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A B S T R A C T

Growing evidence has shown that cells respond to the viscoelastic properties of the extracellular matrix (ECM), 
particularly its stress-relaxation, which influences their spreading, proliferation, and remodeling. Since cardiac 
tissue viscoelasticity plays a key role in modulating cellular mechanosensing, the development of biomimetic 
viscoelastic hydrogels is highly needed in cardiac tissue engineering (CTE). This work presents bio-orthogonal 
double cross-linked alginate-gelatin hydrogels with tunable viscoelasticity, designed to replicate the dynamic 
mechanical properties of cardiac ECM. Alginate and gelatin were functionalized with azide groups and cross- 
linked by a 4-arm-dibenzocyclooctyne (DBCO) crosslinker using strain-promoted azide-alkyne cycloaddition 
(SPAAC) with 0.5:1 (AG_Click(R0.5)) and 1:1 (AG_Click(R1)) DBCO:azide molar ratios. Calcium ions were also 
introduced to obtain double cross-linked hydrogels (AG_DC(R0.5) and AG_DC(R1)). Rheology showed that 
hydrogels exhibited tunable stiffness and stress relaxation, closely mimicking the properties of native cardiac 
tissue. The behavior of human cardiac fibroblasts (HCFs), seeded on hydrogels, was analyzed. When compared to 
purely elastic polyacrylamide (pAAm) hydrogels with comparable stiffness, soft stress-relaxing hydrogels 
(AG_Click(R0.5) and AG_DC(R0.5)) were found to promote cell spreading area, while stiffer stress-relaxing 
hydrogels (AG_Click(R1) and AG_DC(R1)) enhanced asymmetric cell elongation, reflecting substrate-mediated 
mechanosensing. Additionally, HCFs showed high viability when cultured in 3D hydrogels over 7 days. Over
all, rapid gelation, biocompatibility, and tunable viscoelastic properties of bio-orthogonal double cross-linked 
alginate-gelatin hydrogels support their use as injectable formulations or engineered cardiac tissues for CTE.

1. Introduction

Myocardial infarction (MI) results from coronary artery occlusion, 
leading to cardiomyocyte death and the formation of fibrous scar tissue, 
which impairs heart function and may lead to heart failure [1,2]. 
Currently available treatments focus on symptom management, and are 
unable to address cardiomyocyte loss and to regenerate the damaged 
tissue [3]. Cardiac tissue engineering (CTE) strategies based on bio
mimetic hydrogels have been proposed to provide structural support 
and bioactive cues for cardioprotection and tissue regeneration [4]. 
However, one main challenge in CTE is the design of hydrogels able to 
replicate the complex mechanical properties of cardiac extracellular 
matrix (ECM), characterized by nonlinear viscoelasticity and anisotropic 

behavior [5–7]. Particularly, a growing body of evidence has demon
strated that cells sense and respond to the viscoelastic features of ECMs, 
challenging the traditional stiffness-centric interpretation of mechano
transduction [8]. The viscoelastic properties of hydrogels, particularly 
their stress-relaxation ability, are now recognized as key factors in 
supporting the mechanotransduction pathways that influence cell 
behavior, migration, and ECM remodeling [9–11]. Recent strategies for 
modulating the viscoelasticity of hydrogels involved reversible 
cross-links that can rapidly dissociate and reform, such as ionic in
teractions [11] and chemical crosslinks based on Diels-Alder reaction 
[12], imine chemistry [13], Schiff-base reaction [14], reversible boro
nated esterification [15], thiol-thioester exchange [16], hydrazone and 
oxime formation [17,18]. Moreover, several reports have investigated 
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the design of double-crosslinked hydrogel networks with tunable stiff
ness and viscoelasticity through the combination of reversible physical 
and permanent chemical cross-links [12,18,19]. In both 2D and 3D 
cultures, the tuning of hydrogel viscoelasticity showed a significant 
impact on its time-dependent mechanical properties which, in turn, 
regulate the spreading, migration, and proliferation of various cell types, 
such as myoblasts, fibroblasts, pre-osteoblasts and cancer cells [10,11,
20–23]. Moreover, viscoelastic hydrogels were also found to support 
lineage-specific differentiation of stem cells and ECM deposition, 
thereby affecting tissue regeneration [11]. Despite this evidence, studies 
addressing the effect of viscoelastic hydrogels on cardiac cell behavior 
are still missing. Most efforts have been focused on studying the 
stiffness-dependent behavior of cardiac cells and on the development of 
mechanically robust cardiac patches able to withstand the mechanical 
forces of the heart [6,24–26]. However, these approaches have been 
limited by the use of multi-step harsh and cytotoxic cross-linking pro
cesses [6]. Bio-orthogonal click chemistries, including strain-promoted 
azide-alkyne cycloaddition (SPAAC), have emerged as rapid, 
catalyst-free, specific, and biocompatible cross-linking techniques, with 
no cytotoxic by-products, making them ideal as injectable hydrogels and 
3D cell encapsulation systems for both in vitro and in vivo applications 
[27–31]. Furthermore, the combination of bio-orthogonal covalent and 
physical cross-linking into a double-cross-linked network might allow 
fine modulation of hydrogel viscoelasticity [12,18,19].

This work was aimed at the development of novel biomimetic bio- 
orthogonal double cross-linked alginate-gelatin hydrogels with tunable 
viscoelastic properties for cardiac tissue engineering applications. 
Alginate is a natural polysaccharide with highly tunable properties, cost- 
effectiveness non-immunogenicity, and non-toxicity, but also bio-inert 
[32]. On the other hand, gelatin is a protein derived from collagen 
that has cell-responsive properties that make it favorable to design 
biomimetic substrates in CTE applications [33]. Alginate and gelatin 
were modified to expose lateral azide functionalities and, then, hydro
gels were formed by bio-orthogonal SPAAC reaction of the polymers 
with dibenzocyclooctine (DBCO) 4-arm crosslinker. Double-crosslinked 
hydrogels were formed by additional ionic cross-linking of alginate 
chains through calcium ions. Different DBCO:azide molar ratios were 
tested to tune the viscoelastic properties of the double-crosslinked 
hydrogels. The hydrogels were thoroughly characterized for their 
physicochemical properties, particularly focusing on their rheological 
behavior. In vitro cytocompatibility, adhesion and spreading tests were 
also performed using human cardiac fibroblasts (HCFs) seeded on 
hydrogels. Additionally, the viability of HCFs 3D encapsulated within 
hydrogels, was evaluated. To the best of our knowledge, this is the first 
study investigating the impact of stress-relaxing substrates on cardiac 
cells mechanosensing, thus providing early evidence on the potential 
impact of double crosslinked alginate-gelatin hydrogels for CTE.

2. Materials and methods

2.1. Materials

Gelatin from cold water fish skin, phosphate buffered saline (PBS, pH 
7.4), tris(hydroxymethyl)aminomethane (TRIS), dimethyl sulfoxide 
(DMSO) and sodium chloride (NaCl) were purchased from Sigma- 
Aldrich (Milano, Italy). 2-(N-morpholino)ethane sulfonic acid (MES) 
was purchased from TCI Chemicals. Medium viscosity alginic acid so
dium salt extracted from macrocistys pirifera algae was purchased from 
MP Biomedicals (Irvine, United States of America). Linear azido-(poly
ethylene glycol)3-amine (azido-PEG3-amine) and dibenzocyclooctyne- 
(polyethylene glycol)4-amine (DBCO-PEG4-amine) were purchased 
from Click Chemistry Tools (Scottsdale, United States of America). 4- 
arm-(polyethylene glycol)-dibenzocyclooctyne (4-arm-PEG-DBCO, Mn 
= 5000 Da) was purchased from Creative PEGworks (Chapel Hill, USA). 
1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC), 
N-Hydroxysuccinimide (NHS) and calcium chloride (CaCl2) were 

purchased from Fisher Scientific (Milano, Italy). Deionized water 
(dH2O) was obtained by means of a reverse osmosis purification 
equipment.

