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Stimuli-sensitive hydrogels are utilized in therapeutic applications for their ability to function as controlled drug
delivery systems, particularly as delivery platforms for antibodies in cancer treatment. Their adaptive properties,
including biocompatibility, high water retention, and tunable mechanical strength, make them well-suited for
local and sustained drug release. In this study, redox-sensitive hydrogels based on thiolated hyaluronic acid (HA-
SH) were synthetized as tunable platforms for controlled antibody delivery in cancer therapy. HA-SH hydrogels
with different degrees of substitution (DS30, DS50 and DS70) exhibited distinct structural and mechanical
properties, with HA-SH DS70 forming a denser network and demonstrating greater stability compared to HA-SH
DS30 and DS50. Swelling and degradation studies confirmed redox responsiveness of the gels, with DS30 gel
degrading faster than DS50 and DS70 gels in reductive environments. Rheological analysis further showed that
higher cross-linking density in DS70 gels enhanced viscosity and mechanical strength compared to DS50 and
DS30. Immunoglobulin G (IgG), used as a model drug for immunotherapeutic agents, was loaded into DS30 and
DS70 hydrogels. The release followed zero-order kinetics at pH 7.4, highlighting the influence of the poly-
saccharide intrinsic anionic properties. DS30 hydrogels demonstrated sustained release (85 + 6 % in 9 days),
while DS70 exhibited faster release (71 & 7 % in 5 days). The IgG release kinetics relied on a dual mechanism
involving the combination of gel erosion (depending on DS and structural features), as well as IgG poly-charged
nature and its ionic interactions with the hyaluronic acid polymeric network, as highlighted by rheological
measurements and differential scanning calorimetry (DSC) analysis. Overall, the study highlights the potential of
HA-SH hydrogels as customizable and localized immunotherapeutic delivery systems for controlled and precise
cancer treatment.

1. Introduction

Hydrogels, characterized by their three-dimensional polymeric net-
works with flexible structures and biocompatible characteristics, have
gained significant attention, particularly in the field of cancer immu-
notherapy [1]. Their hydrophilic and flexible nature makes hydrogels
ideal platforms for entrapping immunotherapeutic agents, preserving
their natural structure in a viscoelastic network, saving them from
premature degradation by body fluids and enzymes, meanwhile
reducing the need for high-dosage administration [2,3]. For these rea-
sons, hydrogels are under investigation in several clinical trials as
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suitable carriers for many biopharmaceuticals and immune cells, pre-
senting promising prospects for personalized medicine [4,5].

One of the most important applications of hydrogels is as a platform
for the delivery of immunotherapeutic agents such as immune stimu-
latory cytokines and monoclonal antibodies. Currently, the majority of
clinically used therapeutic antibodies are immunoglobulin G (IgG)
monoclonal antibodies [6]. Cancer immunotherapy, either by activating
immune responses using vaccine platforms or by passive immune system
stimulation through antibody injection, needs an infrastructure that
provides and accelerates the adhesion, traffic, and function of immune
cells [7]. Therefore, hydrogels offer convenient systems for the delivery
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of immunotherapeutic agents.

Hydrogels possess meshed space amongst the polymer chains that
allow nutrients and small molecules to pass through, preserving the
structural and chemical stability of the payload while providing a
biocompatible interface with living tissues. Therefore, hydrogels are
considered as one of the optimal systems for the delivery of bio-
pharmaceuticals, which, in contrast to small molecule drugs, often have
large structures. The mesh size can differ based on the concentrations of
polymers and cross-linkers, as well as external stimuli such as temper-
ature, redox species, and pH [8,9]. Drug release is controlled by factors
such as swelling and degradation rate, crosslinking density, polymer
concentration, and the interactions between biomolecules. Various
tailored drug delivery systems can be designed by adjusting the chemical
properties of the hydrogels to be responsive to specific conditions and
triggers, such as pH changes or enzymatic activity [10]. For cancer
therapy, it is crucial to consider the properties of the tumor microen-
vironment (TME). The TME exhibits specific characteristics distinct
from normal physiological conditions including low pH, hypoxia, and
redox imbalances. These distinctive conditions can be utilized in
developing drug delivery systems specifically designed to reach and
treat tumors effectively [11].

Hyaluronic acid is a natural polysaccharide and one of the most
abundant components in the extracellular matrix (ECM) [12,13]. It has
been widely used in hydrogel studies due to its promising properties
such as biocompatibility, biodegradability, and non-antigenicity [14].
Due to these intrinsic features, hyaluronic acid-based hydrogels are
increasingly studied as drug delivery systems, especially in cancer
treatment [15,16]. However, hyaluronic acid in its native form is not
capable of forming hydrogels with desirable physicochemical proper-
ties, necessitating chemical modifications to its primary structure for
optimal biomedical applications [17,18]. Thiolation of hyaluronic acid
is considered an optimal strategy, as the crosslinking between polymeric
chains during hydrogel formation occurs via disulfide bonds, which are
degradable in the redox environment, such as the TME [19-21]. This
approach enables the creation of stimuli-sensitive hydrogels capable of
adapting to environmental changes.

In this study, novel thiolated hyaluronic acid-based hydrogels with
varying degrees of substitution (DS30, DS50 and DS70) were prepared
and systematically characterized, focusing on their morphological and
rheological properties, as well as their swelling and degradation
behavior. The incorporation of disulfide bond formation facilitated in
situ crosslinking of the hydrogels, offering an innovative method for
modulating the gels structural and mechanical properties. For the first
time, the interactions between IgG and hyaluronic acid within these
hydrogel matrices were explored, investigating their potential as
immunotherapeutic tailorable delivery systems. Experiments were
conducted to examine the loading and subsequent release of IgG,
providing insights into how the specific chemical features of the
hydrogels influence the release mechanism. This investigation consid-
ered not only the crosslinking density but also the hydrogel charge
density, which is inherently dependent on crosslinking, as variations in
crosslinking naturally alter the distribution of ionic groups within the
polysaccharidic hydrogel network. Thermal analysis and rheological
measurements were employed to highlight these interactions further. In
vitro cytocompatibility studies were carried out to evaluate the safety
and biocompatibility of the hydrogels, supporting their potential for
future applications as customizable delivery platforms for immuno-
therapeutic agents.

