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Reactive oxygen species (ROS) are key regulators of neuronal physiology but contribute to oxidative damage
when dysregulated, as in traumatic, ischemic, and inflammatory conditions. Biomaterials capable of replicating
the mechanical characteristics of brain extracellular matrix while modulating oxidative stress are therefore of
significant interest for neural tissue engineering and in vitro disease modeling. In this study, we functionalized
dynamic hyaluronic acid (Ha) hydrogels with 3-aminomethyl phenylboronic acid (PBA) and crosslinked with
poly(vinyl alcohol) (PVA) via reversible boronic ester bonds to develop ROS-responsive scaffolds. By varying the
degree of PBA grafting, we observed linked feedback governed the mechano-redox properties of Ha-based dy-
namic hydrogels with the functionalization degree, enabling simultaneous tuning of stiffness, viscoelastic
behavior, and antioxidant activity. The developed materials provide a platform for investigating cell responses to
mechanically and chemically defined microenvironments and may be useful for modeling oxidative stress-re-
lated neuropathological conditions.

native ECM [1,2].
Over the past few years, synthetic biomaterials, particularly

1. Introduction

The design of high-quality biomaterials that faithfully mimic the
biochemical and mechanical properties of native tissues remains a major
challenge in the field of tissue engineering and regenerative medicine
field. Within the physiological extracellular matrix (ECM) microenvi-
ronment, cells dynamically transduce mechanical cues, ligand-binding
dynamics, and biochemical gradients together with redox-mediated
signaling driven by reactive oxygen species (ROS). To study the com-
plex cell-matrix interactions that drive cell differentiation and self-
assembly in vitro, it is pivotal to replicate the dynamic nature of the

polymer-based networks, have emerged as tissue replicates and robust
platforms for cell culture. Among these, biopolymer hydrogels [3,4]
have attracted increasing attention due to their biochemical and bio-
physical properties, such as cellular adhesion, degradation, and visco-
elasticity. Advances in chemically modified biopolymer hydrogels [5,6]
have further expanded their biomedical applications enabling their use
in tissue scaffolds, therapeutic delivery systems, tissue adhesives and
sealants, as well as interpenetrating network hydrogels. Hydrogels are
particularly attractive because they closely replicate the key features of
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native tissue, where cells naturally reside. The combination of high-
water content, softness, flexible structure, transparency, along with
tunable chemical and mechanical properties makes them suitable for
physiologically relevant scaffolds [7]. Nevertheless, designing scaffolds
that accurately mimic the native microenvironment presents challenges,
especially in balancing biocompatibility with precise control of biome-
chanical and biochemical properties [8].

In general, hydrogel polymer networks can be formed through
physical or chemical cross-linking. Physically cross-linked networks are
stabilized by non-covalent, reversible interactions, but they often lack
robustness and long-term stability. In contrast, chemically cross-linked
networks rely on covalent bonds, producing elastic gels with higher
mechanical strength than physical networks. However, their irrevers-
ibility limits applications requiring shear thinning and self-healing
behavior.

Dynamic covalent chemistry (DCC) offers an attractive solution to
engineer hydrogel networks, allowing the combination of advantageous
features of both chemically and physically cross-linked materials
[9-11]. Through reversible chemical bonds formed under thermody-
namic equilibrium control [12], DCC hydrogels can be tailored to
exhibit tunable viscoelasticity, adaptability and self-healing properties
[13]. The reversibility of these chemical processes is a key strength in
hydrogel design, enabling reversible yet stable bonds that confer unique
mechanical properties. Systems based on this chemistry framework
exhibit intrinsic adaptability, as their molecular component undergo
reversible assembly and disassembly in response to a shift in the
chemical equilibrium. Such features make DCC hydrogels attractive for
various biomedical applications including tissue engineering, wound
dressings and drug delivery [14-17]. Importantly, synthetic dynamic
materials that closely mimic the mechanical properties of native tissues
also provide valuable tools for understanding how cells sense and
remodel their environment. The ability to reversibly tune the mechan-
ical properties of dynamic hydrogels is particularly promising for con-
structing 3D cell culture scaffolds [18] and for developing biomaterials
that mimic the viscoelasticity of soft tissues [19].

Among different chemistries, polysaccharide-based hydrogels cross-
linked by boronic acid moieties are emerging as capable of responding to
external stimuli and interacting with their environment [20,21]. These
dynamic covalent bonds also exhibit self-healing behavior, enabling
hydrogels to restore integrity after mechanical damage, chain defor-
mation or chemical degradation. Such properties allow them to mimic
the self-healing processes of the human body [22,23]. For example,
boronate ester-crosslinking has been shown to yield hydrogels with self-
healing behavior under physiological pH [24]. Building on this, phenyl
boronic modified hyaluronic acid hydrogels, with good self-healing and
tissue adhesion properties, have been designed for use in tissue repair
applications [25].

More recently, versatile dynamic hyaluronic acid-based hydrogels
based on the boronic ester dynamic covalent bond have been developed
as injectable, self-healing, and ROS responsive platforms for tissue en-
gineering, drug/cell delivery, and 3D culture [26]. Among naturally
derived polymers, hyaluronic acid (Ha) is particularly promising for the
design of such dynamic networks. Ha provides intrinsic biocompatibility
and serves as an excellent building block for hydrogels. Its chemical
structure allows for various modifications, that adjust cross-linking
density, degradability, and dynamic character, making Ha-based
hydrogels ideal platforms for studying cellular crosstalk, adhesion and
proliferation. A wide range of Ha-based materials has been developed
through chemical modification to enhance, modulate, and control their
therapeutic potential [27,28]. Notably Ha, as a linear polysaccharide
and the only significant glycosaminoglycan component of brain ECM
[29,30], is present at high levels in the brain microenvironment under
both physiological and pathological conditions, including neural injury,
stroke, inflammation, and tumor progression, highlighting its relevance
as a biomaterial platform [8,31,32]. In particular, following neural
injury, the local microenvironment undergoes dramatic biochemical
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changes that influence tissue repair and regeneration. Among these
changes, oxidative stress which is driven by the excessive accumulation
of ROS, creates a toxic milieu and contributes to neuronal dysfunction
[33].

These ROS are primarily generated as by-products of mitochondrial
respiration, and their accumulation leads to oxidative stress, cellular
damage, and mitochondrial dysfunction [34]. Increased ROS levels
further amplify injury by promoting the release of inflammatory medi-
ators that trigger neuronal apoptosis and necrosis, generated both dur-
ing mitochondrial respiration and on the membranes of neutrophils and
phagosomes via NADPH oxidase [35].

