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Abstract
Cardiovascular diseases represent a global challenge due to heart-limited regenerative 
capabilities. 3D-bioprinted cell-laden constructs are a promising approach as cardiac 
patches or in vitro models. However, developing bioinks with optimal mechanical, 
rheological, and biological properties remains challenging. Although alginate (Alg)-
based bioinks have been extensively explored, such hydrogels lack cell adhesion 
properties and degradability. Additionally, 3D Alg structures are usually obtained by 
microextrusion bioprinting, exploiting conventional external crosslinking methods, 
which introduce inhomogeneities and unpredictability in construct formation. This work 
exploits Alg internal ionic gelation mechanism to obtain homogeneous self-standing 
multilayered 3D-printed constructs without employing support baths or post-printing 
crosslinking treatments. Alg was blended with oxidized alginate (ADA) and gelatin (Gel) 
to achieve degradable and cell-adhesive hydrogels for cardiac tissue engineering. Firstly, 
ADA/Alg bioink composition was tailored to achieve cardiac tissue-like viscoelastic 
properties. Then, the amount of Gel in ADA/Alg hydrogels was optimized to support 
cell adhesion, producing shear thinning inks with tunable viscoelastic properties 
(storage modulus [G’]: 650–1300 Pa) and degradation profile (40–80% weight loss after 
21 days in phosphate-buffered saline [PBS]) by varying Gel concentration. ADA/Alg/Gel 
hydrogels displayed shear thinning behavior, suitable for 3D bioprinting depending on 
the ink stabilization time, due to the gradual pH-triggered release of calcium ions over 
time. Adult human cardiac fibroblast (AHCF) and H9C2-laden ADA/Alg/Gel bioinks were 
successfully printed, producing scaffolds with high shape fidelity and good cell viability 
post-printing. Finally, the highest Gel content (25% [w/w]) supported cell adhesion 
after 24 h of incubation, displaying potential for cardiac tissue modeling. This research 
presents a comprehensive framework for advancing the design of bioink.

Keywords: Alginate dialdehyde; Gelatin; Bioink; Internal gelation;  
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1. Introduction
3D bioprinting has radically transformed the manufacturing 
process of scaffolds for tissue engineering (TE) applications 
by converting computer-aided design models into layered 
structures, bypassing traditional molding methods.1 Highly 
reproducible and customizable 3D-printed scaffolds 
can be employed as a potential approach to meet the 
increasing global demand for organ replacement and tissue 
regeneration.2,3 In this scenario, the heart ranks as the third 
most transplanted organ worldwide, primarily because it 
represents the only therapeutic option in case of end-stage 
heart failure due to its poor intrinsic regenerative capacity. 
In the last three decades, cardiac TE has emerged as a 
potential new therapeutic and in vitro modeling approach, 
based on the use of biomaterials, eventually combined 
with bioactive factors, with/without cells for regeneration.4 
3D-bioprinted constructs can be exploited as therapeutic 
patches5,6 to favor heart regeneration or as in vitro models 
of human cardiac tissue for preclinical validation of drugs 
and therapies, in agreement with the 3Rs principles.7

Among 3D bioprinting techniques, microextrusion 
bioprinting is based on the layer-by-layer deposition of 
cell-laden bioinks to create intricate 3D structures. This 
technique has emerged as a promising tool in TE, owing to 
its scalability, versatility, and the capability to incorporate 
various cell types, growth factors, and biomolecules within 
the bioink matrix.8 Microextrusion printing relies on 
hydrogels as ideal bioink materials for 3D printing cell-
laden constructs, allowing the production of hydrated 
constructs mimicking the natural extracellular matrix 
(ECM) of tissues.9 Despite considerable efforts, one key 
challenge in micro-extrusion bioprinting is the availability 
of suitable bioinks able to fulfill all the following 
requirements: (i) biocompatibility; (ii) biomimetic 
properties comparable to the ECM of the target tissue, in 
order to favor cell adhesion, spreading, and differentiation; 
(iii) controlled degradability, ideally matching the cell-
mediated ECM deposition rate; and (iv) proper rheological 
characteristics for printing.10-12

Among the materials investigated for microextrusion 
bioprinting applications, alginate (Alg) has been 
widely employed due to its tunable properties, cost-
effectiveness,10,11 non-immunogenicity, and non-
toxicity. Hence, Alg represents an excellent candidate for 
regenerative medicine and has been recently tested in 
preclinical research and clinical trials for cardiovascular 
diseases.12,13 Algysil-LVR (LoneStar Heart Inc., United 
States of America [USA]) is an Alg-based injectable 
hydrogel designed for the treatment of heart failure 
by reshaping the left ventricle geometry, preventing or 
reversing ventricular enlargement.12,14 Once injected, the 

biopolymer thickens and forms gel bodies that remain in 
the heart muscle as permanent internal support implants 
for the injured heart, preventing disease progression.12,14 
The device has been tested in three clinical trials: two were 
completed (ClinicalTrials.gov identifier: NCT00847964; 
NCT01311791 [AUGMENT-HF]) and one has been 
published but is still not recruiting (ClinicalTrials.gov 
identifier: NCT03082508 [AUGMENT-HF II]). However, 
Algysil-LVR is defined as a permanent device that only 
offers mechanical support to the left ventricle without 
providing full restoration of cardiac functionality.12,13

One of the most interesting properties of Alg is the 
ability to complex with divalent cations, particularly 
calcium ions, to form hydrogels through physical 
crosslinking under physiological conditions, forming an 
“egg box” model.15 Depending on the source of calcium 
ions, two different modes of ionic crosslinking have been 
investigated: internal and external methods.16-18 External 
gelation is characterized by the use of highly soluble 
calcium salts (i.e., CaCl2) and consists of the diffusion 
of multivalent cations from the outside into the Alg 
solution phase, forming a crosslinked Alg matrix. Most 
studies on microextrusion bioprinting of Alg bioinks have 
exploited such external mechanism.19-21 The use of external 
crosslinking leads to the formation of a non-homogeneous 
filament, characterized by a highly crosslinked surface, 
as the rapid gelation is confined at the interface between 
the calcium solution and Alg phase.22,23 Such highly 
crosslinked surface might affect the behavior of embedded 
cells, limiting the diffusion of nutrients and oxygen.24,25 
Moreover, the application of the external crosslinking 
technique is usually associated with the use of coagulation 
baths, in which the Alg phase is extruded. Such baths  
(e.g., freeform reversible embedding of suspended 
hydrogels [FRESH] printing19) physically support the 
extruded bioink filaments and allow crosslinking of 
its polymeric chains to obtain constructs with high 
shape fidelity and resolution. However, the use of such a 
support bath, which involves a microparticle slurry, adds 
complexity to the bioprinting process, as particle size and 
shape can significantly affect bioprinting resolution and 
the morphology of the printed filaments.26 Lastly, the use 
of external gelation can be a drawback for drug delivery 
applications, as the cargo embedded within the bioink 
might be partially released during the coagulation step.

Recently, internal gelation of Alg solutions has been 
studied to develop 3D self-standing constructs without 
the need for a support bath. Internal gelation involves the 
dispersion of water-insoluble calcium salt, such as calcium 
carbonate (CaCO3), within the Alg solution, followed by 
the gradual release of calcium ions through a decrease 
in pH that is induced by an acidic compound, usually 

http://ClinicalTrials.gov
http://ClinicalTrials.gov
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D-(+)-glucono-1,5-lactone (GDL).16,18 Internal gelation 
allows a more uniform distribution of multivalent cations 
within the Alg phase during gelation, resulting in a more 
homogeneous gel and allowing 3D printing of uniform 
self-supporting hydrogel fibers, without the need for post-
crosslinking or supporting materials or baths.27,28 However, 
internal crosslinking of Alg-based bioinks has been often 
used as a pre-crosslinking mechanism to improve the 
printability of the hydrogel by increasing its viscosity.22,29 
Hence, in such studies, an external gelation mechanism has 
been added to fully crosslink the construct and improve 
hydrogel stability. The application of the secondary 
external crosslinking mechanism can lead to the release 
of water-soluble components present in the bioink, such 
as proteins (e.g., gelatin or collagen) or small hydrophilic 
molecules (added for drug release applications).27,30 
Limited research has been conducted on solely utilizing 
internal crosslinking to print self-standing uniform Alg-
based 3D constructs.27,28 Remaggi et al. investigated the 
printability of Alg bioinks with CaCO3 and GDL to be 
used as a platform for the delivery of Epirubicin, a water-
soluble drug for the treatment of breast cancer.27 However, 
in that study, selected printing conditions comprised a 
curing time of three days at 2°C, which is not suitable for 
in vitro cell cultures. Sardelli et al. performed an extensive 
investigation on the printability of Alg inks by internal 
gelation, exploring the rheological properties of the 
material and fiber printability.28 Guagliano et al. recently 
developed a bioink composed of internally crosslinked 
Alg and ECM for bioprinting volumetric hepatic tissue 
models. The scaffold design was optimized to achieve 
14-layered printed constructs using internal gelation alone, 
demonstrating the bioink capability to support mid/long-
term cultures of human liver cancer cells (HepG2) in static 
conditions for up to 12 days.31-33

Although Alg has been extensively used for biomedical 
applications, it is limited by two main drawbacks: (i) 
poor in vivo degradability due to the lack of enzymes in 
mammals that can induce the degradation of Alg, and (ii) 
lack of adhesive moieties for cells.10,11 To overcome the first 
drawback, Alg dialdehyde (ADA), an oxidized form of 
Alg, has been obtained by partial oxidation with sodium 
metaperiodate.34,35 Literature studies suggested that ADA 
has a lower molecular weight (MW) compared to Alg, 
and its degradation occurs by alkaline β-elimination.34,35 
To improve cell adhesion and proliferation, Alg hydrogels 
have been previously blended with gelatin (Gel)36,37 and 
stabilized by an external physical gelation or a double 
crosslinking mechanism via chemical reactions (i.e., Schiff 
base formation between the aldehyde groups of ADA and 
the amino groups of Gel) and external ionic gelation.36,38,39 

Recently, Heid et al. evaluated the possibility of printing 

ADA/Gel hydrogels via an internal crosslinking mechanism 
through the incorporation of bioactive inorganic fillers that 
can slowly release bivalent calcium ions.40 Nevertheless, 
the addition of external gelation was necessary to achieve 
well-defined 3D-printed ADA/Gel constructs, and internal 
gelation only improved ADA/Gel in vitro stability for long 
periods (i.e., up to 21 days).

