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A B S T R A C T

Injectable hydrogels represent a promising strategy for minimally invasive regenerative medicine, enabling the 
delivery of biomimetic microenvironments directly to irregular tissue defects. Here, we present a multi- 
responsive, ECM-like injectable hydrogel based on κ/λ-carrageenan, hyaluronic acid, and type I collagen, 
designed to combine ion-triggered gelation with ultrasound-activated piezoelectric functionality. Gelation occurs 
rapidly upon exposure to physiological ions, allowing straightforward injection through fine-gauge needles 
without the need for external crosslinkers or harsh conditions. The incorporation of submicrometric barium 
titanate particles confers piezoelectric responsiveness, enabling the conversion of ultrasound-induced mechanical 
stimuli into localised electrical cues. The resulting hydrogels exhibit mechanical properties (Young's modulus 
4–9 kPa) and viscoelastic behaviour comparable to native soft tissues, alongside a highly interconnected porous 
architecture suitable for mass transport and cell infiltration.

In vitro studies demonstrate cytocompatibility with fibroblasts, myoblasts, neuronal-like cells, and macro
phages, supporting cell viability and proliferation while promoting a pro-regenerative macrophage phenotype. 
Preliminary ultrasound stimulation experiments confirm that piezoelectric activation does not impair cell 
viability, establishing a safe basis for future functional investigations.

Overall, this work introduces a user-friendly, cost-effective, and multifunctional injectable hydrogel platform 
with potential for minimally invasive and remotely activated regenerative therapies.

1. Introduction

Trauma is the third leading cause of death worldwide, and even 
when not fatal, severe injuries often impair tissue function. Likewise, 
many diseases cause cellular and microenvironmental damage that 
compromises tissue functionality. In several clinically relevant condi
tions, such damage progresses toward large-scale tissue loss that exceeds 
the intrinsic regenerative capacity of the body. Typical examples include 
full-thickness skin loss following burns or trauma, myocardial infarction 
associated with massive cardiomyocyte death, and critical-size bone 
defects resulting from fractures, tumor resection, or infection. These 

conditions frequently lead to permanent functional impairment because 
spontaneous regeneration is limited and fibrotic tissue replaces native 
structures, highlighting a major unmet clinical need for advanced 
regenerative strategies [1–7].

Regenerative medicine, therefore, faces major challenges. In partic
ular, restoring tissue architecture and function in large-volume defects 
requires biomaterial systems capable not only of supporting cell survival 
but also recreating a permissive microenvironment for regeneration. 
Developing innovative, patient-tailored strategies that are user-friendly 
and cost-effective requires an interdisciplinary approach, integrating 
expertise from chemistry, physics, engineering, and biology.
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Biomaterial-based approaches have emerged as promising tools to 
address these challenges [8]. In particular, in the context of extensive 
cell and extracellular matrix (ECM) loss, as observed in critical-size 
defects that cannot spontaneously heal without surgical intervention, 
the design of tailored three-dimensional biomaterials becomes essential. 
These biomaterials (i.e. scaffolds) should be capable of supporting cell 
growth by replicating the physical, chemical, and mechanical features of 
native ECM [9]. Several scaffold fabrication techniques, including 
electrospinning [10,11], 3D bioprinting [12,13], and freeze casting 
[14,15], have been developed to regenerate tissue structures. However, 
these scaffolds are typically pre-formed in the laboratory, making it 
difficult to precisely match their size and shape to variable defects. 
Moreover, their implantation often requires highly invasive surgery, 
particularly for complex tissues such as the brain, spinal cord, joints, and 
muscles [16,17]. These limitations restrict their clinical applicability in 
routine treatments.

Injectable hydrogels represent a promising alternative among 
emerging biomaterials. Their minimally invasive administration elimi
nates the need for open surgery, as they can be directly delivered in vivo 
through needles or catheters. This approach offers several advantages 
for both patients and clinicians, including reduced pain, faster recovery, 
lower costs, and fewer complications [18]. Importantly, their inject
ability makes them particularly suitable for treating irregular and deep 
tissue defects such as post-infarct myocardial regions, volumetric muscle 
loss, and complex bone lesions, where precise defect filling is essential 
but difficult to achieve with pre-formed scaffolds [19]. In detail, 
injectable hydrogels are three-dimensional networks of natural or syn
thetic polymers with a highly hydrated structure that mimics the ECM, 
creating a favourable microenvironment for cells and bioactive mole
cules. Their soft texture contributes to reducing local inflammatory re
sponses after injection, further enhancing biocompatibility in both in 
vitro and in vivo settings [20]. While mimicking ECM architecture is 
essential, stimulating tissue regeneration through additional cues is 
equally important. For example, in nervous and muscle tissues, 
bioelectricity plays a fundamental role in both normal function and 
repair. Stimuli that intrinsically activate or modulate the bioelectricity 
can significantly enhance regenerative processes, such as those involved 
in wound healing [21]. Traditional electrical stimulation systems often 
rely on direct coupling, in which conductive electrodes make physical 
contact with the target tissue or scaffold [22]. Although widely adopted, 
this method requires external wiring, which poses clinical challenges, 
especially in deep or complex lesions, due to risks of infection, 
discomfort, and limited patient mobility. Wireless approaches, such as 
capacitive and inductive coupling, have been explored to overcome 
these limitations, but direct coupling remains the predominant method 
in both clinical and research contexts.

Here, we propose an injectable, multi-stimuli-responsive hydrogel 
for tissue regeneration. The hydrogel undergoes sol–gel transition in 
response to ions, and the incorporation of piezoelectric particles enables 
responsiveness to external stimuli (e.g., ultrasound).

Among potential polymers, κ/λ-carrageenan was selected as the 
hydrogel backbone. Extensively used in the literature as a macromo
lecular crowding (MMC) agent, carrageenan mimics the crowded in vivo 
environment and can enhance cell proliferation or differentiation 
depending on conditions [23,24]. It is a water-soluble, linear sulfated 
polysaccharide with excellent ion-responsive gelation properties [25], 
widely employed in the food and cosmetics industries and already 
approved by European Food Safety Authority (EFSA) [26] and U.S. Food 
and Drug Administration (FDA) [27]. Derived from red seaweed, 
carrageenan also represents a sustainable raw material. To improve the 
biofunctionality of our system, we incorporated key ECM components, 
including hyaluronic acid (HA) and type I collagen, into the formulation 
[28,29]. Notably, HA plays a crucial role in ECM remodelling and has 
been linked to scar-free muscle tissue regeneration [30–32]. Further
more, piezoelectric barium titanate (BTO) particles [33,34] were 
embedded to confer multi-stimuli responsiveness, thanks to their 

excellent piezoelectric properties. Ultrasound-induced mechanical 
deformation of these particles generates local electric currents, thereby 
enhancing tissue regeneration [35].

Our comprehensive study demonstrates that the resulting hydrogel is 
straightforward to formulate, user-friendly, and cost-effective. Its 
injectability and responsiveness to external stimuli make it particularly 
suitable for minimally invasive surgery and open new perspectives for 
at-home post-surgical treatments through simple ultrasound 
applications.

