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Injectable and self-healable supramolecular
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sustained drug delivery and cell encapsulationt
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Hydrogels formed through phase separation during the complexation of oppositely charged polymers

have unique properties, including fast self-assembly, hierarchical microstructures, and tunable properties.

These features make them highly attractive materials for various biomedical applications, such as drug

delivery, protective coatings, and surface adhesives. Notably, injectable polyelectrolyte complex (PEC)

supramolecular hydrogels stand out for their minimally invasive administration and reduced trauma and

side effects, providing attractive alternatives to covalent hydrogels, which are constrained by the irreversi-

bility of their crosslinks, limiting their versatility and broader applicability. Sustainable marine-origin poly-

saccharides have been used for developing hydrogels due to their proven biocompatibility, non-cyto-
toxicity and wide bioavailability from renewable resources. In particular, chitosan (CHT) and alginate (ALG)
have been widely employed to develop hydrogels, taking advantage of their opposite charge nature.
However, the limited solubility of CHT under physiological conditions limits the range of bioapplications.
Herein, we report the development of size- and shape-tunable PEC supramolecular hydrogels encom-
passing water-soluble quaternised CHT and ALG biopolymers, under physiological conditions, by poly-
electrolyte complexation. The rheological and mechanical properties of the PECs are studied, demon-
strating their injectability, self-healing behaviour, and cytocompatibility towards human adipose-derived
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1. Introduction

Over the last century, it has been discovered that mixing dilute
solutions of oppositely charged polyelectrolytes leads to the
spontaneous formation of a dense phase through the com-
plexation of the two polymers."> Complexation occurs mainly
through supramolecular electrostatic interactions, endowing
polyelectrolyte complex (PEC) hydrogels with unique pro-
perties when compared to the conventional hydrogels, which
are typically prepared through covalent bonds, thereby restrict-
ing their versatility and potential applications.>® In contrast,
PEC hydrogels denote a 3D reversible and dynamic nature as
they are assembled via reversible interactions, including
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stem cells. A sustained and controlled release of encapsulated fluorescein isothiocyanate-labelled bovine
serum albumin is observed over fourteen days. This work paves the way for the design and development
of advanced CHT-based injectable biomaterial platforms for a wide array of biomedical and biotechnolo-

electrostatic interactions, hydrophobic interactions, host-guest
interactions, hydrogen bonding, metal-ligand coordination,
n-n stacking, and van der Waals forces.®” Furthermore, PEC
hydrogels exhibit viscoelastic behaviour, tunable mechanical
properties, hierarchical microstructures, injectability, self-
healing behaviour, responsiveness to external stimuli, and pro-
tective encapsulation, which underscore their range of bio-
medical applications.>””® The self-assembly, formation and
stability of the PECs depend on numerous intrinsic factors,
including the degree of ionization of the polyelectrolyte, the
distribution of charges, the concentration and mixing ratio of
the polyelectrolytes, the molecular architecture and the mole-
cular weight of the polyelectrolytes, the flexibility of the
polymer chains, as well as external conditions, such as ionic
strength, type of salt, pH and temperature.>” PECs are ubiqui-
tous in nature and play important roles in various biological
processes, including as membraneless organelles,'® or natural
adhesives,"" and in functions like nucleotide transporta-
tion,"™"® and protein folding.'*'®> These materials have been
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widely used in various forms, including as membranes,"®"”
coatings,'® hydrogels,"® cryogels,?® microcapsules,?*
beads®” for protein/drug/gene/cell delivery, as well as wound
healing and tissue engineering strategies.

The use of natural polymers, in particular those derived
from marine-origin resources has emerged as a promising
source for engineering PEC hydrogels, offering a sustainable
alternative by repurposing waste from the food industry.>* ¢
The renewable natural biopolymers are particularly attractive
to produce high added-value sustainable multifunctional
hydrogel biomaterials for bioapplications owing to their wide
and ready bioavailability, biocompatibility, physicochemical
and biological properties.>’*° Chitosan (CHT), derived from
the deacetylation of chitin extracted mainly from the crus-
taceans’ shells,®* and alginate (ALG), extracted from brown
algae,* form a polyelectrolyte pair widely used in the develop-
ment of electrostatically-driven 2D and 3D materials for bioap-
plications owing to their opposite charge nature.**** However,
the insolubility of CHT at physiological pH (pH < pK,
~6-6.5)"**" hinders the incorporation of therapeutic mole-
cules and living cells into CHT-based materials, thereby
restricting its potential for being used in bioapplications. To
address this challenge, the functionalization of CHT with qua-
ternary amine groups has been recently reported as a strategy
to enhance the solubility of native CHT at physiological pH,
thus enabling the incorporation of bioactive molecules and
cells under nondenaturing conditions.*> In particular, N-(2-
hydroxypropyl)-3-trimethylammonium  chitosan  chloride
(HTCC) has emerged as a promising alternative to native CHT
biopolymer.*®™*° Despite these advantages, few studies have
focused on the development of PEC hydrogels based on HTCC
for biomedical purposes.’®*! In this regard, PEC hydrogels
prepared through in situ polymerization of poly(acrylic acid)
(PAA) monomers in quaternised CHT solution revealed

and
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improved mechanical strength and self-recovery properties
when compared to PEC hydrogels, developed with unmodified
CHT, owing to the higher charge density of the HTCC.”' HTCC
has been also combined with divinyl ether and maleic anhy-
dride to produce PEC hydrogels suitable for controlled drug
delivery targeting cancer therapy.’® However, these works
focused on the preparation of hybrid synthetic/natural
polymer-based PEC hydrogels for biomedical applications. In
contrast, the development of PEC hydrogels that combine
native CHT exclusively with other natural polymers has been
extensively explored.’®>™> For instance, CHT/ALG PECs have
been reported as promising platforms for cell encapsulation.
However, these PECs have been developed at pH 4 due to the
insolubility of CHT at physiological pH and, as such, cells
need to be encapsulated after PECs preparation, followed by
an additional centrifugation step.”® We hypothesise that the re-
placement of CHT with HTCC would not only enable the dis-
solution of the modified CHT in physiological media, but also
the encapsulation of cells within the PEC hydrogels to be per-
formed in a single, one-pot process. In addition, although
CHT/ALG PECs have been reported as platforms for drug
release, the majority of the drug is released within the first
24 h, thus do not enabling a sustained release over time.*®

Herein, we report for the first time the development of fully
marine-origin polysaccharides-based injectable PEC hydrogels,
at physiological pH, as advanced platforms for drug and cell
encapsulation and for the sustained release of model drugs
(Scheme 1). The hydrogels are formed in a straightforward
manner through electrostatic interactions between HTCC and
ALG biopolymers, thus imparting them with reversible struc-
tural properties. The physicochemical, morphological, rheolo-
gical and mechanical properties of the as-produced PEC supra-
molecular hydrogels were evaluated by attenuated total reflec-
tance-Fourier transform infrared (ATR-FTIR) spectroscopy,
scanning electron microscopy (SEM), rheology, and universal
mechanical testing machine, respectively. Moreover, the
release profile of the model drug bovine serum albumin, the
injectable properties, and the in vitro cytocompatibility of the
HTCC/ALG PEC hydrogels towards human adipose-derived
stem cells (hASCs) were also studied, revealing the biocompati-
ble, self-healing and injectable nature of the hydrogels. These
dynamic HTCC/ALG PEC hydrogels hold great promise as
advanced and sustainable nanocarriers for the encapsulation
and sustained release of therapeutics and even cells, paving
the way for pursuing innovative approaches in controlled
therapeutics delivery, customizable tissue engineering and
regenerative medicine strategies.