Incorporating ROS-responsive or ROS-scavenging functionality into
hydrogel scaffolds represents a powerful strategy to better recapitulate
the neural microenvironments subjected to oxidative stress and provide
therapeutic benefits beyond structural support. Hydrogels capable of
responding to or neutralizing ROS can, not only mitigate oxidative
stress—induced cytotoxicity but also create a more favorable milieu for
neural survival, proliferation, and regeneration. Thus, reducing ROS
generation or actively scavenging ROS represents a critical therapeutic
goal in regenerative biomaterial design.

This study models oxidative stress conditions relevant to neuronal
environments that remain highly relevant, though not exclusive, to
traumatic, ischemic, and inflammatory conditions [36]. Here, we report
the design of dynamic, ROS-responsive hyaluronic acid hydrogels
functionalized with 3-aminomethyl phenylboronic acid (PBA) and
crosslinked with poly(vinyl alcohol) (PVA) through reversible boronic
ester bonds. By tuning the degree of PBA grafting, we modulated the
hydrogel's mechanical, rheological, and antioxidant properties to mimic
the viscoelasticity of brain tissue while actively scavenging ROS. The
resulting Ha-PBA-PVA hydrogels were comprehensively characterized
to elucidate the relationship between grafting degree, mechanical
behavior, antioxidant performance, and neuronal cell response. Aligned
with the SH-SY5Y neuron-like model and preserving translational rele-
vance across multiple neuropathological contexts, this framework sup-
ports the development of a multifunctional platform for the study of
neuron-like oxidative stress and the implementation of redox-active
neurodegenerative strategies.

2. Materials and methods
2.1. Materials

Hyaluronic acid sodium salt (MW 1500-2200 kDa) was purchased
from Acros Organics with a 95% purity; 3-aminomethyl phenyl-boronic
acid hydrochloride (3-aminomethyl PBA) was purchased from Santa
Cruz Biotechnology; 4-(4,6-dimethoxy-1,3,5-triazine-2-yl)-4-methyl-
morpholinium chloride (DMTMM) was purchased from Toronto
Research Chemicals, as a coupling agent.

Ha with a high MW was selected as a reproducible high-molecular-
weight commercial grade to ensure sufficient viscoelasticity and chain
entanglement for stable hydrogel formation [37].

Polyvinyl alcohol (PVA, Mw 13,000-23,000, purity 98%) was pur-
chased from Sigma Aldrich. The dialysis membrane Spectra-Por 7
MWCO 10 kDa was purchased from Spectrum Labs (San Francisco Bay
Area, CA, USA).

2.2. Synthesis of functionalized Ha with 3-aminomethyl PBA group: Ha-
PBA polymer

Hyaluronic acid (Ha) was functionalized on the side chain with
phenyl-boronic groups (3-aminometyl phenyl boronic acid, PBA) as
briefly described: sodium hyaluronate was completely dissolved in DI
water (0.5% w/v solution) under constant stirring at room temperature
(RT). Subsequently, DMTMM and 3-aminomethyl PBA were added
under constant stirring at RT. DMTMM and 3-aminomethyl PBA were
added in different ratios compared to Ha, to obtain various degrees of
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chemical functionalization of Ha chain (grafting). The reaction was
carried out for 72 h under strict control of the pH, which was kept
around 6.5-7 with NaOH 1 M. The reaction mixture was consequently
transferred to a dialysis membrane (6-8 kDa molecular weight cut-off)
and dialysed against DI water for about four days at RT. The system
was kept in a constant gentle agitation, and the water was changed twice
a day to allow complete removal of the low-molecular-weight impu-
rities. Finally, the resulting solution was frozen at —80 °C for 24 h,
lyophilized and then stored at RT until use. The purified product was
recovered via freeze-drying and characterized using 'H NMR.

2.3. Proton nuclear magnetic resonance 'TH NMR characterization of Ha-
PBA polymer

The degree of functionalization with PBA group was measured at
room temperature using a proton nuclear magnetic resonance (*H NMR)
with a Bruker AVANCE III 400 MHz. The Ha-PBA polymer samples were
dissolved in D50. The degree of substitution was determined by the ratio
of the integral of aromatic protons from the conjugated phenylboronic
acid group (between 7.5 ~ 8 ppm, -CgH4) to the integral of the Ha
methyl proton peak (at 2.0 ppm, -CHgs) (Fig. S1 and S2).

2.4. Formation of dynamic Ha-PBA-PVA hydrogel: Boronic ester bond
formation as dynamic bond

The dynamic boronic ester hydrogel was formed through the
condensation reaction between a boronic group and the OH-diols groups
(cis-1,3 diols) of polyvinyl alcohol (PVA) (Fig. 2). The reaction took
place in aqueous solutions under RT without the requirement of a
catalyst [38] by solubilizing the PVA solution at the desired amount on a
magnetic stirrer at a temperature above 80 °C. The protocol consisted of
preparing the two different solutions and then gently mixing them. The
Ha-PBA solution, was simply obtained by dissolving the synthesized
product in the right solvent (phosphate buffer PBS or H20 deionized) at
the chosen weight/volume ratio at RT.

The final hydrogel network is the result of dynamic bond formation
between the PBA groups present in Ha-PBA and the -OH diols groups
(cis-1,3-diols) present in PVA [38].

2.5. Mechanical properties of hydrogel Ha-PBA-PVA

Cylindrical samples (@ = 8 mm, h = 4 mm) were compressed at a
crosshead speed of 1 mm/min up to 50% strain by using a universal
testing machine (model 3365, Instron Corporation, Issaquah, WA, USA)
equipped with a 10 N load cell. A load/unload cycle was recorded for
each sample. The compressive modulus was calculated as the slope of
the linear region of the stress-strain curves (corresponding to 5-15%
strain). Each experiment was carried out in triplicate.

2.6. Rheological characterization of hydrogel Ha-PBA-PVA

To characterize the viscoelastic behavior of this dynamic hydrogel,
rotational tests were performed with an Automatic MCR 302 rheometer
(Anton Paar), equipped with PP 25 (parallel plate, 25 mm diameter) and
a measuring gap of 0.5 mm. Hydrogel samples (500 pL) were prepared in
2 mL Eppendorf tubes and then transferred to the lower plate of the
measuring system. Viscosity curves were obtained via rotational tests
preset in shear rate (velocity preset mode) with values of y "= 0.1-100 s-
1.