2. Materials and methods

2.1. Materials

k/λ-Carrageenan (Carr, Sigma Aldrich), hyaluronic acid (HA, mo
lecular weight: 1700 kDa, DSM), collagen from bovine tendon (Coll, 
Sigma Aldrich), barium titanate (IV) particles (BTO, Sigma Aldrich), 
acetic acid (Sigma Aldrich), potassium chloride (KCl, Sigma Aldrich), 
sodium hydroxide (NaOH, Sigma Aldrich), urea (Sigma Aldrich), 
running buffer 10X (Bio-Rad), Laemmli Sample Buffer (Bio-Rad), Mini- 
PROTEAN TGX Precast Gels 5–20% (Bio-Rad), Coomassie Brilliant 
Blue G-250 (Bio-Rad), methanol (Sigma Aldrich), DC Protein Assay Kit 
(Bio-Rad), paraformaldehyde (PFA, Sigma Aldrich), phosphate-buffered 
saline (1X) w/o Ca and Mg (PBS, Gibco), αMEM (Gibco), EMEM (ATCC), 
DMEM/F12 no phenol red (Gibco), DMEM high glucose (Gibco), foetal 
bovine serum (FBS, Gibco), penicillin/streptomycin mixture (pen/strep, 
Gibco), trypsin 0.5% EDTA (Gibco), trypan blue (Sigma Aldrich), MTT 
reagent (Sigma Aldrich), dimethyl sulfoxide (DMSO, Sigma Aldrich), 
LIVE/DEAD Viability/Cytotoxicity Kit (Invitrogen), triton X − 100 
(Sigma Aldrich), ActinRed 555 ReadyProbes reagent (Invitrogen), 4′,6- 
diamidino-2-phenylindole dihydrochloride (DAPI, Invitrogen) reagent, 
tri reagent (Invitrogen), Directzol RNA MiniPrep kit (Zymo Research), 
TaqMan Gene Expression Assays (Applied Biosystems), and poly
dimethylsiloxane (PDMS, Sylgard® 184, Merck) were purchased and 
used without any further purification.

2.2. Collagen solubilisation and characterisation

Collagen from bovine tendon was solubilised following the protocol 
described by Pei Y. et al. Briefly, 1 g of collagen was immersed in 100 g of 
a NaOH/urea/H₂O solution (7:12:81 g) and frozen for 3 h at − 80 ◦C, 
thawed for 1 h at room temperature, frozen again for 3 h at − 80 ◦C, and 
finally thawed overnight at 4 ◦C. The solid phase was separated using a 
sieve and dissolved in 0.02% (w/v) acetic acid. Collagen quality was 
assessed by SDS-PAGE. The sample was diluted to a final concentration 
of 0.5 mg/mL in 1× Laemmli Sample Buffer and Milli-Q water, heated at 
95 ◦C for 5 min, and 30 μL were loaded into each well of a Mini- 
PROTEAN TGX Precast Gel (5–20%). Electrophoresis was performed 
in 1X Running Buffer at 200 V for 1 h. The gel was rinsed in Milli-Q 
water, stained with Coomassie Brilliant Blue (0.0025 g/mL in meth
anol/acetic acid/water, 50:20:30 mL) for 30 min under agitation, and 
destained with methanol/acetic acid/water (20:10:70 mL). Imaging was 
carried out using a Gel Doc XR+ Gel Documentation System (Bio-Rad).

Collagen quantification was performed using the DC Protein Assay 
Kit according to the manufacturer's instructions (n = 3).

2.3. Hydrogel formulation

All hydrogel components were prepared separately. Carrageenan 
(Carr), described by the manufacturer as predominantly κ-carrageenan 
with lesser amounts of λ-carrageenan, was dissolved at 1.5% (w/v) in 
Milli-Q water at 70 ◦C under magnetic stirring using a hot plate stirrer 
equipped with a temperature probe for continuous temperature moni
toring. Hyaluronic acid (HA) was dissolved at 3% (w/v) in Milli-Q water 
under stirring for 2 h. Collagen (Coll) was solubilised as described above 
and the pH was adjusted to 7.4 using 5 M acetic acid.
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Carr, HA, and Coll were mixed to achieve final concentrations of 
0.75% (v/v), 0.3% (v/v), and 0.0375% (v/v), respectively (Car
r_HA_Coll). Three control formulations were prepared: Carr (0.75% v/ 
v), Carr_HA (0.75% v/v Carr and 0.3% v/v HA), and Carr_Coll (0.75% v/ 
v Carr and 0.0375% v/v Coll).

To obtain a multi-stimuli-responsive hydrosol, BTO particles 
(BaTiO₃, 99% purity; average particle size ≈ 700 nm), exhibiting a 
tetragonal phase and submicrometric particle size (Fig. SI 1,2), were 
added to Carr_HA_Coll. BTO particles were poled at room temperature 
using a custom-built corona discharge setup. Two different sets of pa
rameters were employed for corona poling. In the first method, a voltage 
of 20 kV was applied for 5 min at room temperature, with the electrode 
positioned 5 cm from the sample surface, while in the second method, a 
voltage of 7 kV was applied for 5 min at 100 ◦C, with the electrode 
positioned 1 cm from the sample surface, and then cooled down to 35 ◦C. 
The effectiveness of the poling methods on BTO powder was then 
characterised by piezoresponse force microscopy (PFM). BTO nano
particles were deposited by drop casting of a diluted dispersion (0.5 mg/ 
mL) in acetone on both doped silicon substrates and gold-coated doped 
silicon, in order to check the effect of the substrate on the poling 
efficiency.

BTO was resuspended at 25 mg/mL in Milli-Q water and sonicated 
for 5 min (20 kHz, 130 W, 20% amplitude). Carr_HA_Coll was supple
mented with BTO at final concentrations of 0.5–8 mg/mL. Gelation was 
induced by 5% KCl (v/v) in cell culture medium. Hydrosols were either 
extruded through a 30G needle into a 5% KCl (v/v) in cell culture media 
solution to form spheres (Video SI 1 and Fig. 1A), cast into custom 3D- 
printed moulds (Fig. 1B), or poured into well plates (96-, 24-, or 6-well) 
depending on the downstream analysis. For casted samples, 5% KCl was 
applied to the substrate, the mixture was poured, and an additional layer 
of KCl solution was sprayed on top. Samples were incubated for 10 min 
at 37 ◦C, then submerged in 5% KCl for another 10 min before being 
transferred to fresh medium.

2.4. Fourier transform infrared (FTIR) spectroscopy analysis

Infrared spectroscopy experiments were carried out on raw materials 
(carrageenan, hyaluronic acid, collagen, and BTO) in powder form and 
hydrogels, both prior and after freeze drying, (Carr, Carr_HA, Carr_Coll, 
Carr_HA_Coll, Carr_HA_Coll_BTO with BTO at 0.5 mg/mL) using a 
Nicolet™ iS™ 5 FTIR spectrometer (Thermo Fischer instrument) 

equipped with an internal reflection element (ATR crystal) i.e., a dia
mond crystal. Collected spectra, obtained by means of 16 scans in the 
490–4000 cm− 1 range, have a resolution of 4 cm− 1.

2.5. Dynamic mechanical analysis (DMA)

DMA was performed on Carr, Carr_HA, Carr_Coll, Carr_HA_Coll, and 
Carr_HA_Coll_BTO hydrogels (BTO at 0.5, 3, and 8 mg/mL) to determine 
Young's modulus using a DMA Q800 (TA Instruments). Hydrogels were 
cast as discs (35 mm diameter, 3 mm thickness), incubated overnight in 
cell culture medium at 37 ◦C, and punched into 8 mm × 3 mm speci
mens. Compression testing was carried out in submerged conditions at 
37 ◦C, and Young's modulus was calculated from the linear region of the 
stress–strain curve (0–10%) (n = 5).