2. Materials and methods
2.1 Materials

CHT with a molecular weight (M,,) of 184.84 kDa, viscosity
~122 cP, and a degree of deacetylation of 94% was kindly pro-
vided by Primex ehf (Siglufjordur, Iceland) and used without
further purification. Low viscosity sodium ALG derived from

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Schematic illustration of the process for the self-assembly of HTCC/ALG PEC supramolecular hydrogels. After mixing the HTCC and
ALG biopolymeric solutions, a dense phase spontaneously forms upon sedimentation. Following a centrifugation step, the PECs can be collected.

brown algae (M,, = 538 kDa, viscosity ~250 cP), glycidyltri-
methylammonium chloride (GTMAC), phosphate buffered
saline (PBS), fluorescein isothiocyanate-labelled bovine serum
albumin (FITC-BSA), Triton X-100, gelatin and paraformalde-
hyde were purchased from Sigma-Aldrich (St Louis, MO, USA)
and used as received. Glacial acetic acid (CH;COOH) and
sodium acetate trihydrate (CH;COONa-3H,0) were purchased
from JMGS (Odivelas, Lisboa, Portugal). Sodium alginate
NOVATACHTM MVG GRGDSP (GRGDSP-coupled alginate) was
purchased from NovaMatrix (Sandvika, Norway). Lithium
phenyl(2,4,6-trimethylbenzoyl)phosphinate (LAP), and amicon
ultra 50 mL centrifuge tubes with ultracell membrane cut-off
of 100 kDa and cellulose filters were purchased from Biosynth
(Staad, Switzerland) and Merck Milipore (Darmstadt,
Germany), respectively. All other reagents, namely alpha MEM
medium, fetal bovine serum (FBS), penicillin, streptomycin,
live/dead kit, phalloidin tetramethylrhodamine B isothio-
cyanate and 4,6-diaminidino-2-phenylindole-dilactate (DAPI)
were purchased from Thermo Fischer Scientific (Fair Lawn, NJ,
USA). All the aqueous solutions were prepared using ultrapure
water from a Milli-Q Plus water purification system (resistivity
>18.2 MQ cm) from Merck Millipore (Burlington, MA, USA).

2.2 Preparation of the PECs

Marine-origin polysaccharides-based PECs were prepared as
described elsewhere.*® Briefly, 0.5 mg mL™" freshly aqueous
solutions of CHT, HTCC and ALG in 0.1 M acetate buffer (pH
5.5), and HTCC and ALG in 10 mM PBS (pH 7.4) were pre-
pared. The HTCC biopolymer was previously synthesised by
our group by reacting CHT with GTMAC, as described else-
where,*”> denoting a degree of quaternisation of 75%. To

This journal is © The Royal Society of Chemistry 2025

produce the PECs, the HTCC aqueous solution in PBS at pH
7.4 was heated to 37 °C and the ALG solution was added to it.
The mixed solution was stirred at 600 rpm for 10 min and left
to sediment at the bottom of the beaker for ~1 h. After sedi-
mentation, ~75% of the total solution volume was discarded
and the concentrated HTCC/ALG PECs were poured into ultra-
centrifugal filter units with a filter membrane cut-off of
100 kDa and centrifuged at 500g for 10 min. The supernatant
was removed from the upper part of the tube and the PECs
were collected. For comparison, HTCC/ALG and CHT/ALG
PECs were prepared in a reminiscent manner in acetate buffer
at pH 5.5.

2.3 Zeta (¢)-potential and dynamic light scattering
measurements

The net electrical charge of 0.5 mg mL ™" CHT, HTCC and ALG
aqueous solutions in 0.1 M acetate buffer (pH 5.5), and HTCC
and ALG aqueous solutions in 10 mM PBS (pH 7.4) was deter-
mined at 25 ©°C using a Zetasizer Nano-ZS (Malvern
Instruments Ltd, Royston, Hertfordshire, UK) by measuring
their (-potentials. Additionally, aliquots of CHT/ALG and
HTCC/ALG PECs in acetate buffer and HTCC/ALG PEC in PBS
were collected to measure their {-potentials. The electrophor-
etic mobility («) was converted into a {-potential value follow-
ing the Smoluchowski equation ({ = un/e; n and ¢ refer to the
viscosity and permittivity of the solution, respectively).>” The
same apparatus was used to measure the average particle size,
expressed as the average hydrodynamic diameter (Z-average) of
the 0.5 mg mL™" CHT, HTCC and ALG aqueous solutions at
pH 5.5 and 7.4 by means of dynamic light scattering (DLS) at a
scattering angle of 173° (backscatter). The {-potential and DLS

Biomater. Sci, 2025, 13, 3617-3632 | 3619
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measurements were performed in triplicate and the results
averaged for each sample.

2.4 Attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) spectroscopy

The ATR-FTIR spectra of the individual CHT, HTCC and ALG
biopolymers in powder form, as well as CHT/ALG and HTCC/
ALG PECs were acquired in the absorbance mode using a
Bruker TENSOR 27 FTIR spectrometer (Thermo Scientific,
USA) fitted with a “Golden Gate” ATR module equipped with a
diamond crystal. The ATR-FTIR spectra were measured in the
spectral range of 4000-400 cm ™' by averaging 256 individual
scans per sample at a resolution of 4 cm™". All data were linear
baseline corrected and normalized using the OPUS software
supplied with the instrument.

2.5 Scanning electron microscopy (SEM)

The microstructure and pore morphology of the PECs were
analysed in a scanning electron microscope (SEM Hitachi
SU-3800, Hitachi, Japan) coupled with a standard cooling stage
(=25 to 50 °C, Deben, UK). The microscope operated in high
vacuum in the secondary electrons mode at an acceleration
voltage of 5 kV and working distances between 5.9 and
7.8 mm. SEM images were analysed by Image] (v. 1.52, NIH,
USA) software for pore size measurements.

