloping and binding the fibroin strands together,
creating a layer which protects the cocoon from harmful
microorganisms, such as bacteria and fungi.** The glue-
like nature of sericin is crucial to ensure the cocoon’s
development and the maintenance of its structural
integrity.”’ While silk fibroin has been widely used for
biomedical applications due to its suitable -elasticity,
mechanical strength, and tunable degradation, silk sericin
has been ignored and discarded as a byproduct of silk
production in the textile industry, causing environmental
pollution.”® At present, intrinsic properties of sericin make
it a promising candidate for biomedical applications,
and its use provides a strong contribution to the “waste
to resource” platform.**** Sericin is rich in non-essential
amino acids (e.g., serin, aspartic acid, glutamic acid, and
glycine) and its intrinsic adhesive nature promotes cell
growth and proliferation.”®** Compared to silk fibroin,
sericin has reduced [B-sheets structures, which results in
difficult hydrogel formation, and this phenomenon justifies
the often blending of sericin with other polymers, such
as alginate.””*® When non-coupled with fibroin, sericin
is low-immunogenic, and its anticancer, antioxidant,
anticoagulation, anti-inflammatory, antibacterial, and
wound healing properties have been documented in several
drug delivery and tissue engineering studies.”** This
collected knowledge promises an interesting translation
of sericin-based materials into cardiac tissue engineering.
Although silk fibroin has been widely investigated in
the preparation of both cardiac injectable hydrogels and
3D-bioprinted patches,* only a few studies have examined
the role of sericin as a building block in biomaterials
intended for the treatment of MI.%*

In this study, we propose biofabricated alginate-
gelatin  hydrogels supplemented with sericin from
silkworm (Bombyx mori). We hypothesize that, owing
to its properties and structure, sericin may improve the
mechanical characteristics of alginate-gelatin hydrogels,
enhancing their elasticity without affecting the cardiac
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cell viability of hydrogel-embedded CSs. The hypothesis
was tested by biofabricating alginate-gelatin hydrogels
with increasing sericin concentrations, which were first
characterized in their mechanical properties by Brillouin
microspectroscopy and classic rheology. The swelling and
porosity properties were assessed by gravimetric and liquid
displacement methods, while scanning electron microscopy
(SEM) allowed us to evaluate the inner morphology of
the biofabricated hydrogels and measure their pore sizes.
All the prepared hydrogels were 3D-bioprinted to assess
whether the addition of sericin affects the printability and
durability of the biomaterials. Finally, CSs were generated
in vitro and embedded in sericin-containing hydrogels to
evaluate the toxicity ratio and cardiac cell distribution after
incubation in the medium for up to 28 days.

2. Materials and methods

2.1. Materials

Alginic acid sodium salt from brown algae, gelatin
from bovine skin, sericin B. mori (silkworm), calcium
chloride, Dulbeccos phosphate-buffered saline (DPBS)
with no calcium chloride or magnesium chloride,
agarose, L-glutamine solution 200 mM, high-glucose
Dulbeccos Modified Eagle’s Medium (DMEM), Triton™
X-100, bovine serum albumin, and formalin solution
were purchased from Sigma Adrich (Castle Hill, NSW,
Australia). PureSilk® Sericin was kindly provided by
Fibrothelium GmbH (Aachen, Germany) and used
to perform comparative Brillouin microspectroscopy
studies only. Penicillin-Streptomycin (Pen/Strep; Gibco)
was obtained from Thermo Fisher Scientific Australia
(Scoresby, VIC, Australia). Purified mouse anti-human
CD31 was purchased from BD Life Sciences (Macquarie
Park, NSW, Australia). Secondary donkey anti-mouse
antibodies Alexa Fluor® 647-conjugated was purchased
from Jackson ImmunoResearch Laboratories Inc. (West
Grove, PA, USA). Troponin T-C Antibody (CT3) Alexa
Fluor® 546-conjugated (CTNT) was obtained from Santa
Cruz Biotechnology Inc. (Heidelberg, Germany). Alexa
Fluor® 488 Anti-Vimentin antibody [V9] was purchased
from Abcam (Melbourne, VIC, Australia). NucBlue™
Hoechst 33342 and LIVE/DEAD™ Viability/Cytotoxicity
Kit (calcein-AM and ethidium homodimer-1) were
purchased from Thermo Fisher Scientific Australia
(Scoresby, VIC, Australia).

2.2. Preparation of hydrogels

Our previously established protocol was used during the
preparation of alginate-gelatin hydrogels.?*° Briefly, alginic
sodium salt (Alg, 4% w/v), gelatin (Gel, 8% w/v), and sericin
(Ser, 0%, 1%, 2%, and 3% w/v) powders were first sterilized
under UV light for 30 min. DMEM supplemented with

1% v/v Pen/Strep and 1% v/v L-glutamine 200 mM was
heated at 50°C on Heating Plate Cimarec® (ThermoFisher
Scientific) and the powders were slowly inserted under
continuous stirring in a biosafety cabinet until they were
completely solubilized in the media. The achieved hydrogel
formulations (named henceforth as Ser0%, Ser1%, Ser2%,
and Ser3%) were aliquoted and then sealed. All the
aliquots were stored at 4°C for further analysis. The ionic
cross-linking was performed with 2% w/v CaCl, solution
promptly sterilized by filtration at 0.2 um and added on
top of gelated hydrogels.”® Figure 1 provides a schematic
representation of the biofabrication of sericin-containing
hydrogels and the experimental plan.

2.3. Fourier transform infrared

spectroscopy analysis

To identify any interactions occurring among sericin,
alginate, and gelatin, a Fourier transform infrared
spectroscopy (FTIR) study was carried out using a
Nicolet™ iS™5 FT-IR Spectrometer (Thermo Fisher
Scientific Inc., Waltham, MA, USA) equipped with an iD7
attenuated total reflectance (ATR) device. The vibrational
spectra of single components’ powders and freeze-dried
crosslinked sericin-containing hydrogels were obtained
at room temperature (25°C), using 64 scans and 4 cm™
resolution, within the spectral region from 4000 to 400
cm™! in transmission mode. OMNIC software (version
9.12.1019), Thermo Fisher Scientific, Waltham, MA, USA
was used to automatically detect the peaks of the spectra.