2. Materials and Methods
2.1. Materials
Unless stated otherwise, all chemicals were purchased from Sigma

Aldrich (Stenheim, Germany) and used as received. Sodium hyaluronic
acid (Mw = 38 kDa) was purchased from Lifecore, Biomedical (Chaska,
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USA). Ultrapure water was produced in the laboratory according to a
Milli-Q® system (Merck Millipore, Darmstadt, Germany). Chloroform
was procured from Carlo Erba reagents (Milano, Italy). The 1-ethyl-3-(3-
dimethyl aminopropyl) carbodiimide (EDC), dithiothreitol (DTT), L-
glutathione reduced, and IgG from sheep serum were purchased from
Sigma Aldrich. The 3,3-dithiobis (propanoic hydrazide) (DTP) was
previously synthesized according to Vercruysse et al [22]. The
phosphate-buffered saline (PBS) used for the experiments is based on the
150 mM buffer solution at pH 7.4 of NaCl (136.9 mM), KH,PO4 (1.8
mM), KCI (2.7 mM), and NagHPO4 (10.0 mM). The composition for the
high ionic strength medium is based on the 300 mM solution at pH 7.4 of
NaCl (285.5 mM), KHoPO4 (1.8 mM), KCI (2.7 mM), and Na,HPO4 (10.0
mM).

2.2. Synthesis of thiolated hyaluronic acid

The thiolated hyaluronic acid (HA-SH) was synthesized according to
the study by Shu et al. with very slight modifications [23]. Hyaluronic
acid with an average molecular weight of 38 kDa was selected for this
study, as lower molecular weight variants are better suited for the
development of injectable delivery systems due to their reduced vis-
cosity, which facilitates ease of administration. Moreover, lower mo-
lecular weight hyaluronic acid offers greater accessibility for chemical
modification on the polymeric chains, thereby enhancing the efficiency
of functionalization processes [24,25]. The synthetic route of HA-SH
synthesis is depicted in Scheme 1. Briefly, hyaluronic acid (HA, 0.005
mmol) was coupled with DTP by carbodiimide chemistry first, and then
the disulfide bonds were reduced by DTT to obtain free thiol groups as
terminal groups of HA pending side chains. The number of thiol groups
substituted per 100 disaccharide units is defined as the substitution
degree (DS). Based on the aimed DS, both HA and DTP were dissolved in
100 mL of ultrapure water at room temperature, using the ratios of
0.205 mmol, 0.671 mmol, and 1.178 mmol for DS30, DS50, and DS70,
respectively. After complete dissolution, the pH of the reaction was
adjusted to 4.75 by adding 1 M hydrochloric acid (HC) solution. Sub-
sequently, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) was
added as a carboxyl activating agent for the coupling of primary amines
of HA to yield amide bonds with DTP (final ratio EDC:DTP was
constantly 1:1). The pH of the reaction mixture was monitored and
maintained at pH 4.75 by adding 1 M HCI solution. The reaction was
stirred at room temperature for 48 h and then stopped by increasing the
pH to 7 with 1 M sodium hydroxide (NaOH) solution. Afterwards, DTT
(5.28 mmol) was added as a reducing agent and the pH was increased to
8.5. The reaction was carried out for a further 24 h and stopped by
changing the pH to 3.5 with 1 M HCl solution. The reaction solution was
transferred to a dialysis tube (Mw cutoff of 12-24 kDa) against a 100
mM sodium chloride (NaCl) solution, at 4 °C for 3 days, then dialyzed
against deionized water for an additional 24 h. The final products were
isolated as a dry powder by lyophilization and stored at —20 °C. The DS
% was characterized by H NMR in D50.

2.3. Proton nuclear magnetic resonance spectroscopy (\H NMR)

The chemical structures of the synthesized polymers were charac-
terized by proton nuclear magnetic resonance (*H NMR, Varian Mercury
plus 400, Crawley, UK) using deuterium oxide (D30O) as solvent.
Chemical shifts were referred to as the solvent peak (5§ = 4.79 ppm for
D,0).

2.4. Hydrogel preparation

The anionic polysaccharidic hydrogels were prepared at a concen-
tration of 15 % w/v by dissolving 15 mg of the polymers DS30, DS50 and
DS70 in 100 pL of 150 mM of PBS pH 7.4 (composition in section 2.1).
The polymers were stored in the incubator at 37 °C overnight to allow
the gelation of the chemically crosslinked network following the
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Scheme 1. Synthesis scheme of thiolated hyaluronic acid (HA-SH).

disulfide bond formation.
2.5. Swelling behavior and degradation studies

For swelling and degradation studies, 400 uL of 150 mM PBS buffer
at pH 7.4 was added on top of 100 uL empty HA-SH gels (W), prepared
according to the described procedure in section 2.4. At regular intervals,
the weight of the gel upon removal of excess buffer was measured (W)
to calculate the swelling ratio (SR = W/Wy) as the ratio between the
weight of the gel at different time points (W) and the initial gel weight
(Wp). After each measurement, 400 pL of fresh buffer was added on top
and the vials were stored again in the incubator at 37 °C. Swelling
studies for redox-response evaluation were conducted following the
same procedure described before, supplementing the 150 mM PBS
buffer solution (pH 7.4) with 10 mM of L-glutathione reduced (GSH),
chosen as the reducing agent simulating the reduction behavior present
in TME [26].

2.6. Scanning electron microscope (SEM)

The morphology of the hydrogels, for HA-SH DS30, DS50 and DS70
(formulation described in section 2.4), was evaluated by a field
emission-scanning electron microscope (SEM Zeiss Sigma 300, Zeiss,
Germany). The SEM sample stage was prepared by placing double-sided
adhesive carbon tape on an aluminium stub. For this, first the HA-SH
polymers were dissolved in MilliQ water at the concertation of 15 %
w/v (aiming for a final volume of 10 pL approximately) and the solution
was stored at 37 °C until complete hydrogel formation. Then, the
hydrogel was placed on the sample stage and then dried at 37 °C for 48
h. Afterwards, the dried sample was sputtered under vacuum with a
chromium layer of approximately 100 A thickness (Quorum Q150T ES,
Quorum Technologies, Lewes, UK) before analysis.