2.2. Alginate and gelatin molecular weight measurements

The viscosity-averaged molecular weight (Mη) of both alginate and 
gelatin was determined by measuring their intrinsic viscosity with an 
Ubbelohde capillary viscometer [34–39] (see Supplementary In
formations for further details).

2.3. Alginate functionalization with azide groups

The conjugation of azido-PEG3-amine molecules to carboxyl groups 
(COOH) on alginate strands was carried out through EDC/NHS coupling 
chemistry according to the protocol reported by Moody C. et al. [40]. 
Herein, the moles of employed reagents were related to the moles of 
carboxyl groups on alginate (molCOOH), considering its repeating unit. 
Alginic acid sodium salt was dissolved in MES buffer (0.1M MES, 0.3M 
NaCl, pH: 6.5 adjusted by 1M NaOH addition) overnight at a final 
concentration of 0.5 % w/v. Following this, azido-PEG3-amine (1 
mol/molCOOH) was added to the solution and the mixture was stirred for 
an additional hour at room temperature. Then, a combination of EDC (4 
mol/molCOOH) and NHS (2 mol/molCOOH) was added to the stirring 
mixture in three separate equal portions, with each dose being added 8 h 
apart, and the solution was stirred for additional 8 h. Finally, dialysis 
was performed using membranes with a weight average molecular 
weight (Mw) cutoff of 6–8 kDa (SpectraPor, Spectrum Labs, Greece) 
against 3 L of dH2O with progressively decreasing NaCl content at each 
exchange (performed twice a day) for overall 3 days. The dialyzed so
lution was frozen at − 20 ◦C, subsequently freeze-dried for 5 days using a 
CoolSafe 4–15L freeze-dryer (Labogene, Scandinavia). The lyophilized 
alginate-azide (ALG-Az) powder was kept under vacuum until use.

2.4. Gelatin functionalization with azide groups

Covalent grafting of azido-PEG3-amine molecules to carboxyl groups 
on gelatin strands was also performed by EDC/NHS coupling chemistry. 
Herein, the moles of employed reagents were related to the moles of 
carboxyl groups (molCOOH) on gelatin from cold water fish skin, based 
on its average content of peptides with lateral carboxyl groups (i.e., 
aspartic acid and glutamic acid) [41]. Different quantities and combi
nations of reagents (Supplementary Table S1) were investigated to 
enhance coupling efficiency. Gelatin was dissolved in MES buffer (0.1M 
MES, pH: 6.1 adjusted by 1M NaOH addition) for 30 min at room tem
perature, reaching a final concentration of 1 % w/v. Subsequently, 
azido-PEG3-amine was added to the solution, and the mixture was 
stirred for an additional hour at room temperature. Following this, a 
combination of EDC and NHS was introduced within the stirring reac
tion mixture in three separate equal portions, with each portion added at 
8-h intervals. Afterwards, the solution was stirred for additional 8 h. 
Finally, the solution underwent dialysis through membranes with Mw 
cutoff of 3.5 kDa (SpectraPor, Spectrum Labs, Greece), against 3 L of 
dH2O for 3 days, with the solution being changed 2 times per day. 
Dialyzed solution was frozen at − 20 ◦C and freeze-dried for 5 days. The 
lyophilized gelatin-azide (GEL-Az) powder was kept under vacuum until 
its use.

2.5. Fourier transform infrared spectroscopy

The conjugation of azide groups on alginate and gelatin chains was 
analyzed by attenuated total reflectance-infrared spectroscopy (ATR- 
FTIR). The analysis was carried out on lyophilized samples obtained 
from the functionalization reactions. Spectra were recorded on a 
Thermo Scientific Nicolet iS50 FTIR Spectrometer (Milano, Italy) 
equipped with a diamond crystal ATR accessory. For each sample, ATR 
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spectra were collected in the 4000–450 cm− 1 wavenumber range with a 
resolution of 4 cm− 1. Spectra of unmodified alginate and gelatin pow
ders were also taken as reference.

2.6. Quantification of azides on alginate and gelatin

The quantification of azide groups on both alginate-azide and 
gelatin-azide was conducted by UV–Vis spectroscopy, adapting from a 
previously reported protocol (see Supp. Info. for details) [40].

2.7. Hydrogels preparation

ALG-Az, GEL-Az and 4-arm-PEG-DBCO were dissolved in PBS 
respectively at 8 % w/v, 32 % w/v and 6 % w/v concentrations and 
gently stirred at room temperature until homogeneous stock solutions 
were obtained. Bio-orthogonally chemically cross-linked Alginate- 
Gelatin hydrogels (AG_Click) with 8 % w/v overall alginate/gelatin (20/ 
80 wt/wt.) concentration and different cross-linking rates (listed in 
Table 1), were prepared as follows: specific volumes of ALG-Az and GEL- 
Az stock solutions were loaded in two separate 1 mL Luer lock syringes. 
The two syringes were connected through a female-female Luer lock 
connector and the solutions were gently mixed until homogeneous, 
while avoiding to introduce air bubbles into mixture. Similarly, a 
diluting volume of PBS was added to the mixture. Finally, 4-arm-PEG- 
DBCO stock solution was thoroughly and quickly mixed to the ALG-Az 
and GEL-Az mixture at different azide:DBCO molar ratios (R). Hydro
gel samples were prepared by casting 100 μL of the solution into cy
lindrical homemade silicone molds (1 mm diameter, 1 mm thickness) 
and allowing the strain-promoted azide-alkyne cycloaddition (SPAAC) 
to proceed for at least 30 min at room temperature. The effective SPAAC 
cross-linking degree was verified by quantifying unreacted azides within 
formed hydrogels through UV–Vis spectroscopy, as described in the 
previous paragraph (see Supp. Info. for details). To obtain double cross- 
linked hydrogels (AG_DC), AG_Click hydrogel disks were formed and 
then each sample was incubated in 300 μL of 0.1 M CaCl2 solution. After 
30 min CaCl2 was removed and the samples were washed three times 
with PBS.

2.8. Rheological analysis

Rheological testing was performed to investigate SPAAC cross- 
linking kinetics of AG_Click hydrogels and to determine viscoelastic 
properties of AG_Click and AG_DC hydrogels. All rheological experi
ments were performed on an Anton PAAR Modular Compact Rheometer 
(Physica MCR 302, Graz, Austria) in parallel-plate mode (25 mm 
diameter, 0.2 mm of gap for time sweep measurements and 15 mm 
diameter, 0.5 mm of gap for further testing) at 37 ◦C, and a solvent trap 
filled with dH2O was exploited to reduce sample evaporation. To 
determine gelation kinetics, 150 μL of AG_Click precursor solution was 
prepared as described in section 2.9 and immediately dispersed between 
the parallel plates. Time sweep measurements were carried out at con
stant 1 % shear strain and 1 Hz angular frequency. The evolution of the 
storage modulus (G′) as a function of time was recorded to determine the 
cross-linking kinetics. Specifically. sol-gel phase transition was evalu
ated by recording the cross-over points (i.e., the time at which G’’/G’ =

tan δ = 1).
Viscoelastic properties (i.e., G′, storage modulus; G″, loss modulus 

and tan δ, loss tangent) of formed hydrogel disks (fully gelled and 
equilibrated in PBS) were evaluated through oscillatory frequency 
sweep measurements (frequency varying from 0.1 to 100 rad/s) at a 
strain amplitude of 1 %, in the linear viscoelastic region (LVR) of sam
ples. Young’s modulus (E) at 1 Hz was calculated as previously reported 
[42]: 

E=2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Gʹ 2 + Gʹ́ 2

√
* (1+ ν)

where G′ is the storage modulus, G″ is the loss modulus, and ν is Poisson’s 
ratio. The Poisson’s ratio of the hydrogels was assumed to be 0.5.