2.6. Rheology

Rheological analyses were performed using a Bohlin C-VOR 120 
rotational rheometer equipped with a thermostatic unit (KTB 30). 
Hydrogel discs (35 mm diameter, 3 mm thickness) were incubated 
overnight in cell culture media at 37 ◦C. A serrated stainless-steel par
allel-plate geometry (40.0 mm diameter; 2.3 mm gap) was used. Small- 
amplitude oscillatory shear (SAOS) tests were performed at 37 ◦C. The 
linear viscoelastic region (LVER) was identified by a stress sweep 
(0.1–5000 Pa) at 1 Hz, followed by a frequency sweep (0.01–10 Hz) at 5 
Pa (n = 5). Carr, Carr_HA, Carr_Coll, Carr_HA_Coll, Carr_HA_Coll_BTO 
(BTO at 0.5 mg/mL) were characterised following previously published 
procedures [36].

2.7. Scanning electron microscopy

Hydrogel porosity was assessed by SEM. Hydrogels (6.4 mm diam
eter, 3 mm thickness) were frozen in liquid nitrogen and freeze-dried for 
48 h (− 40 ◦C to +25 ◦C; 0.086 mbar). Scaffolds were cut in half, 
mounted on aluminium stubs with carbon tape, and gold-sputtered 
using a Polaron Sputter Coater E5100. Imaging was performed using a 
Stereoscan 360 SEM (Cambridge Instruments) (n = 3 replicates, at least 
5 images per condition per replicate).

The SEM segmentation was done using a superpixel segmentation 
algorithm (jSLIC) in Fiji (v.1.54p). This algorithm allows to separate the 
initial image (Fig. SI 3A) in superpixel (Fig. SI 3B) using two parameters: 

Fig. 1. A: Carr_HA_Coll hydrosol injected through a 30G needle. B: Hydrosol cast in custom 3D-printed mould. C-D: Preliminary cytotoxicity evaluation of BTO on 
WS1 cells cultured in 2D standard conditions. C: Morphological evaluation on WS1 cells after 24 h, 72 h and 7 days of culture with different concentrations of BTO 
particles. Actin filaments in red; cell nuclei in blue. Scale bars: 200 μm. D: Cell proliferation measured by PrestoBlue test after 24 h, 72 h and 7 days of culture (mean 
± SEM, n = 3). α = ****p value ≤0.0001 vs all the other concentrations. E: Carr_HA_Coll with different concentrations of BTO (0.5–8 mg/mL), minor shape ir
regularities are attributable to demolding from the 96-well plate using a spatula.
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the Initial grind size and the regularisation which has been selected 
manually for each image to capture the pores. Then each superpixel was 
saved as a ROI and thus can be selected (Fig. SI 3C) and used to compose 
a mask highlighting the pores (Fig. SI 3D). The masks were then 
analyzed to determine the area, the equivalent diameter (i.e., the 
diameter corresponding to a perfectly circular pore), the aspect ratio, 
and the symmetry.

2.8. Piezoresponse force microscopy (PFM)

Converse piezoelectric coefficient d33 of single BTO particles was 
measured by Piezoresponse Force Microscopy (PFM), a local probe 
technique based on Atomic Force Microscopy (AFM). A recently intro
duced non-contact piezoresponse technique [37] has been used that 
allows measurement of particles adhering to a flat, conducting substrate 
avoiding dragging of the sample during scanning, that is hardly 
achievable with conventional contact-mode PFM. The AFM used was a 
NanoScope IIIa with MultiMode head, equipped with gas cell and ADC5 
extension (Veeco Instruments Inc., USA). Non-contact type AFM canti
levers (Nanosensors PPP-NCLPt, platinum‑iridium coated silicon tips, 
spring constant ~40 N/m, resonant frequency f0 ~ 156 kHz, quality 
factor Q0 ~ 500 in air, tip radius ~ 30 nm) were operated in constant- 
excitation frequency modulation (CE-FM)-AFM mode, with a free 
oscillation amplitude of A0 ~ 20 nm. Distance stabilisation is obtained 
by feedback on the oscillation amplitude. An oscillating voltage V(t) =
Vdc + Vac cos(2πft) is applied to the probe as customary in PFM, with the 
sample conductive substrate grounded. The typical frequency used was 
around f ~ 80 Hz. The oscillation amplitude signal Af(t) from the FM- 
AFM controller (PLLProII, RHK Technology, Troy, USA) is demodu
lated at frequency f by a dual lock-in amplifier (SRS830DSP, Stanford 
Research Systems, USA) whose output (ΔA) was acquired through the 
auxiliary acquisition channels of our AFM. The latter output represents 
the measurement of the surface displacement induced by the applied 
electric field, and therefore of the converse piezoelectric effect. By 
dividing such surface displacement by the applied voltage Vac, the 
piezoelectric coefficient d33 is obtained. Noteworthy, the PFM method 
usually yields underestimated values of piezoresponse on stiff materials 
like BTO ceramics. This is because the local electric field produced by 
the sharp AFM probe tip is strongly concentrated on a small sample area 
of a few hundreds of nm2, therefore the surrounding material is con
cerned by much lower electric field and its piezoelectric deformation is 
much reduced compared to the center region. If the material is very stiff, 
as in the case of ceramics, internal elasticity of the material contrasts 
strongly the local deformation of the surface area faced to the tip, giving 
raise to the so-called clamping effect, limiting the actual local defor
mation by piezoelectric effect.

2.9. Stability evaluation

Hydrogel discs (22 mm diameter, 3 mm thickness) were incubated in 
cell culture medium at 37 ◦C for up to 42 days under two conditions: (i) 
partial medium replacement (removal of 500 μL and addition of 750 μL), 
and (ii) medium supplementation only (250 μL added every 2–3 days). 
Samples were weighed at days 0, 7, 14, 21, 28, 35, and 42. Data are 
expressed as percentage of the initial mass (n = 4).

2.10. In vitro biological evaluation

The human fibroblast cell line WS1 (ATCC CRL-1502), neuroblas
toma cell line SH-SY5Y (ATCC CRL-2266), murine myoblast cell line 
C2C12 (ATCC CRL-1772), and murine macrophage cell line RAW 264.7 
(ATCC TIB-71) were used. Cells were cultured under standard conditions 
(37 ◦C, 5% CO₂, controlled humidity) in their respective media (WS1: 
αMEM; SH-SY5Y: 1:1 mix of EMEM and DMEM/F12 no phenol red; RAW 
264.7 and C2C12: DMEM high glucose) supplemented with 10% FBS 
and 1% pen/strep. Cells were detached by trypsinisation, centrifuged, 

counted by Trypan Blue exclusion, and handled under sterile conditions.
For the initial BTO particles' cytocompatibility screening under 

standard 2D conditions, WS1 cells were seeded at 2 × 103 cells/well in 
96-well plates. After 24 h, the cell culture medium was replaced with 
BTO suspensions (5, 10, 50, 100, 250 and 500 μg/mL). Brightfield im
ages were acquired at 24 h using an inverted Ti-E fluorescence micro
scope (Nikon).

For the biological evaluation of the hydrogels, cells were encapsu
lated into different hydrogel formulations at the following densities: 
WS1 (7.5 × 105/mL), SH-SY5Y (5 × 106/mL), C2C12 (6 × 106/mL), 
RAW 264.7 (2 × 106/mL). Hydrosols were then cast in 96-well plates as 
described above.