2.7. Rheological studies of the hydrogels

The rheological analysis of the anionic polysaccharidic hydrogels
was performed on the rheometer Anton Paar MCR92 (Modular Compact
Rheometer 92, Graz, Austria). HA-SH with DS30, DS50 and DS70 at a
concentration of 15 % w/v (hydrogel formation described on section
2.4) were prepared in 150 mM PBS at pH 7.4 and placed on the lower
plate of the instrument. The geometry system used in the study was
plate-plate, with a zero-gap fixed at 0,1 mm. Viscosity analysis and
frequency sweep tests were operated on the samples at a temperature of

37 °C (while oscillatory model tests can be found in the Supporting In-
formation). For the viscosity analysis, a shear-rate-controlled test was
conducted using ascending logarithmic steps to study the viscosity
behavior. Viscosity was measured as a function of applied shear rate
from 0.1 to 100 1/s.

Furthermore, the hydrogels were subjected to the frequency sweep
test to study the change in their viscoelastic behavior with varying
angular frequencies from 0.1 to 100 rad/s at a constant oscillating shear
strain of 1 %.

Rheology analyses were also employed to estimate the average mesh
size (&) of hydrogels in their hydrated state. The mesh size, measured in
nanometers (nm), represents the distance between crosslinking points
within the polymer network [27]. This parameter can be determined
using rubber elastic theory (RET) with the following Equation (1):

(G, -1/3
£ = (ﬁ) (€]

where G is the storage modulus, R represents the universal gas constant
(8.314 J/K mol), T is the absolute temperature (310 K) and N4 denotes
Avogadro constant (6.022 x 10%%) [28,29].

Another important structural property of hydrogels is the cross-
linking density (».) which indicates the number of elastically active
junctions per unit volume (mol/m>). This parameter can also be derived
using RET, as shown in the Equation (2) below:

G,
e = ﬁ (2
where G, corresponds to the plateau storage modulus obtained from
frequency sweep tests [30]. Furthermore, rheological analysis can pro-
vide insights into the molecular weight of polymer chains between
adjacent crosslinking points (M,, measured in kg/mol). This value can be
determined using the following Equation (3):

rﬂRT

M, = 6. 3

where - represents the polymer concentration (15 % w/v), p is the
density of water at 310 K (993 kg/mg) [31].

2.8. In vitro evaluation of hydrogel biocompatibility

To assess the cell viability of the HA-SH hydrogels (DS30, DS50 and
DS70), cells derived from connective mouse tissue were used. More
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specifically, NCTC clone L-929 mouse fibroblasts cell line (CCL-1-ATCC,
LGC Standards SrL, Milano Italy), which can be used for toxicity testing
[32,33], were grown on coverslips in Eagle’ Minimum Essential Medium
(EMEM; ATCC, LGC Standards SrL, Milano Italy), supplemented with 10
% of Fetal Bovine Serum (FBS), penicillin and streptomycin at standard
conditions (37 °C, 5 % CO») for four days. Then, a 15 % w/v concen-
tration of the hydrogels DS30, DS50 and DS70 (hydrogel preparation
described on section 2.4) were added on top of the cells, in the corner of
the well, and incubated for an additional 24 h. Next, cultures were rinsed
with phosphate saline buffer (150 mM PBS, pH = 7.4), fixed in 4 %
paraformaldehyde (PFA) diluted in Dulbecco’s PBS and stained with 5 %
toluidine blue staining. Subsequently, cultures were observed using a
Leica DM 2500 optical microscope.

Fibroblasts growth and viability in presence of hydrogels was also
evaluated by MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethox-
yphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay. Specifically, L-929
cells were plated at a density of 5000 cells/well on DS30, DS50 and
DS70 HA-SH hydrogels coated 96 well culture plates (Euroclone, SpA,
Milano, Italy) or on uncoated plates (control). After 4 days of cultures,
fibroblasts were incubated with 20 uL/well of Cell Titer 96 Aqueous One
Solution Reagent (Promega Italia s.r.l., Milano, Italy) for 2 h in a hu-
midified, 5 % CO,, atmosphere. The colored formazan product resultant
was measured by reading the absorbance at 490 nm using a 96-well
plate reader (Tecan Italia s.r.1., MI, Italy).

2.9. IgG loading and release studies

First, immunoglobulin G (IgG) was dissolved in 150 mM PBS (pH
7.4) at a concentration of 2 mg/mL and then physically entrapped
within the hydrogel network, following the methodology outlined in
previous works [34-36]. The resulting solution was used for the
hydrogel formulation of HA-SH DS30 and DS70 at 15 % w/v final con-
centration as previously described (section 2.4). After the loading of IgG
within the hydrogel matrix, 900 uL of 150 mM PBS (pH 7.4) was added
on top of the gels and incubated at 37 °C. At predetermined time points,
300 pL of the PBS was taken for concentration measurements, and
subsequently, 300 pL of fresh buffer was replaced. To evaluate and
quantify the release of IgG, High-Performance Liquid Chromatography
(HPLC) analysis was performed on an HPLC-MS Agilent 1100 series
(Agilent, Santa Clara, US) using a Mono Q 5/50 GL“ anion exchange
column (Cytiva, Marlborough, US), set at the temperature of 25 °C and a
runtime of 40 min. The retention time of IgG was 20 min. The column
was equilibrated in 20 mM Tris-HCL pH 7.5 and the bound material was
eluted with a gradient of 0.4 M NaCl in Tris- 20 mM HCL pH 7.5.

2.10. Hydrogels thermal analyses

A differential scanning calorimeter (DSC Q2000, TA Instruments,
USA) with an RCS90 refrigerated cooling system, previously calibrated
with an indium standard, was employed to study the interactions be-
tween HA-SH (DS30 or DS70) and IgG. Hydrogel samples, weighing
approximately 13 mg each, were placed in aluminium pans, which were
then hermetically sealed. The samples were cooled to —40 °C, equili-
brated for 20 min, and subsequently heated to 40 °C at a rate of 2.5 °C/
min, under a nitrogen flow of 50 mL/min. The extrapolated onset
melting temperature of frozen water (Tm) was determined. The enthalpy
of the solid-to-liquid transition of water was calculated by integrating
the endothermic melting peak and normalizing it to the solid mass
percentage of the gel [37].