2.6 Rheology measurements

The rheological properties of the CHT/ALG and HTCC/ALG
PECs in acetate buffer at pH 5.5 and HTCC/ALG PEC in PBS at
PH 7.4 were assessed using a rheometer (Kinexus Lab+,
Malvern Panalytical, UK) equipped with a stainless-steel paral-
lel plate geometry (8.0 mm diameter) and a solvent trap. The
gap setting was fixed to 0.5 mm, and the assays were per-
formed at 25 °C with a frequency of 1 Hz and strain sweep
from 0.1 to 500% to determine the linear viscoelastic region
(LVR). Oscillatory frequency sweep assays were performed
across a frequency range of 0.01 to 100 Hz, with a constant
strain of 1%. The shear-thinning profile of the PECs was evalu-
ated by measuring their shear viscosity while increasing the
shear rate from 0.1 to 100 s~ . All assays were performed with
three independent experiments.

2.7 Self-healing behaviour

The self-healing behaviour of HTCC/ALG PEC hydrogels pre-
pared in PBS at pH 7.4 was assessed by dynamic rheology
using step-strain experiments. In brief, the hydrogel was sub-
jected to cyclic strain at a frequency of 1 Hz, alternating
between low (1%) and high (200%) strains over five cycles, and
the self-healing recovery from the first cycle was determined.
Three independent experiments were performed. The self-
healing properties of the hydrogels were also qualitatively
studied by cutting them into six segments and staining them
with three different dyes (red, blue and green dyes). The
stained pieces were then reassembled at room temperature
(RT), forming a continuous filament and a closed circle.
Microscopic images of the cross-sections of the HTCC/ALG
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PEC hydrogels were captured before and after rejoining the
pieces, using an SEM (Hitachi SU-3800, Hitachi, Japan)
equipped with a standard cooling stage (—25 to 50 °C, Deben,
UK). The microscope operated in high vacuum in the second-
ary electrons mode at an acceleration voltage of 5 kv and
working distances between 6.1 and 6.9 nm.

2.8 Water content, swelling degree and weight loss

After the preparation of the HTCC/ALG PEC hydrogels in PBS
at pH 7.4, the excess of water was removed using a cellulose
filter and the wet weight (W,,) was measured. Then, the hydro-
gels (n = 3) were frozen at —80 °C, freeze-dried for 24 h, and
the dry weight (D,,) was measured. The water content (%) was
determined using the equation (eqn (1)), as follows:

Wy — D,
Water content (%) = <¥) X 100 (1)
w

The swelling degree of the PEC hydrogels after 1, 3, 7, 14
and 30 days in PBS at pH 7.4, and adjusted to the pH values of
4, 5.5, 9 and 12 using either 0.1 M HCI or 0.1 M NaOH, was
determined by measuring the difference in the wet weight (W,)
at each time-point relative to day zero, using the equation (eqn
(2)), as follows:

Swelling degree (%) = (%) x 100 (2)

The weight loss was quantified by calculating the differ-

ences in the dry weight (D,) at each time-point relative to day
zero, following the equation (eqn (3)), as follows:

Weight loss (%) = (y) x 100 (3)

Microscopy images of the PEC hydrogels over time, under
different pH conditions, were acquired using a microscope
with magnifying glass (Stemi 508 Stereo Microscope, Carl
Zeiss, Jena, Germany).

2.9 Mechanical properties

The mechanical properties of the HTCC/ALG PEC hydrogels
prepared in PBS at pH 7.4 were evaluated using a universal
mechanical testing machine (Shimadzu MMT-101N, Shimadzu
Scientific Instruments, Kyoto, Japan) equipped with a load cell
of 50 N. Unidirectional compression tests were performed on
hydrogels at a constant rate of 1 mm min~". Young’s modulus
was determined as the slope of the linear region of strain-
stress curves corresponding to 5-10% strain. The toughness
and ultimate strength correspond to the maximum peak deter-
mined for each individual stress-strain curve.

2.10 Extrudability and injectability

HTCC/ALG PEC hydrogels prepared in PBS at pH 7.4 were
loaded into a 1 mL syringe and extruded through needles with
gauges of 27, 25 and 22 G using a microfluidic pump. To
assess the fluidity and structural integrity of the injectable
HTCC/ALG PECs, 10% (w/v) methacrylated gelatin (GelMA)

This journal is © The Royal Society of Chemistry 2025
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hydrogel constructs embedding a needle were prepared aiming
to form a hollow microchannel. After photo-crosslinking for 20
s on each side of the hydrogel using 0.5% LAP as photo-
initiator, the needle was removed, allowing the HTCC/ALG
hydrogel to be injected through the hollow microchannel
created by the needle. The GelMA biopolymer was synthesised
as described elsewhere.”®

2.11 Invitro release profile

The ability of the HTCC/ALG PEC hydrogels prepared in PBS
(pH 7.4) to encapsulate FITC-BSA was assessed by mixing a
0.25 mg mL ™" FITC-BSA aqueous solution in PBS (pH 7.4) with
the ALG solution used for PECs formation. Then, the in vitro
release profile of the hydrogels was determined by their incu-
bation, in triplicate, in 5 mL of 10 mM PBS aqueous solution
at pH 7.4 at 50 rpm and 37 °C for 14 days. At each pre-
determined time-points (0.25, 0.5, 1, 2, 4, 6, 8, 24, 48, 72, 96,
120, 168, 216, 264 and 336 h), 0.2 mL of the release medium
was collected, and an equal volume of fresh PBS was added to
the sample. The fluorescence of the sample solutions collected
from both the PEC hydrogel development (loading capacity)
and the release assays were measured using a microplate
reader (Synergy HTX Biotek, Izasa Scientific, Carnaxide,
Portugal) at excitation (dexc) and emission (1) wavelengths of
495 and 520 nm, respectively. A standard calibration curve of
FITC-BSA (0-150 pg mL™") in PBS (pH 7.4) was used to quan-
tify the cumulative released mass over time. Fluorescence
microscopy micrographs of the PEC hydrogels over time were
acquired in an upright motorized widefield fluorescence
microscope (Axio Imager M2, Carl Zeiss, Jena, Germany)
equipped with a 200 W HXP lamp, a 3.0 Mpix monochromatic
camera (Axiocam 105 mono; Carl Zeiss, Jena, Germany), and a
5% objective (Carl Zeiss, Jena, Germany).