Shear stress relaxation measurements were carried out using a pre
viously published method [18]. In detail, a constant strain of 10 % was 
applied to hydrogel samples and kept constant along the test. The rates 
of shear stress relaxation were evaluated by recording the time taken by 
the samples to relax the shear stress to half of its initial value (i.e. 
relaxation time: τ1/2). As a purely elastic control, polyacrylamide 
hydrogels (described in the Supplementary Table S2) were prepared 
following a previously reported and well-known method. Frequency 
sweeps and stress relaxation measurements of polyacrylamide hydrogels 
were also performed using the same procedure described for AG_Click 
and AG_DC hydrogels. All rheological tests were conducted in triplicate.

2.9. In vitro swelling and degradation behavior

The swelling and degradation behavior of hydrogels was evaluated 
by a gravimetric method. The initial weight (Wi) of hydrogels was 
measured. Subsequently, samples (100 μL) were incubated in 500 μL of 
PBS solution w/o collagenase type II as degradation enzyme (2.5 U/mL, 
Worthington Biochemical Corporation, USA), per hydrogel at 37 ◦C. The 
buffer was refreshed every three days. At designated time points, the 
buffer solution was removed from Eppendorf tubes containing the 
hydrogel samples, which were subsequently weighed (Wt). Fresh buffer 
was then replenished. The swelling and degradation percentage of 
hydrogels was assessed using the following equation: 

Swelling
/

Degradation % =
Wt − Wi

Wi
*100 

where, positive values were considered as swelling (%) and negative 
values were considered as degradation (w%). Three parallel samples for 
each tested formulation were analyzed.

2.10. Gelatin release

Release of unreacted gelatin from cross-linked hydrogels was eval
uated by a colorimetric test. Briefly, formed AG_Click and AG_DC sam
ples (100 μL) were weighed and then each sample was immersed in 500 
μl of PBS at 37 ◦C up to 14 days. At predetermined time points (1, 3, 7 
and 14 days), the solution was collected for gelatin release evaluation 
and fresh PBS was added to the samples. Gelatin concentration was 
determined by the BCA protein assay [43], through a calibration curve 
obtained from solutions at known gelatin concentrations. The absor
bance of each solution at 562 nm was measured by an UV–Vis spectro
photometer (Varioskan™ LUX, Thermo Scientific, United States). The 
released gelatin fraction was calculated as follows: 

Gelatin Release %=
[Gelatin]supernatant

[Gelatin]total
*100 

Three parallel samples for each tested formulation were analyzed.

2.10.1. Scanning electron microscopy
The internal microstructure of hydrogels was characterized using 

scanning electron microscopy (SEM). Following crosslinking, the 

Table 1 
Compositions of the different bio-orthogonal Alginate-Gelatin hydrogels, with 
corresponding sample codes.

Sample Code ALG-Az (% 
w/v)

GEL-Az (% 
w/v)

DBCO:Azide (mol: 
mol)

Ca2+

(±)

AG_Click 
(R0.5)

1.6 6.4 0.5:1 –

AG_Click(R1) 1.6 6.4 1:1 –
AG_DC(R0.5) 1.6 6.4 0.5:1 +

AG_DC(R1) 1.6 6.4 1:1 +
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hydrogels were equilibrated in PBS overnight at 37 ◦C to attain their 
equilibrium water content. Subsequently, samples were subjected to 
three 5-min washes in dH2O, then frozen at − 20 ◦C and freeze-dried. 
Freeze-dried specimens were rapidly immersed in liquid nitrogen, 
fractured, and sputter-coated with gold using a AGB7234 high- 
resolution sputter coating. SEM imaging of fracture surfaces was per
formed using a TESCAN VEGA (TESCAN Orsay Holdings, Brno, Czech 
Republic) SEM platform operated at 5 kV. Image analysis software 
(ImageJ, National Institutes of Health, Bethesda, MD, USA) was 
employed to quantify the pore dimensions in cross-sectional images of 
the samples.

2.11. Cell culture and maintenance

Primary human cardiac fibroblasts isolated from the ventricles of the 
adult heart (HCFs, PromoCell, Germany) were expanded in cell culture 
flasks using a complete fibroblast growth medium 3 (FGM-3, PromoCell, 
Germany) and maintained at 37 ◦C in humidified atmosphere, 5 % CO2. 
H9C2 immortalized cardiomyoblasts derived from embryonic rat heart 
tissue (H9C2, ATCC, USA) were expanded in cell culture flasks using a 
growth medium composed of Dulbecco’s Modified Eagle Medium 
(DMEM) (Thermo Fisher Scientific), 10 % Fetal Bovin Serum (FBS, 
Thermo Fisher Scientific), 1 % sodium pyruvate (Thermo Fisher Scien
tific), 1 % penicillin/streptomycin (Thermo Fisher Scientific), and 2 % L- 
glutamine (Thermo Fisher Scientific). To create cell pellets for in vitro 
experiments, cells were washed using PBS, removed from the culture 
flasks using 0.25 % Trypsin-EDTA (Thermo Fisher Scientific, USA) and 
cell number was determined using Neubauer chambers. Next, cells were 
diluted to the desired amount and centrifuged at specific rpm, depend
ing on the cell type (1100 rpm for HCFs and 800 rpm for H9C2).

2.12. Cell viability and morphology

HCFs and H9C2 cells were directly seeded on hydrogel surfaces to 
evaluate cell viability and morphology. Initially, sterile bio-orthogonal 
alginate-gelatin hydrogel disks were prepared for 2D cell culture ex
periments. Briefly, ALG-Az, and GEL-Az lyophilized powders were UV 
sterilized for 1 h before being dissolved in sterile PBS to prepare stock 
solution. Meanwhile, the 4-arm-PEG-DBCO stock solution was sterile- 
filtered through a 0.22 μm syringe filter (Polyethersulfone membrane, 
Carlo Erba, Italy). Subsequently, ALG-Az and GEL-Az solution was 
mixed with 4-arm-PEG-DBCO solution and the final solution was quickly 
poured between two glass plates spaced 500 μm apart. The solution was 
allowed to react for 30 min. Following gelation, 11 mm disks were 
punched out and transferred to a 48-well cell culture plate. To obtain 
double-crosslinked samples (AG_DC), hydrogels were incubated in 
sterile 0.1 M CaCl2 for 30 min and washed thrice with PBS. Finally, all 
samples were incubated in culture medium for at least 12 h before cell 
seeding. AG_Click and AG_DC bio-orthogonal hydrogels were then 
cultured with HCFs, seeded at a cell density of 30,000 cells/cm2, or 
H9C2 cells seeded at a cell density of 20,000 cells/cm2. After pre
determined time points (24 h and 7 days), cell culture medium was 
removed and HCFs viability was assessed by incubation with CellTiter- 
Blue® Cell Viability Assay (Promega, United States) for 3 h. Finally, 
fluorescence intensity was measured with a plate reader at ex/em =
560/590 nm. Results were reported as the average fluorescence in
tensity value normalized to the control.

In a parallel experiment, HCFs and H9C2 cells seeded on hydrogels 
were fixed in paraformaldehyde 4 % w/v% in PBS (PFA, Alfa Aesar) for 
30 min, after 7 days culture time. Fixed cells were then stained with 
Phalloidin Green 488 (Sigma-Aldrich) and nuclei were counterstained 
with DAPI (Sigma-Aldrich). Samples were visualized using a fluores
cence microscope system Nikon Ti2-E (Nikon Instruments, Japan).