2.11. Statistical analysis

The p values were determined by a Student’s test with two-tailed
distribution performed with the software GraphPad Prism 9 (Graph-
Pad Software Inc., La Jolla, California) where p values < 0.05 are
considered statistically significant.
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3. Results and Discussion
3.1. 'H NMR analysis of thiolated hyaluronic acid

Thiolated hyaluronic acid (HA-SH) is a modified form of the native
polymer hyaluronic acid, which contains thiol groups (—SH) attached to
its structure. This modification can significantly enhance the properties
of hyaluronic acid, making it more useful for biomedical applications
[18,24]. Specifically, thiolation enables the polysaccharide to become
chemically cross-linkable, thereby improving its mechanical properties
and providing selective degradability at specific sites, such as tumors.

The structure of HA-SH was characterized using 'H NMR spectros-
copy, which revealed two peaks at 2.67 ppm and 2.85 ppm corre-
sponding to the two methylene groups adjacent to the sulthydryl group.
Additionally, the methyl group of the amide on the main chain of HA
was detected at 2.03 ppm. This resonance was used as an internal
standard for the calculation of the degree of substitution (DS) of the thiol
group, which is in agreement with a previous study by Shu et al. [23].
The degree of substitution was calculated using Equation (4), which
measures the ratio of the integration values at 2.67 ppm and 2.85 ppm to
the integration value at 2.03 ppm (representation in Fig. 1a). The results
showed an average degree of substitution of approximately 28 + 3 %,
which was considered as DS30.

3 x ([ (Iaer + Lgs)

DS =
4 x [Ipos

x 100 @

Furthermore, a higher degree of substitution was observed in the other
samples, with calculated DS values of approximately 48 + 5 % and 69 +
6 %, which were considered as DS50 and DS70, respectively (Fig. 1b-c).
These higher degrees of substitution can be attributed to the higher
integration values in the two peaks at 2.67 ppm and 2.85 ppm, indi-
cating a higher degree of thiolation. These values are reproducible and
comparable to those reported in previous studies, which ranged from 20
to 70 % for thiolated HA [25].

The degrees of substitution of 30 %, 50 % and 70 % were selected to
generate three distinct hydrogel systems, enabling a comparative anal-
ysis of how variations in the modification of the HA polymeric back-
bone, specifically the cross-linking density, influence the
physicochemical and mechanical properties of the hydrogels. The cross-
linking density, defined as the number of cross-links per unit volume
within the polymer network, is a crucial parameter in hydrogel design,
as it directly impacts the structural integrity, mechanical strength, and
diffusion characteristics of the gel [38-40]. By modulating the cross-
linking density, the stability, rigidity, and ability to control the encap-
sulation and release of therapeutic agents can be fine-tuned, making it a
key factor in optimizing HA-SH hydrogel-based delivery systems.

3.2. Swelling and degradation of hydrogels in normal versus reductive
environments

The tumor microenvironment (TME) is characterized by several
distinct features, including high concentrations of glutathione (GSH),
acidity, hypoxia, and overexpressed enzymes and reactive oxygen spe-
cies (ROS) [41]. These conditions significantly impact the behavior of
hydrogels designed to interact with the TME, and the redox-responsive
behavior of hydrogels is crucial for their application in tumor therapy.
Previous studies have shown that the concentration of GSH in the
intracellular or tumor environment is significantly higher (2-10 mM)
than in the extracellular environment (2-10 pM) and elevated levels of
intracellular GSH save cells from apoptosis and enhance the survival of
tumor cells [42].

The abundance of GSH in the TME leads to cleavage of the disulfide
bonds, which is critical for the degradation of hydrogels designed to
interact with the TME. In this context, we investigated the swelling and
degradation profiles of HA-SH DS30, DS50 and DS70 hydrogels in both
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Fig. 1. Representative H NMR spectra of HA-SH DS30 (a), HA-SH DS50 (b)
and HA-SH DS70 (c) in D,O.

physiological and reductive environments, with the latter simulated
using 10 mM GSH to represent the upper range of concentrations re-
ported in the intracellular tumor microenvironment. Fig. 2a depicts a
comparison of the swelling ratio of HA-SH hydrogels in physiological
(150 mM PBS, pH = 7.4), while Fig. 2b shows the degradation behaviour

European Journal of Pharmaceutics and Biopharmaceutics 214 (2025) 114804

in a pathological medium (PBS containing 10 mM GSH to simulate the
reductive TME, as proved before [43]).

DS30 gels demonstrated rapid and significant swelling in the redox
environment (up to three times the initial gel weight), resulting in the
complete degradation of the gels in two days. On the other hand, the
swelling of the DS30 gel had a different pattern in PBS alone, where a
gradual swelling of the hydrogels was observed (up to three times the
initial gel weight after almost nine days) and, unlike the redox envi-
ronment, the swollen gels were stable, and the gel structure was pre-
served for 76 days.

The observed results align with the findings of Gao et al., who re-
ported a comparable degradation behavior in a different hydrogel sys-
tem [44]. Their hydrogels were formulated using native high molecular
weight hyaluronic acid crosslinked with aminoethyl disulfide (AED), a
glutathione (GSH)-responsive crosslinker. Under redox-active condi-
tions, these hydrogels underwent rapid disintegration within a few days,
mirroring the behavior seen in our DS30 gels, which also degraded
completely within two days in a redox environment. Conversely, in non-
redox environments such as distilled water, the hydrogels in Gao et al.
study remained stable for over twenty days, similar to the DS30 gels in
PBS, which exhibited gradual swelling over nine days and maintained
their structural integrity for up to 76 days. These consistent findings
emphasize the crucial influence of the redox state of the environment on
hydrogel stability across various formulations.

In the case of HA-SH DS50 and DS70 formulations, the hydrogels
exhibited a significantly lower swelling ratio than DS30 hydrogels in
PBS (Fig. 2a), attributed to their higher crosslinking density and more
compact structure, as highlighted in the SEM images and rheological
analysis (sections 3.3 and 3.4). Additionally, DS50 and DS70 hydrogels
required a longer period compared to DS30 gels before degradation and
weight loss occurred in PBS, with degradation observed after 110 and
238 days, respectively. Conversely, in a reducing environment with PBS
supplemented with 10 mM GSH (Fig. 2b), both DS50 and DS70 hydro-
gels displayed delayed swelling, reaching up to three and two times their
initial gel weight, respectively, with degradation occurring after 17 and
144 days.