2.7. Self-healing properties of hydrogel Ha-PBA-PVA

To characterize the self-healing ability of Ha-PBA based hydrogel, a
beam-shaped compression test was performed [22]. In brief, hydrogel
samples were prepared directly in a polydimethylsiloxane (PDMS) mold
to give them a cylindrical shape (Fig. S3a) (4 mm height, 8 mm
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diameter, 240 pL) and were left to rest for 24 h inside it to obtain uni-
form hydrogels. Samples both clear and stained with rhodamine (1% w/
v) samples were fabricated. To stain the hydrogel, a small amount of dye
(about 2% v/v) was dropped into the PVA solution immediately before
mixing it with Ha-PBA to enable crosslinking. Then, cylindrical samples
were cut in two with a razor and two semi-circular parts (one clear and
one stained) were placed in contact and allowed to heal for 6 and 24 h, at
RT (inside a 35 mm petri dish to limit evaporation). The Healing Effi-
ciency (HE) [%] was calculated as the ratio between compressive load at
breaking point of the healed sample over the original one (as a per-
centage). Using a uniaxial tensile testing machine (Instron 3365,
equipped with a 10 N load cell) the beam-shaped compression test was
performed on original, 6 h and 24 h healed specimens. The beam-shaped
compression upper element was obtained by printing the support with
an Ender-3 (Creality) 3D printer in poly lactic acid (PLA) and using a
needle (1.8 mm diameter) as the beam (Fig. S3b and Fig. S3c). Each test
was performed with the beam imprinting on the healing line and by
setting a compression rate of 1 mm/s and an end-of-test condition
(maximum strain of 90%) via Bluehill software. Compressive load/strain
curves were derived. Each experimental condition was repeated three
times.

2.8. Swelling

The hydrogel samples (100 pL) were produced as described above
and their initial weights were recorded (Wy). For in vitro swelling tests,
the hydrogels were fully immersed in PBS solution and high and low
glucose medium for complete swelling. The test was carried out at RT for
eight days and the swelled weight (Wg) of each sample was measured
approximately every day. The swelling ratio was calculated according to
the following equation

Wo

W —
Swelling% = —————— ¢ 100
Wo

2.9. *Oz " radical scavenging properties

The pyrogallol autooxidation method was used to evaluate the su-
peroxide anion eOsradical-scavenging activity [39,40]. Briefly, a solu-
tion 100 mM pyrogallol was prepared by dissolving it in a 10 mM HCl
solution. The scavenging properties of Ha-PBA polymer were then tested
by individually mixing 30 pL of each solution of Ha-PBA 2% w/vol in
PBS with 120 pL Tris—HCI (50 mM, pH = 7.5) in a 96-well plate, and by
subsequently adding 15 pL of pyrogallol solution (100 mM in HCI [10
mM]) into the mixture. To test the scavenging properties of the hydro-
gel, 10 pL of PVA solution was added to 30 pL of Ha-PBA (2% w/vol in
PBS) to guarantee hydrogel formation. Then, 160 pL Tris—HCI (50 mM,
pH = 7.5) and 20 pL of pyrogallol solution (100 mM in HCI [10 mM])
was subsequently added into each well of a 96-well plate.

In the control group, 30 pL or 40 pL of DI water was added instead of
the precursor solution. Each group had 3 replicates. The absorbance was
measured using a TECAN Infinite M Nano *plate reader. The ability to
scavenge superoxide radicals on superoxide radicals at 320 nm was
calculated using equation:

scavenging effect% = [(Ao — As)/Ao ] x 100

where A is the absorbance of the control where PBS was added instead
of the samples and Ag is the absorbance of the samples.

2.10. °OH radical scavenging properties

The Fenton reaction was employed to determine the scavenging ef-
fect of hydrogels on hydroxyl radical generation.

To assess the *OH radical scavenging ability, the Ha-PBA grafted
polymer and the corresponding Ha-PBA-PVA hydrogels (of different
degrees of grafting 46% and 69%) were incubated in a solution of HyO4
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(1 mM), FeCl; (0.2 mg/mL), and methylene blue (0.01 mg/mL) for at
least 1 h. The volumes of Fenton reagent and methylene blue were
adjusted according to the volume of the Ha-PBA or hydrogel solutions,
ensuring that the volumes ratio remained constant. The hydroxyl radical
(*OH) scavenging activity of the hydrogel was studied using methylene
blue (MB) as the *OH indicator probe. After incubation with ferrous ions
(Fe?*) and H305 solution (1 mM), the colour of MB solution rapidly
turned from dark- blue to pale blue, indicating *OH generation. The
inhibiting/ scavenging effect on hydroxyl radicals was calculated using
the equation modified from ref. [41].

Scavenging effect (%) = (A sample‘A blank)/ (A control — A blank) *100.

The inhibiting/scavenging effect was calculated using the absor-
bance at 655 nm.

The blank group contained methylene blue and Fenton reagent
[H504 + ferrous ions (Fe*1) solution].

The control group comprised methylene blue without oxidative re-
agent. The sample groups contained Ha-PBA grafted polymer or the Ha-
PBA-PVA hydrogels, methylene blue and Fenton reagent. Subsequently,
the solution was measured at a wavelength range of 400-800 nm by a
UV-Vis spectrophotometer (TECAN Infinite M Nano+ plate reader) to
evaluate the ROS levels.

2.11. Cell culture

Human neuroblastoma cells (SH-SY5Y, a cloned subline of neuro-
blastoma cell line from a metastastic bone tumor) were cultured at 37 °C
in a humidified atmosphere with 5% CO, and expanded in Dulbecco's
modified Eagles medium high glucose (DMEM; Gibco, Berlin), supple-
mented with 10% (v/v) heat-inactivated fetal bovine serum (FBS;
Gibco), 1% penicillin-streptomycin (P/S; Gibco) and 1% t-glutamine
(Gibco). Cells were detached from the substrate with Trypsin/EDTA
(Corning) and suspended in media at a cellular concentration of 3 x 108
cell/mL hydrogel. Cells below passage 20 were used in order to avoid
cell senescence.

Hydrogels Ha-PBA-PVA (using Ha-PBA at 46% and 69% grafting
degree) were prepared for all biological experiments in 96-well plates, in
a 3:1 ratio of Ha-PBA to PVA. Briefly, 20 pL of cell suspension with
appropriate cell concentration was added to 75 pL of Ha-PBA (2%) so-
lution. The two solutions are gently mixed with the help of a 10 pL tip
and then 25 pL of PVA (1%) was added to the mixture without further
mixing. Subsequently, 100 pL of Low-Glucose DMEM (Gibco) was added
to the formed hydrogels. All biological experiments were conducted at
24 h, 48 h and 72 h, at least in triplicate.