2.12 Metabolic activity and viability assays

The cell viability assays were conducted in a HTCC/ALG-RGD
PEC hydrogel. ALG-RGD was used instead of native ALG bio-
polymer owing to the intrinsic capacity of the RGD peptide
motif to bind to the integrin receptors on the cell’s surface
triggering cell adhesion and proliferation. The cytotoxicity of
the hydrogels was evaluated using a 3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetra-

zolium (MTS) cell proliferation assay and a live/dead fluo-
rescence study, following the manufacturer’s instructions and
using hASCs as a model of adherent cells. Briefly, hASCs (25 x
10° cells per mL) were mixed with the ALG-RGD solution and
then added to the HTCC solution to form the PEC with hASCs
encapsulated. The PECs were centrifuged at 300g for 5 min (a
standard condition in cell culture). Afterwards, the HTCC/ALG
PEC hydrogel was injected through the hollow microchannel
of the GelMA hydrogels, and then incubated in alpha MEM
medium with 10% (v/v) FBS and 1% (v/v) penicillin-streptomy-
cin in 48-well plates at 37 °C, 5% CO, and fully humified for 1,
3 and 7 days. For the metabolic activity assays, the medium of
the hydrogels was replaced by dPBS containing MTS (6: 1) and
incubated for 4 h to determine the metabolic activity of hASCs

This journal is © The Royal Society of Chemistry 2025
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in the hydrogel channel after 1, 3 and 7 days. The absorbance
was measured at 490 nm, using a microplate reader. The meta-
bolic activity assays were conducted in three independent
experiments with triplicates.

For the viability assays, hASCs encapsulated within the
injected hydrogel were stained with calcein-AM (1:500 in
dPBS) and propidium iodide (1:1000 in dPBS) for 30 min at
37 °C, protected from the light. Afterwards, the cells were
washed twice with dPBS and immediately visualized by con-
focal microscopy (Zeiss LSM 900 confocal laser scanning
microscope equipped with a GaSP detector, Carl Zeiss, Jena,
Germany).

2.13 Cell morphology

The cell morphology of hASCs encapsulated in the HTCC/ALG
PEC hydrogel injected into the microchannel of GeIMA hydro-
gels was evaluated after culturing for 1, 3, and 7 days in 48-well
plates at 37 °C with 5% CO, and full humidity. At each time
point, the culture medium was removed, and the cells were
washed with dPBS. The cells were then fixed with 4% (v/v) par-
aformaldehyde in PBS for 1 h at RT. After fixation, the samples
were rinsed with PBS and incubated with 0.5% Triton X-100
for 5 min at RT to permeabilize the cells. Following permeabi-
lization, the cells were washed with dPBS, and solutions of
phalloidin tetramethylrhodamine B isothiocyanate (1:1000 in
dPBS) and DAPI (1:1000 in dPBS) were added for 30 min and
5 min, respectively, to stain the F-actin cytoskeleton and
nuclei. The samples were then washed with dPBS and immedi-
ately visualized using confocal microscopy.

2.14 Statistical analysis

Unless otherwise noted, all experiments were performed in tri-
plicates (n = 3) and the results presented as mean =+ standard
deviation (SD). The statistical analysis was performed by one-
way ANOVA followed by Tukey’s post-hoc multiple comparison
test using the GraphPad Prism 9.4.0 (GraphPad Inc.) software.
Statistically significant differences were considered for * p <
0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

3. Results and discussion

3.1 Physicochemical and morphological characterisation of
the PECs

Prior to the production of the PECs, the net electrical charge
of the freshly prepared 0.5 mg mL™' CHT, HTCC and ALG
aqueous solutions in 0.1 M acetate buffer at pH 5.5 and 0.5 mg
mL™" HTCC and ALG aqueous solutions in 10 mM PBS at pH
7.4 were evaluated by measuring their {-potentials. Fig. la
shows the {-potentials of the biopolymers proving the positive
and negative charge of CHT and HTCC, and ALG, respectively,
thus confirming their cationic and anionic nature.
Furthermore, the {-potentials of CHT, HTCC and ALG biopoly-
mers were similar, in moduli, at both pH 5.5 and 7.4, which
could lead to efficient CHT/ALG and HTCC/ALG PECs for-
mation by charge compensation. In this regard, we hypoth-

Biomater. Sci,, 2025, 13, 3617-3632 | 3621
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Fig. 1 (a) Zeta (¢)-potential measurements (black bars) for CHT, HTCC and ALG biopolymers, and CHT/ALG and HTCC/ALG PECs, and average par-
ticle size, expressed as the average hydrodynamic diameter (Z-average) for CHT, HTCC and ALG biopolymers (patterned bars). Data are presented as
mean + SD of three independent experiments (n = 3) performed in triplicates. (b) ATR-FTIR spectra of CHT, HTCC and ALG biopolymers, and CHT/
ALG and HTCC/ALG PECs. Representative optical images of (c) CHT/ALG and (d) HTCC/ALG PECs in acetate buffer and (e) HTCC/ALG PECs in PBS.
Scale bars represent 1 mm. Representative SEM micrographs of the (f and i) CHT/ALG and (g and j) HTCC/ALG PECs in acetate buffer and (h and k)
HTCC/ALG PECs in PBS. Scale bars represent 500 pm in the panels f, g and h, and 100 pm in the panels i, j and k, respectively. (1) Pore size measure-
ments of the structures observed in the SEM images.
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esised that electrostatically driven PECs could be developed
using either CHT or HTCC and ALG. Based on the literature,
we decided to work with a 1:1 (w/w) ratio of CHT and ALG bio-
polymers since PEC hydrogels developed with the same
polymer concentration have been reported to exhibit higher
drug encapsulation efficiencies. For instance, 1:1 (w/w) CHT/
ALG PEC hydrogels were reported to exhibit a diclofenac
sodium entrapment efficiency of ca. 89%, whereas similar
hydrogels denoting a 1:2 and 2:1 (w/w) CHT/ALG ratios
revealed encapsulation efficiencies of ca. 86% and 29%,
respectively. In addition to the superior drug loading capacity
assured by the CHT/ALG PECs with 1:1 (w/w) ratio, higher
amounts of either CHT or ALG also led to reduced release
efficiency.>® Thus, PECs encompassing CHT/ALG and HTCC/
ALG at pH 5.5 and HTCC/ALG at pH 7.4 were developed and
their {-potentials measured. While the {-potential of the CHT/
ALG PEC at pH 5.5 was found to be +7.2 + 0.6 mV, the HTCC/
ALG PEC exhibited a ¢-potential of —10.6 + 1.2 mV at the same
pH. This difference could be assigned to the behaviour of the
amine groups in CHT and HTCC, as the HTCC biopolymer
contains fewer primary amino groups (~25% remain unmodi-
fied) than CHT due to its quaternisation procedure.*> At pH
5.5, CHT is below its pK, (~6-6.5),">*" showing positively
charged amino groups that probably did not react with ALG,
which could lead to the overall positive charge of the CHT/ALG
PEC. On the other hand, the HTCC/ALG complexes exhibited
negative {-potential values due to the full neutralization of the
amino groups in HTCC by ALG. The HTCC/ALG PEC at pH 7.4
also demonstrated a negative (-potential value of —5.4 =+
0.6 mV, suggesting that the surface is negatively charged, with
the remaining unreacted deprotonated ALG carboxyl groups,
i.e. negatively charged at pH 7.4, which is above the pK, of ALG
(~3.38 or 3.65 for mannuronic and guluronic acid residues,
respectively).*>®°