2.13. Cell spreading

The influence of substrate elasticity and/or viscoelasticity on HCFs 
behavior was evaluated through cell spreading experiments using purely 
elastic polyacrylamide or viscoelastic alginate-gelatin hydrogels as cell 
adhesion substrates. Bio-orthogonal AG_Click and AG_DC substrates 
were prepared as described in the previous section. Gelatin- 
functionalized polyacrylamide hydrogels were prepared adapting to 
the protocol reported by Karotsu et al. [44]. Precursor solutions were 
prepared with different concentrations of acrylamide (AAm; 
Sigma-Aldrich, Italy) and N,N′-methylenebisacrylamide (BIS; 
Sigma-Aldrich, Italy) to vary elasticity. For conjugation of gelatin from 
cold water fish skin, 6-acrylamidohexanoic acid (ACA; BLD Pharmatech 
Ltd., China) solution (500 mM, pH 7) was added to the AAm-BIS mixture 
to a final concentration of 100 mM. AAm and BIS concentrations are 
shown in Supplementary Table S2. Polymerization was initiated with 
0.05 % ammonium peroxodisulfate (APS; Sigma-Aldrich, Italy) and 
catalyzed with 0.2 % N,N,N′,N’-tetramethylethylenediamine (TEMED; 
Sigma-Aldrich, Italy). The polymerizing solutions were gently poured 
into the gap of slide glasses spaced with a 500 μm silicone membrane. 
After polymerization, the gels were fully hydrated in 0.1 M 2-(N-mor
pholino) ethanesulfonic acid (MES) buffer (pH 6.1) overnight. Next, 
hydrogel disks (11 mm Ø) were punched out. To functionalize hydrogel 
surface with gelatin, carboxyl groups of the copolymerized ACA were 
activated with 0.5 M NHS and 0.2 M EDC in 0.1 M MES buffer (pH 6.1) 
for 30 min at room temperature, washed with cold 60 % methanol/PBS 
for 2 h at 4 ◦C, and reacted overnight with 2 % w/v gelatin diluted in PBS 
at 37 ◦C. After washing three times with PBS, the hydrogels were placed 
on the bottom of 48-well cell culture plates and exposed to UV light in a 
sterile hood for 30 min. Before plating the cells, hydrogels were equili
brated in FGM-3 medium for at least 12 h at 37 ◦C. HCFs were seeded on 
hydrogel surfaces at a low density of 10,000 cells/cm2, so that they did 
not contact other cells on average. Cells were allowed to spread for 24 h, 
and then were fixed and stained for analysis. For measurements of the 
cell spreading area, images of DAPI/Phalloidin-stained cells were taken 
using a fluorescence microscope system Nikon Ti2-E (Nikon In
struments, Japan). Only those cells that did not exhibit any cell–cell 
contacts were considered in the analysis. Images of all single cells were 
then thresholded manually on the basis of the actin stain, and the area 
and circularity of the thresholded cell body were determined using 
ImageJ.

2.14. Live/dead imaging of encapsulated cells

The suitability of developed bio-orthogonal double cross-linked 
viscoelastic hydrogels for 3D cell culture was evaluated by encapsu
lating HCFs within hydrogels. Briefly, sterile ALG-Az and GEL-Az were 
dissolved in sterile Dulbecco’s Modified Eagle Medium (DMEM; Thermo 
Fisher Scientific, United States) to prepare stock solutions. Subse
quently, ALG-Az and GEL-Az mixture was mixed with a 50 μL suspension 
of HCFs to obtain a final cell encapsulation density of 1.5 × 106 cells/ 
mL. The cell-embedding precursor was mixed with 4-arm-PEG-DBCO 
solution, quickly deposited between two glass plates spaced 500 μm 
apart and allowed to cross-link for 30 min. Then, disks with 11 mm 
diameter were punched out and transferred to a low attachment 24-well 
cell culture plate. Hydrogels were incubated in sterile 0.1 M CaCl2 so
lution for 30 min to allow double cross-linking and washed thrice with 
PBS. Each cell-laden construct was finally cultured in 500 μL of FGM-3 
medium. Live (green)/dead (red) staining (Thermo Fisher Scientific, 
United States) of the cell-laden 3D constructs was performed at 1 h and 
24 h after cell encapsulation. At each time point, calcein-AM (live) and 
ethidium homodimer-1 (dead) were diluted in FGM-3 according to the 
manufacturer’s instructions, added to 3D constructs and incubated for 
30 min at room temperature in the dark. The stained cell-laden hydro
gels were mounted on a glass bottom dish and imaged using a fluores
cence spinning disk microscope system Nikon Ti2-E (Nikon Instruments, 
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Japan). The composite image was created by overlaying 50 consecutive 
Z-stack images separated by a distance of 10 μm. The live and dead cells 
were quantified by using ImageJ.

2.15. Statistical analysis

Results are reported as mean ± standard deviation (SD). Specific 
numbers of replicates (n ≥ 3) are noted for each experiment within the 
Results section. Statistical significance was determined by performing a 
two-sided Student’s T-test or one-way ANOVA followed by the Tukey’s 
post hoc test for multiple comparisons with significance accepted at p <
0.05.

3. Results

3.1. Synthesis and characterization of alginate-azide and gelatin-azide 
conjugates

Table 2 reports alginate and gelatin intrinsic viscosity and Mη 
calculated through the Mark-Houwink-Sakurada equation 
(Supplementary Fig. S1A–B). Notably, gelatin intrinsic viscosity and Mη 
were measured from gelatin solutions at pH 8, which corresponds to the 
isoelectric point as assessed by turbidity measurements (Supplementary 
Fig. S2).ALG-Az and GEL-Az were then prepared through zero-length 
amidation reaction between the amino groups of Azido-PEG3-amine 
and the carboxylic groups of alginate and gelatin, exploiting EDC/NHS 
chemistry (Fig. 1A). The degree of substitution (DSalg% and DSgel%) was 
calculated to be 10.98 % ± 0.02 % for ALG-Az, following a previously 
reported grafting protocol [40], and 27.87 % ± 0.07 for GEL-Az, upon 
optimizing the quantities of azido-PEG3-amine, EDC and NHS respect to 
carboxylic acid groups in gelatin (Supplementary Table S1). ATR-FTIR 
spectra of freeze-dried ALG-Az and GEL-Az samples showed the 
appearance of a new absorption peak at 2100 cm− 1, attributed to azide 
stretching (Fig. 1B), confirming the successful functionalization. This 
finding was further confirmed by UV/Vis spectra of ALG-Az and GEL-Az 
solutions in the presence of DBCO (Fig. 1C): the decreased intensity of 
the absorption band intensity of free DBCO at 308 nm suggested its 
partial reaction with azide groups.

The Ca2+ ionic crosslinking ability of ALG-Az versus alginate solu
tion was assessed by measuring the diameter (Supplementary Fig. S3A) 
and circularity (Supplementary Fig. S3B) of microbeads, formed by 
dropping solutions into a 0.1 M CaCl2 coagulation bath, by brightfield 
microscopy analysis. Calcium ion-crosslinking of ALG-Az solution drops 
caused their gelation into microbeads with lower circularity (0.85 ±
0.03) and higher Feret diameter (3.01 ± 0.11 mm) than unmodified 
alginate microbeads (0.88 ± 0.01 and 2.51 ± 0.15 mm, respectively), 
attributed to their lower crosslinking degree.

3.2. Hydrogels design and physical characterization

Bio-orthogonal hydrogels (AG_Click) with two different DBCO:azide 
molar ratios (R0.5 and R1) were prepared via a catalyst-free SPAAC 
reaction between ALG-Az and GEL-Az conjugates and 4-arm-PEG-DBCO, 
dissolved in PBS, leading to triazole bond formation. The actual degree 
of chemical cross-linking can be precisely assessed by quantifying re
sidual azide groups in the hydrogel network through UV–Vis spectros
copy (Supplementary Fig. S4). Results showed that the effective reacted 
DBCO:azide molar ratios were 0.37 ± 0.2 and 0.81 ± 0.5 for the 

theoretical R0.5 and R1 formulations, respectively, confirming a high 
conversion efficiency (~74 % and ~81 %) in both conditions. Bio- 
orthogonal double cross-linked hydrogels (AG_DC) (Fig. 2) were pre
pared by additional crosslinking of alginate chains though calcium ions.