2.12. Metabolic activity assay

The metabolic activity was evaluated using MTS assays, according to
the manufacturer's instructions. Hydrogels were prepared in 96-well
plates as previously described. After 24 h, 48 h and 72 h the medium
was discarded and 100 pL of MTS solution was added. Cells were
incubated at 37 °C for 2 h, and then the formazan crystals were extracted
from the cells with a solubilizing solution (DMSO). The optical density
(OD) was measured at 490 nm, using a microplate reader (Glomax
Discovery). The experiments were conducted at 24 h, 48 h and 72 h, at
least in triplicate.

2.13. Propidium iodide staining

PI staining of SH-SY5Y cells embedded in the hydrogels was carried
out as previously reported [42]. Cell viability was observed at 10x
magnification under a confocal microscope (Zeiss LSM 980). The ana-
lyses were performed by assessing the number of cells positive for both
dyes and calculating the ratio of live cells to total cells (L/(L 4+ D)). The
experiments were conducted at 24, 48 and 72 h, at least in triplicate.
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2.14. Intracellular ROS analyses

Intracellular ROS levels were measured using 2,7-dichlorofluores-
cein diacetate (DCFH-DA; Sigma-Aldrich, 35845) according to the
manufacturer's instructions. SH-SY5Y cells embedded in the hydrogel
were also stained using DAPI. The ROS levels were observed at 10x
magnification under a confocal microscope (Zeiss LSM 980). The anal-
ysis was performed by calculating the ratio of fluorescence intensity
induced by the DCFH-DA and normalized to the number of live cells. The
experiments were conducted at 24 h, 48 h and 72 h, at least in triplicate.

2.15. Statistical analysis

Statistical analysis was performed with GraphPad Prism 9.0
(GraphPad Software, Inc., San Diego, CA). The values are expressed as
mean + S.E.M. for 3 or more independent experiments. Statistical dif-
ferences were determined using unpaired t-tests (two-tailed), Man-
n-Whitney U tests (two-tailed), One-way ANOVA with Tukey multiple-
comparison test. A p-value of less than 0.05 (p < 0.05) was considered
statistically significant for all tests. The significance levels were
considered as follows: ****p < 0.0001, ***p < 0.001, **p < 0.01, and *p
< 0.05.

3. Results and discussion

3.1. Synthesis of Ha-PBA polymer and dynamic hydrogel formation Ha-
PBA-PVA

The chemical functionalization of Ha to obtain Ha-PBA conjugate
was achieved through a one-step synthesis process, grafting the 3-ami-
nomethyl PBA moiety to the Ha backbone to achieve different degrees
of chemical functionalization of the Ha chain. DMTMM was used as the
coupling agent to activate the carboxyl groups of Ha to form the Ha-PBA
amide bond. The amount of DMTMM and 3-aminomethyl-PBA was
systematically calculated to guarantee different ratios compared to Ha,
as reported in Table 1.

As shown in Fig. 1, the synthesis of Ha functionalized with 3-amino-
methyl-PBA group is a condensation reaction between the carboxyl
groups of Ha and the amine groups of 3-aminomethyl PBA, with the
formation of a strong covalent bond, as the amide bond. The reaction
took place in aqueous solutions under room temperature and it did not
require the use of a catalyst [38].

To establish the degree of chemical functionalization of Ha, 'H NMR
analyses were performed. The NMR spectra of Ha-PBA polymers for the
two different syntheses (Fig. S1 and S2 in SI), showed that the chemical
functionalization of Ha with 3-aminomethyl-PBA groups was strongly
dependent on the molar ratio 3-aminometil-PBA/Ha and on the molar
ratio DMTMM/Ha. In fact, increasing the amount of DMTMM in the
conjugation reaction raised the grafting ratio and resulted in 69% of the
PBA moiety being grafted in the Ha backbone.

3.2. Dynamic hydrogel characterization

The dynamic hydrogel Ha-PBA-PVA was prepared mixing the Ha-
PBA solution and the PVA solution together (Fig. 2).

Gelation occurred rapidly due to the formation of the boronic ester
bond formation [9,10,20,38,43-49] as a dynamic bond. As the physi-
cochemical properties of the Ha-PBA-PVA hydrogel depend on various
factors such as the degree of functionalization of Ha with the 3-amino-
methyl PBA chemical group, the concentration of each hydrogel
component, (i.e. Ha-PBA solution concentration and PVA solution con-
centration), the volume ratio between Ha-PBA solution and PVA solu-
tion and the nature of the solvent used in the preparation of the Ha-PBA
and PVA solutions, we functionalised Ha with different grafting degrees,
respectively 46% and 69% (referred as Ha-PBA46-PVA hydrogel and Ha-
PBAgo-PVA hydrogel) as reported in Table 2. Ha-PBA and PVA were
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Table 1
Reaction conditions to achieve different degrees of grafting of the Ha chain. The grafting degree was determined by NMR analyses.
Ha (g) Ha (mmol) 3-aminomethyl-PBA DMTMM Molar ratio Molar ratio DMTMM/Ha Chemical Yield Grafting
(mmol) (mmol) 3-aminomethyl-PBA/ (%) degree
Ha
1.99836 4.996 2.993 4.946 0.599 0.99 95.4 46%
ca equimolar compared to
Ha
0.37568 0.939 0.941 2.822 1.002 3.00 100 69%
HO\B’OH
OH HO_ _OH
B

0 oo DMTMM o

o o o4, NH HO o
) o NH 7" OH o o o
-0 .
o=< oH HO o o o NH
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Hyaluronic acid acid (PBA)
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Fig. 1. Scheme of chemical functionalization of Ha with 3-aminometyl phenyl boronic acid (PBA): synthesis of Ha-PBA polymer.
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Fig. 2. Scheme of the reactions that result in hydrogel formation and molecular structure of the hydrogel.

Table 2
Compositions of hydrogels formed by combination of Ha-PBA solutions and PVA
solution.

Ha-PBA (ygrafting) + Concentration weight/vol (in Ha-PBA/PVA ratio in PBS

PVA PBS) (vol/vol)
Ha-PBA 46 Ha-PBA: 2% PVA: 1% 3:1
Ha-PBA ¢9 Ha-PBA: 2% PVA: 1% 3:1

dissolved in PBS (pH 7.4), also considering the sensitivity of boron bonds
to pH changes [9].

3.3. Mechanical properties of the Ha-PBA-PVA hydrogel

The mechanical behavior of the hydrogels in response to increasing

stress was investigated through a compression test and evaluated by the
stress-strain curve, as shown in Fig.S4. The elastic modulus (Young's
modulus) of the Ha-PBAgo-PVA hydrogel was 3.88 + 1.04 kPa, signifi-
cantly higher than that of the Ha-PBA46-PVA hydrogel which was 1.12
+ 0.24 kPa (Fig. 3a).