2.4, Swelling test

The change in swelling properties of the hydrogels was
evaluated by a gravimetric method as previously reported.*¢
Briefly, freeze-dried sericin-containing hydrogels were
immersed in PBS (pH 7.4) at 37°C. At specific time points
(0,0.5,1,2,4, 6,and 24 h), hydrogels were withdrawn from
PBS, wiped off excess buffer, and weighed. The swelling ratio
(%) was calculated according to the following equation:

wet

w _ -W
e A 2100 1)
dry

Swelling ratio(%) =

where W, is the weight of the freeze-dried hydrogel
before the immersion in PBS, and W _ is the weight of
swollen hydrogel recorded at each time point.

2.5. Brillouin microspectroscopy and rheological
characterization of hydrogels

Hydrogels were evaluated in their mechanical properties
through rheology and Brillouin microspectroscopy.
The rheological characterization of hydrogels before
crosslinking involved the evaluation of dynamic moduli
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Figure 1. Schematic representation of the experimental plan. Silk sericin was used as an additive component in alginate-gelatin hydrogel biofabrication to
obtain sericin-containing hydrogels at 1%, 2%, and 3% w/v sericin concentrations. We carried out FTIR studies on biofabricated hydrogels to assess their
secondary structure and confirm the inclusion of sericin within the hydrogel network. Hydrogels were characterized by Brillouin microspectroscopy and
rheology to assess their mechanical behavior and by SEM to observe the inner morphology. The gravimetric method on freeze-dried samples assessed the
hydrogels’ porosity as well as their swelling behaviors. All the biofabricated hydrogels were then 3D-bioprinted to evaluate their resolution after printing and
durability after incubation at 37°C in the cell medium. CSs were generated by co-culturing HCAECs, HCFs, and iCMs, thus embedded in the biofabricated
hydrogels to assess cardiac cell viability and distribution after 3, 14, and 28 days of incubation. Abbreviations: BM, Brillouin microspectroscopy; CSs,
cardiac spheroids; FTIR, Fourier transform infrared spectroscopy; HCAECs, human coronary artery endothelial cells; HCFs, human cardiac fibroblasts;

iCMs, iCell® cardiomyocytes; SEM, scanning electron microscopy.

(G', G", and #*) during oscillatory frequency sweep testing
by using Kinexus® Pro rotational rheometer (Malvern
Panalytical Ltd., Worcester, UK) equipped with a cone-
plate geometry (diameter 40 mm, angle 2°). Each sample
was gently put on lower geometry, previously heated and
maintained at 25°C or 28°C by the connected Pelter unit
(Malvern Panalytical Ltd., Worcester, UK). The sample
was kept at rest for 5 minutes before starting the analysis,
to dismiss any effect of sample loading on the rheological
evaluation. The gap between geometries was fixed at 1 mm,
and the operating frequency range was set at 0.1-10 Hz)
with a constant shear stress of 1 Pa.”” After crosslinking,
the hydrogels were characterized by employing a dynamic
hybrid rheometer (DHR-3, TA Instruments, New Castle,
DE, USA) in an unconfined compression test. Each sample
was molded using punch biopsies (8 mm diameter, KATs
Medical Products, Japan) and placed between the upper

and lower geometries (8.0 mm parallel plate, Peltier plate
Stainless steel, TA Instruments, New Castle, DE, United
States). The unconfined compression test was performed
at 25°C with a constant compression rate of 2 pm/s, by
recording the axial force (N) and gap (um) values as output
data. The collected data were processed to obtain a stress—
strain curve, and Young’s modulus (kPa) was obtained
from the linear region of the curve.”

Brillouin microspectroscopy apparatus involved
a laser with approximately 200 mW continuous wave
emission at 660 nm wavelength (Torus, Laser Quantum,
Stockport, United Kingdom), integrated with a confocal
microscope (CM1, The Table Stable Ltd., Mettmenstetten,
Switzerland), a 3D scanning microscopy stage (SmarAct,
Oldenburg, Germany), and a 6-pass scanning tandem
Fabry-Perot interferometer (TFP1, The Table Stable Ltd.,
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Mettmenstetten, Switzerland). This system was used to
collect the spontaneous Brillouin scattering spectra, where
the backscattered light was collected by an objective lens
(20x Mitutoyo Plan Apo infinity corrected objective,
NA = 0.42, WD = 20 mm) and subsequently redirected
to the interferometer for analysis. The analysis was
carried out on hydrogels before and after crosslinking
and after incubation in DMEM (in the incubator at 37°C,
5% CO,) to avoid hydrogel dehydration. Each sample
was analyzed by recording the raw spectra of Stokes
and Anti-Stokes Brillouin peaks at four arbitrary points
within each hydrogel sample. The collected raw data were
analyzed by fitting a Lorentzian model to every Stokes
and Anti-Stokes Brillouin peak, produced as a result of
optoacoustic interaction within the gel. The line fit was
performed using Ghost Software ver. 7.00 (The Table
Stable Ltd., Mettmenstetten, Switzerland) and the average
value between Stokes and Anti-Stokes peaks was taken
as the final Brillouin frequency shift (BFS; GHz, directly
related to elasticity) or Brillouin linewidth (BLW; GHz,
directly related to viscosity) to eliminate the influence of
possible laser frequency drifting during the experiment.
The hydrogels were analyzed before crosslinking, after
crosslinking, and after incubation in DMEM (in an
incubator at 37°C, 5% CO,).*

2.6. Determination of pore size and porosity

The inner morphology of hydrogels was evaluated by means
of SEM. The hydrogels (1 mL) were cast in 6-well plates
and crosslinked after gelation. Squared cross-sections
were cut from the center of each well to ensure a uniform
surface, subsequently mounted on stubs covered with
double adhesive carbon tabs and fully dried in a vacuum
oven (100 kPa, Gallenkamp OVA031.XX1.5, Manchester,
United Kingdom) for 24 h. Hereafter, a sputter coater
machine (Leica EM ACE600, Leica Microsystems Pty Ltd,
Macquarie Park, NSW, Australia) was employed to perform
a 10 nm gold coating of samples, which were then imaged
using the Zeiss EVO LS15 scanning electron microscope
(Zeiss, Macquarie Park, NSW, Australia), furnished
with a thermionic tungsten electron gun, by setting an
acceleration voltage of 10 kV and a working distance
of 10.5 mm. At least 15 images from random areas were
acquired for each sample by Zeiss SmartSEM software and
analyzed for pore size (area, pm?) using ImageJ software
by manually marking the perimeter borders of every single
pore and using the measure tool of the software (Figure S1,
Supporting Information), as previously reported.”*-! The
porosity of the biofabricated hydrogels was determined by
the liquid displacement method as previously reported.”***
In detail, the freeze-dried hydrogels were submerged
in a known volume (V) of PBS (pH 7.4) within a 10
mL graduated cylinder. After 2 h, the total volume was

recorded (V)), the swollen hydrogel removed, and the
remaining liquid volume inside the cylinder was recorded
(V). The porosity (%) was calculated according to the
following equation:

V.-V,
Porosity (%) =———2x100 (11)

27 V3

2.7. 3D bioprinting, printability, and

durability assessments

Sericin-containing hydrogels were 3D-bioprinted using
the extrusion-based bioprinter BIO X6 (CELLINK,
Gothenburg, Sweden) in simple squares with an internal
cross to evaluate their printability and durability. The
bioprinter chamber was sterilized with UV light and all the
pre-printing stages were performed in a biosafety cabinet to
ensure sterility conditions. At the moment of bioprinting,
each hydrogel was warmed up to 30°C in a water bath and
then transferred into a 3 mL cartridge by using a luer lock
syringe and connector to avoid the formation of bubbles.
The cartridge was then mounted with a 22G nozzle, with an
inner diameter of 0.41 mm, and moved into a temperature-
controlled printhead (with a control precision within
0.5 °C). The 3D model consisted of a 16 x 16 x 0.41 mm?
(width x length x height) patch printed with two
consecutive layers, and it was generated with DNA Studio
4 Software equipped with G-code Editor (CELLINK,
Gothenburg, Sweden). To maintain the hydrogel in liquid
state and allow rapid gelation during and after the printing,
the printhead and the printbed temperatures were set at 28
and 10 °C, respectively. The printability of the bioprinted
patches (n = 14) was assessed before crosslinking by
measuring the inner width of the gelated hydrogel strands
with ImageJ*’ and then comparing the value with the inner
diameter of the nozzle according to the following equation:

w
Printability ratio (AU) = D—Pf (Im)

n

where W _represents the width of the printed strand,
and D, is the inner diameter of the 22G nozzle.

The obtained 3D models were crosslinked with CaCl,
solution and afterwards, they were submerged with
DMEM and incubated (37°C, 5% CO, in air) for up to
28 days. The medium was withdrawn and replaced with
fresh DMEM every 4 days, minimizing the movement
during the procedure. To assess their durability in the
cell culture medium, the patches were monitored for
macroscopic disintegration by imaging them with EVOS
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M7000 Imaging System (Thermo Fisher Scientific Inc.,
Scoresby, VIC, Australia) at fixed time points from the day
of printing (day 0) and after 1, 3, 7, 14, 21, and 28 days
of incubation. When any sign of the disintegration of the
main structure occurred (such as dissolving or detachment
of small hydrogel’s fragments), the patch was considered
“non survival”*

2.8. Cell culture and CS generation

Human cardiac fibroblasts (HCFs) and human coronary
artery endothelial cells (HCAECs) were obtained from
Cell Applications (San Diego, CA, USA), and they were
cultured in Human Cardiac Fibroblast medium and
MesoEndo growth medium (Cell Applications, Inc, San
Diego, CA, USA), respectively. iCell® Cardiomyocytes
(iCMs, cardiomyocytes differentiated from human-
induced pluripotent stem cells) were obtained from
FujiFilm Cellular Dynamics (Madison, WI, USA).
According to the provider’s instructions, iCMs were
plated in iCell® Plating Medium and cultured in iCell®
Maintenance Medium (Fujifilm Cellular Dynamics, Inc.,
Madison, W1, USA). The generation of human CSs was
achieved by co-culturing HCFs, HCAECs, and iCMs
at a ratio of 1:1:2, as reported in previous studies.****
Non-adherent agarose microwells were formed by using
12-81 3D Petri Dish® cast silicone molds (Microtissues
Inc., Providence RI, USA). Briefly, the autoclaved molds
were filled with molten agarose (2% w/v in DPBS), once
cooled at room temperature, the microwells were taken
out from the mold and moved to 12-well plates submerged
in DMEM and left in the incubator (37°C, 5% CO, in air)
for 2 days to equilibrate while the medium was frequently
refreshed. At the moment of CS generation, each cell type
was spun and then combined by resuspending the pellets
in CS medium (HCF medium, MesoEndo growth medium
and iCell® maintenance medium at a 1:1:2 ratio).?** The
cellular suspension was seeded in the pre-equilibrated
microwell chamber, and the constructs containing cells
were incubated again. After a few hours, the cells started
spontaneously to aggregate in the microwells, generating
81 CSs/agarose structure. The CS medium was refreshed
until CSs were formed. For in vitro studies and imaging
the CSs (n = 3) were plated in glass-bottom 96-well plates
(Miltenyi Biotec, Macquarie Park, NSW, Australia) and the
warm hydrogel (100 pL, 37°C) was added on top.*

2.9. Contractile activity and optical

mapping measurements

To measure the contraction frequency (number of CS
contractions per second) and the fractional shortening %
(FS%), we recorded videos of contracting CSs in Ser0% and
Ser3% hydrogels using the EVOS M7000 Imaging System
(Thermo Fisher Scientific Inc., Scoresby, VIC, Australia)
after 3, 14, and 28 days of incubation in normoxic