The CHT, HTCC and ALG biopolymer powders, and CHT/
ALG and HTCC/ALG PECs were also inspected using ATR-FTIR
spectroscopy (Fig. 1b). As previously reported, the ATR-FTIR
spectra of HTCC powder showed two well-defined absorption
peaks at 1477 and 1647 cm ™, assigned to the methyl groups
in the quaternary ammonium side chains and GTMAC mole-
cules, respectively.””> Moreover, the absence of the peaks pre-
sented by the native CHT biopolymer at 1645 and 1587 cm ™",
attributed to amide I and amide II, respectively, confirms that
the -NH, groups in the CHT biopolymer were replaced by N-(2-
hydroxypropyl)-3-trimethylammonium chloride groups, con-
firming the successful modification of the native CHT bio-
polymer. The ATR-FTIR spectra of ALG biopolymer revealed
two absorption peaks at 1593 and 1408 cm™ ", corresponding
to the asymmetric and symmetric stretching vibrations of
-COOH groups in the ALG structure.®’ The spectra of the PECs
showed a peak at ~1408 cm™', confirming the interaction
between CHT or HTCC and ALG. The PECs developed with
HTCC also reveal a peak at ~1477 cm™ ", being indicative of the
presence of HTCC in the complexes.

Although CHT, HTCC and ALG biopolymers were success-
fully employed to form PECs, their visual appearance is signifi-
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cantly different. The PECs prepared at pH 5.5 exhibited a
viscous liquid consistency (Fig. 1c and d and ESI Movie S1 and
S27), whereas those formed at pH 7.4 displayed a more solid
structure, resembling hydrogels (Fig. 1e and Movie S3t). The
difference in consistency emphasises the strong impact of the
buffer solution and pH on the PECs’ physical properties. The
lower pH of the acetate buffer resulted in a more fluid and
unstable network, whereas the neutral pH of PBS led to a
faster and more cohesive structure and efficient gel formation.
To assess the role of salts in the formation of PECs, HTCC/ALG
PECs were prepared at pH 7.4 using PBS without sodium chlor-
ide and potassium chloride. The resulting PECs denoted an
appearance like those prepared with PBS containing the salts,
demonstrating that pH is the primary component driving the
formation of PEC hydrogels (Movie S41). Moreover, strong
polyelectrolyte pairs, i.e. polymers that remain charged in solu-
tion across all pH values, like HTCC,** are known to form solid
complexes, in contrast to weak polyelectrolytes,®® such as CHT,
whose charge varies from fully charged to uncharged. This
suggests that the combination of a strong polyelectrolyte pair
with a neutral pH enables the formation of solid PECs. The
PECs also reveal clear differences in the microstructure and
pore morphology, as observed by SEM. The HTCC/ALG PECs
formed in PBS appear to be more porous than the other com-
plexes (Fig. 1f-k). Additionally, the pore size within these PECs
is larger and more uniform than the one in the CHT/ALG or
HTCC/ALG PECs assembled at pH 5.5 (Fig. 11). We hypothesise
that this behaviour might be due to the more hydrophobic
structure and possible assembly of the HTCC biopolymer into
a globular conformation. In fact, as shown in Fig. 1a, DLS
measurements performed for individual CHT (pH 5.5 = 732.9
+164.6 nm), HTCC (pH 5.5 = 463.6 + 62.4 nm; pH 7.4 = 352.6
+75.4 nm) and ALG (pH 5.5 = 548.5 + 94.6 nm; pH 7.4 = 615.6
+ 150.9 nm) aqueous solutions revealed the formation of par-
ticles denoting an average hydrodynamic diameter (Z-average)
smaller for HTCC, which resonate well with our hypothesis. In
addition, the lower availability and number of protonated
primary amines to form complexes with ALG at pH 7.4 exten-
sively reduce the electrostatic interaction between HTCC and
ALG and enable the entry of dissolution media with counter-
ions, which may contribute to the larger micropore size
denoted by the HTCC/ALG PEC hydrogels at pH 7.4.

3.2 Rheological characterisation of the PECs

The rheological properties of the PECs were investigated by
evaluating their oscillatory amplitude and frequency sweep
and viscoelasticity (Fig. 2). Oscillatory amplitude sweep tests
were conducted at 25 °C to determine the LVR, where the
storage modulus (G', elastic modulus) and loss modulus (G”,
viscous modulus) remain independent of the shear strain, as
well as the values of yield and flow point. As shown in Fig. 2g,
HTCC/ALG PECs prepared in PBS exhibited a higher and a
more stable LVR (0.1% to 10%) than the remaining conditions
(0.1% to 5%) (Fig. 2a and d). For each condition, a strain value
within this range was selected for further studies. The yield
point, ie. the shear strain level at which G’ starts to decrease,®®

Biomater. Sci, 2025, 13, 3617-3632 | 3623
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Fig. 2 Rheological characterisation of the PECs. (a) Strain sweep at 1 Hz, (b) frequency sweep using a strain of 1% and (c) viscosity measurements of
CHT/ALG PECs in acetate buffer (pH 5.5). (d and g) Strain sweep at 1 Hz, (e and h) frequency sweep using a strain of 1% and (f and i) viscosity
measurements of HTCC/ALG PECs in acetate buffer (pH 5.5) and PBS (pH 7.4), respectively.

indicating the breakdown of the internal structure,®* was
higher (~10%) in the HTCC/ALG PECs formed in PBS when
compared to the other complexes prepared in acetate buffer
(~5%). This suggests that the internal structure of the PECs at
PpH 7.4 is more robust, whereas the complexes at pH 5.5 have a
more fragile network. After the yield point, the G’ is still higher
than G", but the yield stress has been overcome, suggesting a
solid-like behaviour with irreversible deformation. Then, the
flow point, i.e. G' = G", for HTCC/ALG PECs prepared in PBS
occurred at ~31.88% of shear strain, indicating the transition
from a solid-like to a liquid-like behavior.®* Afterwards, the
viscous behaviour dominates over the elastic behaviour (G” >
G"), leading to the flow of the material.** The PECs formed at
pH 5.5 showed a G’ consistently higher than G”, reflecting a
predominantly solid-like behaviour. However, the G’ and G”
values for HTCC/ALG PECs formed in PBS were significantly
higher than those observed in the other complexes, highlight-
ing the formation of a more robust material suitable for appli-
cations requiring enhanced structural integrity.