Overall, a distinct difference was observed in the degradation pro-
files of gels in PBS versus the PBS + GSH environment, confirming the
redox-responsive behavior of the HA-SH hydrogel systems. This novel
finding highlights the tunable nature of these hydrogels, allowing pre-
cise control over release, swelling, and degradation time by adjusting
the DS to meet specific therapeutic requirements.

3.3. Morphological studies

The scanning electron microscopy (SEM) analysis of the hydrogel
networks provides valuable insights into their structural properties and
potential drug release behavior [45,46]. As previously reported in
numerous studies, the average pore size of hydrogels is highly depen-
dent on the crosslinking density [47,48]. Highly crosslinked hydrogels
exhibit smaller pores, while less cross-linked hydrogels display larger
pore sizes [49]. These porous networks can facilitate the easy flow and
release of loaded drugs. However, it is important to note that the release
of loaded drugs from hydrogels is not always fully dependent on the pore
size, but on many other factors including the properties of both drug and
the hydrogels network, and the interactions between the drug and the
polymeric chains of hydrogels.

Fig. 3a shows the SEM images of the dehydrated hydrogel network of
HA-SH DS30. As can be observed, the mesh size of the dehydrated
hydrogel network is overall above 100 nm. In contrast, Fig. 3b-c shows
the HA-SH DS50 and DS70 dehydrated hydrogels, where their mesh size
is smaller than 100 nm due to increased cross-linking. Additionally, the
HA-SH DS70 dehydrated hydrogel exhibits a denser network structure
compared to DS30 and DS50, which is attributed to the higher degree of
crosslinking. Furthermore, the SEM analysis of degraded hydrogels after
exposure to PBS + GSH reveals collapse and network destruction,
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Fig. 2. Swelling ratio of HA-SH DS30, HA-SH DS50 and HA-SH DS70 (a) in physiological (150 mM PBS, pH = 7.4) and (b) in reductive environments (10 mM GSH,
pH = 7.4). All values expressed as mean + SD (n = 2-3). On the right panels representative digital images of the hydrogels at different time points.

(a) HA-SH DS30

(b) HA-SH DS50

(c) HA-SH DS70

Fig. 3. (a) Graphical representation of HA-SH DS30 pores (partially created with Biorender.com); SEM analysis of the dehydrated hydrogel; SEM images of the
degraded hydrogel after one day in PBS + GSH. (b) Graphical representation of HA-SH DS50 pores; SEM analysis of the dehydrated hydrogel; SEM images of the
degraded hydrogel after 17 days in PBS + GSH. (c) Graphical representation of HA-SH DS70 pores; SEM analysis of the dehydrated hydrogel; SEM images of the
degraded hydrogel after 144 days in PBS + GSH. Scale bars: 100 nm for dehydrated hydrogel, 20 pm for degraded hydrogel.

following the degradation time points recorded in the swelling and
degradation studies (section 3.2). This observation suggests that the
hydrogel network undergoes degradation and structural collapse over
time when incubated with GSH at a concentration of 10 mM and is in
line with the results of the degradation behavior reported in the swelling
studies described before. Similarly, another study highlights how
adjusting the chitosan/a,B-glycerophosphate ratio in hydrogels can fine-
tune their gelation temperature, pore structure, and degradation rate,

further emphasizing the crucial role of compositional tuning indicating
the performance of hydrogel systems [50]. This reinforces the idea that
hydrogel properties can be precisely modulated to meet specific thera-
peutic and structural requirements.

It is important to note that, since SEM analysis requires the hydrogels
to be in a dehydrated state, the dehydration process may influence their
structure and alter the observed morphology. To account for this limi-
tation and gain a more comprehensive understanding of the hydrogels
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structural and mechanical properties, rheological analysis was con-
ducted in their native hydrated state (section 3.4). This complementary
approach provides valuable insights into the hydrogels behavior under
physiological conditions, offering a more complete characterization of
their properties in both dry and hydrated states.

3.4. Rheological studies

The viscoelastic properties of hydrogels, such as DS30, DS50 and
DS70 HA-SH gels, are critical for their application as delivery systems in
cancer immunotherapy. One of the most common rheological tests for
understanding the general rheological properties of hydrogels is the
viscosity test, measuring the viscosity changes of the hydrogels under
increasing shear rate [51]. As demonstrated in Fig. 4a, the viscosity of
DS30, DS50 and DS70 hydrogels decreased with the increment of the
shear rate confirming the shear thinning behavior of all systems [52].
More in detail, the viscosity values of the DS30 hydrogels started with
6205 mPa.s, decreasing to 12 mPa.s by increasing the shear rate to 100
(1/5). In the case of DS50 hydrogels, the viscosity value started at 7923
mPa.s and decreased to 59 mPa.s at 100 (1/s), indicating an interme-
diate viscosity profile between DS30 and DS70. For DS70 hydrogels, the
viscosity value started at 42505 mPa.s and decreased to 376 mPa.s
throughout the shear rate increment to 100 (1/s). The consistently
higher viscosity values of DS70 hydrogels compared to DS30 and DS50
can be attributed to the higher cross-linking density and more compact
structure of the DS70 hydrogels, as also demonstrated with the SEM
studies (section 3.3). This increased cross-linking density results in a
more robust network that resists deformation, thereby exhibiting higher
viscosity [53]. Overall, this non-Newtonian behavior is characteristic of
many polymeric and hydrogel systems, where the alignment of polymer
chains under shear leads to a reduction in resistance to flow. Indeed, the
observed shear-thinning behavior and the differences in viscosity among
DS30, DS50 and DS70 hydrogels align with findings reported in previous
studies. For instance, similar trends have been documented in the
rheological characterization of other hydrogel systems, where increased
cross-linking density correlates with higher initial viscosity and more
pronounced shear-thinning behavior. Park et al. investigated the effects
of cross-linking density on the rheological properties of gelatin-based
hydrogels. They found that hydrogels with higher cross-linking den-
sities exhibited higher viscosities and more significant reductions in
viscosity under shear, which is consistent with our findings for DS70
hydrogels [54]. Furthermore, Zhou et al. studied the rheological and
mechanical properties of cross-linked polyvinyl alcohol (PVA) hydrogels
and demonstrated that increasing the cross-linking density resulted in
higher viscosity and enhanced shear-thinning behavior [55]. Also, in a
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study by Shimojo et al. the effects of cross-linking density on rheological
and swelling properties of hyaluronic acid hydrogels were discussed. It
was observed that higher crosslinking resulted in an increment of vis-
cosity and reduced swelling ratio [56]. All these studies support our
observations regarding the DS50 and DS70 hydrogels, highlighting the
importance of cross-linking density in modulating the rheological
properties of hydrogel systems.