The novelty of this work lies in the combination 
of ADA, Alg, and Gel hydrogels with an internal 
crosslinking mechanism to develop bioinks for prospective 
applications in in vitro cardiac TE. Although studies have 
already investigated the use of internal gelation for Alg 
bioprinting,28,32,33 we reported the possibility of exploiting 
such crosslinking for ADA-based hydrogels, in combination 
with Alg and Gel, with ADA as the main component. 
Moreover, we investigated the possibility of applying 
these materials for the development of self-standing 
homogeneous structures for future applications in cardiac 
TE. Firstly, ADA/Alg hydrogel composition was optimized 
by varying the content of calcium ions (CaCO3) and GDL 
to achieve cardiac tissue-like viscoelastic properties. 
Then, the amount of Gel in ADA/Alg hydrogels was 
optimized to achieve tunable viscoelastic and degradation 
properties, cytocompatibility, and cell-adhesive properties. 
All hydrogel formulations were characterized through 
rheological and in vitro degradation studies. Three gelatin 
concentrations were then selected for 3D microextrusion 
printing, and material printability was investigated over 
time to evaluate the effect of time-dependent pH-triggered 
release of calcium ions. Specifically, the composition 
and crosslinking kinetics were fine-tuned to achieve an 
optimal printability window suitable for application in 
3D bioprinting (i.e., 15–90 min) without using curing  
or post-processing strategies. In vitro biocompatibility of 
the three hydrogel systems was investigated using adult 
human cardiac fibroblasts (AHCFs). Finally, as a proof of 
concept for cardiac TE applications, bioprinting of AHCF-
laden and H9C2-laden hydrogels was investigated, and cell 
viability after printing was studied.

2. Materials and methods
2.1. Materials
Sodium Alg (alginic acid sodium salt, medium viscosity) 
was purchased from MP Biomedicals (USA). Calcium 
carbonate (CaCO3), GDL (C6H1006), potassium iodide 
(KI), and soluble starch solution were obtained from Alfa 
Aesar (USA). Sodium metaperiodate (NaIO4; MW: 213.98), 
sodium chloride (NaCl), Gel (Bloom 300, Type A, porcine 
skin, suitable for cell culture), 2,4,6-trinitrobenzene 
sulfonate (TNBS), tert-butyl carbazate (t-BC), phosphate-
buffered saline (PBS) tablets, and Trypsin/EDTA solution 
were supplied from Sigma-Aldrich (USA). Dialysis 
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membrane tubings were acquired from Spectrum Lab 
(SpectrumTM Spectra/PorTM, New Zealand), based on 
regenerated cellulose with MW cut-off (MWCO) of 
6–8 kDa. Ethanol absolute, anhydrous ethylene glycol 
and hydrochloric acid (37% [w/v]) were obtained from 
Carlo Erba (Italy). Dulbecco’s modified Eagle medium 
(DMEM), fetal bovine serum (FBS), sodium pyruvate, and 
L-glutamine solution were acquired from GIBCO (USA). 
CellTiter Blue and CytoTOX-ONETM assay were acquired 
from Promega (USA). Live/DeadTM Viability/Cytotoxicity 
Kit was obtained from Invitrogen (USA).

2.2. Production and characterization of 
alginate dialdehyde

2.2.1. Production of alginate dialdehyde
Alginate dialdehyde (ADA) was prepared by controlled 
oxidation of sodium Alg via sodium metaperiodate 
according to the protocol by Sarker et al.41 Briefly, a 20% 
(w/v) sodium Alg dispersion in ethanol was prepared and 
stirred for 1 h at room temperature. A 0.3 M solution of 
sodium metaperiodate in deionized water was then added 
dropwise to the sodium Alg dispersion under magnetic 
stirring in the dark at room temperature. After 6 h, the 
reaction was quenched by adding 0.2% (v/v) ethylene 
glycol solution under continuous stirring for 30 min. 
The resulting solution was dialyzed (SpectrumTM Spectra/
PorTM membrane; MWCO: 6–8 kDa) in deionized water 
for seven days to remove all traces of unreacted sodium 
metaperiodate and then lyophilized.

Two methods were used to determine ADA degree 
of oxidation: an indirect and a direct method. For the 
indirect method, the degree of oxidation was determined 
by measuring the unreacted sodium metaperiodate before 
quenching the reaction with ethylene glycol. A soluble 
starch indicator solution was prepared by mixing equal 
volumes of KI (20% [w/v]) and soluble starch (1% [w/v]) 
solutions using PBS as the solvent. Reaction mixture 
(1 mL) was added to 250  mL of deionized water. Then, 
3 mL of the diluted solution was mixed with 1.5 mL of 
indicator solution and 0.5 mL of distilled water. The 
absorbance of the tri-iodine-starch complex was measured 
using a UV-Vis spectrophotometer (Varioskan LUX 
multimode microplate, Thermofisher, Italy) at 486 nm. 
The concentration of periodate in the sample was obtained 
using a calibration curve previously obtained with different 
concentrations of sodium metaperiodate (0.0016–0.02 mg/
mL). The difference between the initial and final amount of 
sodium metaperiodate corresponds to the hydroxyl groups 
converted into aldehyde groups.

For the direct method, the quantification of aldehyde 
groups was performed using the TNBS assay, following a 
protocol described by Wang et al.42 Briefly, 25 μL of ADA 

solution (1% [w/v]) was mixed with 25 μL t-BC (30 mM in 
acetic acid) and allowed to react overnight. Subsequently, 
0.5 mL of TNBS solution (6 mM in 0.1 M sodium 
bicarbonate) was added and allowed to react for 1 h. The 
reaction was quenched by adding 0.55 mL of HCl (0.5 N), 
and the absorbance was measured at 340 nm using the 
UV-Vis spectrophotometer (Varioskan LUX multimode 
microplate, Thermofisher, Italy). The concentration of 
unreacted t-BC was calculated using a calibration curve 
obtained using t-BC standards and aldehyde groups 
determined by calculating the reacted t-BC.

2.2.2. Determination of viscosity average 
molecular weight
The viscosity average molecular weight (Mv) of Alg and 
ADA was determined by viscometric analysis using an 
Ubbelohde viscometer (Poulten Selfe & Lee Limited, 
England).43 Briefly, Alg and ADA solutions were prepared 
at different concentrations (0.025–0.2 and 0.2–0.6% 
[w/v], respectively). Inherent and reduced viscosity were 
calculated and plotted against concentration. Finally, 
after checking the linearity, the intrinsic viscosity (η) was 
derived, and Mv was calculated according to the Mark-
Houwink-Sakurada equation (Equation I).44

	 [η] = K Mvα� (I)

where K = 0.0073cm3/g and α = 0.92 are the Mark-
Houwink-Sakurada parameters considered for Alg 
and ADA.44

2.2.3. Attenuated total reflectance Fourier transform 
infrared spectroscopy
Attenuated total reflectance Fourier transform infrared 
(ATR-FTIR) was carried out to investigate the formation 
of aldehyde groups in the Alg chains. The analyses were 
performed in a spectral range of 4000–600 cm−1 with 
a resolution of 4 cm−1 using ATR-FTIR Frontier FT-IR 
Perkin Elmer instrument (PerkinElmer Inc., USA).

2.2.4. Nuclear magnetic resonance 
spectroscopy analysis
13C cross polarization under magic angle spinning 
(CP-MAS) nuclear magnetic resonance spectroscopy 
(NMR) of Alg powder and ADA lyophilized samples 
was performed using a Bruker AVANCE III HD NMR 
spectrometer (Bruker, Germany) equipped with an 11.74 T 
superconducting magnet (500 MHz 1H Larmor frequency; 
Bruker, Germany) to investigate the presence of aldehyde 
groups. Moreover, Alg and ADA block composition (M/G 
ratios) was calculated from 13C CP-MAS NMR spectra 
deconvoluted using Gaussian and/or Lorentzian line 
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shapes.45 Thus, the M/G ratio was estimated according to 
Equation II:

	 M
G

ratio E F
D G H

=
+

+ +
� (II)

where E and F are the integrated intensities of 
signals at 76.4 and 71.6 ppm, respectively, to estimate 
the mannuronate content; and D, G, and H are the 
integrated intensities of signals at 82.8, 68.4, and 65.5 ppm, 
respectively, to estimate the guluronate content.

2.3. Hydrogel composition and preparation
All the hydrogels were obtained using a dual-syringe 
mixing method starting from 8% (w/v) Alg, ADA, and Gel 
stock solutions in PBS.

2.3.1. ADA/Alg hydrogels
The ADA/Alg hydrogels were optimized by varying the 
ADA:Alg polymer ratio (2:1 and 1:1) and the final CaCO3 
concentration (1.5, 3, and 6%), while keeping the GDL 
content (5% [w/v]) and the final polymer concentration 
(6% [w/v]) constant, as described in Table 1. Hydrogels 
were prepared in subsequential steps using the dual-
syringe luer-lock mixing method. Firstly, ADA and Alg 
solutions were mixed according to the specific ratio; CaCO3 
in powder form was then added and mixed thoroughly. 
Finally, an aqueous GDL solution was added to the ADA/
Alg/CaCO3 systems at a fixed proportion of 1:4 (GDL 
volume: total volume).