This suggested that the increased number of PBA functional groups
on Ha promoted the formation of more dynamic boronic ester bonds
when interacting with PVA. Consequently, the Ha-PBAgo-PVA hydrogel,
with a higher grafting degree was correspondingly stiffer. Given that the
Young's modulus of cerebral tissue is slightly above 1 kPa [50], hydro-
gels designed to mimic this stiffness are particularly important for
influencing and determining cell fate. Brain tissue exhibits a remarkably
soft mechanical profile, with reported elastic moduli typically ranging
from ~0.1 to 2 kPa depending on the anatomical region and measure-
ment technique [51-54]. In this context, the mechanical properties of
the developed hydrogels fall within a physiologically relevant range. In
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particular, the Ha-PBA4¢-PVA hydrogel (~1.12 kPa) closely matches the
stiffness of native brain tissue, while the Ha-PBAgo-PVA hydrogel
(~3.88 kPa) provides a moderately stiffer yet still compliant microen-
vironment. This tunability enables the recreation of distinct mechanical
niches, allowing investigation of how subtle variations in stiffness in-
fluence neuronal behavior under physiologically and pathologically
relevant conditions.

Furthermore, the stress-strain curves obtained from the compression
tests on the hydrogels (Fig. S4), indicate that the Ha-PBAgg-PVA
hydrogel exhibited a higher maximum compressive stress than the Ha-
PBA46-PVA hydrogel (Fig. 3b). This trend is consistent with the corre-
sponding Young's moduli, confirming that an increase in the degree of
grafting leads to a stiffer network that can withstand higher loads.

In addition, the residual deformation, after unloading, decreased
with the increase of the grafting degree. Specifically, the Ha-PBA46-PVA
hydrogel showed a higher residual strain (Fig. 3c), indicating reduced
elastic recovery and increased viscoelastic dissipation.

The viscosity of the Ha-PBA-PVA hydrogels was evaluated by a shear-
rate-controlled rotational test (Fig. 3d). For both Ha-PBAg9-PVA and Ha-
PBA46-PVA hydrogels, viscosity decreased with the increasing of the
shear rate, indicating a shear-thinning behavior. The viscosity of the Ha-
PBA-PVA hydrogels with Ha-PBAgg and Ha-PBA4g grafting, were 1.79 x
108 and 8.77 x 10° mPas, respectively (Fig. 3d).

The reported values were taken at the minimum shear rate,
approximating rest conditions.

The lower viscosity observed for the Ha-PBAgo-PVA hydrogel relative
to Ha-PBA4¢-PVA is consistent with the corresponding residual strain
values, indicating that Ha-PBAgo-PVA hydrogel can recover its initial

shape more easily.

These differences can be attributed to the incorporation of the dy-
namic 3-aminomethyl PBA moiety, which alters the polymer molecular
structure and, consequently, the mechanical properties of hydrogels. At
higher grafting degrees, a greater number of reversible crosslinks are
formed, which can readily dissociate and reform under shear, facili-
tating network rearrangement.

Consequently, the Ha-PBAgo-PVA hydrogel displays lower viscosity
under shear, a desirable feature for injectable and self-healing hydrogel
systems. Furthermore, the viscosity value reflects the hydrogel compo-
sition in terms of the Ha-PBA content (w/v%). Indeed, the viscosity
increased from 2.23 x 10° mPa-s to 8.77 x 10°® mPa-s as the Ha-PBA4g
concentration increased from 1% to 2% (w/v), keeping the 3:1 v/v ratio
with the 1% PVA solution constant (Fig. S5).

Our viscosity values are of the same order of magnitude as those
reported by Duan et al., where viscosities of 1.035 x 10°® mPa-s and
2.275 x 10° mPa-s were obtained [38]. It should be noted that our
hydrogels were prepared by mixing a 2 wt% Ha-PBA solution with a 1 wt
% PVA solution and that the grafting degree of our Ha-PBA is greater
than that reported in the literature (34%). This suggests that the vis-
cosity values are strongly influenced by the grafting of the 3-amino-
methyl PBA moiety bonded to the Ha backbone.

3.4. Swelling and stability

The swelling process, namely the ability to increase and retain the
amount of water within the network, depends on the structure of the
hydrogel and the degree of cross-linking.
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As expected, due to the higher number of dynamic bonds present
within the Ha-PBAgo-PVA hydrogel, a lower swelling capacity of the
hydrogel with a higher grafting was observed (Fig. 4a). As the ability of
hydrogels to form and heal can be influenced by interactions with the
components present in the cell culture medium [49], due to the high
reactivity of boronic acids with diols which allows interaction with a
range of saccharides we also investigated the swelling behavior in
different media.

Boronic acid-functionalized hydrogels are renowned for being
glucose-responsive due to the reversible interaction between boronic
acid and cis-diol-containing molecules, such as glucose. Therefore, a
glucose-dependent swelling measurement was carried out on the Ha-
PBA4¢-PVA hydrogel (Fig. 4b). The resistance to swelling decreased with
the increase of glucose levels [55,56] as the PBA moieties formed dy-
namic boronate ester bonds with the free glucose molecules present in
the surrounding medium, resulting in a decrease in the number of
crosslinks within the hydrogel network. This reduced crosslinked
network led to increased hydrophilicity and osmotic pressure inside the
matrix, allowing a higher water uptake and consequently hydrogel
swelling which caused the volumetric change [57].The Ha polymer
backbone, modified with 3-aminophenylboronic acid, reversibly bound
free glucose in solution, resulting in a hydrogel through the formation of
a bis-bidentate bond [58]. Although only the Ha-PBA4s-PVA hydrogel
was examined, the results indicated that the reversible boronate—diol
interactions are sufficient to modulate the hydrogel network in response
to glucose. It is expected, however, that varying the degree of grafting
would influence the magnitude and rate of swelling, as higher PBA
contents provide more binding sites for glucose and thus a higher
swelling ratio. Overall, our results indicate a glucose-binding capacity of
the PBA.

3.5. Self-healing properties of the hydrogel

The quantitative estimation of the healing ability of the hydrogels,
was evaluated using a beam-shaped compression test [59]. After 6 h, the
superior healing efficiency of Ha-PBAgg-PVA can be attributed to the
higher density of reversible dynamic bonds, which can readily dissociate
and reform, thereby facilitating efficient repair and enhancing short-
term healing performance (Fig. 5).