3.2.1. Hydrogel formation and viscoelastic properties
Rheological studies were performed to analyze hydrogels formation 

and determine their viscoelastic response. Time sweep tests of hydrogels 
precursors were performed to inform on the kinetics of SPAAC-mediated 
cross-linking: for all tested formulations, the storage modulus (G′) 
rapidly increased reaching a plateau value in about 20 min 
(Supplementary Fig. S5A). AG_Click(R1) hydrogels exhibited a shorter 
cross-over (i.e., G’ = G″) time (112 ± 3 4 s) compared to AG_Click(R0.5) 
hydrogels (192 ± 72 s), and a higher G′ plateau value, attributed to the 
higher DBCO:azide ratio and higher cross-linking density of the formers 
(Supplementary Fig. S5B). Frequency sweep tests showed that hydrogels 
displayed a predominantly elastic behavior (G’ > G″) across frequencies 
from 1 to 100 rad/s (Fig. 3A). The Young’s modulus (E), derived from G′ 
and G″ values at 1 Hz (i.e., 6.28 rad/s), increased as a function of DBCO: 
azide ratio, from 1.5 ± 0.2 kPa for AG_Click(R0.5) to 7.6 ± 1.1 kPa for 
AG_Click(R1), suggesting an increase in cross-linking density. Particu
larly, stiffness of AG_Click(R1) closely matched the one reported for 
native cardiac tissue (~10–30 kPa) (Fig. 3B) [24]. The addition of ionic 
cross-linking significantly increased the elastic modulus of AG_DC(R0.5) 
hydrogel, reaching a value of 3.8 ± 0.1 kPa, while had a negligible effect 
on the stiffness of AG_DC(R1) samples (7.7 ± 0.8 kPa). The loss tangent 
(tan δ = G’’/G′) at 1 Hz provides an indication on viscoelastic properties. 
As shown in Supplementary Fig. S6, AG_Click(R0.5) hydrogels showed 
higher tan δ values (0.06 ± 0.03) than AG_Click(R1) hydrogels (0.005 ±
0.002). Double cross-linking increased the loss tangent of AG_DC(R1) 
hydrogels (0.019 ± 0.005) respect to AG_Click(R1) samples (0.005 ±
0.002) while did not significantly affect the loss tangent of AG_DC(R0.5) 
versus AG_Click(R0.5) hydrogels. Further insights on the viscous stress 
dissipation, determining viscoelastic properties of hydrogels, were 
gathered by shear stress relaxation tests (Fig. 3C). Chemically 
cross-linked polyacrylamide hydrogels with a prevalent elastic response 
and negligible stress relaxation were tested as a reference. 
Bio-orthogonal alginate-gelatin hydrogels exhibited viscous stress 
dissipation mediated by their dynamic viscoelastic network, showing a 
decrease in shear stress over time (Fig. 3C). Notably, AG_Click(R0.5) had 
a faster relaxation time (τ1/2; 280 ± 74 s) compared to AG_Click(R1) 
(598 ± 92 s), as an effect of the lower cross-linking degree. The addition 
of reversible ionic interactions to get double cross-linked hydrogels 
significantly reduced τ1/2 for both AG_DC(R0.5) (154 ± 10 s) and AG_DC 
(R1) (273 ± 33 s).

3.2.2. Physicochemical properties and microstructure
The swelling and degradation behavior of AG_Click and AG_DC 

hydrogels was monitored over 28 days in PBS (pH 7.4, 37 ◦C) and in PBS 
supplemented with type II collagenase (2.5 U/mL). As shown in Fig. 4A, 
AG_Click(R0.5) hydrogels exhibited a progressive swelling increase from 
82 ± 7 % at day 1 to a peak of 138 ± 8 % at day 21, followed by a slight 
reduction to 62 ± 17 % at day 28 in PBS. When incubated in collagenase, 
AG_Click(R0.5) hydrogels showed higher initial swelling (100 ± 6 % at 
day 1), but underwent complete degradation within 7 days. AG_Click 
(R1) hydrogels displayed a lower swelling percentage at day 1 (57 ± 0.4 
%), which remained stable up to day 28 in PBS (51 ± 8 %), while in 
collagenase they showed a maximum swelling of 114 ± 8 % at day 7, 
followed by a progressive degradation, reaching a 72 ± 10 % weight loss 
at day 28.

Double cross-linked hydrogels initially presented reduced swelling 
compared to AG_Click samples, with differences progressively 
decreasing in PBS over time, and showed enhanced stability in the 
presence of collagenase. AG_DC(R0.5) hydrogels reached a swelling 
percentage of 135 ± 12 % at day 21 in PBS, slightly decreasing to 64 ±
10 % at day 28. In collagenase, they displayed a maximum swelling of 

Table 2 
Intrinsic viscosity and viscosity-average molecular weight (Mη) of alginate and 
gelatin.

Sample Intrinsic viscosity (cm3/g) Mη (kDa)

Alginate 1187 ± 78 462 ± 78
Gelatin 14 ± 3 54 ± 13
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141 ± 11 % at day 7, then gradually degraded with complete weight loss 
within 21 days. AG_DC(R1) hydrogels showed minimal swelling at day 1 
(35 ± 1 %), which progressively increased to 63 ± 6 % by day 21 in PBS, 
and remained stable. Under collagenase conditions, these hydrogels 
reached a maximum swelling of 82 ± 13 % at day 7, followed by a 
controlled degradation, resulting in 58 ± 10 % weight loss by day 28.

The microstructure of the AG_Click and AG_DC hydrogels was 
analyzed to evaluate the impact of different cross-linking strategies. 
Supplementary Fig. S7 shows SEM images of fractured sections of the 
freeze-dried hydrogels. AG_Click(R0.5) (Fig. S7A) exhibited a more 
porous structure with larger and interconnected pores compared to the 
more densely packed structure of AG_Click(R1) hydrogel (Fig. S7C), 
where slightly smaller pores were observed, consistent with its higher 
cross-linking degree. The double cross-linked AG_DC formulations 
(Fig. S7B and S7D) showed a slightly denser pore network compared to 
AG_Click samples.

3.3. Culture tests with human cardiac fibroblasts

3.3.1. Hydrogels biocompatibility and substrate-mediated cell spreading
To assess the potential of the developed bio-orthogonal alginate- 

gelatin hydrogels to be exploited as scaffolds for cardiac tissue engi
neering, their in vitro cytocompatibility and ability to promote cell 
adhesion were studied using HCFs and H9C2 rat cardiomyoblasts. 
Cytocompatibility was evaluated following ISO 10993–5 guidelines 
through a direct contact test, with HCFs directly cultured on the 
hydrogel sample surface. As shown in Fig. 5A, viability of HCFs cultured 
on chemically cross-linked and double cross-linked hydrogel sample 
surface was higher than 80 % compared to control conditions (i.e. cells 

cultured on standard 2D cell culture plates) and showed a slight increase 
from 1 to 7 day-culture time. Interestingly, HCF viability on AG_DC(R1) 
samples achieved the highest values (>100 %). Immunofluorescence 
analysis of both HCFs (Fig. 5B) and H9C2 cells (Supplementary Fig. S8) 
by nuclei/F-Actin staining after 7 days culture showed that the hydro
gels supported cell attachment and spreading of different types of car
diac cells. In order to test the effect of hydrogel stiffness and 
viscoelasticity on HCF behavior, the spreading area of HCFs cultured at 
low-density (10000 cells/cm2) on viscoelastic bio-orthogonal alginate- 
gelatin hydrogels and control elastic hydrogels, based on gelatin- 
functionalized polyacrylamide with low (pAAm_LS, 2 kPa) and high 
stiffness (pAAm_HS, 8 kPa), was assessed. The spreading area of isolated 
cells was measured to avoid the influence of cell-cell contact, through 
phalloidin staining of F-actin filaments. As shown in Fig. 5C, cell 
spreading area was higher on elastic pAAm_HS gels (E ~ 8 kPa) 
compared to pAAm_LS gels (E ~ 2 kPa), where HCFs showed a preva
lently rounded shape (1321 ± 403 μm2 versus 727 ± 325 μm2, respec
tively). Stress-relaxing soft AG_Click(R0.5) hydrogels (E ~ 2 kPa; τ1/ 