The GDL content was then optimized on ADA/
Alg_50/50_C6 hydrogels by varying the final GDL 
concentration (1, 1.5, 2, 2.5, and 5% [w/v]), keeping the 
total polymer (6% [w/v]) and CaCO3 concentrations (6% 
[w/v]) constant.

2.3.2. ADA/Alg/Gel hydrogels
Gelatin (Bloom 300, Type A, porcine skin; Merck, USA) 
was added to selected ADA/Alg_50/50 samples with 6% 

(w/v) CaCO3 and 1.5% (w/v) GDL final concentration. 
The Gel content of ADA/Alg/Gel samples was optimized, 
keeping the final ADA concentration at 3% (w/v) and 
varying Alg:Gel polymer weight ratios from 100:0 to 
50:50 (w/w), while maintaining the final concentration of 
Alg/Gel at 3% (w/v), as described in Table 2. ADA/Alg/
Gel hydrogels were produced as described in Section 
2.3.1 using the dual-syringe luer-lock mixing method. 
Specifically, Gel solution was mixed with ADA/Alg blend 
solution before the addition of CaCO3.

2.4. Rheological characterization
The rheological characterization of hydrogels (2 mm 
height) was performed at 37°C using an MCR 302 
rheometer (Anton Paar, Austria) equipped with a parallel 
plate geometry (25 mm diameter). Oscillatory time sweep 
analyses were performed immediately after component 
mixing at a frequency of 5 Hz and a strain of 1% to evaluate 
the gel point of the hydrogels. The gel point was calculated 
as the time in which storage modulus (G′) is equal to loss 
modulus (G″). Strain sweep analyses of hydrogels (2 mm 
height) were performed 2 h after hydrogel formation to 
ensure the complete crosslinking at a frequency of 5 Hz, 
varying the strain from 0.1 to 100% to determine the 
linear viscoelastic (LVE) region. Frequency sweep analyses 
of hydrogels (2 mm height) were performed 2 h after 
hydrogel formation to ensure the complete crosslinking 
at a constant strain of 1%, varying the frequency from 
0.1 to 100 rad/s, and were used to determine G′ and G″. 
The tests were performed in triplicate. Frequency analyses 
were used to estimate the elastic modulus (E), according to 
Equation III46:

	 E = 2G . (1 + v)� (III)

where ν is the Poisson’s ratio (i.e., 0.5 for alginate) and 
G is the storage modulus at 1 rad/s. Shear rate sweep tests 
were performed immediately after component mixing 
to investigate the non-Newtonian behavior of bioinks. 
Apparent viscosity (η) was recorded at selected time points 

Table 1. Composition of tested ADA/Alg hydrogels with varying ADA:Alg polymer ratio and CaCO3 (%w/v) concentration.

Code
Composition (wt%) Final concentration (% [w/v])

ADA Alg ADA Alg CaCO3 GDL

ADA/Alg_66/33_C1.5 66.6 33.3 4 2 1.5 5

ADA/Alg_66/33_C3 66.6 33.3 4 2 3 5

ADA/Alg_66/33_C6 66.6 33.3 4 2 6 5

ADA/Alg_50/50_C3 50 50 3 3 3 5

ADA/Alg_50/50_C6 50 50 3 3 6 5

Note: GDL (5% [w/v]) and total polymer (6% [w/v]) concentrations were kept constant. Abbreviations: ADA: Alginate dialdehyde; Alg: Alginate; GDL: 
D-(+)-glucono-1,5-lactone.
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(2, 10, 20, 30, 45, 60, and 90 min) by varying the shear rate 
from 0.1 to 500 1/s to investigate the flow properties of the 
ink during extrusion.

2.5. In vitro stability studies
In vitro stability analysis of ADA/Alg/Gel hydrogels was 
performed upon incubation in PBS at 37°C. Samples (0.5 
mL) were incubated in 500 µL PBS for 1, 5, 7, 14, and 21 
days. At each time point, the weight of the wet hydrogel 
(ws,t) was measured; the samples were then frozen at 
−20°C, lyophilized, and weighed again (wd,t). The wet 
weight variation percentage is defined in Equation IV:

	
Wetweight variation

w w
w

s t s

s

,

,
( ) = −

×0

0

100� (IV)

where ws,t is the weight of the swollen hydrogel and ws,0 
the initial wet weight of the hydrogel. The dry weight loss 
percentage at the time i was calculated using Equation V:

	
Dryweight loss

w w
w

d d t

d

, ,

,

( )= −
×0

0

100� (V)

where wd,t and wd,0 are the weight of the dried hydrogel 
at time t and 0, respectively.

2.6. Printing process and printability evaluation
The printability of hydrogels was evaluated using the 
RegenHU – 3DDiscoveryTM bioprinter (RegenHU, 
Switzerland) upon optimizing printing parameters. All 
printability tests were performed using cylindrical nozzles 
(250 μm inner diameter), at 37°C, a printing speed of 15 
mm/s, and minimal pressure (30–70 kPa) for continuous 
filament deposition.

To investigate hydrogel printability as a function of 
time, ADA/Alg/Gel_50/50/0, ADA/Alg/Gel_50/40/10, 
and ADA/Alg/Gel_50/25/25 were printed at selected time 
points (10, 20, 30, 45, 60, and 90 min) into square grid 
structures (15 × 15 mm2), with strand spacing of 2.5 mm. 
Brightfield images (4× magnification) were taken using 
a Nikon Eclipse Ti2 spinning disk confocal microscope 
equipped with NIS-Elements software (Nikon, Japan), and 
data were analyzed by ImageJ software. At the selected time 
points, two grids for each composition were printed; for 
each grid, five images were taken. The filament width of the 
printed structures was measured in five different locations 
for each collected image. Moreover, the filament spreading 
ratio (S),47 defined as the width of the printed filament 
divided by the needle diameter, and the printability index 
(Pr),48 defined by comparing the circularity of a square 
(π/4) with the outcome pores, were measured for each 
bioink at each time point using Equations VI and VII:

Spreading ratio S width of the printed filament
nozzledi

� � �
aameter �(VI)

	
Printability index Pr Pore perimeter

Pore Area
( ) =

2

16 � (VII)

Finally, to assess the possibility of developing self-
standing internally crosslinked structures using the 
optimized bioink, ADA/Alg/Gel_50/25/25 formulation 
was printed into 3D grid structures with square mesh 
geometry (strand distance: 5 mm), obtaining 3D square 
samples (10 × 10 mm2; five layers), and into hollow 3D 
cylindrical structures (diameter ∅: 3 mm; 10 layers).

Table 2. ADA/Alg/Gel hydrogel compositions investigated.

Code
Composition (wt.%) Final concentrations (% [w/v])

ADA Alg Gel ADA Alg Gel CaCO3 GDL

ADA/Alg/Gel_50/50/0 50 50 0 3 3 0 6 1.5

ADA/Alg/Gel_50/47.5/2.5 50 47.5 2.5 3 2.85 0.15 6 1.5

ADA/Alg/Gel_50/45/5 50 45 5 3 2.7 0.3 6 1.5

ADA/Alg/Gel_50/40/10 50 40 10 3 2.4 0.6 6 1.5

ADA/Alg/Gel_50/35/15 50 35 15 3 2.1 0.9 6 1.5

ADA/Alg/Gel_50/30/20 50 30 20 3 1.8 1.2 6 1.5

ADA/Alg/Gel_50/25/25 50 25 25 3 1.5 1.5 6 1.5

Note: The final content of ADA was kept constant at 3% (w/v); Alg:Gel polymer weight ratios varied from 100:0 to 50:50; the final content of Alg+Gel 
was equivalent to 3% (w/v); the final concentrations of CaCO3 and GDL were 6 and 1.5% (w/v), respectively. Abbreviations: Gel: Gelatin; ADA: Alginate 
dialdehyde; Alg: Alginate; GDL: D-(+)-glucono-1,5-lactone.
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2.7. In vitro biological characterization

2.7.1. Cell culture
AHCFs were purchased from Lonza (CC-2903; Lonza, 
Switzerland) and maintained in culture using Fibroblasts 
Growth Medium-3 (PromoCell, Germany) containing 
10% FBS, 1% (v/v) insulin, 1% (v/v) human basal fibroblast 
growth factor (hFGF-B), and 1% (v/v) gentamicin. Cells 
were expanded until the fourth passage and then used for 
experiments. H9C2 heart myoblasts were purchased from 
the American Type Culture Collection (ATCC, USA) and 
maintained in culture using DMEM, supplemented with 
10% FBS, 2% L-glutamine, 1% sodium pyruvate, and 
1% penicillin/streptomycin.

In vitro experiments with AHCFs were conducted in 
complete medium composed of DMEM, supplemented with 
10% FBS, 1% L-glutamine, and 1% penicillin/streptomycin, 
at 37°C in 5% CO2 atmosphere. In vitro experiments with 
H9C2 were conducted in a complete medium composed of 
DMEM, supplemented with 10% FBS, 2% L-glutamine, 1% 
sodium pyruvate, and 1% penicillin/streptomycin.