Extending the healing time to 24 h, the HE approached to 100% for
both hydrogels, indicating that within a single day, each hydrogel was
able to completely recover to its original properties. The lower healing
efficiency of the Ha-PBA4s-PVA hydrogel observed after 6 h may be
attributed to its higher viscosity, which likely slows the healing process.
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Fig. 5. Healing efficiency of the Ha-PVA-PBA hydrogel (after healing for 6 and
24 h at room temperature). Statistical differences were determined using un-
paired T-Test (Prism 8.01).

3.6. *0O3 radical scavenging properties of Ha-PBA polymers and Ha-PBA-
PVA hydrogels

Under conditions of oxidative stress in neural microenvironments
and other inflamed or metabolically compromised tissues, the imbalance
between the generation and elimination of ROS leads to redox dysre-
gulation, cellular dysfunction, lipid peroxidation, and damage to bio-
macromolecules [33]. In this context, ROS-responsive hydrogels,
particularly boronate ester-based Ha systems, represent innovative
platforms for buffering oxidants and reshaping the pericellular redox
landscape, integrating structural support with chemical reactivity [60].
To explore the ability of the Ha-PBA-PVA hydrogels to scavenge su-
peroxide anion radicals (*Oz) the pyrogallol autoxidation assay was
used to measure the inhibition of pyrogallol autoxidation catalyzed by
the superoxide radical [39-41,61]. During the pyrogallol autooxidation
process, the chromophore purpurogallin compound is formed, exhibit-
ing a characteristic UV absorption maximum at 320 nm. The addition of
*O2~ radical-scavenging agent inhibits the pyrogallol autoxidation,
thereby reducing purpurogallin production and consequently
decreasing absorbance at 320 nm. In our experiments, neither Ha nor
PVA showed measurable radical-scavenging activity, as their UV
absorbance profiles remained higher than that of the control sample
(Fig. 6a — 6b). These results indicated that both the Ha and PVA systems
do not act as a scavenger for the *O3 radical anion. Whereas, the UV-Vis
curves of the Ha-PBA-PVA hydrogels (Fig. 6¢) showed an absorbance
profile lower than the curve of the control sample and independent of
the grafting degree. These results indicated that the hydrogels exhibit an
effective oxygen-radical scavenging capacity (Fig. 6d) and that the *O2~
radical scavenging ability is not affected by the polymer grafting degree.
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Fig. 4. a) Swelling profiles of hydrogels Ha-PBA4s-PVA and Ha-PBAgo-PVA in PBS. b) Swelling behavior of the Ha-PBA4s-PVA hydrogel as a function of sol-

vent nature.
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3.7. °OH radical scavenging properties of Ha-PBA polymers and Ha-PBA-
PVA hydrogels

Hydroxyl radical *OH is one of the most reactive and severe among
ROS, able to damage cellular systems such as DNA, proteins and lipids
[62]. To determine the hydroxyl radical scavenging properties of the Ha-
PBA-PVA hydrogels, we performed the Fenton assay, an advanced
oxidation process consisting of H,O5 and ferrous ions for the generation
of hydroxyl radicals ("OH) [41]. The hydroxyl radical produced by the
catalytic decomposition of HoO5 produces the oxidative degradation of
methylene blue. This thiazine dye is used to track the generation of *OH
radicals [63,64]. The changes in the UV spectrum of methylene blue
during its oxidative degradation are shown in Fig. S6, resulting in a
decrease of absorbance due to the oxidative degradation of methylene
blue dye.

As shown in Fig. 7b, the presence of hydrogels that act as *OH radical
scavengers, significantly mitigated the Fenton-induced decrease in
absorbance, resulting in a comparatively higher absorbance profile. This
behavior indicates that the hydrogels effectively neutralize hydroxyl
radicals generated during the Fenton reaction. The quantitative scav-
enging ability of the hydrogels is shown in Fig. 7d. The radical-
scavenging behavior of the hydrogels can be attributed to the presence
of phenylboronic moieties within the polymeric network. Phenylboronic
acid groups are well known to be responsive to hydrogen peroxide and
other ROS. The underlying mechanism shown in Fig. 7c, involves the
oxidative conversion of the boronic group. Upon exposure to ROS, the
phenylboronic acid moiety is oxidized at the boron center, generating a
tetrahedral intermediate that subsequently undergoes a rearrangement
involving 1,2-migration of the phenyl group from boron to oxygen,
generating a borate species. The latter is subsequently hydrolyzed to
yield the corresponding phenolic derivative. [36,65,66]. Thus, this ROS-
triggered transformation accounts for the observed attenuation of hy-
droxyl radical activity in the system. Hydrogels with a lower grafting
degree (Ha-PBA46-PVA hydrogel) exhibited higher scavenging ability,
indicating that the extent of boronate-ester bonds obtained with PVA,
directly affects the *OH scavenging abilities. As the extent of dynamic
bond formation increases, the number of active sites available to quench
radicals correspondingly decreases. A higher degree of dynamic
boronate-ester linkages, as in the Ha-PBAgg-PVA hydrogel, resulted in a
proportional reduction in the accessible reactive sites required for
effective radical neutralization.

Similar observations have been reported in previous studies, in
which boronic acid hydrogels exhibited a pronounced H;O, responsive
behavior. In such systems, the B—C bond within the boronic moiety is
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susceptible to oxidative cleavage in the presence of Hy0, leading to
hydrogel degradation and thereby imparting H2O2-responsiveness to the
system [67]. Compared with previously reported Ha—PBA systems [25],
our Ha-PBA-PVA hydrogels demonstrated moderate scavenging effi-
ciencies. Overall, our findings confirm that the Ha-PBA-PVA hydrogels
endows the system with notable antioxidant potential. This property
may be beneficial for mitigating oxidative stress in biomedical appli-
cations particularly in environments characterized by elevated ROS
levels.

3.8. Functionalization of Ha-PBA modulates ROS generation in a
neuroblastoma cell line

Although ROS are normal metabolic products of cells, their excessive
accumulation increases the oxidative stress in surrounding tissues,
leading to the exacerbation of inflammation. To assess the intrinsic ROS-
scavenging ability of the Ha-PBA-PVA hydrogels, a DCFH-DA assay was
performed using SH-SY5Y cells (Fig. 8). Confocal microscopy results
showed that intracellular ROS levels were stable for cells encapsulated
in Ha-PBA4c-PVA hydrogels. This behavior was associated to the pres-
ence of fewer boronic acid moieties available for oxidation, making it
less effective in modulating ROS levels, resulting in sustained oxidative
stress within the cultured cells. On the other hand, Ha-PBAgg-PVA
hydrogels significantly reduced the ROS levels in SH-SY5Y cells over
time, indicating that a higher degree of grafting provided a greater
density of reactive sites capable of neutralizing intracellular ROS, in the
cellular microenvironment.