2.11. Viability and proliferation analysis

Quantitative cell viability and proliferation over time were per
formed both on standard 2D cell culture for the initial screening of BTO 
particles, and on cells encapsulated into several hydrogels at different 
time-points (WS1, C2C12 and SH-SY5Y: d1 and d3; RAW 264.7: day 2) 
and formulations using the PrestoBlue assay according to the manu
facturer's instructions. The reagent was added to the culture medium at 
10% v/v, and incubated for 2 h at 37 ◦C in a humidified 5% CO₂ at
mosphere. The reagent is converted by living cells in fluorescent resor
ufin, which was detected by using the Fluoroskan Microplate 
Fluorometer (Thermo Fisher Scientific), setting the excitation wave
length equal to 544 nm, whereas the emission wavelength to 590 nm. A 
hydrogel without cells was used as blank and its background value was 
then removed from all the viability data. (n = 3 biological replicates, 
each measured in technical triplicate).

A qualitative analysis to evaluate the cell viability encapsulated into 
the hydrogels was performed at different time points (WS1, C2C12 and 
SH-SY5Y: day1 and day3; RAW 264.7: day 2) using LIVE/DEAD® assay 
following the manufacturer's instructions. Briefly, cells were washed 
with PBS 1× and incubated with 1.3 μM of Calcein AM and 4 μM of 
Ethidium homodimer-1 for 15 min at 37 ◦C and 5% CO2. Images of live 
cells stained in green and dead cells in red were acquired by using an 
inverted Ti-E fluorescent microscope (Nikon). Two samples for each 
group were analysed (n = 2 biological replicates, at least 3 images per 
condition per replicate).

2.12. Cell morphology evaluation

For morphology analysis of WS1 cells exposed to 5, 10 and 50 μg/mL 
BTO, cells were fixed in 4% PFA after 1, 3 and 7 days, permeabilised 
with 0.1% Triton X-100, and F-actin filaments were stained using Actin 
Red 555 ReadyProbes™ Reagent, followed by nuclear counterstaining 
with DAPI (600 nM). Images were acquired using an inverted Ti-E 
fluorescent microscope (Nikon) (n = 2 biological replicates, at least 3 
images per condition per replicate).

2.13. Gene expression analysis

To assess the polarisation of RAW 264.7 cells embedded for 48 h in 
the hydrogels, RNA was extracted from hydrogels using TRI Reagent 
followed by purification with the Direct-zol RNA MiniPrep Kit. RAW 
264.7 cells seeded at 2 × 105 cells/well in 6 well-plate were used as 
control group.

RNA purity and concentration were measured using NanoDrop One 
Microvolume UV–Vis Spectrophotometer (Thermo Scientific). cDNA 
was synthesised from 500 ng RNA using the High-Capacity cDNA 
Reverse Transcription Kit. Gene expression of TNF-α 
(Mm00443258_m1), IL-10 (Mm01288386_m1), and GAPDH 
(Mm99999915_g1) was quantified using TaqMan assays on a Quant
Studio 1 Real-Time PCR System (Applied Biosystems). The relative 
quantification of target gene was assessed with the Comparative 
Threshold (Ct) method (ΔΔCt) [38] (n = 2 biological replicates, each 
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measured in technical triplicate).

2.14. Ultrasound application set up

Ultrasound (US) stimulations were performed using a Vibra-Cell VCX 
130 ultrasonic processor (Sonics & Materials Inc.) equipped with a 6 mm 
diameter probe, operating at 20% amplitude and a frequency of 20 kHz. 
To optimise US stimulation, a custom culture chamber was designed and 
manufactured by a mould-casting process of PDMS. Based on calcula
tions derived from available data [39], a 2-cm-thick layer of 10:1 cross- 
linked PDMS (thickness of the PDMS cap) is expected to reduce ultra
sound power transmission by approximately two orders of magnitude, in 
order to obtain the final stimulation intensity used of 900 mW/cm2. 
PDMS was selected for its favourable mechanical and acoustic proper
ties, including an acoustic impedance comparable to that of cell culture 
media, making it suitable for effective ultrasonic transmission [39,40]. 
The experimental setup allowed for consistent and reproducible ultra
sound exposure. An acoustic intensity of 900 mW/cm2 was applied. Both 
Carr_HA_Coll_BTO and Carr_HA_Coll hydrogels, with embedded WS1 
cells, were placed in the chamber, immersed in culture medium, and 
subjected to a 60-second ultrasound stimulation once daily for five 
consecutive days. The cell viability was qualitatively and quantitatively 
assessed through LIVE/DEAD assay (day 3 and day 5, n = 3) as described 
above and MTT assay (day 1, day 3 and day 5) following the manufac
turer's instructions. Briefly, MTT reagent [3-(4,5-dimethylthiazol-2-yl)- 
2,5-diphenyltetrazolium bromide] (5 mg/mL) was prepared in PBS 1X, 
added to the culture medium at 10% v/v, and incubated for 2 h at 37 ◦C 
in a humidified 5% CO₂ atmosphere. The medium was then removed, 
and the resulting formazan crystals generated by metabolically active 
cells were dissolved in DMSO. For the hydrogels, the samples were 
crushed to release formazan crystals and centrifuged (3 min, 15,000 
rpm). Blank hydrogels without cells were used for background sub
traction. Absorbance values, measured at 570 nm using a Multiskan FC 
microplate photometer (Thermo Scientific), were proportional to the 
number of viable cells (n = 9 biological replicates, each measured in 
technical triplicate).

2.15. Statistical analysis

The results were plotted as average ± standard deviation. 2D WS1 
viability, 3D WS1 ultrasound experiment viability and RAW 264.7 gene 
expression data were analysed by Two-way analysis of variance (Two- 
way ANOVA), followed by Tukey's Multiple Comparisons test. Young's 
Moduli data were analysed by One-way analysis of variance (One-way 
ANOVA), followed by Tukey's Multiple Comparisons test. All the sta
tistical analyses were performed by GraphPad Prism Software (Version 
8.0). All data were included in the analyses, and no outliers were 
excluded or removed during correlation analyses, as no exclusion 
criteria or outlier filtering procedures were applied. Statistically signif
icant differences for the stability data are reported in the graph, *p value 
≤0.05, **p value ≤0.01, ***p value ≤0.001 and ****p value ≤0.0001.

All computations for data image segmentation were performed in 
Python 3.11.8 (Linux) using open-source scientific libraries. Data 
handling and I/O were done with pandas 1.5.3 and NumPy 1.24.0; 
correlation coefficients and hypothesis tests used SciPy 1.14.1 (Spear
man's ρ), and visualisations (triangular heatmaps and scatter plots) were 
produced with Matplotlib 3.6.3. We analysed the variables using non- 
parametric rank-based correlation to accommodate skewed distribu
tions and potential outliers. Specifically, pairwise Spearman's ρ co
efficients were computed for all numeric variable pairs using pairwise 
complete observations. Variables with fewer than three overlapping 
observations per pair were omitted for that pair; fully constant variables 
were excluded from correlation estimates. Two-sided p-values were 
obtained from the Spearman test; statistical evidence was interpreted at 
α = 0.10, and for reporting/visualisation p < 0.001 was displayed as 0. 
Effect sizes are presented as Spearman's ρ with corresponding p-values. 

Results are visualised as triangular matrices where the lower triangle 
shows a heatmap of ρ (range − 1 to +1) and the upper triangle reports 
the numeric values (ρ for the correlation figure; p for the significance 
figure), preserving the original variable labels and symbols. To aid 
interpretation of relationships deemed noteworthy (p < 0.10), we 
generated bivariate scatter plots using pairwise-complete data and an
notated them with ρ and p. All analyses were performed in Python 
(SciPy/NumPy, Matplotlib), and tables/figures were produced with 
consistent axis labelling and scaling to ensure legibility. Unless other
wise stated, no multiple-comparison adjustment was applied, and find
ings should be interpreted as exploratory.