2.7.2. Indirect cell viability and cytotoxicity assays
In vitro cell viability by indirect contact with ADA/Alg/
Gel_50/50/0, ADA/Alg/Gel_50/40/10, and ADA/Alg/
Gel_50/25/25 hydrogels was studied using AHCFs following 
ISO 10993. AHCFs were seeded in a tissue culture 96-well 
at a cell density of 6 × 103 cells/well in a complete medium 
and maintained in a humified incubator at 37°C and 5% 
CO2. For each sample, hydrogels with 6.4 mm diameter 
and 2 mm thickness were prepared and incubated (37°C 
and 5% CO2) with 500 μL medium per 100 mg hydrogel for 
24 h. Eluates were then collected and added to the AHCF 
cultures. Then, AHCFs were cultured for 24 h at 37°C with 
5% CO2. After 24 h, cell viability and cytotoxicity were 
measured using Cell TiterBlue and CytoTox-ONETM assay, 
respectively. For cell viability, the control group consists of 
cells cultured in fresh complete medium. For cytotoxicity, 
the control group consists of cells cultured in fresh complete 
medium and treated with CytoTox-ONETM lysis solution 
(to achieve 100% cell death) according to manufacturer 
instructions. Samples were analyzed using a Varioskan 
spectrophotometer (Thermofisher, Italy) at excitation and 
emission wavelengths of 560 and 590 nm, respectively.

2.7.3. Cell printing
Bioprinting of ADA/Alg/Gel_50/50/0, ADA/Alg/
Gel_50/40/10, and ADA/Alg/Gel_50/25/25 hydrogels 
embedding AHCFs was investigated. Briefly, cultured 
AHCFs were detached using 0.05% Trypsin/EDTA and 
centrifuged. The cell pellet was resuspended in PBS and 
incorporated into bioinks at a concentration of 5 × 105 
cells/mL. Subsequently, for each bioink composition, two-

layered grid structures (10 × 10 mm2) with 2 mm strand 
spacing were printed using a RegenHU-3DDiscoveryTM 
bioprinter (RegenHU, Switzerland) with optimized 
parameters, including the printability window. Cell 
viability was investigated using the live/dead assay at 1 
and 24 h post-printing by culturing constructs in complete 
media at 37°C with 5% CO2.

As a proof-of-concept for cardiac TE, bioprinting of 
ADA/Alg/Gel_50/25/25 embedding H9C2 was investigated. 
Cultured H9C2 were detached using 0.05% Trypsin/EDTA 
and centrifuged. The cell pellet was resuspended in PBS 
and incorporated into bioinks at a concentration of 5 × 
105 cells/mL. Subsequently, two-layered grid structures 
(10 × 10 mm2) with 5 mm strand spacing were printed 
using the RegenHU-3DDiscoveryTM bioprinter (RegenHU, 
Switzerland) with optimized parameters, including the 
printability window. Cell viability was investigated using 
the live/dead assay at 1 and 24 h post-printing by culturing 
constructs in complete media at 37°C with 5% CO2.

2.8. Statistical analysis
All measurements were made in triplicate, and data 
are presented as the mean ± standard deviation. One-
way analysis of variance (ANOVA) was performed with 
GraphPad Prism 6 software; differences were considered 
statistically significant at p < 0.05. Tukey post-hoc test 
was conducted between two or more groups to determine 
if there were statistically significant differences between 
populations. In particular, *p < 0.05, **p < 0.01, ***p < 0.001,  
and ****p < 0.0001.

3. Results and discussion
This work aimed to develop novel bioinks based on a 
combination of ADA with Alg and Gel, exploiting an 
internal crosslinking mechanism to achieve 3D-printed 
cell-supporting and self-standing constructs without 
the need for a support bath or external crosslinking. 
Alg-based hydrogels were selected, as Alg has already 
been widely investigated for biomedical applications, 
specifically in cardiac regeneration.12,20 In this work, 
ADA was employed to improve the degradability of 
Alg. Firstly, ADA was combined with Alg, and internal 
crosslinking was exploited to achieve cardiac tissue-like 
viscoelastic properties, tailoring both the ADA/Alg ratio 
and calcium ion (CaCO3) content. GDL content was then 
optimized to reduce potential detrimental effects on cell 
viability caused by environmental acidification. Then, the 
incorporation of Gel within the ADA/Alg hydrogels was 
optimized to improve cytocompatibility and impart cell 
adhesive properties. Printability of ADA/Alg/Gel bioinks 
was investigated over time to evaluate the effect of time-
dependent pH-triggered release of calcium ions. Finally, 
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bioprinting of AHCFs-and H9C2/laden hydrogels was 
investigated, and cell viability after printing was studied.

3.1. ADA production and characterization
Alginate dialdehyde (ADA) was prepared via oxidation of 
Alg using sodium metaperiodate, achieving a production 
yield of 70 ± 5%. Oxidation reaction causes the cleavage of 
a carbon–carbon bond and the formation of two aldehyde 
groups.49,50 Following previous literature reports,41,50 
a theoretical oxidation degree of 25% was targeted by 
controlling the stoichiometric addition of NaIO4. ADA 
oxidation degree was measured by both indirect and direct 
methods. The indirect method was used as a preliminary 
assessment of the oxidation degree by measuring the 
amount of unreacted sodium metaperiodate.41,51 As 99% 
sodium metaperiodate was consumed in the reaction, 
the theoretical oxidation degree was calculated to be 23 ± 
1%. Conversely, the direct method is based on the direct 
quantification of aldehyde groups in ADA using the TNBS 
assay. This method yielded an oxidation degree of 25 ± 4% 
(mol aldehyde group/mol polymer).

The initial chemical characterization of ADA and Alg 
was analyzed using ATR-FTIR (Figure 1A). ATR-FITR 
spectra of Alg and ADA displayed the typical absorption 
bands of the Alg structure: 1318 cm−1 due to C-O 
stretching; 1126 cm−1 indicating C-C stretching; 1021 cm−1 
attributed to C-O-C stretching; 1590 and 1414 cm−1 due 

to the asymmetric and symmetric stretching vibrations of 
carboxylate salt groups (-C=(O)O-) of Alg.41 In the ADA 
ATR-FTIR spectrum, additional bands with very low 
intensity were detected at 2850 and 1740 cm−1 associated 
respectively with the C-H and C=O vibrations in aldehyde 
groups suggesting successful ADA production.41

To further assess aldehyde group formation, 13C CP-
MAS NMR spectroscopy was performed on Alg and ADA 
lyophilized samples (Figure 1B). Both Alg and ADA spectra 
displayed peaks associated with the carbon atoms present 
in mannuronate (M1: 99.5 ppm; M2, M3: 71.6 ppm; M4, 
M5: 76.4 ppm; M6: 172.6 ppm) and guluronate (G1: 102.2 
ppm; G2: 65.5; G3, G5: 68.4 ppm; G4: 82.8 ppm; G6: 172.6 
ppm).52 The spectra of ADA exhibited an additional peak 
at 92.2 ppm, attributed to hemiacetalic groups originating 
from aldehydic groups.53 Moreover, the resonance of both 
M-6 and G-6 at 176.2 ppm, attributed to carboxylate groups, 
were not altered, proving that sodium metaperiodate 
can convert diols to aldehydes without affecting the 
carboxylate groups.53 Deconvolution of the 13C CP-MAS-
NMR (Figure S1A and B, Supporting Information) spectra 
of Alg and ADA allow to determine the M/G ratio in both 
polymers; 1.2 ± 0.3 for Alg and 1.5 ± 0.5 for ADA. ADA 
displayed a slight reduction of G groups compared to Alg, 
though no significant differences were detected in the M/G 
ratio between the two materials. Literature studies have 

Figure 1. Characterization of ADA and Alg (A) Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra of alginate (Alg; black) and 
lyophilized Alg dialdehyde (ADA; red). The inset figures represent magnifications of the spectra areas at 2840–2860 cm−1 (left) and 1650–1800 cm−1 (right). 
(B) 13C cross polarization under magic angle spinning nuclear magnetic resonance (CP-MAS NMR) spectra of Alg (black) and lyophilized ADA (red). G 
and M represents guluronate and mannuronate groups, respectively.
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reported contradictory results on the effect of oxidation on 
G and M groups, suggesting either a preferential reaction of 
G groups to oxidation52,53 or no difference between the two 
groups.54 Differences in the results might be associated with 
the different M/G ratios of the starting Alg being oxidized 
and other factors, such as M and G block distribution.

Finally, ADA Mv was calculated to be 22 ± 1 kDa based 
on the Mark-Houwink-Sakurada equation, corresponding 
to a 93.5% reduction relative to Alg Mv (340 ± 5 kDa). 
Oxidation by sodium periodate triggers the scission of 
polysaccharide chains, causing a decrease in ADA MW and 
intermolecular interactions.55 Coherently to the literature, 
MW reduction between 80 and 90% was thus expected 
with an oxidation degree of 25–30%.51,56

3.2. ADA/Alg-based hydrogels
The ADA/Alg samples were first optimized by varying the 
Alg:ADA ratio, as well as CaCO3 and GDL concentrations, 
to obtain suitable stiffness for potential cardiac TE 
applications. Hydrogels with the compositions reported in 
Table 1 were characterized through frequency sweep tests. 
Initially, the influence of the Alg:ADA ratio and calcium 
concentration was studied at fixed GDL content (Figure 2A 
and B). As displayed in Figure 2A, all compositions 

exhibited higher G′ than G″, demonstrating their hydrogel 
state. G′ increased as a function of both Alg content and 
CaCO3 concentration (Table S2, Supporting Information). 
At 3% (w/v) CaCO3, samples with the highest Alg content 
(ADA/Alg_50/50_C3) exhibited higher G′ compared to 
ADA/Alg_66/33_C3 (p < 0.0002). Indeed, Alg is primarily 
responsible for the internal crosslinking mechanism of 
ADA/Alg hydrogels. ADA has a reduced ability to undergo 
crosslinking with calcium ions due to the chemical 
modification of its chains and reduced MW.50,51,57 Ring-
opening of ADA chains upon oxidation weakens or even 
hinders ionic crosslinking, which requires the presence 
of approximately 20 consecutive guluronate groups for 
forming egg-box ionic junctions with calcium ions.34,58 
In this work, an initial characterization of ADA (data 
not shown) confirmed its low ionic crosslinking ability 
in the presence of CaCO3 and GDL, as suggested by the 
formation of soft hydrogels with low G′ (< 100 Pa) even at 
high polymer concentrations (i.e., 10% [w/v]).
At the same Alg:ADA ratio, hydrogels with higher calcium 
content (i.e., ADA/Alg_50/50_C6) exhibited higher 
G′ compared to those with lower CaCO3 content (i.e., 
ADA/Alg_50/50_C3) (p < 0.0001). Overall, the ADA/
Alg_50/50_C6 composition was selected as it displayed the 