conditions (37°C, 5% CO,), as previously described.** To
measure the conduction velocity (CV), CSs were plated in
an 8-well chamber and incubated for 14 days at 37°C, 5%
CO,. CS-containing wells were loaded with 17.7 uM Rhod-
2 AM (fluorescent Ca?* indicator, Abcam, Melbourne,
VIC, Australia), 0.02% Pluronic™ F127 (Thermo Fisher
Scientific Inc., Scoresby, VIC, Australia), and 50 pM
RH237 (Santa Cruz Biotechnology Inc., Heidelberg,
Germany), and incubated for 2 h at 37°C, 5% CO,. Each
well was then washed with fresh culture medium three
times and incubated for an additional 30 min with media
prior to the individual transfer of CSs to 60 mm sterile
cell culture plates (Corning). When ready for imaging,
CSs were carefully moved to the OMS-PCIE-2002 optical
mapping chamber (Mapping Lab Ltd, Manchester, UK)
under an upright microscope equipped with high-speed
CMOS cameras. Briefly, RH237 fluorescence as a function
of the action potential was passed through a long-pass
dichroic filter of 700 nm (FELH700, Thorlabs, Newton,
NJ, USA), while Rhod-2 AM fluorescence as a function
of Ca* was passed through a long-pass dichroic filter of
585 nm (FBH585, Thorlabs, Newton, NJ, USA). Both
fluorescence signals were collected through a long-pass
dichroic beamsplitter with a cutoff wavelength of 638 nm
(DMLP638, Thorlabs, Newton, NJ, USA), then filtered by
a 550 nm long-pass filter (FELH550, Thorlabs, Newton,
NJ, USA) before voltage signals were imaged. A spatial
resolution maximum of 512 x 512 pixels was utilized
during acquisition, with a total mapping area of 64 x 64.
Temporal resolution was set to 1000 frames/second at
an exposure time of 0.9 ms over 10 s of recording time.
Data were acquired in real-time using an 8-channel TTL
analog-digital converter and OMapRecord 4.0 software
(Mapping Lab Ltd, Manchester, UK), then processed using
OMapScope 5.6.8 (Mapping Lab Ltd, Manchester, UK).
Processing filters were applied to generate waveforms with
low noise-to-signal ratios including a Gauss convolution
of 9 x 9, a zero-phase filter window of 30, and theta
smoothing intensity of 1.5. Waveform graphs were selected
based on a selected region of interest (ROI) to display the
lowest signal-to-noise ratio. A single peak representing
a single contraction was used for calculating the CV
values for action potential and calcium signals, per array,
including temporal sequence recordings (slowed to 1/20th
of the original speed) to display the propagation of signals
at different regions of the CSs.

2.10. Live/Dead staining and immunostaining of CSs
To assess the cell viability of CSs embedded in sericin-
containing hydrogels, the dead/live cells ratio was estimated
over time at fixed time points, as previously described.**°
Briefly, CSs embedded in hydrogels were cultured in the
incubator (37°C, 5% CO,) for up to 28 days, by replacing the
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medium every 2 days, and the viability was evaluated after
3, 14, and 28 days. LIVE/DEAD™ Viability/Cytotoxicity
Kit and NucBlue™ were used to detect living cells, dead and
total cells, by staining them with calcein-AM (1 puL/mL),
ethidium homodimer-1 (EthD-1, 1 uL/mL), and Hoechst
stain, respectively. The dyes were directly added to the
medium on top of CSs-containing hydrogels and then
incubated at 37°C (5% CO,) for 3 h. After the incubation,
the samples were washed three times with warm DPBS,
according to the manufacturer’s directions, and finally
imaged with a STELLARIS 8 confocal microscope (Leica
Microsystems Pty Ltd, Macquarie Park, NSW, Australia).

After 28 days of incubation, all cell types present in CSs
embedded in hydrogels were identified by immunostaining.
The samples were first fixed in 4% paraformaldehyde
for 3 h at room temperature, washed in PBSA 0.01%
(DPBS containing 0.01% sodium azide), permeabilized
in 0.02% Triton-X/PBSA for 1 h, blocked with 3% BSA/
PBSA, and then incubated with suitable primary and
secondary antibodies at 4°C for 18 h.”* HCAECs were
labeled by primary mouse anti-human CD31 (6.25 g/
mL), revealed by a secondary donkey anti-mouse Alexa
Fluor® 647-conjugated antibody (21 pg/mL). Troponin
T-C Antibody (CT3) Alexa Fluor® 546-conjugated (10
pg/mL), Alexa Fluor® 488 Anti-Vimentin antibodies (2
pg/mL), and NucBlue™ (2 drops/mL) were used to stain
iCMs, HCFs, and nuclei, respectively. All samples were
imaged by STELLARIS 8 confocal microscope and the

collected images were processed in Image] and Adobe
Photoshop 25.3.1 (Adobe Systems, Inc., San Jose, CA,
USA).** 3D-rendered images and videos were produced
using Imaris visualization software (Oxford Instruments,
Abingdon, Oxfordshire, UK).*

2.11. Statistical analysis

All the collected data were analyzed and plotted using
GraphPad Prism version 8.4.2 for Windows (GraphPad
Software, Boston, MA, USA). Swelling test results were
analyzed using two-way analysis of variance (ANOVA)
with Dunnetts multiple comparisons test. For all other
experiments, we employed Brown-Forsythe and Welch
ANOVA followed by Dunnett’s multiple comparisons test. All
results are expressed as mean + standard error of mean (SE).

3. Results and discussion

3.1.The inclusion of sericin modulates the

mechanical properties of alginate-gelatin hydrogels
To biofabricate sericin-containing alginate-gelatin
hydrogels, we chose a range of sericin concentrations (1, 2,
and 3% w/v) based on previous studies, which investigated
the role of this protein in the formulation of functional
hydrogels and scaffolds for biomedical purposes.®**”*
To characterize hydrogels’ secondary structures, we first
performed FTIR analyses on both freeze-dried hydrogels
and single-component dry powders (Figure 2). Figure 2A
shows the FTIR spectra of pure alginate, gelatin, and
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Figure 2. Secondary structure investigation by FTIR spectroscopy of sericin-containing alginate-gelatin hydrogels and their main components. FTIR

spectra of alginate, gelatin, and sericin dry powders (A) and sericin-containing hydrogels freeze-dried after crosslinking (B). Abbreviation: FTIR, Fourier

transform infrared spectroscopy.
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sericin powders used in this study. The all components,
in dry powder form, exhibited a broad peak at ~3200
cm™ (hydroxyl group), related attributed to O—H
stretching vibration, which was more pronounced in
sericin’s spectra due to the high content of serine amino
acid.”*” The spectrum of alginic acid powder exhibits the
typical peaks of the asymmetric and symmetric carboxyl
group (—COOH stretching) of the polymeric backbone
at 1594 and 1404 cm™, respectively.”® In gelatin and
sericin spectra, we identified peaks at 1635 and 1644 cm™!
(amide I), 1516 and 1558 cm™! (amide II), and 1238 cm™!