2–280 s) promoted cell elongation and significantly higher cell spreading 
area (898 ± 394 μm2) compared to elastic pAAm_LS hydrogels. On the 
other hand, cells on AG_DC(R0.5) hydrogels, which displayed both 
increased stiffness and relaxation (E ~ 4 kPa; τ1/2–154 s), exhibited a 
slightly reduced spreading area (848 ± 325 μm2). Finally, concerning 
the stiffer viscoelastic formulations, both AG_Click(R1) (E ~ 8 kPa; τ1/ 

2–598 s) and AG_DC(R1) (E ~ 8 kPa; τ1/2–270 s) promoted cell elon
gation with higher cell spreading areas of 904 ± 492 μm2 and 940 ±
460 μm2, respectively, compared to the soft viscoelastic hydrogels. 
Conversely, cells on stiff, stress-relaxing hydrogels exhibited a signifi
cantly lower spreading area compared to the elastic pAAm_HS control 

Fig. 1. Synthesis and characterization of alginate-azide and gelatin-azide conjugates. (A) Reaction scheme of azido-PEG3-amine conjugation on available 
carboxyl groups of alginate and gelatin through EDC/NHS coupling in MES buffer at room temperature. (B) ATR-FTIR spectra of freeze-dried ALG-Az and GEL-Az 
compared to alginate and gelatin powders in the 2750–750 cm− 1 wavenumber range. (C) UV–Vis spectra in the 250–350 nm wavelength range of DBCO-PEG4-amine, 
ALG-Az + DBCO-PEG4-amine and GEL-Az + DBCO-PEG4-amine solutions. The amount of azide groups in ALG-Az and GEL-Az was quantified through the decrease of 
the absorbance intensity band of DBCO-PEG4-amine at 308 nm.
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gels, but with a more asymmetrically elongated shape as demonstrated 
by reduced cell circularities (Supplementary Fig. S8).

3.3.2. Cell encapsulation
To evaluate the suitability of the developed bio-orthogonal alginate- 

gelatin hydrogels for 3D cell cultures, HCFs were encapsulated within 
AG_DC(R1) hydrogel. This formulation was selected based on its bio
mimetic properties, such as cardiac tissue-like stress relaxation and 
stiffness. As shown in Fig. 6, encapsulated HCFs exhibited high viability 
(>85 %) when cultured for 1, 3, and 7 days within the hydrogel, as 
assessed by Live/Dead assay.

4. Discussion

The design of biomimetic hydrogels able to replicate the dynamic 
viscoelastic properties of the native myocardium represents a major 
challenge in cardiac tissue engineering [4,45,46]. Indeed, hydrogels 
have been commonly designed to replicate cardiac tissue-like stiffness 
only, failing to reproduce the typical heart stress relaxation behavior 
[11,47]. Another concern in hydrogel design has been the adoption of 
potentially cytotoxic cross-linking methods, which may interfere with 
the biological environment. Recent advances in bio-orthogonal cross-
linking reactions have provided new approaches for rapid and 
cell-friendly cross-linking of hydrogels under physiological conditions 
[48]. Additionally, chemical and ionic double cross-linking has been 
proposed to improve hydrogel stability and achieve tunable viscoelastic 
properties of alginate hydrogels, which are among the most investigated 
for cardiac regeneration [49–51]. Furthermore, the lack of bioactivity in 
alginate hydrogels has been frequently addressed by the incorporation 
of gelatin, which provides RGD motifs to promote cell adhesion and 
proliferation while retaining alginate structural benefits [52,53].

In this study, we designed novel double cross-linked alginate-gelatin 

hydrogels through bio-orthogonal SPAAC chemistry and calcium ion 
cross-linking for next exploitation in cardiac tissue engineering. This 
approach uniquely combined the tunable viscoelastic properties of 
double cross-linked alginate network with the bioactivity of gelatin, 
highlighting the role of viscoelasticity on 2D cell attachment and 
spreading of HCFs and providing a cell-friendly approach for perspective 
3D cell cultures.

The controlled chemical functionalization of alginate and gelatin 
was crucial for hydrogel development. Due to batch-to-batch variability 
of natural polymers, we first characterized their molecular weights (462 
kDa for alginate and 54 kDa for gelatin) to ensure consistency in ex
periments [54,55]. For the synthesis of ALG-Az, we employed the 
EDC/NHS coupling protocol reported by Moody and co-authors [40], 
achieving a degree of substitution of ~11 %, without impairing the ionic 
cross-linking capacity of alginate. GEL-Az was prepared by a green 
organic-free EDC/NHS coupling reaction, which represents an 
advancement compared to previously reported methods making use of 
organic solvents [56]. The degree of substitution of GEL-Az (~28 %) was 
optimized to ensure effective incorporation of azide functionalities 
while maintaining gelatin bioactivity. Subsequently, for hydrogels 
development, ALG-Az/GEL-Az 20/80 (w/w) composition was selected 
to balance gelatin bioactivity and alginate structural support [53,57,
58]. The addition of 4-arm-PEG-DBCO to ALG-Az and GEL-Az containing 
solutions at two different DBCO:azide molar ratios (R0.5 and R1) 
allowed SPAAC-mediated cross-linking, with complete gelation in 
approximately 20 min. UV–Vis analysis confirmed efficient 
cross-linking, with effective reacted ratios of 0.37 and 0.81 for R0.5 and 
R1, respectively, supporting the ability to modulate network density via 
formulation design. Gelation was faster compared to previously devel
oped alginate-based hydrogels cross-linked through other 
bio-orthogonal approaches, such as the Diels-Alder reaction, which 
takes hours to reach completion [12]. The quick and efficient SPAAC 

Fig. 2. Design of bio-orthogonal viscoelastic alginate-gelatin hydrogels. Bio-orthogonal hydrogels were prepared via a catalyst-free strain-promoted azide- 
alkyne click reaction (SPAAC) between azides groups on ALG-Az and GEL-Az, with DBCO end groups of a 4-arm cross-linker (4-arm-PEG-DBCO). Double cross- 
linked hydrogels were obtained by further calcium ionic crosslinking of alginate strands in chemically cross-linked hydrogels.
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reaction is advantageous for a variety of biomedical applications, 
including injectable hydrogels with/without 3D cell encapsulation 
and/or bioprinting, where prolonged cross-linking times could nega
tively impact cell viability and/or the material supporting properties 
[31,59]. Although SPAAC chemistry offers remarkable selectivity and 
cytocompatibility, the use of strained cyclooctynes such as DBCO can 
still be limited by their synthetic complexity and cost. However, recent 
studies have reported increasingly efficient and scalable synthetic routes 
for these moieties, supporting their future large-scale applicability in 
translational contexts [60,61]. By tuning the molar ratio of DBCO:Azide 
(R0.5 and R1), we achieved not only rapid cross-linking but also the 
ability to finely tune the network viscoelastic properties. Controlling the 
stiffness of hydrogels is crucial in tissue engineering, as it significantly 
impacts cell adhesion, migration, and differentiation [11,44,62,63]. The 
frequency sweep tests (Fig. 3A) showed that all formulations exhibited 
predominantly elastic behavior (G’ > G″) across a range of frequencies 
(1–100 rad/s), confirming the efficiency of the SPAAC reaction in 
forming a stable hydrogel network [18,31,64,65]. Rheological analysis 
also showed that increasing DBCO:Azide ratio from 0.5 to 1 enhanced 
hydrogel stiffness, as evaluated through the Young’s modulus (Fig. 3B), 
from ~2 kPa for AG_Click(R0.5) to ~ 8 kPa for AG_Click(R1), thereby 
reaching similar values to those reported for cardiac tissue (~10 kPa) 

[62,66]. Changes in stiffness were attributed to a different cross-linking 
degree of the hydrogel samples.