The important features of HA-SH gels highlighted by the rheology
are essential for the mechanical properties and in situ gelification char-
acteristics of the system, enabling minimally invasive administration
[57].

The frequency sweep test was conducted to evaluate the viscoelastic
properties of DS30, DS50 and DS70 hydrogels, as illustrated in Fig. 4b.
The results indicate that for DS30, DS50 and DS70, the storage modulus
(G) consistently exceeds the loss modulus (G”") across the entire fre-
quency range, confirming the gel-like characteristics of both systems.
Specifically, the storage modulus of DS70 is measured at 1.1 x 10”5 Pa at
an angular frequency of 0.1 rad/s, with a corresponding loss modulus of
6.6 x 104 Pa. Notably, both moduli demonstrate an increasing trend
with rising frequency, culminating in a G’ of 2.39 x 10°5 Pa and a G” of
1.16 x 10°5 Pa at 100 rad/s. In contrast, DS30 exhibits a storage
modulus of 99,758 Pa and a loss modulus of 29,186 Pa at the same
angular frequency, with both moduli decreasing to 12,221 Pa and 2973
Pa, respectively, at 100 rad/s. DS50, on the other hand, displayed in-
termediate mechanical properties, with a storage modulus of 4.1 x 10°4
Pa and a loss modulus of 2.5 x 10"4 Pa at an angular frequency of 0.1
rad/s, increasing to 1.1 x 1075 Pa and 4.4 x 10°4 Pa, respectively, at
100 rad/s. Furthermore, the consistently higher storage and loss moduli
of DS70 compared to DS30 and DS50 indicate a denser structure
attributed to the increased cross-linking density of the former [58]. This
is particularly relevant for immunotherapy applications, where the
mechanical stability of the hydrogel can influence the sustained release
of therapeutic agents, such as monoclonal antibodies or immune
checkpoint inhibitors. This observation aligns with findings from pre-
vious studies, which have demonstrated that an increase in cross-linking
density correlates with enhanced storage and loss moduli in hydrogel
systems [59,60]. For example, the study performed by Wang et al,
demonstrates that enzymatically cross-linked peptide hydrogels exhibit
denser networks and improved mechanical strength. They showed
controlled release of doxorubicin, resulting in higher anticancer efficacy
compared to doxorubicin solution alone [61].

Furthermore, the mesh size (£), crosslinking density (n,), and average
molecular weight (M.) of the hydrogels were determined based on
rheological measurements (following the equations described on section
2.7). The results showed that the mesh size decreased as the storage
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Fig. 4. (a) Viscosity tests of the HA-SH DS30, HA-SH DS50 and HA-SH DS70 hydrogels; (b) Storage (G) and loss (G") moduli at 37 °C as a function of frequency of the

HA-SH DS30, HA-SH DS50 and HA-SH DS70 hydrogels at pH 7.4.



B.M. Firouzabadi et al.

modulus (G) increased, indicating a denser network structure with
higher crosslinking. Conversely, the crosslinking density (n.) increased
with increasing G, suggesting a greater number of elastically active
junctions per unit volume. For gel DS30, the calculated mesh size was ~
7.56 nm, the crosslinking density was 3.84 mol/m?, and the average
molecular weight between crosslinks was 38.8 kg/mol. As G’ increased
in DS50 gel, the mesh size decreased to ~ 4.14 nm, while the cross-
linking density increased to 23.45 mol/m>, and the average molecular
weight rose significantly to 6.4 kg/mol. Finally, for gel DS70, the mesh
size further decreased to ~ 3.07 nm, the crosslinking density reached
57.11 mol/m°, and the average molecular weight dropped to 2.6 kg/
mol. These trends indicate that higher G’ values correlate with a more
compact and crosslinked network, reducing the distance between
crosslinking points and increasing the structural rigidity of the hydro-
gels. The decrease in M, with increasing G' for DS70 suggests that a
greater number of shorter polymer chains exist between crosslinks,
further reinforcing the hydrogel matrix. Moreover, the viscoelastic
properties of these hydrogels play a pivotal role in their interaction with
the TME. The ability of hydrogels to maintain structural integrity while
allowing for the diffusion of therapeutic agents is crucial for effective
immunotherapy. For instance, the differential viscoelastic behavior
observed among DS30, DS50 and DS70 suggests that the last two may be
more suitable for applications requiring prolonged residence time of the
hydrogel in the site of the tumor environment, which is essential for
overcoming the immunosuppressive conditions often present in tumors.
Conversely, the more flexible nature of DS30 may be advantageous for
injectable formulations that need to adapt to various anatomical sites
within the tumor.

3.5. Hydrogels biocompatibility

The design of stimuli-responsive and biodegradable hydrogels in this
study aims to utilize them as biomaterials for the delivery of immuno-
therapeutic agents. Therefore, evaluating the biocompatibility of these
hydrogels is crucial. Biocompatibility assessments are essential to
determine whether the hydrogel materials are compatible with biolog-
ical systems, minimizing adverse reactions such as inflammation or
tissue damage [62]. This information is vital for designing hydrogel-
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based therapies, including drug delivery systems aimed at cancer ther-
apy, by interacting harmoniously with the body without damaging the
healthy tissues.

To assess the biocompatibility of the DS30, DS50 and DS70 hydro-
gels, toluidine blue assay was used to evaluate the proliferation and
growth of fibroblasts upon exposure to these hydrogels. Fig. 5a-b shows
the fibroblasts growth and adhesion on plates containing DS30, DS50
and DS70 hydrogels and a hydrogel-free well used as control. The
morphological characteristics and capability of expansion of fibroblast
growth in the presence of hydrogels, seated at the bottom of the plate
(light blue staining with pink dash lines) demonstrate that the prolif-
eration of the fibroblast in the hydrogel environment was enhanced
(Fig. 5b). Furthermore, no significant differences in cell viability were
found between hydrogels fibroblasts and control cultures, rather a
positive trend of cells grown on hydrogels has been detected (Fig. 5c).