Figure 2. Rheological analysis of Alg/ADA hydrogels. (A) Storage modulus (G′; continuous line) and loss modulus (G″; dotted line) of ADA/Alg_50/50_
C6 (red), ADA/Alg_50/50_C3 (orange), ADA/Alg_66/33_C6 (yellow), ADA/Alg_66/33_C3 (light blue), and ADA/Alg_66/33_C1.5 (blue) as a function 
of angular frequency (0.1 and 100 rad/s) at 37°C (n = 3). (B) Elastic modulus (E) of ADA/Alg_50/50_C6 (red), ADA/Alg_50/50_C3 (orange), ADA/
Alg_66/33_C6 (yellow), ADA/Alg_66/33_C3 (light blue), and ADA/Alg_66/33_C1.5 (blue), derived from frequency sweep tests (n = 3). **** p < 0.0001 
indicates a statistically significant difference with ADA/Alg_50/50_C6. Abbreviations: Alg: Alginate; ADA: Alginate dialdehyde.
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closest G′ (2300 ± 65 Pa) to that of Algysil-LVR,59 the Alg-
based hydrogel currently investigated in cardiac clinical 
trials. Moreover, ADA/Alg_50/50_C6 exhibited an average 
E (derived from Equation III) of 6.8 ± 0.2 kPa (Figure 2B; 
Table S2, Supporting Information), which is within the 
range of embryonic cardiac tissue stiffness (≈1–6  kPa)60 
and close to that of adult tissue (≈10–30 kPa).61

The influence of GDL on ADA/Alg_50/50_C6 
composition was then investigated. GDL hydrolysis into 
gluconic acid leads to the release of protons, which in turn 
induces the gradual release of calcium ions from CaCO3 
particles.62 Therefore, GDL content in the matrix needs to be 
tailored to trigger the release of calcium ions from CaCO3. 
However, the decrease in pH should not have a detrimental 
effect on cell viability63 and should be maintained within 
physiological values. Hydrogels with five different 
concentrations of GDL (1, 1.5, 2, 2.5, and 5% [w/v])) were 
characterized for their rheological properties. Time sweep 
analysis was performed to evaluate the influence of GDL on 
crosslinking kinetics. As presented in Figure 3E and Table 
S1, Supporting Information, an increase in GDL content 
caused a reduction in crosslinking time (defined as the 
time in which G′ = G″).18,27,62 Frequency sweep tests were 
performed in the LVE region, and the results are reported 
in Figure 3A and Table S3, Supporting Information. Elastic 
modulus values for all the samples were derived from 
the rheological data and reported in Figure 3B and Table 
S3, Supporting Information. Samples with reduced GDL 
concentration (1 and 1.5% [w/v]) expressed a significant 
G′ (and consequently E) decrease compared to the sample 
with the highest GDL amount (5% [w/v]) (p < 0.0021 and 
p < 0.0001 for GDL1 and GDL1.5, respectively).

The pH of eluates from hydrogels with increasing GDL 
content was measured over time (i.e., after 1, 5, 7, 14, and 
21 days). The pH variation is reported in Figure 3C and D. 
The composition with the highest GDL concentrations (i.e., 
5, 2.5, and 2% [w/v]) exhibited a rapid pH decrease after 
one day of incubation (6.1 ± 0.2, 6.2 ± 0.1, and 6.56 ± 0.03, 
respectively), and physiological values of pH (i.e., 7.4) were 
achieved only after seven days. In contrast, compositions 
with a lower content of GDL (1.5 and 1% [w/v]) displayed 
a smaller decrease in pH after one day (6.78 ± 0.04 and 
6.8 ± 0.02, respectively; p < 0.0001). Additionally, the pH 
of the supernatant for these compositions returned to 
physiological levels within five days of incubation.
Based on the rheological properties and pH variation 
study, hydrogel composition with 3% (w/v) Alg, 3% (w/v) 
ADA, 6% (w/v) CaCO3, and 1.5% (w/v) GDL was selected 
as optimal. This formulation displayed an average G′ of 1.5 
kPa (corresponding to an E of 4.5 kPa), suitable for cardiac 
TE applications while maintaining the pH close to in vitro 
physiological values.

3.3. ADA/Alg/Gel hydrogels
We then investigated the possibility of introducing Gel 
into the optimized ADA/Alg composition to improve 
cell adhesion. ADA/Alg/Gel hydrogels with constant 50% 
ADA composition were optimized by varying the Alg:Gel 
relative weight ratios from 50:0 to 25:25, while maintaining 
their overall amount at 50% (Table 2).

3.3.1. Rheological characterization
The ADA/Alg/Gel hydrogels were characterized for their 
rheological properties by evaluating the G′ and G″ values 
as a function of time (time sweep), strain (strain sweep), 
and frequency (frequency sweep) at 37°C.

Time sweep analysis showed that the introduction of 
Gel caused a faster gelation: the gel point, evaluated as the 
crossover of G′ and G″ curves versus time, could not be 
detected (data not shown) as the materials were already in 
a gel state (G′ higher than G″).

Frequency sweep tests were performed within the LVE 
range of each hydrogel to evaluate the influence of Gel on 
the viscoelastic behavior of the hydrogels. As displayed in 
Figure 4A, all hydrogels expressed a G′ higher than G″, 
demonstrating viscoelastic solid-like properties. Samples 
with the lowest Gel contents (ADA/Alg/Gel_50/47.5/2.5 
and ADA/Alg/Gel_50/45/5) exhibited an average G′ (1300 
± 190 Pa and 1170 ± 115 Pa at 1 rad/s, respectively) similar 
to that of ADA/Alg/Gel_50/50/0, with no statistically 
significant differences. In contrast, hydrogel samples with 
a Gel content higher than 10% (ADA/Alg/Gel_50/40/10, 
ADA/Alg/Gel_50/35/15, ADA/Alg/Gel_50/30/20, and 
ADA/Alg/Gel_50/25/25) expressed a G′ significantly lower 
than ADA/Alg/Gel_50/50/, with ADA/Alg/Gel_50/25/25 
reaching the lowest G′ value of 650 ± 55 Pa (p < 0.0001, 
when compared to ADA/Alg/Gel_50/50/0). Based on G′ 
from the frequency sweep analysis, the E of ADA/Alg/Gel 
samples was calculated to range between 2.0 ± 0.2 and 3.9 
± 0.6 kPa (Figure 4B; Table S4, Supporting Information). 
Such values are still within the range of embryonic cardiac 
tissue (≈1–6 kPa).60

In previous literature, injectable hydrogels and 
3D-printed constructs based on Gel and Alg hydrogels 
have been obtained by an external crosslinking method.64-69 
Alg/Gel hydrogels have been commonly described as 
interpenetrated (IPN) or semi-interpenetrated (semi-
IPN) hydrogel networks, depending on the involved 
crosslinking mechanism. Semi-IPN hydrogels have been 
generally obtained by ionic crosslinking of Alg chains 
through calcium ions from CaCl2 dissociation, with Gel 
physically entrapped in the Alg crosslinked network.70-72 