(amide III), which were related to C=0O stretching, N-H
bending, and C-N stretching vibrations, respectively.
All these peaks, together with sericin’s footprint are
visible in the spectra derived from all sericin-containing
hydrogels (Figure 2B), confirming the incorporation of
the silk protein within the polymeric network. Next, to
evaluate the mechanical properties of the biofabricated
hydrogels containing sericin, we performed a mechanical
characterization through Brillouin microspectroscopy
and classic rheology analyses. These methodologies
provided complementary information on hydrogels’
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Figure 3. Rheology testing performed on sericin-containing hydrogels. (A) Young’s moduli derived from an unconfined compression test. Brown-Forsythe
and Welch ANOVA test was used to compare the groups (*p < 0.05). (B) Storage moduli (G'), loss moduli (G"), and complex viscosity (#*) derived from
frequency sweep measurements at 25°C (room temperature) and 28°C (printing temperature). Error bars represent the mean + SE and are within the

symbols if not visible (n = 4).
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mechanical behavior and were previously successfully
used by us to characterize the mechanical properties of
hydrogels.?**** Indeed, with rheological analysis, we were
able to provide fundamental insights into the materials,
including their Young’s moduli (Figure 3A) derived from
an unconfined compression test, and dynamic moduli
(storage modulus G’ and loss modulus G”) and complex
viscosity (#*) under oscillatory amplitude sweep testing
(Figure 3B). In detail, the addition of sericin to alginate-
gelatin hydrogels increased their stiffness, as evidenced
by Young’s moduli recorded from the unconfined
compression test. This effect was directly proportional to
the concentration of sericin used and became significant
(p < 0.05) for Ser3% formulation, which presented the
greatest Young’s modulus of 39.4 + 4.7 kPa compared
to 26.2 + 6.4 kPa of Ser0% hydrogel (Figure 3A). Ser1%,
Ser2%, and Ser3% improved the ability of Ser0% hydrogel
to resist deformation under compressive stress by 4%, 21%,
and 50%, respectively. This result was hence confirmed
by the oscillatory amplitude sweeps test (Figure 3B). As
expected, at a temperature of 25 °C, the storage modulus
(G') was predominant on loss modulus (G”) for all
biofabricated hydrogels, indicating a solid-like behavior.
We detected an increase in the amplitude of the sericin-
containing hydrogels’ G', compared to Ser0%. This
increase was directly proportional to the concentration of
protein present, following the Young’s moduli recorded
(Figure 3A). Likewise, at the same temperature it was
noted that as the concentration of sericin increased,
the complex viscosity of the hydrogel also increased
while preserving the shear thinning behavior of Ser0%.
This result was consistent with the increase in BLW
magnitude recorded by our Brillouin microspectroscopy
analyses (Figure S2, Supporting Information). The same
analysis was performed at 28°C to evaluate the hydrogels’
mechanical properties during the bioprinting process.
The temperature-dependent behavior of alginate-
gelatin hydrogel is due to the presence of gelatin. This
protein is well known for its thermal-reversible gelation
properties, which make its derived mixtures change from
sol-to-gel according to the temperature (24-30 °C).®
However, this feature might be changed by the presence
of additives, and it depends on the gelatin concentration,
molecular weight, and source.® Under our experimental
conditions, the gel-to-sol transition temperature of
Ser0% is approximately 28 °C. Therefore, at 25 °C, the
temperature is well below the gelation threshold, allowing
the formation of a stable gel network and resulting in
higher mechanical parameters. In contrast, at 28 °C, the
system nears the gelation temperature, leading to partial
solubilization and reduced viscoelastic properties. We
detected that the gelatin’s behavior was not altered by the
presence of sericin within the hydrogel network, since

at 28 °C, the G” was larger than G' within the entire
frequency range and the viscosity dropped as a function
of the frequency amplitude. Despite all hydrogels
showing a predominantly liquid-like behavior at 28 °C,
for Ser 1%, Ser 2%, and Ser3% hydrogel formulations
the proximity between G’ and G” curves is greater
with the increase of sericin concentration. This result
might indicate that sericin-containing hydrogels retain
a greater degree of elasticity than Ser0% formulation.
By itself, rheology lacks the micro-scale resolution that
Brillouin microspectroscopy analysis provides, thus we
further analyzed the biofabricated hydrogels through this
contactless approach, based on the process of inelastic
scattering that results from light’s interaction with
thermally excited acoustic phonons in GHz range within
the hydrogel structure.®” This technique allowed us to
measure any change in frequency of the light scattered
from the sample, known as Brillouin frequency shift
(hereafter abbreviated in frequency shift), before and
after the crosslinking, and after the incubation with cell
culture medium for all formulated hydrogels. Due to the
sensitivity of the method, we were able to detect small
but significant differences in BFS and BLW magnitudes,
which are related to the material’s longitudinal elastic
modulus and viscosity, respectively.*®6*¢*

Figure 4A demonstrates a significant increase in
frequency shift for all sericin-containing hydrogels before
crosslinking compared to Ser0% (p < 0.001). At this stage,
the samples were analyzed after their gelation, and the
modifications of frequency shift could be attributed to the
change in hydrogels’ solid fraction, due to the addition of
sericin.” As the frequency shift relies both on the polymer
concentration and the water content in the sample, we
observed a slight reduction in frequency shift values after
crosslinking (Figure 4B) and after the incubation with
cell culture medium (Figure 4C) since the samples were
hydrated by the presence of the crosslinking solution and
the medium, respectively. The observed decrease in the
frequency shift after crosslinking and incubation in DMEM
is consistent with reports in the literature, which emphasize
that the water content, rather than the intrinsic stiffness
of the material, largely governs the mechanical behavior
of hydrogels in physiological conditions.® Indeed, after
crosslinking, the frequency shift values of both Ser2% and
Ser3% hydrogel formulations were significantly changed
(p < 0.001) compared to the Ser0% ones (Figure 4B),
while the addition of sericin at 1% w/v did not alter this
property (p > 0.05). After we incubated the samples with
DMEM (37 °C, 5% CO,), the increasing trend in frequency
shift values with sericin concentration was maintained
(Figure 4C), underlying the matrix stiffening effect. The
Brillouin frequency shift results were consistent with the