3. Results and discussion

3.1. Hydrogel formulation, characterisation and BTO initial screening

Carrageenan (Carr) is a seaweed-derived polysaccharide widely used 
in the food and cosmetics industries and is already approved by both the 
European Food Safety Authority (EFSA) [26] and the U.S. Food and Drug 
Administration (FDA) [27].

Carr's gelling behaviour depends on temperature and the presence of 
ions in solution (e.g., KCl), leading to the formation of a stable ther
moreversible gel [25]. The Carr used in this study corresponds to a 
commercially available material described as predominantly κ-carra
geenan with lesser amounts of λ-carrageenan. The presence of κ-carra
geenan ensures ion-responsive thermoreversible gel formation, while 
the λ-carrageenan fraction may contribute additional biofunctional ef
fects. In particular, λ-carrageenan has been reported to support extra
cellular matrix deposition without negatively affecting cell morphology, 
viability, metabolic activity, or proliferation, suggesting a potential role 
as a macromolecular crowding agent that enhances the development of a 
biomimetic microenvironment in tissue engineering applications 
[41–43].

To obtain a liquid formulation suitable for injection through a 30G 
needle, ensuring a minimally invasive application, Carr was dissolved at 
1.5% (w/v) and maintained at 41 ◦C. Carr mimics the crowded in vivo 
environment and can enhance cell proliferation and/or differentiation 
depending on conditions [23,24]. To better reproduce the human 
extracellular matrix (ECM) [44,45] and enhance the hydrogel's bioac
tivity, we used Carr (final concentration equal to 0.74% v/v) as the 
backbone material supplemented with hyaluronic acid (HA, 0.3% v/v) 
and collagen (Coll, 0.0375% v/v). Both HA and Coll are major ECM 
components that play key roles in regulating cell differentiation, 
migration, angiogenesis, and inflammation [28,29]. The collagen used 
(bovine tendon) was solubilised following the protocol explained in 
Collagen Solubilisation material and methods section; its purity was 
assessed by SDS-PAGE (Fig. SI 4), and its concentration was determined 
using the DC protein assay (0.68% v/v).

The resulting hydrosol could be easily injected through a 30G needle 
under manual pressure, without observable clogging or phase separation 
(Fig. 1A; Video SI1). Injection was reproducible across multiple samples 
and remained stable immediately before gelation. This behaviour is 
particularly relevant for minimally invasive delivery, as it indicates 
adequate flowability at high shear conditions typically associated with 
fine-gauge needles. This feature provides a significant advantage over 
other injectable systems, whose delivery through fine needles can be 
hindered by high material viscosity [46,47]. Gelation occurred within a 
few minutes (i.e. <5 min) upon contact with 5% (v/v) KCl in cell culture 
medium. The sol–gel transition was visually confirmed by the ability of 
the gels to be removed from the support in which they were formed 
while maintaining the geometry of the support (e.g., 96-well plate, 24- 
well plate (Fig. SI 5). Moreover, unlike certain hydrogels whose gel
ling agents require specific conditions, such as UV exposure, to initiate 
gelation, carrageenan offers a more versatile alternative by leveraging 
physiological potassium ions [48]. This provides a flexible and practical 
cross-linking strategy, particularly valuable in contexts where limited 
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light penetration or potential cross-linker toxicity are concerns [49,50]. 
The hydrosol also exhibited high moldability, as shown in Fig. 1B: it was 
cast in a custom 3D-printed mould and accurately replicated the mould 
geometry, indicating sufficient pre-gel viscosity and structural stability 
to maintain spatial adaptability prior to ionic crosslinking. Since path
ological lesions rarely present a defined shape, the ability of the 
hydrogel to fill irregular defects via simple injection represents a sig
nificant advantage over scaffolds produced using freeze-casting, 3D 
bioprinting, or electrospinning [51–53].

Furthermore, BTO particles were incorporated to provide multi- 
stimuli responsiveness. Ultrasound-induced mechanical deformation of 
BTO generates local electric currents that can promote tissue regenera
tion, effectively introducing a controlled bioelectric stimulus through 
ion movements and endogenous ionic currents within the surrounding 
microenvironment. BTO particles are widely reported to exhibit high 
biocompatibility and chemical stability in physiological environments, 
with low intrinsic cytotoxicity and favourable interactions with several 
cell types [54]. This behaviour is attributed to their chemical inertness 
and the absence of harmful ion release. In vivo studies further support 
the safe integration of BTO-containing scaffolds, where enhanced tissue 
formation has been observed without adverse local effects [55].

Non-contact PFM measurements were performed on nanoparticle 
clusters, showing that different particles within the same cluster 
exhibited different apparent piezoelectric coefficients (Fig. 2).

BTO particles poled at room temperature using method 1 showed the 
most consistent local electromechanical response, with apparent d33 
values of approximately 5 pm/V (Fig. SI 7). Based on these results, 
particles treated under these conditions were selected for the biological 
studies. Further details on the PFM measurements and corona poling 
comparison are reported in the Supplementary Materials.

As a preliminary step, BTO biocompatibility was evaluated in 2D 
cultures of human skin fibroblasts (WS1). Increasing BTO concentrations 
(0.5–500 μg/mL) were added to the cells, and morphology and viability 
were assessed after 24 h, 72 h, and 7 days (Fig. 1C, D). No signs of 
cytotoxicity were observed at 24 h. At later time points, the highest 
concentrations resulted in a modest reduction in viability, likely 
reflecting the intrinsic limitations of static 2D cultures when exposed to 
elevated particle loads. This behaviour is consistent with reports across 
the literature, where reduced viability at high concentrations is 
commonly attributed to culture-related constraints rather than true 
particle-induced cytotoxicity, regardless of particle type [56–58] (Fig. SI 
6).

We then investigated whether BTO influenced Carr_HA_Coll gelation 
and moldability. A broad concentration range (0.5–8 mg/mL) was 
tested, and no qualitative differences were observed in term of mold
ability, with the gelation time remaining below 5 min (Fig. 1E). These 
concentrations are higher than those used in 2D cytotoxicity assays, as 
the constraints of static monolayers do not apply in 3D systems, where 
particle dispersion within the hydrogel prevents the viability limitations 
typically observed in 2D cultures. For characterisation, hydrosols were 
cast into hydrogel discs using 5% (v/v) KCl in cell culture medium. 

Gelation occurred within minutes (i.e. <5 min), and the hydrogels were 
easily handled.

To confirm the structural identity, chemical integrity, and successful 
incorporation of each macromolecular precursor and BTO into the final 
matrix, FTIR spectra were recorded for each individual component in 
powder form (i.e. Carr, HA, Coll, BTO), and the composite hydrogels 
(Fig. 3). The spectrum of raw HA displays a broad band around 
3300–3400 cm− 1 assigned to OH and NH stretching vibrations, along 
with characteristic peaks at ~1610 cm− 1and ~1405 cm− 1, corre
sponding to the asymmetric and symmetric stretching of the carboxylate 
groups (-COO-), respectively. The intense band at ~1030 cm− 1 corre
sponds to C-O-C ether and pyranose ring stretching. The spectrum of Coll 
exhibits the characteristic protein signature, including the Amide I band 
at ~1640 cm− 1 (C––O stretching), Amide II at ~1545 cm− 1 (N–H 
bending and C–N stretching), and Amide III at ~1240 cm− 1. The 
preservation of these distinct amide peaks confirms the integrity of the 
triple-helical structure of collagen. In the Carr spectrum, typical ester 
sulfate group (S––O) stretching vibrations are visible around 
1220–1250 cm− 1, alongside the glycosidic linkage region at 900–1050 
cm− 1. The BTO spectrum shows a strong band starting below 700 cm− 1 

with a minimum near 500–600 cm− 1, characteristic of Ti–O stretching 
vibrations in the perovskite crystal lattice. The composite hydrogel 
spectrum (Carr_HA_Coll_BTO) clearly demonstrates the successful inte
gration of all constituents into a single, cohesive network. Broadening 
and intensification of the -OH/ -NH stretching region (3300 cm− 1) 
combined with subtle shifts in the Amide I/carboxylate peak positions 
(~1640 cm− 1) indicate strong intermolecular interactions (e.g., 

Fig. 2. Topography (A) and piezoresponse (B) images of a typical nanoparticle cluster, cast on a flat conductive (doped silicon) substrate, measured by non-contact 
piezoresponse force microscopy.