IPN hydrogels have also been obtained by combining 
ionic crosslinking of Alg, with additional Gel crosslinking 
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Figure 3. Rheological analyses and pH evaluation of ADA/Alg/Gel hydrogels. (A) Storage modulus (G′; continuous line) and loss modulus (G″; dotted line) 
of ADA/Alg_50/50_C6 with different concentrations of GDL (5% [w/v], red; 2.5% [w/v], orange; 2% [w/v], yellow; 1.5% [w/v], light blue; and 1% [w/v], 
blue) as a function of angular frequency (0.1 and 100 rad/s) at 37°C (n = 3). (B) Elastic modulus (E) of ADA/Alg_50/50_C6 with different concentrations 
of GDL (5% [w/v], red; 2.5% [w/v], orange; 2% [w/v], yellow; 1.5% [w/v], light blue; and 1% [w/v], blue) derived from frequency sweep test (n = 3).  
**p < 0.01 and **** p < 0.0001 indicate statistically significant difference with 5% (w/v) GDL samples. (C–D) pH variation of ADA/Alg_50/50_C6 with 
different concentrations of GDL (5% [w/v], red; 2.5% [w/v], orange; 2% [w/v], yellow; 1.5% [w/v], light blue; and 1% [w/v], blue) measured after incubation 
at 37°C for 21 days (C) and after 24h (D) (n = 3). **p < 0.01 and ****p < 0.0001 indicate statistically significant difference with 5% (w/v) GDL samples. 
(E) Time sweep analyses; evaluation of G′ (continuous line) and G″ (dotted line) as a function of time for ADA/Alg_50/50_C6 hydrogels with 5% (w/v) 
GDL (red), 2.5% (w/v) GDL (orange), 2% (w/v) GDL (yellow), 1.5% (w/v) GDL (light blue), and 1% (w/v) GDL (blue) at 37°C (n = 2). Abbreviations: Alg: 
Alginate; ADA: Alginate dialdehyde; GDL: D-(+)-glucono-1,5-lactone.
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Figure 4. Rheological characterization and in vitro stability analysis of ADA/Alg/Gel hydrogels. (A) Storage modulus (G′; continuous line) and loss 
modulus (G″; dotted line) of ADA/Alg/Gel hydrogels as a function of angular frequency (0.1–100 rad/s) at 37°C (n = 3). (B) Elastic modulus (E) derived 
from frequency sweep test (n = 3). (C) Wet weight variation (%) of ADA-Alg/Gel hydrogels measured at 1, 3, 7, 14, and 21 days after incubation at 37°C 
(n = 3). (D) Dry weight loss (%) of ADA/Alg/Gel hydrogels measured at 1, 7, 14, and 21 days after incubation at 37°C (n = 3). In all graphs, the samples 
are ADA/Alg/Gel_50/50/0 (red), ADA/Alg/Gel_50/47.5/2.5 (orange), ADA/Alg/Gel_50/45/5 (yellow), ADA/Alg/Gel_50/40/10 (light blue), ADA/Alg/
Gel_50/35/15 (blue), ADA/Alg/Gel_50/30/2 (purple), and ADA/Alg/Gel_50/25/25 (green). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 indicate 
statistically significant difference with ADA/Alg/Gel_50/50/0. Abbreviations: Alg: Alginate; ADA: Alginate dialdehyde; Gel: Gelatin.
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triggered by an enzyme, such as transglutaminase,73,74 or a 
chemical agent, such as carbodiimides,65 glutaraldehyde,66 
or genipin.67 In ADA/Alg/Gel-based hydrogels, chemical 
crosslinking between ADA and Gel could be achieved 
by Schiff base formation between ADA aldehyde groups 
and Gel amino groups. However, ADA/Gel hydrogels 
crosslinked by Schiff base reaction are weak and unstable 
due to the reversible nature of the formed chemical bonds 
and poor mechanical properties of Gel at physiological 
temperature. Therefore, ADA/Gel hydrogels are usually 
further crosslinked by external ionic crosslinking of 
ADA68,69 and/or Gel crosslinking by transglutaminase.73 
To our knowledge, the herein investigated formulation 
of ADA/Alg/Gel hydrogels using only an internal ionic 
crosslinking mechanism has not been proposed so far. 
In this work, the rheological characterization of ADA/
Alg/Gel hydrogels suggested the formation of a semi-
INP network based on physically crosslinked ADA/Alg 
chains by calcium ions and non-crosslinked Gel chains. 
Indeed, the G′ of ADA/Alg/Gel hydrogels decreased 
proportionally with decreasing Alg content in the 
hydrogels. On the contrary, an increase in Gel amount 
did not increase the mechanical stiffness of hydrogels. 
To better understand ADA/Gel interactions, ATR-FTIR 
analysis and rheological characterization of only ADA/Gel 
hydrogels were conducted, selecting the highest ADA:Gel 
(~70:30) ratio investigated in this study for samples 
ADA/Alg/Gel_50/25/25. In the ADA/Gel FTIR spectrum 
(Figure S2A, Supporting Information), a broad peak at 
1625 cm−1 was detected, associated with the overlapping of 
C=N vibration of Schiff base at 1620 cm−1 and amide I of 
uncrosslinked Gel at 1630 cm−1.41,75 Additionally, the shift 
of the amide II band from 1522 to 1540 cm−1, characteristic 
of Gel, along with the complete absence of the 1740 cm−1 
band, associated with the carbonyl groups of ADA in the 
ADA/Gel spectrum, indicated the possible involvement 
of these groups in Schiff bond formation.76 Nonetheless, 
further rheological characterization of ADA/Gel hydrogels 
(Figure S2B, Supporting Information) suggested that these 
interactions were not sufficient to form a fully crosslinked 
chemical network at the investigated concentrations.  
A possible explanation of these contrasting results could be 
associated with the hypothesis of having Gel chains linked 
to ADA through Schiff base interactions (ADA-modified 
Gel chains) without forming a fully crosslinked chemical 
network. Hydrogel formation via Schiff base reactions 
depends on ADA oxidation degree and MW, and the 
molar ratio between ADA aldehyde groups and Gel amino 
moieties.68,77 Results from this work are in agreement with 
previous literature studies on ADA/Gel hydrogels based 
on ADA with a similar oxidation degree of around 25%. 
In those studies, fully formed ADA/Gel hydrogels were 

only obtained through an additional ionic crosslinking 
strategy.41,73,77 Therefore, previous findings further support 
our hypothesis that ADA/Alg/Gel hydrogels with internal 
ionic crosslinking are based on a semi-IPN network.

Future work will focus on optimizing ADA production 
to achieve oxidation degrees and MW suitable to form fully 
crosslinked ADA/Gel Schiff-base hydrogels, investigating 
the development of fully interpenetrated time-dependent 
ADA/Alg/Gel systems. In this regard, ADA with different 
oxidation degrees will be tested for efficient crosslinking of 
Gel chains. Additionally, the amination reaction between 
ADA and Gel (through sodium borohydride or sodium 
cyanoborohydride) could further improve network 
stability but would require a careful evaluation of its 
implementation to avoid cell cytotoxicity.78

3.3.2. In vitro stability studies 
Hydrogel stability was studied by evaluating wet and 
dry weight changes upon incubation in PBS for 21 
days. Both wet and dry weight loss were monitored to 
obtain comprehensive insights into hydrogel stability 
and degradation rate. Wet weight assessment provides 
immediate information on the total mass of the hydrogel, 
allowing the evaluation of swelling behavior and hydration 
dynamics. In contrast, dry weight assessment enables 
precise tracking of material degradation, offering a clearer 
understanding of the hydrogel’s long-term stability and 
structural integrity.

Wet weight variation percentage over time is reported 
in Figure 4C. ADA/Alg/Gel_50/50/0 hydrogel displayed an 
increase in wet weight after 24 h of incubation, reaching an 
average wet weight variation percentage of 21 ± 9%, which 
then remained constant for up to 21 days. The introduction 
of Gel induced composition-dependent variations in the 
wet weight profile. Samples with the lowest Gel content 
(ADA/Alg/Gel_50/47.5/2.5, ADA/Alg/Gel_50/45/5, and 
ADA/Alg/Gel_50/40/10) exhibited a behavior similar 
to ADA/Alg/Gel_50/50/0. Hydrogels with a higher 
Gel content (ADA/Alg/Gel_50/35/15 and ADA/Alg/
Gel_50/30/20) reached a lower wet variation percentage 
(13 ± 9% and 7 ± 3%, respectively) compared to ADA/Alg/
Gel_50/50/0 after seven days (p < 0.0002 and p < 0.0001, 
respectively). Finally, the hydrogel composition with the 
highest Gel content (ADA/Alg/Gel_50/25/25) exhibited 
a decrease in wet weight over time, with a negative wet 
weight variation percentage after seven days of incubation 
in PBS. This behavior suggested that the samples released 
polymeric components while absorbing PBS, with 
prevalent dissolution over swelling starting from day 7 of 
incubation in PBS.
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The dry weight loss on day 21 of incubation in 
PBS is reported in Figure 4D. After seven days, ADA/
Alg/Gel_50/50/0 displayed a 30 ± 1% dry weight loss, 
which remained constant over time. Hydrogels with the 
lowest Gel content (ADA/Alg/Gel_50/47.5/2.5, ADA/
Alg/Gel_50/45/5, ADA/Alg/Gel_50/40/10, and ADA/
Alg/Gel_50/35/15) behaved similarly to ADA/Alg/
Gel_50/50/0, with no statistically significant differences. 
On the contrary, hydrogels with the highest Gel contents 
(ADA/Alg/Gel_50/30/20 and ADA/Alg/Gel_50/25/25) 
presented significantly higher dry weight loss compared to 
ADA/Alg/Gel_50/50/0 at all the evaluated time points (p 
< 0.0021 on days 1, 14, and 21 and p < 0.0001 on day 7 for 
ADA/Alg/Gel_50/30/20; p < 0.0332 on day 1, p < 0.0002 
on days 7 and 14, and p < 0.0001 on day 21 for ADA/Alg/
Gel_50/25/25). Moreover, ADA/Alg/Gel_50/30/20 and 
ADA/Alg/Gel_50/25/25 dry weight loss increased over 
time, reaching 53 ± 8% for ADA/Alg/Gel_50/30/20 and 80 
± 6% for ADA/Alg/Gel_50/25/25 after 21 days.

Biodegradability is a critical requirement in TE 
applications, both for regenerative applications and in vitro 
models. Dissolution of ionically crosslinked Alg-based 
hydrogels in the aqueous environment is regulated by the 
exchange between divalent calcium ions and monovalent 
cations (e.g., Na+), inducing calcium ion release into 
the surrounding media.10,11,37 The dissolution process is 
usually long-lasting and depends on Alg concentration 
and degree of crosslinking, requiring at least a month to 
achieve significant initial weight loss.11,57 The introduction 
of ADA within the matrix has the advantage of increasing 
the dissolution rate due to the higher susceptibility of ADA 
to hydrolytic scission and β-elimination at physiological 
pH.58,79 Moreover, for prospective in vivo applications, ADA 
with MW lower than 50 kDa (like the one produced in this 
work) can be removed from the human body by kidney 
clearance.34,57 In our work, ADA/Alg/Gel featured a tunable 
degradation profile depending on the Gel concentration 
selected, providing a versatile hydrogel platform for TE 
applications. The dependence of hydrogel stability on Gel 
content is probably associated with the release of Gel from 
the ADA/Alg/Gel semi-IPN network at 37°C (with Gel 
in sol state). Specifically, hydrogels with the highest Gel 
content (20% and 25% wt.; Table 2) exhibited a dry weight 
loss exceeding the initial Gel percentage, namely 53% and 
80% wt., respectively, after 21 days of incubation in PBS. 
This behavior suggests the release of Gel linked to ADA 
chains (i.e., ADA-modified Gel chains), which were not 
integrated into a broader chemical network. Therefore, the 
release of such ADA-modified Gel chains could explain 
the higher dry weight loss observed. In addition, decreased 
stability of ADA/Alg/Gel systems could also be associated 
with the reduction of the total Alg content (from 50 to 25% 

[w/w]) within the system proportional to the increment of 
Gel (from 0 to 25% [w/w]). In the ADA/Alg/Gel semi-IPN 
network, Alg is the main component that interacts with 
calcium ions; hence, the reduction of this component could 
also lead to decreased hydrogel stability. The presence 
of Gel in the ADA/Alg/Gel network is also expected to 
enhance the enzymatic degradation of the hydrogel, though 
not tested in this work. Thus, forthcoming investigations 
should involve in vitro degradation studies in the presence 
of relevant enzymes (e.g., collagenase).