The introduction of double ionic and covalent cross-linking impacted 
the mechanical properties, particularly of AG_DC(R0.5) hydrogels, 
leading to a significant increase in the elastic modulus (~4 kPa) 
compared to chemically cross-linked AG_Click(R0.5) hydrogels (~2 
kPa) (Fig. 3B). This effect was less pronounced in the AG_DC(R1) 
formulation, suggesting that the contribution of ionic cross-links was 
more substantial in the hydrogel with lower chemical cross-linking 
density. Conversely, in AG_DC(R1) formulation, the covalent network 
dominated the elastic response, limiting the influence of additional ionic 
cross-linking. However, in both AG_DC(R1) and AG_DC(R0.5) hydrogels, 
ionic cross-linking enhanced the viscoelastic behavior, by increasing loss 
tangent values (δ = G”/G’; Supplementary Fig. S5). AG_DC(R1) hydro
gels resulted particularly interesting as their stiffness and viscoelasticity 
could be separately tuned through chemical and ionic cross-linking 
respectively, to mimic the dynamic mechanical response of cardiac tis
sue [12,64]. Indeed, while most research in cardiac tissue engineering 
has been focused on tailoring hydrogel stiffness only, recent studies have 
highlighted the importance of viscoelasticity response in influencing key 
cellular processes, such as cell spreading, cytoskeletal organization, 
differentiation and ECM remodeling [8–10]. Hence, in this work, the 

Fig. 3. Rheological characterization of alginate-gelatin hydrogels. (A) Storage modulus (G’, continuous line) and loss modulus (G”, dotted line) of alginate- 
gelatin hydrogels (AG) as a function of angular frequency (n = 3). (B) Young’s Moduli (kPa) calculated from G’ and G’’ values at 1 Hz in (A), as previously re
ported [42](n = 3). (C) Shear stress relaxation of alginate-gelatin hydrogels and polyacrylamide hydrogels (pAAm) as elastic control samples (n = 3). (D) Relaxation 
time (τ1/2), i.e., the time at which the shear stress relaxed to half of its original value, derived from stress relaxation tests in (C) (n=3). Statistical differences between 
the groups were determined with one-way ANOVA followed by the Tukey’s post hoc test for multiple comparisons. (*) refers to AG_Click (R0.5) comparisons, (#) 
includes all other comparisons. *p < 0.05, **p < 0.01, ***p < 0.001. ###p < 0.001, ####p < 0.0001.
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stress relaxation properties of alginate-gelatin hydrogels were system
atically evaluated to investigate their potential for mimicking the me
chanical properties of cardiac ECM (Fig. 3C and D). Polyacrylamide 
hydrogels (pAAm) were chosen as reference pure elastic materials, 
having predominant elastic response and minimal stress relaxation [11]. 
All tested alginate-gelatin hydrogels exhibited viscoelastic properties 
with stress relaxation response over time, including chemically 
cross-linked AG_Click hydrogels. Indeed, chemical cross-linking through 
SPAAC reaction contributed to the formation of stable covalent bonds, 
which are critical for hydrogel elastic properties, preventing plastic 
deformation under stress. However, the resulting covalent hydrogels 
retained the inherent viscoelastic properties of natural polymers, 
particularly of gelatin, with chain segments between cross-links under
going unfolding and conformational changes under mechanical stress, 
allowing for energy dissipation [6,67–69]. Particularly, the low func
tionalization degree of both alginate (DSalg% ~11 %) and gelatin 
(DSgel% ~28 %) with azide groups exposed through PEG spacers and the 
use of a cross-linking agent with flexible PEG segments 
end-functionalized with reactive DBCO (4-arm-PEG3-DBCO) together 
contributed to modulate the hydrogel network mesh size, leading to long 
and flexible chain segments among the cross-links. Indeed, previous 
studies have shown that lower cross-linking density of flexible polymer 
chains enhances stress relaxation [67,69] and causes faster viscous 
dissipation [11,70]. Finally, the introduction of ionic cross-linking in 
AG_DC formulations further amplified the stress relaxation response, 
thanks to the “zipping-unzipping” mechanisms of calcium ions by algi
nate strands under shear stress [11,12]. This was particularly evident for 
AG_DC(R0.5) formulations where the less densely cross-linked network 
allowed for higher diffusion of calcium ions, strengthening the role of 
ionic interactions in stress relaxation. However, the external ionic 
cross-linking method herein employed, based on diffusion, lacks precise 
control over calcium ion concentration. Future studies will address this 
limitation obtaining more controlled and homogeneous ionic in
teractions through an internal cross-linking mechanism making use of 
calcium sulfate or calcium carbonate [11,71].

Alginate-gelatin hydrogels demonstrated structural stability under 
physiological-like conditions up to 28 days (PBS, 37 ◦C), with additional 
presence of collagenase to simulate enzymatic degradation (Fig. 4A). 
Swelling and degradation behavior was dependent on cross-linking de
gree: AG_Click(R0.5) showed progressive swelling until day 21, then a 
reduction of wet weight by day 28, likely due to mild hydrolytic 
degradation of gelatin chains partially stabilized by the covalently cross- 
linked alginate [56,72]. AG_Click(R1) instead maintained nearly 

constant weight throughout, confirming the stabilizing effect of higher 
cross-linking density. AG_DC samples showed reduced swelling in PBS 
initially, but converged to values similar to AG_Click beyond 14 days, 
suggesting progressive calcium ion leaching. Nevertheless, calcium ions 
improved long-term stability and delayed degradation in collagenase, 
especially within the first 7–14 days. These observations support the 
importance of double cross-linking in stabilizing the network, while 
highlighting the limitations of external ionic cross-linking, which is 
prone to ion diffusion. Overall, these results confirm that double 
cross-linked hydrogels provided an effective stability under physiolog
ical conditions and controlled enzymatic degradability, which are 
crucial for in vivo applications in cardiac tissue engineering. Further
more, other studies have proposed 4-arm-PEG-DBCO cross-linkers 
incorporating hydrolysable or photodegradable sequences, which 
could also be exploited in this system to introduce an additional dy
namic control on network degradation [56,73]. Hydrogel cross-linking 
via SPAAC reaction caused the release of only a low fraction of 
un-reacted gelatin (<10 %) (Fig. 4) during incubation in PBS, demon
strating the efficient and stable incorporation of bioactive gelatin within 
the hydrogel networks. SEM microstructural analysis of samples 
(Supplementary Fig. S7) was performed upon hydrogel dehydration 
through freeze-drying. Although freeze-drying alters the substrate 
morphology by introducing microporosities through ice crystal subli
mation, SEM analysis could provide an indication on the presence of an 
adequate porous volume within the original hydrogels to favor nutrient 
and oxygen diffusion.

Once demonstrated the ability of bio-orthogonal alginate-gelatin 
hydrogels to mimic the viscoelasticity of cardiac ECM microenviron
ment and their adequate stability in physiological-like conditions, bio
logical investigations were performed by the 2D culture of HCFs and 
H9C2 cardiomyoblasts. Cardiac fibroblasts were selected as they are 
highly mechanosensitive and play a fundamental role in myocardial 
homeostasis and repair by responding to biochemical and mechanical 
cues of the surrounding matrix [63]. All hydrogel formulations sup
ported HCFs viability (Fig. 5A) and spreading (Fig. 5B), attributed to the 
bioactivity of gelatin, the main hydrogel component (80 % of the total 
composition) [53,66]. AG_Click(R1) and AG_DC(R1) showed enhanced 
ability to support HCF culture, attributed to their additional biomimetic 
stiffness (~8 kPa). The observed cell viability and spreading were 
further confirmed using H9C2 cardiomyoblasts, which successfully 
adhered and elongated on AG_DC(R1) hydrogels (Supplementary 
Fig. S9), highlighting the cytocompatibility of the system for different 
types of cardiac cells. Most mechanotransduction studies presented in 