The frequency dependence of both moduli was also
assessed over the range of 0.01 to 100 Hz. The PECs exhibited

3624 | Biomater. Sci, 2025, 13, 3617-3632

minimal frequency-dependent behaviour, with G’ consistently
exceeding G”, suggesting a solid-like nature across all com-
plexes studied (Fig. 2b, e and h). Nevertheless, a significant
increase in both moduli was denoted at frequencies higher
than 10 Hz. This behaviour is assigned to the short relaxation
time of the physical crosslinks, which prevents the dissociation
of the PECs during high frequency oscillations and, in turn,
increases the G’ and G". On the other hand, at lower frequen-
cies, there is sufficient time for the physical interactions to dis-
sociate, thereby reducing their contribution to the overall
moduli.®® The stiffness of each condition can be calculated as
the value of G’ at 1 Hz, which for CHT/ALG and HTCC/ALG
PECs in acetate buffer, and HTCC/ALG PECs in PBS were
found to be 0.3 + 0.1 kPa, 0.2 + 0.1 kPa, and 4.2 + 1.1 kPa,
respectively. This suggests that the HTCC/ALG PECs formed in
PBS are significantly stiffer than the other PECs. We hypothesise
that the combination of physiological pH and a strong polyelec-
trolyte (HTCC) enhances the electrostatic interactions in com-
parison to the acidic pH used to prepare the other PECs.
Furthermore, supramolecular self-assembly is associated
with shear-thinning properties.®® In this context, the viscosity

This journal is © The Royal Society of Chemistry 2025
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profile of the PECs was evaluated at increasing shear rates. As
shown in Fig. 2c, f and i, the viscosity of all complexes
decreased as the shear rate increased, indicating a character-
istic non-Newtonian shear-thinning behaviour, which is essen-
tial for injectability.” In addition, the highest shear viscosity
of HTCC/ALG PECs in PBS (~6597 Pa s) was ~225- and 43-fold
higher than that of the HTCC/ALG (~29.3 Pa s) and CHT/ALG
PECs (~152 Pa s) in acetate buffer, respectively. This marked
increase in viscosity highlights their enhanced robustness,
further demonstrating their superior ability to maintain struc-
tural integrity and withstand mechanical stress, as well as suit-
ability for fulfilling demanding biomedical applications. The
PECs prepared at pH 5.5 were used as control owing to the
insolubility of CHT at pH 7.4. However, due to the inferior
rheological properties of these complexes when compared to
those obtained with HTCC/ALG at pH 7.4, all subsequent
studies were performed exclusively with the HTCC/ALG PECs
prepared in PBS (pH 7.4).

3.3 Self-healing properties of HTCC/ALG PEC hydrogels

HTCC/ALG PEC hydrogels were prepared by supramolecular
electrostatic interactions (Fig. 3a), which are known to contrib-
ute to self-healing properties.®®*”° To confirm such behaviour,
five step-strain cycles, alternating between low (1%) and high
(200%) strain, were applied to the hydrogel to assess the auto-
nomous structural recovery ability of its mechanical properties
(Fig. 3b). The high strain value was chosen to exceed the cross-
over point (~31.9% of shear strain) observed in the amplitude
sweep experiments, indicating the deformation of the 3D
hydrogel network. When a low strain (1%) was applied, the
PEC hydrogel retained its solid-like behaviour (G’ > G"), while
under high strain (200%) the PEC hydrogel underwent a tem-
porary transition into a liquid-like material (G” > G'). However,
upon reapplying a low strain, the HTCC/ALG PEC hydrogels
demonstrated a fast recovery of the original G’ values, with G’
once again exceeding G" due to the reestablishment of
dynamic electrostatic bonds, restoring their original micro-
structure and mechanical properties.®” In fact, the PECs recov-
ered ~95% of their original G’ values after one deformation
cycle, and this recovery remained consistent throughout all
cycles, thus demonstrating its excellent self-healing behaviour,
and ability to be repeatedly reshaped. In addition to the rheo-
logical assays, the PEC hydrogels’ self-healing capacity was
visually assessed by cutting the hydrogel into six pieces and
staining them with three different dyes (Fig. 3c). Then, the six
pieces were brought into contact for 3 min at RT, allowing
them to hold different shapes when handled. As shown in
Fig. 3d-h, the fragments perfectly healed into a single, integral
piece that could be shaped into virtually any type of geometry
and enable the assembly of both rather simple and more con-
voluted structures, including a fibre-like structure and a con-
tinuous closed circle, which can be easily handled and main-
tain their structural integrity, all without the need for any
external stimuli. Therefore, this qualitative, visual assessment
corroborates the rheological findings, highlighting the remark-
able self-healing properties of the HTCC/ALG PEC hydrogels.
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We also evaluated the microstructure of the hydrogels cut into
two pieces, both before (Fig. 3i) and after (Fig. 3j) they were
rejoined. It was found that, after rejoining the two pieces, the
hydrogel structure was completely healed into a single piece at
the microscopic level, with the pores of the two pieces being
interconnected.

Furthermore, having in mind that the water content of the
hydrogels can significantly enhance their biocompatibility and
mimic the highly hydrated native ECM microenvironment,””*
the water content (%) of the HTCC/ALG PEC hydrogels was
measured by weighing them immediately after their prepa-
ration and again after freeze-drying, resulting in a water
content of 81.7 + 0.5%. We also evaluated the swelling degree
(i.e. water uptake, Fig. 3k) and weight loss (Fig. 31) of the
HTCC/ALG PEC hydrogels over time at different pH values.
The moulded hydrogels did not lose their structural integrity
and maintained a stable morphology after immersion in
acidic, neutral or basic pH (Fig. 3m) and demonstrated a con-
sistent ability to maintain most of their water content, with
some weight loss observed over time. The PECs exposed to
acidic environments (pH 4 and 5.5) shrank more in compari-
son to those at neutral or basic pH. We hypothesise that this
behaviour might be due to the pH responsiveness of the HTCC
biopolymer to acidic media. In fact, the HTCC/ALG PECs sub-
jected to acidic pH experienced a phenomenon of shrinkage
followed by swelling due to the weight loss (dry mass) shown
by the PECs, which translated into a higher capacity of the
PEC hydrogel to absorb water molecules.