Previous reports showed that controlled scavenging of extracellular
oxidants supports the maintenance of redox-regulated signaling path-
ways and preserves neuronal metabolic integrity [68,69]. Consistently,
the higher PBA grafting in Ha-PBAes-PVA showed that initially,
increasing of the density of oxidation-susceptible arylboronic groups
within the hydrogel network, enhanced the system's capacity to
consume chemically reactive species, such as ROS, and reduced the
exposure of encapsulated cells to oxidants. Taken together these findings
are consistent with previous reports demonstrating that the redox ca-
pacity of boronate-containing biomaterials is directly proportional to
the density of reactive groups and plays a pivotal role in shaping the
cellular response [70,71].

3.9. PBA grafting influences cellular viability and metabolic activity

The ability of PBA-modified hydrogels to regulate ROS is particularly

relevant because oxidative stress is a key determinant of cellular fate.
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Fig. 8. ROS production in SH-SY5Y cells encapsulated in Ha-PBA hydrogels of 46% and 69% grafting degree. a-b) Representative confocal image of ROS production
in SH-SY5Y cell line encapsulated in a) Ha-PBA46-PVA hydrogels and b) Ha-PBAgo-PVA hydrogels over 24, 48 and 72 h, where all cells were counterstained with
DCFH-DA (green) and DAPI (blue). Scale bar: 100 pm. ¢) Quantification of ROS levels measured by DCFH-DA, after 24 h, 48 h and 72 h. The values are the mean =+ s.
e.m. of three independent experiments. * indicates statistically significant difference using one-way ANOVA and Mann Whitney test with * p < 0.05.
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Physiological levels of ROS function as essential second messengers that
support proliferation, metabolic activity and signaling pathways,
whereas sustained or excessive ROS accumulation triggers oxidative
damage, mitochondrial dysfunction, and apoptosis [72]. Maintaining
ROS at signaling-permissive levels preserves redox-regulated survival
programs and prevents the transition to distress-associated bioenergetic
dysfunction [68,73]. To evaluate the biocompatibility of Ha-PBA-PVA
with different grafting degrees, a Live/Dead assay was performed
using the SH-SY5Y cells encapsulated within the hydrogel matrices
(Fig. 9 a-c), from 1 to 3 days. Quantitative analysis of cell viability
calculated by comparing the number of live cells to the total number of
cells, revealed a strong dependence on the degree of grafting. Cells
encapsulated in Ha-PBA44-PVA hydrogels showed, over time, a stable
viability, indicative of a non-expanding population consistent with
either low-proliferative behavior or a division-loss equilibrium, whereas
cells encapsulated in Ha-PBAgo-PVA hydrogels showed a consistently
higher percentage of viable cells (Fig. 9¢). These findings are in agree-
ment with studies on Ha-boronate systems which demonstrated that
integrating arylboronic groups into Ha/PVA networks enabled oxidant-
responsive tuning of the microenvironment with measurable biological
gains [26], and that cell viability was influenced by variations in
Ha-PBA concentration at a constant grafting density. Our results,
therefore, confirm a comparable trend. In particular, the reduced cell
proliferation observed at higher PBA concentrations may be attributed
to the presence of an excess of PBA within the hydrogel network. An
elevated PBA content could exert an inhibitory effect on cellular growth,
potentially by interfering with cellular metabolic processes or
membrane-associated interactions. Such effects are consistent with the
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hypothesis that elevated levels of phenylboronic acid may disrupt
cellular homeostasis, thereby limiting proliferation under these condi-
tions. To further validate the biocompatibility results, the metabolic
activity of cells was assessed using an MTS assay (Fig. 9d). We observed
a stable metabolic activity in Ha-PBA4-PVA hydrogels over 3 days,
which corresponded to a constant number of viable cells over time. This
stability suggested a preserved mitochondrial function in a population
that does not undergo net expansion. On the other hand, Ha-PBAgg-PVA
hydrogels showed a reduced cellular metabolic activity after 24 h, which
remained consistent up to 72 h. This apparent decrease coincided with
an increase in the total number of viable cells over time, suggesting that
the metabolic activity per cell was reduced as the cell number increased.
The MTS assay determines cellular viability through metabolic activity,
reflecting the activity status of the mitochondria. We, thus, hypothesised
that encapsulation of SH-SY5Y cells in the hydrogels induced a lag phase
in cellular activity, as cells have to adapt to a stiffer microenvironment,
where proliferation outpaces the metabolic demand [74,75]. The
increased rigidity of the extracellular environment (as in the Ha-PBAgo-
PVA hydrogels) in fact, forced the cells to undergo an initial adaptation
phase and the formation of clustered cell zones (Fig. 9b), causing stress
during the adaptation phase. Interestingly, after this initial adaptation
phase, the presence of increased cell-cell cross-talk favored the prolif-
eration and stabilization of the mitochondrial machinery. Despite tem-
poral stability, the Ha-PBA46-PVA hydrogels network fails to support
proliferative expansion, likely because of limited ROS buffering, weak
adhesion reinforcement, and attenuated mechanotransduction which
did not allow to generate the redox and mechanical cues necessary for
cell-cycle commitment and growth (Fig. 9d). However, -cells
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Fig. 9. Biocompatibility of SH-SY5Y seeded on Ha-PBA hydrogels with functionalization rates of 46% and 69% show a dependency on the degree of grafting. a-b)
Representative confocal images of SH-SY5Y cells encapsulated in a) Ha-PBA4s -PVA and b) Ha-PBAgo-PVA hydrogels after 1, 3, 7 days of growth Cells were stained
with DAPI (blue), for visualization of all nuclei and with propidium iodide, PI (red) for visualization of dead cells. Scale bar 200 pm. ¢) Quantification of live cells to
total cells (L/(L + D). d) Metabolic activity of SH-SY5Y cells after 24, 48 and 72 h cultured on hydrogels (46% and 69%). Data are shown as mean =+ s.e.m. of three
independent biological experiments. * indicates statistically significant difference using one-way ANOVA and Mann-Whitney test with * p < 0.05.
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encapsulated in Ha-PBAgo-PVA hydrogel exhibited a higher metabolic
activity and viability at early time points, likely due to the more
favorable oxidative environment. By scavenging ROS and maintaining
redox homeostasis, the hydrogel minimized oxidative damage and pre-
served mitochondrial function. Furthermore, the slight decrease in
metabolic activity over time suggests that although ROS levels remained
controlled, other factors, such as increased crosslinking density or
reduced porosity, may contribute to restricting cell growth and meta-
bolic function limiting nutrient transport and waste removal [76,77].
Together, these results highlight a strong mechanistic link between
oxidative microenvironment modulation and downstream cellular out-
comes. Thus, optimizing the degree of boronic acid grafting is crucial for
simultaneously achieving effective ROS regulation, favorable metabolic
activity, and long-term biocompatibility, for the design of Ha-based
hydrogels for regenerative medicine applications.