Fig. 3. ATR-FTIR spectra of the starting raw materials, i.e. Carr, HA, Coll, BTO 
and of the resulting Carr_HA_Coll_BTO hydrogel.
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hydrogen bonding and electrostatic interactions) between the polymeric 
backbones. Furthermore, the simultaneous presence of the poly
saccharide fingerprint region (1000–1050 cm− 1) and the strong low- 
wavenumber absorption signature (<700 cm− 1) derived from BTO 
verifies the homogenous entrapment of the inorganic nanoparticles 
within the macromolecular hydrogel framework. The step-by-step 
chemical incorporation and structural evolution across all intermedi
ate hydrogel formulations (Carr, Carr_HA, Carr_Coll, Carr_HA_Coll, and 
Carr_HA_Coll_BTO) were further confirmed by FTIR analysis, as reported 
in Figs. SI 7 and SI 8.

For soft tissue regeneration, mechanical properties must closely 
match those of native tissues, as stiffness, together with chemical 
composition, plays a central role in modulating cell adhesion, spreading, 
proliferation, and differentiation [50]. Matrix stiffness was assessed via 
dynamic mechanical analysis (DMA). Young's modulus (E) was deter
mined from stress–strain curves in compression under physiological-like 
conditions (samples submerged in medium at 37 ◦C). The slope of the 
linear region between 0 and 10% strain was used to calculate E.

Among the different concentrations tested, three were selected for 
further experiments (0.5, 3, and 8 mg/mL), representing low, interme
diate, and high BTO levels within the investigated range. No statistically 
significant differences were observed, indicating that BTO does not 
affect the hydrogel's Young's modulus (Fig. 4A, B). For subsequent 
studies, the lowest concentration (0.5 mg/mL) was selected for the 
initial screening, as it allowed us to evaluate the material performance 
while minimizing the particle load and potential interference with bio
logical responses. From here on, “Carr_HA_Coll_BTO” refers to this 
concentration. Young's modulus values ranged from 4.4 to 8.7 kPa 
(Fig. 4A, B), comparable to human soft tissues [59,60]. The lowest value 
corresponded to Carr alone, while the highest corresponded to Car
r_HA_Coll, indicating that the addition of HA and Coll slightly increased 
stiffness. No statistical difference was found between Carr_HA_Coll and 
Carr_HA_Coll_BTO, confirming that BTO does not alter mechanical 
properties.

Rheological analyses further characterised the mechanical behav
iour. Oscillatory shear tests were used to determine viscoelastic prop
erties. The linear viscoelastic region (LVER) and critical strain were 
identified through a stress sweep (Fig. 4C). Critical strain values ranged 
from 0.60 to 1.48%, indicating the strain threshold at which the 
hydrogel network begins to deviate from linear viscoelastic behaviour 
(Fig. 4E). Frequency sweeps performed within the LVER showed that G′ 
consistently exceeded G″ by one order of magnitude, and G′ was nearly 
frequency-independent, indicative of a strong viscoelastic gel (Fig. 4D). 
The predominance of the elastic component was also supported by tan δ 
= G″/G′ < 1 throughout (Fig. 4E). Values of tan δ close to 0.01 may 
increase sensitivity to instrumental phase resolution and explain minor 
signal instabilities. The generalized Maxwell model yielded shear 
modulus (G) values of 1.17–3.94 kPa, indicating robust mechanical 
performance, with increases upon addition of each component (Fig. 4E). 
G′0 represents the elastic (storage) modulus of the hydrogel in the linear 
viscoelastic region, reflecting the initial stiffness and integrity of the 
polymer network under small deformations.

The G′0 values obtained in the range 0.96–2.25 kPa indicate that all 
formulations behave as soft, elastic gels, with modest differences 
attributable to the different compositions. This stiffness range is well- 
suited for regenerative medicine applications targeting soft tissues, as 
it mimics the mechanical environment of native soft biological tissues 
(Fig. 4E). Hydrogel stability over time was evaluated in conditions 
mimicking cell culture and physiological environments, where medium 
or body fluids are periodically renewed. Samples were maintained at 
37 ◦C in culture medium, which was either partially replaced or simply 
supplemented every 2–3 days. As shown in Fig. 4F, G, partial medium 
replacement reduced hydrogel stability: after 35 days, hydrogels lost 
~30% of their initial weight, whereas simple cell medium addition 
resulted in only ~10% loss after 42 days. Based on these results, partial 
culture medium changes were used in subsequent cell culture 

experiments as they better represent physiological turnover [61].
Overall, our results demonstrate that the addition of HA, collagen, 

and BTO slightly increases stiffness and mechanical strength compared 
to Carr alone, while preserving injectability and favourable mechanical 
properties consistent with native soft tissues. Coupled with its simple 
preparation, without the need for precursor mixing [62,63], the pro
posed hydrogel represents an excellent candidate for regenerative ap
plications via minimally invasive injection.

Given the goal of soft tissue regeneration, hydrogel porosity was also 
examined, as it strongly influences cell behaviour, migration, and dif
ferentiation. Hydrogels were freeze-dried, sectioned, and imaged inter
nally using SEM. Collagen appeared to increase pore size relative to 
Carr, while the addition of BTO decreased pore size even compared to 
Carr alone, suggesting that although BTO does not affect mechanical 
properties or gelation, it modulates internal porosity (Fig. 5A).

The segmentation of SEM images provided quantitative insights into 
the pore morphology of carrageenan-based hydrogels with different 
compositional modifications. In Fig. 5A a single SEM image and the 
result of its segmentation for each sample and from each magnification 
is reported. The complete analysis was done using a larger set of images. 
The results of the segmentation are reported in Fig. 5B. In terms of aspect 
ratio (AR), the Carr sample displayed moderately elongated pores (mean 
AR = 2.30 ± 1.33), while the addition of collagen increased pore het
erogeneity, with Carr_Coll exhibiting the highest standard deviation (AR 
StD = 3.94), suggesting less uniformity in pore shape. The incorporation 
of HA alone (Carr_HA) instead promoted more isotropic pores, as indi
cated by the lowest AR values (1.68 ± 0.65), consistent with the stiff
ening and homogenizing effect of HA on the polymeric network. 
Interestingly, the ternary Carr_Coll_HA hydrogel showed an increased 
AR (2.45 ± 0.78), indicating that the simultaneous presence of both 
collagen and HA restored a degree of elongation to the pore structure. A 
similar trend was observed in the Carr_Coll_HA_BTO formulation (2.27 
± 0.92), where the AR values suggest relatively elongated but consistent 
pore shapes. Pore symmetry (Sym) remained relatively stable across the 
different formulations, with values ranging from 0.776 to 0.806, indi
cating that despite compositional changes, the pores maintained a 
comparable degree of isotropy. The equivalent pore diameter (EqD) 
showed more substantial variations. The smallest pores were observed in 
Carr_HA (108.88 ± 129.59 μm), consistent with the densifying effect of 
HA, whereas Carr_Coll_HA showed the largest pores (465.24 ± 343.41 
μm), suggesting a synergistic effect of collagen and hyaluronic acid in 
promoting larger pore formation. Carr_Coll_HA_BTO also exhibited large 
pores (365.85 ± 324.51 μm), though slightly smaller than those in the 
Carr_Coll_HA formulation. The pore area (A) followed similar trends, 
with Carr_HA showing the smallest values (22,439.9 ± 54,803.8 μm2) 
and Carr_Coll_HA and Carr_Coll_HA_BTO reaching the highest mean 
areas (259,976.4 ± 406,766.4 μm2 and 186,105.0 ± 484,590.6 μm2, 
respectively).