3.4 Mechanical properties of HTCC/ALG PEC hydrogels

The mechanical properties of the HTCC/ALG PEC hydrogels
were evaluated upon compressive tests. The HTCC/ALG hydro-
gels revealed a Young’s modulus of 6.9 + 2.1 kPa, an ultimate
strength of 18.0 + 3.3 kPa, and toughness of 2.3 + 0.7 k] m™>.
The softer mechanical properties imparted by the HTCC/ALG
hydrogels make them particularly suitable for applications
requiring injectable properties, surpassing significant chal-
lenges in injectability and the high risk of needle clogging
denoted by stiff hydrogels. In fact, injectable hydrogels require
a balance between fluidity for ease of injection and sufficient
mechanical stability post-extrusion to maintain their structural
integrity.”>”® In this regard, the Young’s modulus represents
the elasticity or stiffness of a material by describing the
relationship between the applied force and the resulting defor-
mation of the hydrogel. Hydrogels with a higher Young’s
modulus require more stress to achieve the same deformation
when compared to those with a lower modulus, remaining
stiffer and more resistant to deformation under applied
forces.”* Therefore, a Young’s modulus of 6.9 + 2.1 kPa
ensures adequate flexibility, allowing the hydrogel to deform
easily under stress,”> while also offering enough support
in situ, allowing the hydrogel to mimic the mechanical
environment of soft tissues, which typically present similar
elastic properties.”®’” CHT/hyaluronic acid (HA) PEC hydro-
gels exhibited a Young’s modulus of ~3-4 kPa at pH 7.0, 7.5
and 8.0, when the HA concentration was 1.5%.”® In compari-
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Fig. 3 (a) Schematic representation of the self-healing process in HTCC/ALG PEC hydrogels. After mechanical disruption, the hydrogel structure
repairs itself through reversible electrostatic interactions between HTCC and ALG biopolymeric chains. This dynamic crosslinking enables the hydro-
gel to restore its structural integrity, maintaining both mechanical strength and functionality. (b) Dynamic oscillatory test at 1 Hz using low (1%) and
high (200%) strain amplitudes. Data are presented as mean + SD of three independent experiments (n = 3). Optical images of the (c) hydrogel cut
into six stained pieces, which are then reassembled to form a single and integral (d—f) fibre-like structure or (g and h) a continuous closed circle,
demonstrating the self-healing properties of the HTCC/ALG hydrogels. Scale bars represent 2 mm in the panels c, d, e, f, g and h. SEM micrographs
of the cross-sections of the hydrogel (i) before and (j) after the pieces were rejoined. The red arrows indicate the gap (i) between the two pieces and
(j) the rejoined region, respectively. The magnification factor is 100x (main images) and 500x (insets). (k) Swelling degree (%) and (1) weight loss (%)
of HTCC/ALG hydrogels over 30 days at different pH values. (m) Microscopy images of the hydrogels immersed in PBS solutions with the pH adjusted
to 4, 5.5, 9 and 12 over 30 days. Scale bars represent 1 mm.
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son, the Young’s modulus of our PEC hydrogels was 2-times
higher, even with a polymer concentration of only 0.05%, indi-
cating a significantly greater number of physical crosslinks
between HTCC and ALG biopolymers. We hypothesise that
this behaviour might be due to the different polymer combi-
nations, M,, and stoichiometric ratio of the oppositely charged
polymeric materials. Moreover, the ultimate strength of 18.0 +
3.3 kPa enables the hydrogel to deform during injection
without compromising its structure, allowing it to recover the
shape afterwards.”® Additionally, the toughness of 2.3 + 0.7 k]
m™ supports the material’s ability to absorb energy without
fracturing, which is crucial for maintaining structural integrity
during and after the injection process. On the other hand, PEC
hydrogels composed of quaternised CHT and PAA were pre-
pared using various polymer ratios, and the Young’s modulus,
ultimate strength and toughness ranged from 0.89 to 63.76
MPa, 1.99 to 16.09 MPa, and 1.85 to 15.60 M] m_a, respect-
ively.”' These values are significantly higher than those
observed for our HTCC/ALG PEC hydrogels. We hypothesise
that this difference arises from the inclusion of a synthetic
polymer (PAA), as synthetic PEC hydrogels are highly visco-
elastic materials over a wide range of strain rates. On the other
hand, fully natural PEC hydrogels are elastic-like materials
under small strains, but become plastic-like at large strains,
displaying yield, flow, and fracture that are delayed at high
strain rates. The transformation of natural PEC hydrogels from
elastic- to plastic-like, as well as their differences from syn-
thetic PEC hydrogels is related to the difference in charge
density and chain flexibility between natural and synthetic
polymers.”® Thus, the mechanical values imparted by the
HTCC/ALG hydrogels highlight their suitability for appli-
cations where injectability and adaptability are prioritized over
mechanical rigidity. This behaviour suggests that the HTCC/
ALG hydrogels could represent suitable injectable platforms
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for soft tissue engineering strategies and drug delivery, as the
soft polymeric network would tend to create a more favourable
environment for encapsulating and protecting sensitive bio-
active molecules, thereby possibly maintaining their bioactivity
until release takes place.

3.5 Invitro release profile

The structural properties of non-covalent hydrogels, including
their mechanical strength, self-healing ability and injectability
enable the encapsulation of (bio)active molecules and their
localized release, enhancing the efficacy of therapeutic agents
following injection. This turns them into an attractive, versa-
tile, and functional platform for minimally invasive
therapies.®>®! Thus, based on the microstructure of the HTCC/
ALG PEC supramolecular hydrogels, we studied their potential
to act as a drug delivery platform using FITC-BSA as a model
drug. The in vitro release profile of FITC-BSA from HTCC/ALG
PEC hydrogels (Fig. 4) was evaluated using the dialysis
method, with the amount of FITC-BSA loaded and released
quantified based on a standard calibration curve. The loading
capacity of HTCC/ALG PEC hydrogels for FITC-BSA was esti-
mated to be 56.2 + 2.6%. Notably, the hydrogels effectively
mitigated the initial burst release (Fig. 4b) and promoted a
more sustained and prolonged release of FITC-BSA over time
until a plateau was reached (Fig. 4a). This behaviour enabled a
quasi-zero-order release rate during the first 7 days, with a
total of 90.4 + 7.3% of the loaded FITC-BSA being released over
a period of 14 days. Fluorescence microscopy images corrobo-
rate the observed release trend, revealing that the FITC-BSA
release starts from the outer part and progressively moves
towards the inner regions of the PEC hydrogel. These results
suggest that HTCC/ALG PEC hydrogels can serve as effective
vehicles for sustained drug delivery in multiple biomedical
applications, enabling drug release at a constant rate over
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(a) Cumulative mass release profile (%) of FITC-BSA in PBS at pH 7.4 from HTCC/ALG hydrogels over 14 days. The inset fluorescence

microscopy micrographs show the fluorescence of FITC-BSA within the HTCC/ALG hydrogels over 14 days. Scale bars represent 500 pm. (b) Zoom-
in on the cumulative release of FITC-BSA for the first 8 h (represented with a red dotted line in a). Data are presented as mean + SD of three inde-

pendent experiments (n = 3) performed in triplicates.
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Fig. 5 (a) Maximum filament length achieved during the extrudability assay of HTCC/ALG hydrogels using needles with gauges of 27, 25 and 22.
Scale bars represent 1 cm. (b) Optical image of a red-stained filament obtained using a 25 G needle. (c) Design of (1) biocompatible and bio-
degradable GelMA bulk hydrogel constructs featuring a (2) hollow microchannel for the (3) injection of cell-laden HTCC/ALG-RGD PEC hydrogel.
Representative optical and confocal bright-field microscopy images of the microchannel within the GelMA hydrogels (d) before and (e) after the

injection of the HTCC/ALG hydrogels. Scale bars represent 100 pm.