Volume X Issue X (2024)

doi: 10.36922/ijb.5678



International Journal of Bioprinting

Sericin-based hydrogels for cardiac tissue engineering

>

ok kk

* %K K

o
-

|
*xx

| :u_. l
e -

Ser0% Ser1% Ser2% Ser 3%

6.0

o o o
N @ ©

Frequency shift (GHz)

o
)

o o
o =

% %k

o
i

o
o

o
in

Frequency shift (GHz) 0

o
o

Serlo% Ser'1% Ser'2% Ser 3%

vy

6.1 *%

6.0
5.91 ‘

5.8

5.7

Frequency shift (GHz)

5.6 T . .
Ser0% Ser1% Ser2% Ser3%

Scattered
light

Incident
light

Objective

Photons
in and out

Figure 4. Brillouin microspectroscopy analysis on sericin-containing alginate-gelatin hydrogels. Frequency shift measurements of hydrogels’ samples (A)
before crosslinking, (B) after cross-linking, and (C) after incubation with the medium. Brown-Forsythe and Welch ANOVA test was used to compare the
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ones generated when a different source of sericin was
tested (Figure S3, Supporting Information).

Sericin’s aminoacidic composition is rich in serine
and other polar amino acids, resulting in more carboxyl
(—COOH) and hydroxyl (—OH) groups, that may have
participated in ionic crosslinking, most likely involving
Ca*" jons.® This could have facilitated the creation of
interpenetrating network hydrogels with increased
mechanical strength and therefore increased stiffness.
These findings confirmed a greater sensitivity of Brillouin
microspectroscopy than classic rheology in understanding
mechanical behavior modifications on a microscale and
highlighted the contribution of sericin in modulating the
mechanical properties of alginate-gelatin hydrogels.

3.2.The addition of sericin increases
alginate-gelatin hydrogel porosity

The porosity of a biomaterial plays a major role in
biomedical applications since the exchange of nutrients,
oxygen, and byproducts depends on the pore size and
distribution within the polymeric network, and it is crucial
to ensure cells’ survival and function.”” To establish the
porosity of the formulated sericin-containing hydrogels,
we performed SEM and pore size analysis, together with a
gravimetric evaluation of swelling and porosity properties
on freeze-dried hydrogel samples. The swelling test revealed
an increased ability of sericin-containing hydrogels
to absorb aqueous medium compared to the Ser0%
formulation, and this effect was directly proportional to the
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Figure 5. Swelling test, porosity test, and SEM analysis of sericin-containing alginate-gelatin hydrogels. (A) Swelling behavior of sericin-containing
hydrogels with two-way ANOVA test with Dunnett’s multiple comparisons test as statistical analysis to compare the groups with the control Ser0%
(*p <0.05,**p < 0.01; n = 4). (B) Porosity percentages of formulated hydrogel samples after freeze-drying (n = 4). (C) Morphological examination of sericin-
containing hydrogel through SEM. Scale bars: 2 um. (D) Statistical analysis of pore size was performed using Brown-Forsythe and Welch ANOVA test to
compare the groups (****p < 0.0001). Error bars represent the mean + SE and are within the symbols if not visible (n > 15). Abbreviation: SEM, scanning
electron microscopy.

increase of sericin concentrations in hydrogels (Figure 5A). behavior of alginate-gelatin hydrogels, by increasing the
Particularly, when compared to the free-sericin hydrogel total hydrophilic groups’ amount available to attract and
Ser0%, the swelling ratios were significantly enhanced interact with water molecules through hydrogen bonding
in Ser2% and Ser3% formulations at almost all evaluated and other polar interactions.” Moreover, the improvement
time points (p < 0.05 and p < 0.001, respectively). The of alginate-gelatin swelling properties can be attributed
maximum swelling equilibrium was reached after 4 h from to the increase of the porosity in hydrogel samples with
the beginning of the immersion in PBS, after this time the higher sericin concentration, as assessed by the liquid
swelling ratio percentage reached a plateau, independently displacement method (Figure 5B). The higher the porosity
from the presence of sericin protein within the samples. of the hydrogel, the easier the contact of water molecules
The presence of sericin could have improved the swelling with the hydrophilic groups within the polymeric network.®
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The inner morphology of biofabricated hydrogels was process, we carried out printability and durability studies.
further evaluated by SEM (Figure 5C), and the pore size Once the mechanical and structural characterizations
was measured by calculating the mean inner area of the were completed, the biofabricated hydrogels containing
pores. Based on our statistical analysis (Figure 5D), we increasing concentrations of sericin were bioprinted
found that the inclusion of sericin provided hydrogel using the extrusion-based bioprinter BIOX6. We used
networks with larger pores, as a function of the protein the same operative parameters for all formulations to
content in the hydrogel. In detail, the mean pore size of assess any difference in the bioprinting process of simple-
Ser1%, Ser2%, and Ser3% were increased by 20%, 62%, and shaped patches made of two consecutive layers. Although
92% compared to the mean pore size of Ser0%. Once again, Brillouin microspectroscopy and rheology analyses have
we recorded the most significant differences (p < 0.0001) proved an increase in elasticity and viscosity as the sericin
for the hydrogels containing sericin at concentrations of concentration in hydrogels was increased, all the tested
2% and 3% w/v. This effect is in positive agreement with formulations were printable at 28 °C and no occlusion of
previous studies, which reported the same situation for the nozzle occurred.