Overall, the quantitative analysis indicates that all formulations 
exhibit an interconnected porous architecture with pore sizes and 
morphologies falling within a range considered suitable for hydrogel- 
based biomedical applications, supporting mass transport while pre
serving structural integrity.

3.2. In vitro preliminary biological evaluation

To preliminarily investigate the biological effects of the different 
formulations (Carr, Carr_HA, Carr_Coll, and Carr_HA_Coll), a human 
skin fibroblast cell line (WS1) was selected, as fibroblasts are key com
ponents of the ECM and WS1 cells are widely used as a standard model 
for initial biomaterial screening. This stepwise approach was designed to 
progressively evaluate formulations with increasing complexity, 
enabling a systematic assessment of the contribution of each component. 
Cells were encapsulated within the hydrogels, and their viability were 
assessed at two time points (day 1 and day 3). LIVE/DEAD assay showed 
a predominance of viable cells in all the formulations (Fig. 6A), 

A. Rossi et al.                                                                                                                                                                                                                                    International Journal of Biological Macromolecules 381 (2026) 153953 

7 



Fig. 4. A, B: Dynamic mechanical analysis (Young's Modulus); *p value ≤0.05, **p value ≤0.01, and ***p value ≤0.001. C-E: Rheological characterisation, (C) Stress 
sweep test (f = 1 Hz). (D) Frequency sweep test (stress = 5 Pa), (E) Viscoelastic properties evaluation. Storage modulus (G'0), Critical strain (γ*), shear modulus (G) 
and tan δ (G"/G). F. Hydrogel degradation profile over time with cell medium addition, expressed as % weight loss relative to day 0. G. Hydrogel degradation profile 
over time with partial medium replacement, expressed as % weight loss relative to day 0.
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indicating that the hydrogel environment did not exert cytotoxic effects. 
Quantitative analysis using the PrestoBlue assay further confirmed that 
metabolic activity was maintained over time, with no statistically sig
nificant differences between day 1 and day 3 (Fig. 6B). Notably, cells 
displayed a predominantly rounded morphology within the hydrogel 
matrix, suggesting limited cell spreading under these conditions, which 
may reflect restricted cell–matrix interactions within the current 
formulation.

Based on these findings and given the overall cytocompatibility 
observed across all tested formulations, further biological characterisa
tion was focused on Carr_HA_Coll, Carr alone, and a 2D control. Two 
additional cell lines relevant to soft tissue environments were selected: 
SH-SY5Y cells are widely used as an in vitro model for neuronal differ
entiation and regeneration, while C2C12 myoblasts are a well- 
established model for skeletal muscle differentiation and regeneration 
[64,65]. Cell viability and proliferation were evaluated at days 1 and 3 
post-embedding. Consistent with previous observations, no differences 
between the two hydrogel formulations were detected for either cell 

line, and both showed increased viability by day 3, indicating cell pro
liferation and overall well-being (Fig. 6D, F). LIVE/DEAD staining again 
confirmed a predominance of viable cells (Fig. 6C, E).

To further elucidate the immunological profile of the hydrogels, an 
evaluation using murine macrophages (RAW 264.7) was conducted 
[62,66]. Macrophages play a central role in mediating adverse immune 
reactions to implanted materials, known as the foreign body response, 
an extensively documented phenomenon [62,67]. Upon contact with 
biomaterials, macrophages may polarise toward either a pro- 
inflammatory M1 phenotype or a pro-regenerative M2 phenotype, 
depending on microenvironmental cues [68]. RAW 264.7 cells were 
encapsulated in the hydrogels, and their viability after 48 h was 
confirmed by MTT assay and LIVE/DEAD staining (Fig. 6G, H).

Gene expression analysis of canonical M1/M2 markers (TNF-α for 
M1; IL-10 for M2) revealed a statistically significant upregulation of IL- 
10 in both Carr and Carr_HA_Coll compared to 2D controls (Fig. 6J). 
Moreover, Carr_HA_Coll exhibited the highest IL-10 expression, consis
tent with literature reporting HA-induced M2 activation and with recent 

Fig. 5. A: SEM micrographs and pore segmentation. A single explanatory image for each magnification (200× and 500×) and for each sample has been reported. The 
complete data analysis was conducted with a minimum of three images for each sample and for each magnification. B: Descriptive statistics of the distributions of the 
quantitative data obtained by segmentation. We quantified the aspect ratio (AR ≥ 1), the symmetry (0 ≤ Sym ≤ 1), the equivalent diameter (EqD) and the Area (A).
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evidence showing that, although carrageenans are traditionally used as 
pro-inflammatory agents, κ-carrageenan and its oligosaccharides can 
also promote anti-inflammatory responses, including increased IL-10 
secretion, depending on their molecular characteristics [69–71].

Collectively, these preliminary in vitro results demonstrate that the 
proposed injectable hydrogel provides a supportive microenvironment 
capable of sustaining the viability and proliferation of fibroblasts, 
neuronal-like cells, and muscle cells. Additionally, the material pro
motes macrophage polarisation toward a pro-regenerative phenotype, 
thereby contributing to a microenvironment conducive to tissue repair.

3.3. Preliminary in vitro assessment of cell viability and proliferation 
under ultrasound-triggered piezoelectric stimulation

Given the promising preliminary biological results and the growing 
evidence that bioelectric cues regulate skin physiology and wound 
healing [21], we conducted a preliminary assessment of the effect of 
BTO-mediated piezoelectric stimulation on cell viability following 

ultrasound (US) application. Although bioelectricity is traditionally 
associated with excitable tissues such as muscle and nerve, endogenous 
electric fields also play an important role in skin repair processes and in 
the regulation of dermal fibroblast behaviour. BTO is a piezoelectric 
material, and ultrasound induces mechanical deformation of BTO par
ticles, generating local electric currents. To enable this piezoelectric 
effect, BTO particles were successfully polarised, as confirmed by 
nanoscale piezoresponse measurements, ensuring the presence of a 
stable piezoelectric behaviour necessary for effective electromechanical 
stimulation. Importantly, in the present system BTO particles are 
embedded as submicrometric fillers (~700 nm) within a crosslinked 
hydrogel network, which ensures strong physical confinement and limits 
particle mobility during stimulation, thereby maintaining the effect at a 
local, matrix-bound level. WS1 cells, chosen as a representative skin- 
derived fibroblast cell model, were encapsulated within Car
r_HA_Coll_BTO, while Carr_HA_Coll without BTO served as the control. 
Hydrogels were either subjected to ultrasound stimulation or kept un
treated. Specifically, WS1-laden hydrogels were exposed to daily 