The capability of the hydrogel network to positively influence cell
proliferation can be attributed to the presence of hyaluronic acid. The
positive effect of hyaluronic acid in proliferation and cell growth has
been seen in numerous other studies, emphasizing the role of hyaluronic
acid in accelerating cell growth and proliferation in various cell types
[63,64]. This is consistent with the findings of previous studies that have
demonstrated the biocompatibility and biodegradability of thiolated
hyaluronic acid-based hydrogels [65]. The biocompatibility and biode-
gradability of these hydrogels make them promising biomaterials for the
delivery of immunotherapeutic agents in cancer therapy.

3.6. IgG release studies

After demonstrating the redox-responsive behavior of HA-SH
hydrogel systems (sections 3.2 and 3.3) and evaluating the cyto-
compatibility of the platforms (section. 3.5), the release profiles of IgG
from HA-SH hydrogels were investigated. For this purposes, HA-SH
hydrogels with DS30 and DS70 were selected as two extreme DS vari-
ants due to their distinct properties, and IgG was used as a model drug
for immunotherapeutic agents in cancer treatment [66,67]. A contin-
uous release of IgG was observed for all hydrogel formulations (Fig. 6),
with release kinetics varying based on the DS of the HA-SH gel
composition. As shown in Fig. 6a, the DS70 hydrogels demonstrated a
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Fig. 5. Cell viability studies of the HA-SH hydrogels with NCTC clone L-929 mouse fibroblasts. (a) Schematic representation of the in vitro experiment. Scheme was
partially created with Biorender.com; (b) Fibroblast adhesion and growth in DS30, DS50 and DS70 hydrogels (control was included as fibroblasts in a gel-free well),
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Fig. 6. (a) IgG cumulative release profile of DS30 and DS70 hydrogels at pH 7.4 (150 mM PBS) and 37 °C (n = 2, mean =+ SD); (b) Graphical representation of the
ionic interactions between the HA-SH gel backbone and the IgG. Scheme was partially created with Biorender.com.

fast release of IgG in the first few hours, followed by a linear trend
leading to a cumulative release of 73 %, whereas in DS30 hydrogels the
release initiated after two days and prolonged for twelve days with a
cumulative release of almost 85 %.

The release mechanism of IgG from the HA-SH hydrogels was
examined by fitting the release curve to the Ritger-Peppas equation (5):

M; _ n
Mok ®

o0

Here, the fractional release of the loaded drug is represented, k is a ki-
netic constant, t is the release time, and n is the diffusional exponent,

(a) s

O\

which is closely related to the release mechanism of the drug. If n = 0.5,
the release is governed by Fickian diffusion; if n = 1, the molecules are
released by surface erosion; and if n has a value between 0.5 and 1, both
mechanisms are involved [68].

In this case, the experimental release curves of both DS30 and DS70
fitted to n-value of 1. Therefore, the release studies revealed that Ig G is
released in a zero-order kinetics manner from both HA-SH hydrogels.
Structurally, IgG has dimensions of approximately 14.5 nm in length,
8.5 nm in width, and 4.0 nm in thickness, with antigen-binding sites
separated by about 13.7 nm [69]. These structural dimensions are
consistent with the hydrodynamic measurements, considering that the
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hydrodynamic size accounts for the molecule’s behavior in solution,
including factors like shape and solvation [70]. These findings align
with the hydrated structural properties of the hydrogels discussed
earlier (section 3.4), where HA-SH networks indeed possess a smaller
mesh size than IgG, leading to a non-diffusional system.

However, beyond the physical constraints of the HA-SH hydrogel
mesh, the release kinetics were influenced by the DS percentage of HA-
SH, most notably through ionic interactions between the remaining
negatively charged HA-SH polymer chains and the polycharged nature
of IgG. As seen in many previous studies such as a work by Casadidio
et al., the interchange of the crosslinking density, charge interactions,
and modification of polysaccharides can influence the release kinetics of
drugs from polysaccharide-based hydrogels [37]. Therefore, also in this
case the IgG release profile is not only directly related to the pore mesh
size, but also to the complex ionic interactions between the charged
nature of the IgG and the anionic polymeric chains of hyaluronic acid
(Fig. 6b). Generally speaking, the net charge of an IgG molecule depends
on the pH of the surrounding environment because proteins like I1gG
contain amino acids with ionizable side chains that can gain or lose
protons. At physiological pH (around 7.4), the overall net charge of IgG
can vary but is generally slightly negative [71]. Even though the IgG is
anionic in the pH of the hydrogel network, it also possesses positive
charges that can bind to the negative charges of the hyaluronic acid
polymeric chain (Fig. 7a-b). Indeed, IgG molecules are composed of
amino acids that can be positively or negatively charged depending on
the pH, yielding to ionic interaction also with anionic sites [71]. The HA-
SH DS70 has fewer negative charges due to its high DS and, therefore,
fewer interactions with the IgG structure, which leads to a fast release of
IgG in the first few hours. In the case of HA-SH DS30 the polymeric
chains contain more negative charges that can bind with IgG, therefore,
more time is needed for the unbinding and release of the IgG, leading to
a delayed release initiation (after two days). To confirm this hypothesis
and further investigate the role of ionic interactions, rheological mea-
surements of IgG-loaded hydrogels were performed according to the
protocol described in section 2.7. As shown in Fig. 7c, incorporation of
IgG into the HA-SH DS30 hydrogel resulted in a substantial increase in
the storage modulus (G). At a frequency of 0.1 rad/s, G’ increased from
approximately 100 kPa in the HA-SH DS30 placebo to about 639 kPa in
the IgG-loaded hydrogel. In contrast, the effect of IgG on the rheological
properties of the HA-SH DS70 hydrogel was less pronounced, with G’
increasing from 110 kPa (placebo) to 194 kPa (IgG-loaded). To further
assess the influence of electrostatic interactions, control experiments
were conducted under high ionic strength conditions to screen potential
interactions between negatively charged HA and positively charged
regions of IgG (Fig. 7d). Under these conditions (300 mM buffer,
composition in section 2.1), placebo and IgG-loaded hydrogels were
compared. The DS70 hydrogel did not show an increase of G’ indicating
effective ionic shielding. In contrast, the DS30 hydrogel still exhibited an
increase in G’ in the presence of IgG, however, the reason for this
observation remains unclear. These results support the hypothesis that
the positively charged domains of IgG interact electrostatically with the
carboxylate (-COO™) groups of the HA-SH network, thereby enhancing
the mechanical properties of the hydrogel [37]. Moreover, the extent of
this enhancement appears to be modulated by the DS of HA-SH, which
likely influences the density and distribution of available binding sites
within the network. Overall, these findings offer a comprehensive
insight into the mechanisms governing IgG release from HA-SH hydro-
gels, demonstrating zero-order release kinetics. This controlled release is
driven by a dual mechanism involving DS and structural properties of
the hydrogel, as well as the poly-charged nature of IgG and its ionic
interactions with the HA-SH backbone. These finding are essential for
the development of hydrogel-based drug delivery systems intended for
local administration, where maintaining a consistent and controlled
release profile is critical.