In addition to influencing redox homeostasis and metabolic activity,
the degree of PBA grafting also impacted the protein uptake capacity of
the hydrogels. As shown in Fig. S7, Ha-PBA-PVA hydrogels, incubated
with a 1 mg/mL solution of BSA, showed a marked increase in BSA
uptake by Ha-PBA-PVA compared to the control in water, indicating a
significant increase in protein-binding capacity. This enhancement was
attributed to the intermolecular hydrogen bonding facilitated by the
hydroxyl groups of the Ha-PBA-PVA hydrogels, an effect also observed
in previous work [78]. Enhanced protein adsorption not only reflects the
increased availability of reactive sites in the hydrogel network but also
suggests a more bioactive and cell-supportive microenvironment. Pro-
teins adsorbed onto the hydrogel surface or within its matrix can
mediate critical biological processes, including cell adhesion, signaling,
and nutrient exchange [79], which may further support the higher
metabolic activity and viability observed in the 69% grafting
formulation.

4. Conclusion

In this study, we developed and characterized ROS-responsive Ha-
PBA-PVA hydrogels with tunable degrees of phenylboronic acid grafting
and demonstrated their ability to actively modulate the cellular micro-
environment. The structural and functional characterization of the Ha-
PBA-PVA hydrogels confirmed that tuning the degree of PBA grafting
effectively modulated their dynamic properties. Increasing PBA content
enhanced crosslink density, yielding hydrogels with higher stiffness and
superior elastic recovery, yet exhibiting lower apparent viscosity under
shear due to rapid reversible bond exchange. This combination of elas-
ticity at rest and shear-thinning behavior is advantageous for inject-
ability and self-healing. Several ROS-responsive systems have been
reported in literature, including antioxidant-loaded matrices, polymer
networks and supramolecular macrocycles incorporating redox-
sensitive moieties. [80-84]. Compared to these systems, our platform
offers a distinctive advantage where mechanical and redox properties
can be simultaneously tuned through a single design parameter, namely
the degree of PBA grafting. This approach enables precise control over
stiffness, viscoelasticity, and antioxidant capacity within the same ma-
terial system. Furthermore, the use of dynamic boronic ester bonds
imparts shear-thinning and self-healing behavior, features that are not
universally present in conventional ROS-scavenging hydrogels. While
other systems may achieve higher antioxidant loading or more targeted
biochemical functionality [80,85], the integration of mechano-redox
coupling in a hyaluronic acid-based platform provides a versatile and
physiologically relevant model for studying cell-matrix interactions
under oxidative stress. Although intracellular ROS levels were assessed
to evaluate the antioxidant properties of the hydrogels, the present study
does not include an exogenous oxidative stress model. The use of
controlled oxidative stimuli, such as hydrogen peroxide exposure, would
enable a more direct evaluation of the protective effect of the material
under pathological conditions. This represents an important direction
for future work, aimed at validating the potential of the hydrogel system
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to mitigate oxidative stress-induced cellular damage. Moreover, SH-
SY5Y cells were employed as a neuron-like model to evaluate cyto-
compatibility and intracellular ROS modulation within the hydrogel
environment. While this model provides a robust and widely used
platform for preliminary biological assessment, it does not fully reca-
pitulate the complexity of differentiated neuronal phenotypes. Future
studies will aim to incorporate neuronal differentiation protocols or
primary neuronal cultures to further investigate the influence of the
hydrogel microenvironment on neuronal maturation, functionality, and
network formation. The higher-grafted Ha-PBAes-PVA formulation most
effectively reduced intracellular ROS levels and supported neuronal cell
viability, demonstrating that both mechanical and redox properties can
be precisely tuned through chemical functionalization. The materials'
redox-regulating capacity significantly influenced intracellular ROS
levels, which in turn governed cell viability, metabolic activity, and
biofunctionality. Hydrogels with higher PBA grafting content exhibited
superior antioxidant performance, promoting redox homeostasis, sus-
taining mitochondrial function, and supporting cell proliferation.
Moreover, these hydrogels enhanced protein uptake, suggesting their
potential to recruit and present bioactive molecules that further support
cellular function.

Specifically, a higher grafting rate creates a more interconnected
network, promoting a continuous boronate-mediated reduction of oxi-
dants. This synergy preserves and promotes viability and modulates
mitochondrial activity after an initial phase of adaptation. Overall, our
results establish the degree of PBA grafting as a single chemical mech-
anism that regulates network mechanics and ROS reactivity, enabling
redox-aware design rules for dynamic Ha-based hydrogels. By explicitly
linking chemically measured ROS scavenging to biological modulation
of intracellular ROS, this work provides a reproducible approach for
designing hydrogels that support the viability of neuronal-like cells by
maintaining a compatible redox range for signaling while avoiding
persistent oxidative load. These observations can be rationalized by
considering the intrinsic reactivity of the PBA moieties within the
hydrogel network. PBA moieties are known to exhibit intrinsic reactivity
toward ROS, particularly hydrogen peroxide. The ROS-scavenging
mechanism is based on the oxidation of the boronic acid group into
the corresponding phenolic derivative, resulting in the consumption of
ROS species. In the present system, the incorporation of PBA within the
hyaluronic acid backbone enabled a dual functionality: first by directing
ROS neutralization through chemical reaction with oxidants, and sec-
ond, by modulating the dynamic boronic ester crosslinks, which are
sensitive to oxidative conditions. This coupling between redox activity
and network dynamics provided a mechano-redox feedback mechanism,
whereby oxidative stimuli can influence both the chemical state and
structural organization of the hydrogel as well as the cellular response.
At higher grafting degrees, a larger fraction of PBA units participates in
dynamic crosslinking, thereby reducing the number of free boronic acid
groups available for oxidation. Consequently, hydrogels with lower
grafting degrees exhibit slightly higher in vitro hydroxyl radical scav-
enging, whereas highly grafted systems provide improved control over
intracellular ROS, due to a greater overall density of oxidation-
susceptible sites distributed throughout the network. By coupling
crosslink dependent stiffness/viscoelastic control with arylboronic/
boronate ester, our Ha-PBA-PVA hydrogels created a mechano redox
microenvironment that stabilized neuronal bioenergetics, providing a
microenvironment conducive to neuronal survival and repair. These
findings position Ha-PBA-PVA hydrogels as a broadly applicable redox
platform for neural bioengineering and in vitro disease modeling.
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