Fig. 6. LIVE/DEAD assay to assess viability of WS1 (A); C2C12 (C); SH-SY5Y (E) and RAW 264.7 (G) cells embedded in the hydrogels. Live cells in green; dead cells in 
red. B: WS1 cell proliferation measured by PrestoBlue test after 1 and 3 days of culture (mean ± SEM, n = 3). D: C2C12 Cell proliferation measured by PrestoBlue test 
after 1 and 3 days of culture (mean ± SEM, n = 3). F: SH-SY5Y Cell proliferation measured by PrestoBlue test after 1 and 3 days of culture (mean ± SEM, n = 3). H: F: 
RAW 264.7 Cell proliferation measured by MTT test after 2 days of culture (mean ± SEM, n = 3). J: Relative quantification IL-10 and TNF alpha gene expression after 
2 days of culture. Data are presented as mean ± SEM relative to 2D cells only used as the control. *p value ≤0.05, **p value ≤0.01.
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ultrasound stimulation for 60 s over five consecutive days at 900 mW/ 
cm2, a level reported in the literature to promote cellular activity 
[39,40]. Cell viability was evaluated both qualitatively, using LIVE/ 
DEAD staining, and quantitatively, using the MTT assay. No significant 
differences were observed between the groups, neither due to the 
presence of BTO nor to ultrasound stimulation (Fig. 7). These results 
indicate that, under the applied conditions, piezoelectric stimulation 
does not affect cell viability. Accordingly, these findings should be 
interpreted as an initial confirmation of stimulation safety and system 
compatibility, rather than evidence of functional bioelectric effects. 
Future studies will explore whether adjusting ultrasound intensity, 
exposure duration, or investigating specific molecular pathways could 
reveal functional effects on WS1 cells, and other relevant cell types, 
including myoblasts, neuronal cells, and immune cells, to better assess 
tissue-specific and immunomodulatory responses. These directions are 
consistent with our previous findings using a different BTO-based system 
[72], where ultrasound-mediated piezoelectric stimulation did not 
affect cell viability or proliferation but modulated more complex cellular 
functions, including adhesion, Ca2+-dependent signalling, and lineage- 
specific differentiation, as shown through dedicated mechanistic 
analyses.

3.4. Correlation analysis of hydrogel properties and cellular responses

To gain a deeper understanding of how hydrogel composition and 
structural properties relate to cellular responses across all tested cell 
lines, we performed a comprehensive correlation analysis. This 
approach allowed us to explore the interplay between mechanical, 
morphometric, and biological parameters, providing insights beyond 
the preliminary viability assessments. The results of the correlation 
matrix for composite hydrogels provide a view of how various quanti
tative parameters interact, as illustrated and quantified by the table and 
two complementary figures. The Spearman correlation matrix offers a 
comprehensive overview by quantifying the relationships among me
chanical and morphometric variables, with the triangular heatmap in 
Fig. 8A visually communicating correlation strengths (coefficients above 
0.4 or below − 0.4 are considered moderate and those above 0.8 or 
below − 0.8 are especially strong) while the upper triangle displays exact 
values for precise interpretation; simultaneously, Fig. 8B presents the 
corresponding p-values, clearly marking which correlations are statis
tically significant, with those below 0.05 flagged and those less than 
0.001 shown as 0 for enhanced clarity. Robust associations (r ≥ 0.8 and 
p ≤ 0.05) are reported in Table 1.

The data reveal robust associations, such as the strong positive 
relationship between mean diameter and mean area, or between mean 

diameter and standard deviation of area, indicating that structural fea
tures affecting pore size are closely linked to properties like overall area 
and variability within the composite hydrogels; similar interconnections 
are observed between gel mechanics (Elastic modulus) and pore metrics 
(both area and diameter), reinforcing the notion that compositional 
adjustments impact both the microstructure and the resulting physical 
behaviour in measurable ways.

The correlation analysis also revealed strong and significant associ
ations involving vitality at day 3, which are integral to understanding 
the interplay between cellular responses and hydrogel properties. 
Notably, the vitality at day 3 exhibited a perfect positive correlation 
with several parameters, such as tan δ and G*, with Spearman correla
tion coefficients of 1 and − 1, respectively, and p-values reported as 
0 (denoting very high statistical significance). Additionally, there were 
perfect negative correlations (r = − 1, p = 0) with some other viability 
measures, indicating highly structured and distinct relationships across 
timepoints within the data set. When discussing these findings alongside 
the broader correlation matrix, it becomes clear that the vitality at day 3 
is closely linked not only to mean measures of cell viability but also to 
the variability in those responses, as well as to multiple mechanical 
hydrogel properties captured in the matrix and detailed figures, rein
forcing the pivotal role of third-day vitality as a sensitive and integrated 
indicator of the material's biological performance.

4. Conclusions

In this work, we developed an injectable carrageenan-based hydrogel 
designed as a versatile and biomimetic platform for regenerative ap
plications. By combining κ/λ-carrageenan with key extracellular matrix 
components (i.e. HA and type I collagen), we obtained a multi- 
component hydrogel that closely mimics the hydrated, compliant, and 
porous nature of native soft tissues. Ion-triggered gelation enabled rapid 
sol–gel transition under mild and physiologically relevant conditions, 
allowing straightforward delivery through fine-gauge needles and 
effective conformation to irregular defects.

The resulting hydrogels exhibited mechanical and viscoelastic 
properties comparable to those of soft tissues, like skeletal muscle and 
the central nervous system, together with a stable and interconnected 
porous architecture that supports mass transport and cell encapsulation. 
In vitro studies demonstrated cytocompatibility across multiple cell 
types relevant to soft tissue environments, including fibroblasts, myo
blasts, neuronal cells, and macrophages. Notably, the hydrogel pro
moted a pro-regenerative macrophage response, suggesting a favourable 
immunomodulatory profile.

The incorporation of barium titanate particles endowed the system 

Fig. 7. A: LIVE/DEAD assay to assess the viability of WS1 cells embedded in the hydrogels after 3 and 5 days with or without US application. Live cells in green; dead 
cells in red (n = 3). B: Cell proliferation measured by MTT test after 1, 3 and 5 days of culture with or without US application. (mean ± SEM, n = 9). **p value ≤0.01, 
****p value ≤0.0001.

A. Rossi et al.                                                                                                                                                                                                                                    International Journal of Biological Macromolecules 381 (2026) 153953 

11 



Fig. 8. A: Spearman's correlation matrix heatmap. The matrix shows the correlation coefficient r. A perfect correlation direct or inverse correlation is achieved when 
r is equal to +1 or − 1, respectively. The correlation is considered moderate with a ρ > 0.4 or ρ < − 0.4. B. P-values associated with the Spearman's correlation matrix. 
We considered statistically significant p-values p ≤ 0.05. All values above 0.1 were considered not significant.
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with stimuli-responsive functionality without adversely affecting 
injectability, mechanical performance, or cell viability. Preliminary ul
trasound stimulation experiments confirmed the safety of this approach, 
establishing a foundation for future investigations aimed at elucidating 
functional bioelectric effects and tissue-specific regenerative outcomes.

It should be noted that this study is limited to in vitro validation and 
proof-of-concept demonstration. Therefore, translational performance, 
long-term biocompatibility, and degradation behaviour under physio
logical conditions remain to be established in future preclinical in vivo 
studies. Future developments may also benefit from optimisation stra
tegies reported in the literature, including surface functionalisation or 
coating of BTO particles and the exploration of combination with other 
piezoelectric materials, which could improve particle dispersion within 
the hydrogel matrix and enable more controlled cell–material in
teractions, including the possibility of cell-targeting approaches and 
modulation of specific cellular pathways.

Overall, the proposed hydrogel represents a simple, user-friendly, 
and cost-effective injectable system with potential for minimally inva
sive regenerative therapies. Its modular design and responsiveness to 
external stimuli make it a promising platform for further optimisation 
and application in soft tissue regeneration.
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