3.3.3. Printability evaluation of Alg/ADA/Gel bioinks
Based on the rheological and stability properties of ADA/
Alg/Gel samples, three compositions were selected to 
be investigated as hydrogel inks for 3D microextrusion 
printing: ADA/Alg/Gel_50/50/0 with no Gel in the 
network; ADA/Alg/Gel_50/40/10 having intermediate 
Gel concentration; and ADA/Alg/Gel_50/25/25 with 
the highest Gel content. The three compositions were 
selected to evaluate the printability of Alg/ADA/Gel 
bioinks as a platform with tunable degradability, stiffness, 
and cell adhesive properties. Due to the time-dependance 
of the internal crosslinking mechanism, printability 
was investigated over time through viscosity tests and 
microscopy analyses of 3D-printed structures.

Figure 5A–C presents the variations in apparent 
viscosity over time, studied by shear sweep tests. Regarding 
the composition without Gel (ADA/Alg/Gel_50/50/0), 
a Newtonian region was detected immediately after 
hydrogel preparation (i.e., t = 2 min; time required to load 
the sample on the rheometer and start the measurement), 
corresponding to a constant viscosity at low shear rates 
(< 1 rad/s). Conversely, a shear-thinning behavior was 
observed for shear rates higher than 1 rad/s.80,81 This 
behavior is typically displayed by non-crosslinked Alg 
solutions or hydrogels.70,80 After 10 min, ADA/Alg/
Gel_50/50/0 displayed a shear-thinning behavior at all 
the shear rates investigated, and this trend remained 
constant over time. The other two hydrogel compositions 
containing Gel exhibited a shear-thinning behavior for all 
the time points investigated, without Newtonian behavior 
even immediately after hydrogel preparation.

Thereafter, 2D grid structures (15 × 15 mm2) with a 
strand spacing of 2.5 mm were then printed at selected 
time points, and variations in average fiber dimension, 
spreading ratio (S), and printability index (Pr) were 
evaluated as a function of time.

All the compositions displayed a variation in fiber 
diameter as a function of time (Figure 5D–F). ADA/Alg/
Gel_50/50/0 bioinks could be printed at the shortest time 
points (i.e., 10 and 20 min), resulting in well-defined 2D 
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grid structures with an average filament diameter of 465 
± 80 µm at 10 min and 510.0 ± 85 µm at 20 min. After 
30 min, the average fiber diameter decreased to 330 ± 80 
µm, closer to the ideal value of 250 µm (i.e., similar to the 
nozzle diameter); however, inhomogeneities were observed 
(Figure 5D). Finally, after 45 min, a continuous grid 
structure could not be printed due to complete hydrogel 
crosslinking. The samples containing Gel displayed a 
significantly higher fiber size immediately after printing 
due to bioink overflow and delayed crosslinking onset. 
Particularly, well-defined grid structures with spaced 
individual filaments of ADA/Alg/Gel_50/40/10 could only 
be printed 20 min after hydrogel preparation (Figure 5E), 

while 30 min was required for ADA/Alg/Gel_50/25/25 
(Figure 5F). The smallest fiber diameter was achieved 
after 45 min for ADA/Alg/Gel_50/40/10 (464 ± 60 µm) 
and after 60 min for ADA/Alg/Gel_50/25/25 (390 ± 55 
µm). As for ADA/Alg/Gel_50/50/0 hydrogel, continuous 
grid structures could not be obtained even after longer 
durations, i.e., 60 min for ADA/Alg/Gel_50/40/10 hydrogel 
and 90 min for ADA/Alg/Gel_50/25/25 hydrogel.

The ADA/Alg/Gel samples demonstrated a similar 
trend for variations in spreading ratio over time as fiber 
dimensions (Figure 5G). For ADA/Alg/Gel_50/50/0 
hydrogel, a spreading ratio between 1.3 and 2.05 was 
obtained between 10 and 30 min. The spreading ratio of 

Figure 5. Printability characterization of ADA/Alg/Gel hydrogels (A–C) Viscosity curve as a function of the shear rate for ADA/Alg/Gel_50/50/0 (A), 
ADA/Alg/Gel_50/40/10 (B), and ADA/Alg/Gel_50/25/25 (C) measured at 2, 10, 20, 30, 45, 60, and 90 min after hydrogel preparation. (D–F) Variations 
in fiber diameter over time for ADA/Alg/Gel_50/50/0 (D), ADA/Alg/Gel_50/40/10 (E), and ADA/Alg/Gel_50/25/25 (F) (n = 10). (G) Spreading ratio 
over time for ADA/Alg/Gel_50/50/0 (red), ADA/Alg/Gel_50/40/10 (light blue), and ADA/Alg/Gel_50/25/25 (green) (n = 10). *p < 0.05, **p < 0.01, and 
****p <0.0001 indicate statistically significant differences with ADA/Alg/Gel_50/50/0. (H) Printability index over time for ADA/Alg/Gel_50/50/0 (red), 
ADA/Alg/Gel_50/40/10 (light blue), and ADA/Alg/Gel_50/25/25 (green) (n = 10). (I and J) Optical images of self-standing (I) 3D square samples (10 × 10 
mm2; five layers) and (J) hollow 3D cylindrical structures (diameter, ∅: 3 mm; 10 layers). Scale bars: 5 mm. Abbreviations: Alg: Alginate; ADA: Alginate 
dialdehyde; Gel: Gelatin.
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Gel containing hydrogel was significantly higher than that 
for ADA/Alg/Gel_50/50/0 at all the evaluated time points. 
At longer times, well-defined 3D structures could not be 
printed, and both compositions exhibited spreading ratios 
above 3 (4.3 ± 0.5 for ADA/Alg/Gel_50/40/10 after 10 min; 
8 and 5.8 ± 1.3 for ADA/Alg/Gel_50/25/25 after 10 and 20 
min, respectively). For ADA/Alg/Gel_50/40/10 hydrogel, 
the average spreading ratio decreased from 3.1 ± 0.3 to 
1.8 ± 0.2 between 20 and 45 min (i.e., 3.1 ± 0.3, 2.5 ± 0.2, 
and 1.8 ± 0.2 after 20, 30, and 45 min); while the spreading 
ratio for ADA/Alg/Gel_50/25/25 decreased from 2.5 to 1.5 
between 30 and 60 min (2.5 ± 0.4, 2.1 ± 0.5, and 1.5 ± 0.2 
after 30, 45, and 60 min).

Finally, the Pr was measured to evaluate possible under- 
or over-gelation phenomena of the inks (Figure 5H). At 
conditions allowing the printing of continuous filaments 
and well-defined grid structures (10–30 min for ADA/
Alg/Gel_50/50/0; 10–45 min for ADA/Alg/Gel_50/40/10; 
and 20–60 min for ADA/Alg/Gel_50/25/25), the three 
compositions exhibited a Pr between 0.9 and 1.1, indicating 
the formation of square-shaped pores82 (Pr = 1, indicates 
perfectly square-shaped pores), with no statistically 
significant differences among the samples with/without 
Gel (Figure 5H).

Microextrusion printing of Alg-based hydrogel was 
previously investigated using external ionic crosslinking 
with calcium ions and supporting baths. The process 
requires optimization of the hydrogel ink and supporting 
bath to print complex 3D structures.20 Moreover, external 
gelation is inherently associated with the formation of 
non-homogeneous filaments with a highly crosslinked 
surface, causing potential detrimental effects on nutrient 
exchange.24,25 Additionally, for drug delivery applications, 
the use of a crosslinking solution can lead to a fast release 
of the encapsulated molecules during the gelation phase.27 
To overcome these drawbacks, internal ionic crosslinking 
represents a promising approach for the development 
of Alg-based ink. Only a few studies have investigated 
internal gelation for Alg-based inks, highlighting its 
ability to generate homogeneous scaffolds without the 
need for post-crosslinking strategies or supporting baths. 
Specifically, Remaggi et al. investigated the application 
of internally crosslinked Alg inks for drug delivery for 
breast cancer treatment, using printing conditions (i.e., 
curing time of three days at 2°C) not suitable for cell 
bioprinting.27 Sardelli et al. explored Alg ink printability 
via internal gelation, evaluating material properties 
and fiber printability over 24 h, but without biological 
characterization. To our knowledge, only three studies 
by the same group developed a bioink for cell bioprinting 
based on an internally crosslinked Alg hydrogel added 
with porcine liver-derived decellularized ECM to design 

in vitro models of hepatic tissue.31,32 In these reports, the 
authors demonstrated the hydrogel ability to support mid/
long-term cultures of human liver cancer cells (HepG2).31-33  
In this work, we investigated the bioprinting of ADA/
Alg/Gel hydrogels, exploiting an internal crosslinking 
mechanism to fabricate biodegradable, biocompatible, 
and self-standing ADA-based 3D-printed scaffolds for 
prospective cardiac TE. Considering the time-dependent 
nature of the internal crosslinking mechanism,28 an in-
depth investigation of ADA/Alg/Gel printability was 
performed, evaluating viscosity and shape fidelity (i.e., 
spreading ratio and Pr) over time. Specifically, printability 
was optimized within short time intervals (i.e., below 90 
min), as long printing times can severely decrease the 
viability of cells embedded in the bioink.83,84 ADA/Alg/
Gel_50/50/0, ADA/Alg/Gel_50/40/10, and ADA/Alg/
Gel_50/25/25 hydrogels demonstrated suitable printability 
times of 10, 20, and 30 min, respectively. Given the internal 
gelation mechanism exploited in the study, the printability 
of the hydrogels is attributed to the gradual pH-triggered 
release of calcium ions, leading to time-dependent 
crosslinking, as evidenced by printability studies. The 
delay in printability observed for the samples with higher 
Gel content was probably related to the steric hindrance of 
uncrosslinked Gel within the semi-IPN network, slowing 
down the crosslinking process.39 Indeed, the presence of 
additives in internally crosslinked Alg-based hydrogels 
significantly affected their rheological behavior, including 
gelation.33,85,86 However, it is not possible to exclude other 
factors that might concur to determine such delay.