Fig. 4. Physicochemical properties of alginate-gelatin hydrogels. (A) Swelling/degradation percentage of AG_Click and AG_DC hydrogels incubated in PBS and 
PBS with type II collagenase (2.5 U/mL) at 37 ◦C for up to 28 days (n = 3). Positive values indicate swelling, while negative values correspond to weight loss due to 
degradation. (B) Cumulative gelatin release (wt%) from hydrogels after 1, 3, 7 and 14 days in PBS at 37 ◦C (n = 3). Percentages are referred to the total amount of 
gelatin within the samples.
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literature, have investigated the influence of substrate viscoelasticity on 
mesenchymal stem cells (MSCs) behavior and differentiation [11,21]. 
Similar studies are currently missing in cardiac tissue engineering, 
highlighting the novelty of the present study in addressing a significant 
gap in cardiac tissue engineering. Particularly, understanding HCF re
sponses to viscoelastic substrates could provide important insights into 
their proper design [63]. Low-density cultures of HCFs on hydrogels 
revealed important insights into how substrate stiffness and viscoelas
ticity mediated cell spreading (Fig. 5C). Polyacrylamide gels (pAAm) 
with cardiac tissue-like stiffness and coated with Matrigel were previ
ously reported by Kurotsu and co-workers [44] and herein exploited as 
control elastic substrates following their functionalization with gelatin 
instead of Matrigel. As expected, HCF spreading was enhanced in stiffer 
hydrogels, such as pAAm_HS (8 kPa) and both AG_Click(R1) and AG_DC 
(R1)hydrogels rather than on soft pAAm_LS (2 kPa), where rounded cells 
were instead observed, attributed to a reduction in actomyosin traction 
force on the soft substrates [10,74,75]. On the other hand, soft AG_Click 
(R0.5) (~2 kPa) promoted significantly greater cell spreading than soft 
pAAm_LS, attributed to their stress-relaxation properties. This result 

supports recent findings showing that viscoelastic substrates allow cells 
to more effectively yield and remodel their surrounding matrix, and to 
elongate, even in the absence of biomimetic stiffness [10,11]. While 
stress relaxation enhanced cell spreading on soft AG_Click(R0.5) 
hydrogels, higher stiffness of double cross-linked AG_DC(R0.5) hydro
gels (~4 kPa) could slightly improve cell elongation, although with a 
minimal effect on spreading. The effect of stiffness and viscoelasticity on 
cell behavior was even more evident by comparing stiff elastic pAAm_HS 
and stiff stress relaxing AG_Click(R1) and AG_DC(R1) hydrogels. In 
agreement with previous findings, the biomimetic stiffness and 
stress-relaxation behavior of AG_Click(R1) and AG_DC(R1) hydrogels 
synergistically contributed to support cellular response compared to 
pAAm_HS hydrogels [10,70]. As shown by single-cell snippets in Fig. 5C, 
cells on stiff stress relaxing AG_Click(R1) and AG_DC(R1) hydrogels 
showed reduced cell spreading area but increased elongation, with 
spindle-like morphologies (quantified in terms of reduced circularity 
(Supplementary Fig. S9), compared to cells cultured on purely elastic 
substrates. These results indicated that while cell spreading is critical for 
actin organization, elongation can occur independently, with cells 

Fig. 5. In vitro hydrogels biocompatibility and substrate-mediated cell spreading. (A) Direct cytocompatibility tests of human cardiac fibroblasts (HCFs), 
evaluated at 24 h and 7 days by 2D seeding on hydrogels. Controls are represented by cells cultured in a standard tissue culture plate (n = 3). (B) Nuclei/F-actin 
staining of HCFs at 7 days for adhesion and morphological evaluation (scale bars = 100 μm). (C) On the left, representative images of cells plated on different 
hydrogels, taken after 24 h. Actin is depicted in green; the nucleus is depicted in blue (scale bar = 25 μm). On the right, quantification of HCFs cell-spreading area as a 
function of hydrogels elastic modulus for cells on low stiffness elastic (pAAm_LS), high stiffness elastic (pAAm_HS) or stress-relaxing (AG) substrates (n = 58–122). 
Statistical differences between the groups were determined with one-way ANOVA followed by the Tukey’s post hoc test for multiple comparisons. (*) refers to 
pAAm_LS comparisons, (#) includes all other comparisons. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ####p < 0.0001.
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adopting an elongated morphology without necessarily increasing their 
area [76,77]. Indeed, previous studies showed how viscoelastic matrices 
can lead to morphological instability and break the spherical symmetry 
of cells compared to elastic substrates where cells increase in size 
maintaining higher circularity [78]. Although results from this work 
suggested a viscoelasticity-mediated response of HCFs, future in
vestigations will be performed to clarify the underlying cellular mech
anisms by studying specific pathways with well-known roles in 
mechanosensing, such as yes-associated protein (YAP) and the tran
scriptional coactivator with PDZ-binding motif (TAZ) activation.

Another key advantage of herein developed hydrogels, based on bio- 
orthogonal SPAAC chemistry, was their ability to support not only 2D 
cell culture but also 3D cell encapsulation. Particularly, the rapid gela
tion kinetics and minimal toxicity of SPAAC chemistry make such 
hydrogels promising for next exploitation as injectable hydrogels and/or 
engineered cardiac tissues [31,79]. As a proof-of-concept study, herein 
we investigated 3D cell culture on AG_DC(R1) hydrogel, due to its bio
mimetic properties for cardiac tissue engineering. HCFs were easily and 
uniformly encapsulated within AG_DC(R1) hydrogel and displayed high 
viability after 7 day culture time (Fig. 6). Future research will be 
addressed to study the behavior of other encapsulated cardiac cells, such 
as induced pluripotent stem cells-derived cardiomyocytes and/or their 
co-cultures with HCFs, optimizing cell density and maturation times to 
support cardiac tissue engineering.

5. Conclusions

In this study, novel bio-orthogonal double cross-linked alginate- 
gelatin hydrogels were developed with tunable viscoelastic properties, 
tailored for cardiac tissue engineering applications. Alginate-azide and 
gelatin-azide conjugates were first obtained and then mixed with 4-arm- 
PEG-DBCO, enabling hydrogel formation via bio-orthogonal SPAAC 
chemical cross-linking. Further ionic cross-linking of alginate chains 
allowed to obtain double cross-linked hydrogels. Hydrogel mechanical 
properties were thus modulated by varying DBCO:azide molar ratios 
between 0.5 and 1, with/without further addition of calcium ions. 
Resulting hydrogel stiffness was found to mainly depend on chemical 
cross-linking, and was only slightly affected by ionic cross-linking in 
hydrogels with low chemical cross-linking density (i.e., formulations 
obtained at DBCO:azide molar ratio equal to 0.5). On the other hand, 
hydrogel stress relaxation behavior was found to depend both on 
chemical cross-linking degree (i.e, DBCO:azide molar ratio) and ionic 
cross-linking, which further enhanced viscoelasticity through the so- 
called “zipping-unzipping” mechanism of calcium ions.

HCFs cultured on the surface of hydrogel samples showed a 
viscoelastic-dependent response: HCF adhesion was best supported by 
hydrogels with biomimetic stiffness (~8 kPa). Stress relaxing hydrogels 
promoted cell spreading on substrates with low stiffness, while reduced 
spreading area but increased asymmetric cell elongation was found on 
high stress relaxing hydrogels with biomimetic stiffness. AG_DC(R1) 

Fig. 6. Live/Dead assay on 3D HCF culture within AG_DC(R1) hydrogels. Fluorescence microscopy (A) maximum intensity projection and (B) volumetric dis
tribution images of Live/Dead assay at 1 day of culture (scale bar: 100 μm). (C) Cell viability percentage by Live/Dead assay at 1, 3 and 7 days of culture (n = 3).
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hydrogel was found to closely mimic the dynamic viscoelastic properties 
of cardiac ECM, well supporting HCF viability and spreading. Proof of 
concept studies demonstrated the viability of HCFs, 3D encapsulated 
within AG_DC(R1) hydrogel for 7 days.

Findings from this study highlighted the versatility of developed 
hydrogels in replicating cardiac tissue-like viscoelastic properties, 
paving the way towards their use as injectable formulations and/or 
bioprinted substrates for cardiac tissue engineering.

Future studies will explore specific cell mechanotransduction path
ways, such as YAP/TAZ activation, to provide more insights on the role 
of viscoelasticity in guiding cardiac cellular behavior.
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