sericin-blends within a certain range of concentration of

the protein (2-4% w/v).5 We bioprinted at least 12 constructs from each hydrogel

formulation (with and without sericin) and assessed the

3.3. Hydrogels containing 3D-bioprinted sericin width of each bioprinted strand, which was compared
shows improved printability and durability features with the inner diameter of the printhead nozzle (0.41
To ascertain any effect related to the addition of sericin mm) to obtain a ratio of printability. Then, we calculated
to alginate-gelatin hydrogels during the 3D bioprinting a normalized printability ratio by comparing the sericin-
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Figure 6. Printability and durability assessments of 3D-bioprinted sericin-containing hydrogels. (A) Statistical analysis of normalized printability ratio
of Ser0%, Ser1%, Ser2%, and Ser3% was performed using Brown-Forsythe and Welch ANOVA test to compare the groups (****p < 0.0001). Error bars
represent the mean + SE and are within the symbols if not visible (n = 14). (B) Statistical analysis of 3D-bioprinted patches durability after crosslinking
and incubation with cell culture medium for up to 28 days (37°C, 5% CO2 in air) by using log-rank (Mantel-Cox) test to compare the durability curves
(*p < 0.05,**p < 0.001, n > 9). (C) Representative images of 3D-bioprinted patch. Scale bars: 2 mm.
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containing hydrogels with our control Ser0% hydrogel. Our
statistical analysis showed that the resolution of the patches
derived from Ser1%, Ser2%, and Ser3% was significantly
improved (p < 0.0001) if compared with Ser0% (Figure 6A).
This result demonstrated that the addition of sericin
caused a reduction of the bioprinted strand widths, which
were more similar to the diameter of the nozzle when
sericin was included in the hydrogel formulation even at
the lowest concentration of 1% w/v, as shown in Figure 6C.
This result is in positive agreement with our rheological
characterization of sericin-containing hydrogels, which at
28 °C showed greater viscosity values compared to Ser0%
(Figure 3B). Previous studies have proved that in extrusion
3D bioprinting, the relationship between the strand
diameter and bioink viscosity depends on the bioink
shear-thinning or shear-thickening behaviour.”* Our
sericin-containing hydrogels all exhibited shear-thinning
behaviors (Figure 3B), and in this case, their slightly greater
viscosity could have determined a better resolution of the
patches concerning the alginate-gelatin hydrogel, without
hampering the process.”

To establish the durability of the bioprinted structures
during a simulated cell culturing condition, we crosslinked
the constructs and thus incubated them in the cell culture
medium (37 °C, 5% CO,) for up to 28 days. During
this period, the patches were systematically observed
through the EVOS M7000 Imaging System to detect
any macroscopic and/or microscopic loss of fragments
compared to the original structure (an example of the
identification of disintegration signs is given in Figure S4,
Supporting Infrmation) and to assess their durability, as
reported in Figure 6B.

Three days after the beginning of the observation, all
the structures maintained their original shape, and we
did not record any strand detachment from the main
structure, regardless of the presence of sericin. After
14 days, more than 80% of the bioprinted patches from
sericin-containing hydrogels maintained their integrity
and around 75% of Ser0%-derived patches survived
undamaged from the incubation event. At day 28, the
wholeness of patches bioprinted from Ser0% hydrogel was
disintegrated, whereas the durability of Ser2% and Ser3%
patches was statistically different with a 33% (p <0.001) and
28% (p < 0.05) of intact structures recorded, respectively.
The obtained durability results stated that the addition of
sericin at concentrations of 2% and 3% w/v improved the
durability of alginate-gelatin hydrogels, while Ser1% did
not significantly affect this property (Figure 6B).

Effectively, this effect might be correlated with the
increase of hydrogels elasticity assessed by Brillouin
microspectroscopy analysis, which reported a significant

increase in the frequency shift for Ser2% and Ser3%
compared to Ser0% (Figure 4), even after incubation with
cell culture medium. The slight difference between the
durability of Ser2%- and Ser3%-derived patches in cell
medium could be justified by referring to their swelling
behavior (Figure 5A). Indeed, owing to higher swelling rate,
Ser3% might have caused slightly more rapid degradation
of the bioprinted patches in PBS than Ser2%.¢”

3.4.The addition of sericin improves cardiac cell
viability during the first 14 days in culture

To evaluate the effect on cardiac cell viability, we cultured
CSs embedded in sericin-containing hydrogels for up
to 28 days. CSs encompass the most representative
cell types of adult human myocardial tissue, and
they can recapitulate the complexity of the cardiac
microenvironment.”* At predetermined timepoints of
3, 14, and 28 days, we performed a live/dead assay. At
each time point, the ratio between dead and live cells
(henceforth toxicity ratio) was determined by evaluating
the fluorescence of calcein-AM and EthD-1. As a cell-
permeant dye, calcein-AM can freely diffuse into cells,
but its acetoxymethyl ester structure can be cleaved
only by intracellular esterase of live cells to produce
the related green, fluorescent calcein. On the contrary,
EthD-1 can only penetrate cells whose membranes have
been damaged thus allowing the dye to bind nucleic
acids of dead cells. Figure 7 summarizes the toxicity
ratios measured at each time point together with the
representative images derived from our confocal analysis.
After 3 days, the toxicity ratios of CSs embedded in Ser2%
and Ser3% formulations were significantly lower than
Ser0% hydrogel. A reduction of 25% (p < 0.01) and 26%
(p < 0.001) of the Ser0% toxicity ratio was recorded for
Ser2% and Ser3%, respectively (Figure 7E). This result
stated that the sericin concentrations used in hydrogels
were not toxic for CSs. Quite the opposite, Ser2% and
Ser3% supported the viability of cardiac cells, as stated
by the reduction of the toxicity ratio as a result of an
increased number of live cells. The observed trend was
also confirmed after day 14 (Figure 7]) when we recorded
a significant amelioration of the toxicity ratio for both
formulations compared to Ser0%. However, after 28 days
the toxicity ratio values of CSs embedded in all sericin-
containing hydrogels were comparable to Ser0%, without
any statistically significant difference (Figure 70). We
speculate that during the first 14 days of culturing in
sericin-containing hydrogels, the cardiac cells were
able to use the protein as a metabolic source before it
was completely depleted, considering the spontaneous
degradation of the hydrogel and the partial dissolution
of sericin within the cell culture medium (regularly
refreshed). This hypothesis is in accordance with
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Figure 7. Representative confocal images of Live/Dead assay of CSs embedded in sericin-enriched hydrogels (A-D) after 3 days, (F-I) after 14 days, and
(K-N) after 28 days of incubation (37°C, 5% CO?2 in air). These images show the live (green, calcein-AM) and dead (red, EthD-1) staining of CSs. Statistical
analysis of Dead/Live Cells Ratio of CSs (E) after 3 days, (J) after 14 days, and (O) after 28 days of incubation. Brown-Forsythe and Welch ANOVA test
was used to compare the groups (*p < 0.05, **p < 0.01, ***p < 0.001). Error bars represent the mean + SE and are within the symbols if not visible (n > 3).
Scale bars: 100 um. Abbreviations: CSs, cardiac spheroids; EthD-1: ethidium homodimer 1.