Finally, as a proof-of-concept, Figure 5I and J features 
3D structures based on ADA/Alg/Gel_50/25/25, printed 
after 60 min from hydrogel components, having a grid 
(1.25 mm height, five layers; Figure 5I) and cylindrical 
geometry (2.25 mm height, 10 layers; Figure 5J). Hence, 
ADA/Alg/Gel hydrogels can be used for printing self-
standing 3D structures with various shapes by internal 
crosslinking with no need for a supporting bath. Unlike 
previous works,32 multilayer structures were developed 
without the need for curing or post-processing of 
the bioink.

3.3.4. Bioink in vitro cytocompatibility 
and printability
In vitro indirect cell cytocompatibility tests were carried 
out to investigate the potential cytotoxic effect of eluates 
from ADA/Alg/Gel_50/50/0, ADA/Alg/Gel_50/40/10, 
and ADA/Alg/Gel_50/25/25 hydrogels by in vitro culture 
of AHCFs for 24 h in the presence of eluates, following 
ISO 10993. Results indicated increasing cell viability for 
hydrogels with increasing Gel content (Figure 6A). Indeed, 
AHCFs cultured with eluates from ADA/Alg/Gel_50/50/0, 
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ADA/Alg/Gel_50/40/10, and ADA/Alg/Gel_50/25/25 
hydrogels reported 70% (p < 0.0021), 83% (p < 0.0332), and 
87% cell viability compared to control AHCFs, respectively. 
Cell cytotoxicity assay (Figure 6B) confirmed low (< 6% 
in ADA/Alg/Gel_50/50/0 and ADA/Alg/Gel_50/40/10) 
or no cytotoxic effects (in ADA/Alg/Gel_50/25/25) for 
hydrogel eluates with AHCFs, demonstrating hydrogel 
cytocompatibility (p < 0.0001).

Then, bioprinting of AHCFs embedded into ADA/
Alg/Gel_50/50/0, ADA/Alg/Gel_50/40/10, and ADA/
Alg/Gel_50/25/25 hydrogels was investigated. Live/
dead assay performed 1 h post-printing displayed high 
cell viability for all samples (Figure 6C). However, after 
24 h post-printing (Figure 6D and E), the viability of 
AHCFs embedded into ADA/Alg/Gel_50/50/0, ADA/
Alg/Gel_50/40/10, and ADA/Alg/Gel_50/25/25 hydrogel 
was 45, 50, and 92% (p < 0.0001 compared to red-stained 
dead cells), respectively. To further validate the developed 
bioink suitability for cardiac TE, the bioprinting of H9C2 
cells embedded in ADA/Alg/Gel_50/25/25 hydrogels 
was examined. Live/dead assays demonstrated excellent 
cell viability 1 h after printing (Figure 6F) and indicated 
high viability 24 h post-printing (Figure 6F and G), with 
83% of viable cells (p < 0.0001 compared to red-stained 
dead cells).

In this work, Gel was added within the system to 
overcome one of the main limitations of Alg and ADA-
based hydrogels, i.e., the lack of cell adhesive moieties. 
Moreover, as reported in previous studies, ADA-based 
hydrogels may elicit cell cytotoxicity due to oxidative 
stresses induced by the presence of free aldehyde 
groups.75,87 Specifically, ADA-based hydrogels can affect 
the viability of both primary human fibroblasts and 
endothelial cells by depleting cellular thiols, increasing 
reactive oxygen species (ROS) generation.75 The 
combination of ADA with Gel reportedly reduces ADA 
cytotoxicity due to aldehyde group shielding by Gel 
primary amine groups via Schiff base formation.75,87 In 
this work, low cell viability within ADA/Alg/Gel_50/50/0 
and ADA/Alg/Gel_50/40/10 hydrogel at 24 h post-
printing was probably caused by the combination of the 
lack of cell adhesion moieties and the cytotoxic effects of 
aldehyde groups in the hydrogel. Indeed, in the sample 
without Gel, ADA aldehyde groups are free to interact 
with cellular components, inducing cytotoxicity. Cell 
viability results indicated that the addition of 10% Gel 
was not sufficient to improve the cytocompatibility of 
the system, suggesting the persistence of a high number 
of free aldehyde groups within the matrix, combined 
with insufficient addition of cell adhesive groups. On 
the contrary, increasing Gel concentration to 25% (w/w) 
(ADA/Alg/Gel_50/25/25) drastically improved cell 

viability at 24 h post-printing. The improved cell viability 
could be associated with an increase in cell adhesive 
moieties present within the hydrogel matrix. Moreover, 
as ADA content was kept constant in all the formulations, 
increasing the Gel content could be directly correlated 
with a higher number of Gel primary amine groups 
that can interact with free aldehyde groups in ADA, 
decreasing their cytotoxicity. As a proof-of- concept, 
we demonstrated the bioink suitability for prospective 
cardiac TE by bioprinting H9C2 cells in ADA/Alg/
Gel_50/25/25 hydrogels, with excellent cell viability at 1 
and 24 h post-printing.

In this study, a bioink supporting cardiac cell printing 
and initial adhesion was designed based on time-
dependent internal ionic crosslinking. Future studies will 
evaluate longer culture times for bioinks cellularized with 
AHCFs, human induced pluripotent stem cells derived 
cardiomyocytes. and their co-cultures to assess the effect 
of hydrogel on cell proliferation, maturation, and matrix 
remodeling with the deposition of new ECM. New 
knowledge will be obtained for the in vitro engineering 
of 3D cardiac tissue with controlled and reproducible 
structure by bioprinting, which can be exploited as in vitro 
cardiac tissue models or cardiac patches.

4. Conclusion
In this study, we investigated, for the first time, the 
development of novel ADA/Alg/Gel-based bioinks, 
exploiting an internal crosslinking mechanism method 
to achieve self-standing 3D scaffolds for prospective 
applications in in vitro cardiac TE. Polymer concentration, 
as well as CaCO3 and GDL content, were tuned to obtain 
3D-printed constructs with a faster degradation rate 
(imparted by ADA and Gel) and the ability to support 
cell adhesion (due to Gel adhesive moieties). Printability 
studies revealed that all ADA/Alg/Gel formulations 
demonstrated time-dependent shear-thinning behavior 
suitable for 3D bioprinting. This behavior is attributed to 
the gradual pH-triggered release of calcium ions over time 
and is influenced by Gel content. Notably, self-standing 
and multilayer 3D structures could be printed, exploiting 
internal gelation without the addition of any post-
crosslinking agents or supporting baths. In vitro biological 
tests confirmed that the bioinks and selected printing 
process parameters preserved cell viability. Hydrogel 
composition with the highest Gel content was able to 
support the viability of AHCFs and H9C2 embedded in 
the hydrogels, at 24 h post-printing.

Such innovative bioinks are promising in the field of 
soft TE, particularly for prospective cardiac TE, due to 
the cardiac tissue-like stiffness of the inks and their ability 
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Figure 6. In vitro characterization of ADA/Alg/Gel hydrogels (A and B) Viability (A) and toxicity (B) studies (n = 3) of ADA/Alg/Gel_50/50/0 (red), ADA/
Alg/Gel_50/40/10 (blue), and ADA/Alg/Gel_50/25/25 (green); for viability studies (A), the control group consists of AHCFs cultured on tissue culture 
plastic with untreated media; for toxicity studies (B), the control group consists of AHCFs cultured on tissue culture plastic with 100% of cell death induced 
by CytoTox-ONETM lysis solution (grey). *p < 0.05, **p < 0.01, and ****p < 0.0001 indicate statistically significant differences between the compositions and 
the control group. (C and D) Live/dead assay performed on AHCF-laden ADA/Alg/Gel_50/50/0, ADA/Alg/Gel_50/40/10, and ADA/Alg/Gel_50/25/25 
hydrogels at 1 h (C) and 24 h (D) after printing. Scale bars: 100 μm (C) and 500 μm (D). (E) Quantification of live (green) and dead (red) AHCFs at 24 
h after printing. ****p < 0.0001 indicates a statistically significant difference between the live and dead cells for ADA/Alg/Gel_50/25/25 (n = 9). (F) Live/
dead assay performed on H9C2-laden ADA/Alg/Gel_50/25/25 hydrogels after 1 and 24 h. Scale bars: 100 μm (1h, left image) 500 μm (24h, right image). 
(G) Quantification of live (green) and dead (red) H9C2 at 24 h after printing. ****p < 0.0001 indicates a statistically significant difference between the 
live and dead cells for ADA/Alg/Gel_50/25/25 (n = 9). Abbreviations: AHCF: Adult human cardiac fibroblast; Alg: Alginate; ADA: Alginate dialdehyde;  
Gel: Gelatin.
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to support AHCF and H9C2 viability. In conclusion, 
this work provides valuable insights toward overcoming 
the limitations associated with traditional Alg-based 
hydrogel bioinks.
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