time. Other studies explored the combination of HTCC with
polymers of natural or synthetic origin to create hydrogels for
controlled drug release. For instance, dopamine and metroni-
dazole were encapsulated in hydrogels made of HTCC and

3628 | Biomater. Sci, 2025, 13, 3617-3632

gelatin, and no initial burst release was observed for either
drug within the first hours. Both drugs were released in a sus-
tained manner over more than 12 days, demonstrating the
hydrogel’s effectiveness as a long-term release system,®” and
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corroborating the release profile of our HTCC/ALG PEC hydro-
gels. In another approach, the incorporation of magnesium-
aluminium layered double hydroxide (LDH)-celecoxib (CLX)
complexes into hydrogels encompassing HTCC, gelatin and
LAPONITE® resulted in an initial burst release within the first
day due to the presence of CLX on the LDH nanoparticles
surface. This was followed by a sustained linear release, as
CLX intercalated within the LDH layers was gradually released
into the hydrogel matrix and then into the release medium
over a period of 14 days,®® similar to the release kinetics
observed for our PEC hydrogels.

3.6 Extrudability and injectability of HTCC/ALG PEC
hydrogels

The development of dynamic and injectable hydrogels that can
be introduced into the human body via minimally invasive
procedures and delivered on-demand at target-specific sites is
highly desirable for biomedical applications. In this regard, we
assessed the extrusion properties of the HTCC/ALG PEC supra-
molecular hydrogels using a microfluidic pump and three
different needle gauges (27, 25 and 22 G). Fig. 5a and Movies
S5-S71 demonstrate that the HTCC/ALG hydrogels were suc-
cessfully extruded through all tested needle gauges, exhibiting
good injectability and volume stability, and a well-defined
needle-shaped structure. In addition, Fig. 5b shows a red-
stained filament produced using a 25 G needle, which was the
one that yielded the longest filament, and, therefore, it was
selected for subsequent assays. Based on these findings, we
hypothesised that the HTCC/ALG hydrogels could be injected
into a hollow microchannel embedded within larger bulk

Day 1
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hydrogels (Fig. 5c), enabling the simulation of a defect and
facilitating the study of cell-material interactions in a con-
trolled 3D microenvironment aiming for soft tissue engineer-
ing and regenerative medicine strategies. This study would
allow us to understand how materials and biochemical factors
influence cell behaviour, as well as analyse the biomaterial
response and the biocompatibility in more realistic 3D
environments. To test this hypothesis, a 10% (w/v) GelMA
aqueous solution was placed in a PDMS mould with a needle
positioned in the centre. After photopolymerization of the
GelMA pre-hydrogel aqueous solution, and subsequent
removal of the needle, a well-defined hollow microchannel was
created within the GelMA hydrogel (Fig. 5d). Then, the HTCC/
ALG-RGD PEC hydrogels were injected into the microchannel,
effectively filling the hollow environment inside the channel
(Fig. 5e), which demonstrated its suitability for injection.

3.7 Invitro biological performance

Natural polymers have been employed to encapsulate cells in
3D microenvironments.** HTCC/ALG-RGD PEC hydrogels
encapsulating hASCs were injected into the hollow microchan-
nel encapsulated within the GelMA supporting hydrogel to
assess the cytocompatibility of the PEC hydrogels, as well as
their ability to support cell growth over 7 days of culture.
Fig. 6a shows representative fluorescence microscopy images
of live/dead assays performed after 1, 3 and 7 days of culture,
revealing that the hASCs remained viable up to 7 days of
culture with noticeable cell spreading starting at day 3. The
morphological features of the encapsulated cells were further
assessed by staining the F-actin filaments (phalloidin, stained
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Fig. 6 Representative fluorescence microscopy images of hASCs encapsulated in the HTCC/ALG-RGD PEC hydrogels within the GelMA bulk hydro-
gel, showing (a) live (green) and dead (red) cells, and (b) DAPI (blue) and phalloidin (red) staining at 1, 3, and 7 days of culture. Scale bars represent
200 pm. (c) Metabolic activity (490 nm) of hASCs encapsulated in the hydrogels at 1, 3 and 7 days. Data are presented as mean + SD of three inde-

pendent experiments (n = 3) performed in triplicates.
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in red) and nuclei (DAPI, stained in blue) (Fig. 6b), revealing
that by day 3 hASCs began elongating, and by day 7 the cells
were completely stretched and spread across the entire
channel. In addition, the cellular metabolic activity was inves-
tigated via an MTS assay after 1, 3 and 7 days of culture
(Fig. 6¢). The metabolic activity significantly increased from
day 1 to day 3 and remained constant by day 7, revealing no
significant differences between the culture on days 3 and 7.
We hypothesise that the latter might be due to the cells fully
occupying the available space within the channel. Nevertheless,
it was possible to confirm that the hASCs remained viable for
up to 7 days, thus corroborating the cell viability assays. These
findings demonstrate the cytocompatibility of the PEC hydro-
gels and their ability to support stem cell culture and direct
stem cell fate, highlighting their potential for soft tissue engin-
eering and regenerative medicine strategies.

4. Conclusions

In this work, we successfully developed injectable, self-heal-
able, cytocompatible and sustainable PEC hydrogels encom-
passing water-soluble HTCC and ALG biopolymers under phys-
iological conditions, surpassing the insolubility of native CHT
at physiological pH. These supramolecular hydrogels,
assembled via polyelectrolyte complexation by resorting to an
easy, inexpensive and versatile methodology, revealed a quasi-
zero-order release of FITC-BSA for ~1 week, ensuring a sus-
tained and steady drug release over extended periods. This
controlled drug release profile highlights the suitability of the
hydrogels for long-term therapeutic strategies which could
improve the treatment efficacy while simultaneously reducing
the dose frequency and associated side effects. Moreover, the
mechanical robustness and self-healing properties, together
with the ease of injectability and cytocompatibility towards
hASCs, turn the HTCC/ALG PECs into suitable hydrogel bio-
materials for biomedical purposes. We envisage that the
unique properties imparted by the HTCC, together with its
potential to be combined with virtually any type of oppositely
charged biopolymer, under mild conditions, to enable the self-
assembly of PEC hydrogels, could open new perspectives in
the development of size- and shape-tunable complex biomater-
ials for pursuing advanced therapies in controlled drug deliv-
ery and tissue regeneration. For instance, the HTCC/ALG PEC
hydrogels hold great promise as platforms for developing 4D
hydrogels denoting spatiotemporally controlled regions,
assigned by the bonded hydrogel fragments carrying out dis-
tinct cargos (e.g., bioactive molecules, cells), owing to the
precise control and tunability of the composition and spatial
arrangement of each piece over time.
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