In both cases, the cumulative release of IgG in the PBS environment
does not reach full completion. This is likely due to limitations in the
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HPLC detection method, which may fail to capture all residual IgG
present in the system. Additionally, some IgG molecules may remain
entrapped within the hydrogel network due to ionic interactions or
binding with the HA-SH clusters formed during the gel erosion process,
as found by Liang et al. [72]. These interactions could hinder the com-
plete recovery of IgG after filtration, potentially affecting the accuracy of
HPLC injection measurements and leading to an underestimation of the
total released protein. This phenomenon is consistent with findings by
Zhang et al., who observed incomplete release of bovine serum albumin
(BSA) from a redox-responsive hyaluronic acid-based hydrogel, with
some BSA initially trapped in the network due to similar interactions.
These results suggest that a portion of the IgG in our study may likewise
be retained within the hydrogel structure [66]. However, it should be
noted that IgG may also be fragmented and destabilized in time and
become unrecognizable by the analysis method of the drug release [73].

3.7. Thermal analysis

Thermal analysis was conducted to elucidate the influence of the
degree of thiolation in HA-SH hydrogels on the release of IgG from the
matrix, as already highlighted by the rheological measurements
described above (Fig. 7c). Fig. 8 illustrates the onset melting tempera-
tures (Tm) and melting enthalpies (AH) for frozen water in the different
samples at pH 7.4, comparing placebo and IgG-loaded hydrogels. The
onset melting temperature results indicate notable differences between
placebo and IgG-loaded samples, depending on the type of HA-SH used
(Fig. 8a). For the HA-SH DS30 hydrogel, the presence of IgG significantly
lowered the onset melting temperature from —3.63 + 2.09 °C to —4.54
=+ 2.62 °C, suggesting that IgG loading influences the thermal properties
of the hydrogel, potentially due to the ionic interactions between the
positive charges of IgG with the unmodified carboxyl groups of HA-SH
DS30. This observation supports the idea that the presence of IgG
modifies the DS30 gel behaviour, influencing its thermal properties.
Conversely, the HA-SH DS70 hydrogel exhibited a minor increase in
onset melting temperature when IgG was incorporated, rising from
—3.88 £ 2.33 °C to —3.05 £ 2.47 °C. This trend suggests that the effect
of IgG on the thermal properties of the hydrogel may depend on the DS
of HA-SH. The melting enthalpy (AH) results for frozen water in the
various HA-SH hydrogels further highlights the impact of IgG loading on
the thermal properties of these materials (Fig. 8b). For the HA-SH DS30
hydrogel, the melting enthalpy decreases from 276.36 + 2.35 J/g to
247.64 + 1.90 J/g with the addition of IgG. This significant reduction
suggests that IgG interacts with the hydrogel matrix, potentially altering
the network structure and its capacity to entrap water when IgG is
loaded. In the case of HA-SH DS70 hydrogels, the change in melting
enthalpy with IgG loading is less pronounced, decreasing slightly from
275.85 + 5.37 J/g to 273.8 & 9.95 J/g. This minimal change indicates
that the higher degree of substitution (DS70) might provide a more
robust network that is less affected by the incorporation of IgG.

Overall, these findings suggest that the presence of IgG statistically
reduces the melting enthalpy of frozen water within the HA-SH DS30
hydrogel and not in the DS70 formulations. This could be due to dif-
ferences in the structural dynamics and interactions between the poly-
mer network and the IgG molecules. As discussed in Section 3.6, the
release studies indicate that HA-SH DS30 releases 71 % of the drug over
216 h, whereas HA-SH DS70 releases 73 % in just 120 h. This difference
in drug release rates aligns with the rheological and thermal analysis
results, suggesting a correlation among mechanical properties, thermal
behavior, structural integrity, and the controlled release of IgG. These
findings further support the dual release mechanism theory, which is
governed by both the DS of the gel and the ionic interactions between
IgG and the HA-SH backbone.

4. Conclusions

Immunotherapy has emerged as a standard treatment for various
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Fig. 8. Water melting temperatures (a) and melting enthalpies (b) of placebo and IgG-loaded HA-SH hydrogels at pH 7.4 (n = 2, mean =+ SD). *p < 0.05, **p < 0.01.

cancers, however, its broader clinical success is often limited by chal-
lenges such as suboptimal pharmacokinetics and lack of precise tumor
targeting, leading to immune-related side effects and reduced efficacy.
The oxidized thiolated hyaluronic acid-based system investigated here
offers a biocompatible platform that enables the controlled local release
of native antibodies, addressing these limitations and enhancing thera-
peutic precision. These in situ forming HA-SH hydrogels exhibit redox
sensitivity, making them particularly responsive to the reductive tumor
microenvironment. This study also introduces, for the first time in this
system, a dual release mechanism, explaining how drug release from
these hydrogels is governed by both the DS in the HA chemical structure
and the ionic interactions between IgG and the HA-SH backbone. These
insights highlight the intricate interplay of physical and chemical factors
that influence drug release kinetics. Specifically, DS70 hydrogels
demonstrate potential for applications requiring rapid local delivery of
immunotherapeutic agents, whereas DS30 hydrogels are better suited
for sustained and prolonged release. Collectively, these properties sup-
port the development of novel delivery platforms designed to reduce
side effects, enhance therapeutic efficacy, and be tailored to individual
patient needs.
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