previous studies demonstrating that sericin enhances the increase of Ser2% and Ser3% hydrogels’ porosity
cellular energy metabolism and mitochondrial function (Figure 5D), together with their improved mechanical
and reduces apoptosis in cardiomyocytes and endothelial properties (Figures 3A and 4C) and enhanced durability
cells.***4! Sericin’s capability to improve the viability (Figure 6B). Moreover, the addition of sericin did not
and proliferation of certain cell types has been already alter the CS contractile activity as demonstrated by the
documented in previous studies and explained as an absence of statistically significant differences in both
effect of the protein’s naturally cell-adhesive property and contraction frequency and fractional shortening % (FS%)
ability to affect cellular pathways. For example, the effect of of CSs embedded in Ser3% compared to the control
sericin in promoting the viability and migration of human Ser0% (Figure S5, Supporting Information).

umbilical vessel endothelial cells, as well as antagonizing

endothelial cells and cardiomyocytes apoptosis, has been 3.5. Sericin-containing hydrogels increase the
attributed to sericin’s intrinsic capability of promoting presence of cardiac fibroblasts in CSs

vascular endothelial growth factor alpha (VEGFa) To evaluate if the addition of sericin could have affected
expression.’ We reckon that the improved viability of CSs the cell populations of CSs embedded in hydrogels, we
embedded in sericin-containing hydrogels was certainly performed an immunostaining.”® Toward this end, after 28
due to the intrinsic features of the protein, although days of culture in the cell medium, the CSs embedded in

a great contribution to this effect should be ascribed all formulated hydrogels were labeled to identify HCAECs,
to the modifications that the protein had on hydrogel HCFs, and iCMs.”” We thus measured the fluorescence
properties. Indeed, the reduction of toxicity ratio matched derived from each labeled cell type during the confocal
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Figure 8. Collapsed z-stacks of confocal images of representative CSs after 28 days of incubation with sericin-containing hydrogels. (A) The CSs were
stained with antibodies against vimentin (green) for HCFs, cTNT (red) for iCMs, and CD31 (blue) for HCAECs. Scale bars: 100 um. (B) Statistical analyses
of stained cells fluorescence were performed using Brown-Forsythe and Welch ANOVA test to compare the groups (*p < 0.05, **p < 0.01). Error bars
represent the mean + SE and are within the symbols if not visible (n = 4). Abbreviations: BM, brillouin microspectroscopy; CSs, cardiac spheroids; cTNT,
Troponin T-C Antibody (CT3) Alexa Fluor® 546-conjugated; HCAECs, human coronary artery endothelial cells; HCFs, human cardiac fibroblasts; iCMs,
iCell® cardiomyocytes.

microscope analysis of samples. Figure 8A shows the Ser3%, justified by both our Brillouin microspectroscopy
collapsed z-stacks of confocal images of representative CSs and rheology studies (Figures 3 and 4). Indeed, fibroblasts
embedded in both Ser0% and hydrogels with increasing are sensitive to mechanical properties such as stiffness and
sericin content. Cardiac endothelial cells, fibroblasts, and elasticity, and they respond to changes in these parameters
cardiomyocytes stained with antibodies against CD31 by modulating their motility and spreading.” For the first
(blue), vimentin (green),and cTNT (red), respectively, were time, we documented this effect played on HCFs within
present in all CSs derived from the long-term embedding CSs generated in vitro, since although this property of

in Serl%, Ser2%, and Ser3% as in Ser0%. We did not
record a statistically significant reduction of any cell-type
fluorescence (Figure 8B). However, we documented an
increase in the presence of cardiac fibroblast which was 4. Conclusion
proportional to the protein concentration in hydrogels

sericin is not new it has been reported before only for non-
cardiac or non-human fibroblasts cell lines.*”*>>*6470

and became significant for Ser2% (p < 0.05) and Ser3% In this study, we biofabricated for the first time alginate-
(p < 0.01) (Figure 8B). This result was confirmed by the 3D gelatin  hydrogels supplemented with increasing
rendering of CSs obtained with Imaris software (Figure 9). concentrations of sericin from silkworm B. mori and
The enhanced presence of cardiac fibroblasts after 28 days investigated their mechanical and structural properties,
of embedding in sericin-containing hydrogels is likely together with their potential applicationin 3D bioprintingas
related to the increased elasticity properties of Ser2% and bioinks. Sericin-containing hydrogels exhibited improved
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Hoechst

Hoechst

Vimentin Vimentin

Ser2%

Figure 9. 3D rendering of immunostained CSs after 28 days of culturing in sericin-containing hydrogels. CSs nuclei were stained with (A-D) Hoechst
(magenta) and labeled with antibodies against (E-H) vimentin (green, HCFs), (I-L) ¢cTNT (red, iCMs), and (M-P) CD31 (blue, HCAECs). Scale bars: 50
pm. The full-length 3D-rendering videos of CSs are available as Videos S1-54, Supporting Information..

mechanical properties in terms of elasticity, compression
modulus, and viscosity, with higher swelling ratio and
enhanced porosity than their counterpart sericin-free
hydrogel. These properties ameliorated the performance of
alginate-gelatin hydrogel bioink, improving the resolution
of 3D-bioprinted patches, as well as their durability during
simulated cell culture conditions for up to 28 days. The
effects derived from the inclusion of sericin were directly

related to its concentration within the polymeric hydrogel
network. While Ser1% did not significantly affect alginate-
gelatin properties, Ser2% and Ser3% formulations recorded
the most significant differences in hydrogel mechanical,
morphological, and durability features compared to
Ser0%. Also, Ser2% and Ser3% improved CSs viability in
hydrogels during the first 2 weeks of culture and Ser3% did
not affect the contractile activity of CSs. More interestingly,
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sericin-containing hydrogels played an effective role in
modulating cardiac fibroblast distribution within CSs,
but without altering cardiac endothelial and myocyte
cellular populations. These results pave the way for further
studies regarding the molecular and mechanotransduction
mechanisms underlying these effects. Altogether, our
findings support the use of sericin-containing hydrogels as
advanced and improved bioinks for cardiac applications.
To fully validate the therapeutic potential of these sericin-
enriched hydrogels, it will be crucial to examine their
adhesive performance and integration within dynamic in
vivo cardiac environments. Future in vivo studies will focus
on assessing the therapeutic efficacy, biocompatibility,
and potential of sericin-enriched hydrogels in promoting
cardiac tissue repair, reducing fibrosis, and enhancing
functional recovery following MI.
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