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Abstract

Exposed bone fractures (EBF) represent a critical clinical challenge due to the simultaneous
disruption of bone and surrounding soft tissues, requiring multifunctional biomaterials capable of
providing mechanical adaptability, structural stability, and biological support. In this study, we
developed a smart, shear-thinning, self-healing hydrogel composed of guar gum, polyvinyl alcohol,
gelatin, collagen, and chitosan-stabilized manganese phosphate (MnP) micro/nanoparticles. MnP
particles were synthesized via a quitosan/ascorbic acid-assisted route and characterized by SEM,
DLS, FTIR, and EDS, confirming spherical morphology and successful phosphate incorporation. The
resulting nanostructured hydrogel exhibited high porosity (>85%), controlled swelling, pH
responsiveness, and efficient rheological self-recovery (>90% storage modulus restoration under
cyclic deformation). The system demonstrated non-Newtonian behavior and effective adhesion to
skin without irritation after 10 h of contact. In vitro assays using MC3T3-E1 pre-osteoblasts confirmed
cytocompatibility and concentration-dependent modulation of cell migration. The incorporation of
MnP micro/nanoparticles contributes potential osteogenic functionality while preserving mechanical
integrity and dynamic responsiveness. These findings suggest that the developed nanocomposite
hydrogel represents a promising auxiliary platform for the treatment of exposed bone fractures.

Keywords: stimuli-responsive biomaterial; multi-network; bone tissue engineering; osteoblast
migration; skin biomaterials

1. Introduction

Bone tissue engineering (BTE) aims to restore structural integrity of damaged bone through
biomaterials-based scaffolds capable of supporting cellular proliferation, differentiation, and
extracellular matrix deposition [1,2]. However, in the case of exposed bone fractures (EBFs), the
simultaneous disruption of bone and surrounding soft tissues creates a highly complex
microenvironment characterized by inflammation, infection risk, mechanical instability, and
impaired vascularization [3,4]. Although current clinical interventions such as fixation techniques,
grafting procedures, and antimicrobial therapies are often effective, they still present limitations
including incomplete regeneration, poor tissue integration, and insufficient modulation of the local
biological response [5-7].

Smart hydrogels have emerged as promising candidates for BTE due to their three-dimensional
hydrated networks, tunable mechanical properties, and capacity to incorporate bioactive agents [8—
11]. Particularly, dynamic covalent and reversible physical crosslinking strategies enable injectability,
self-healing capability, and responsiveness to environmental stimuli such as pH and temperature,
making them particularly attractive for applications in dynamic wound environments [12-14]. These
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properties allow hydrogels to adapt to fluctuating physiological conditions while maintaining
structural integrity and biological functionality.

For bone and skin applications, hydrogels must exhibit biocompatibility, osteoinductive
potential, and mechanical resilience. Natural polymers such as guar gum (GG), gelatin (Gel), and
collagen (Col), combined with synthetic polymers like polyvinyl alcohol (PVA), provide a versatile
platform for constructing multifunctional networks [15-20]. Furthermore, the incorporation of
nanostructured inorganic components within polymeric matrices has expanded hydrogel
performance by introducing osteogenic stimulation and mechanical reinforcement.

Despite these advances, many currently available hydrogel systems still exhibit limited
multifunctionality under the demanding physiological conditions associated with open fractures.
Insufficient mechanical robustness, lack of adaptive responsiveness, and inadequate bioactivity
restrict their translational potential, particularly in environments requiring simultaneous modulation
of osteogenesis and angiogenesis [2,14].

Among trace elements involved in bone metabolism, manganese (Mn*?) plays a critical role in
osteogenic differentiation and extracellular matrix formation [21,22]. Manganese phosphate (MnP),
when engineered at the micro/nanoscale, represents a promising yet underexplored strategy for
enhancing osteoblastic activity while contributing to structural reinforcement of polymeric scaffolds
[23-25]. However, the integration of MnP micro/nanoparticles within dynamic, self-healing hydrogel
systems suitable for exposed fracture environments remains largely unexplored.

Therefore, this work proposes the development of a multifunctional GG/PV A-based hydrogel
incorporating chitosan-stabilized MnP micro/nanoparticles. The aim is to generate a mechanically
adaptive, stimuli-responsive and biologically active scaffold capable of supporting osteoblastic
proliferation and migration while maintaining structural stability under physiologically relevant
conditions.

2. Materials and Methods
2.1. Materials

The manganese chloride tetrahydrate (MnCl2-4H20), monopotassium phosphate (KH2PO4), 96%
ethanol (EtOH) and polyvinyl alcohol (PVA) used, were from FAGALab, Mexicali, Mexico. Ascorbic
acid (AA) from Fisher, Mexico. Hydrochloric acid (HCl) and ammonium hydroxide (NH«OH) from
Baker, Randor, PA, USA. Chitosan (CS) from Sigma Aldrich, Carlsbad, CA, USA. The guar gum (GG),
vegetable glycerin (Gli), sodium borate (Bx) and hydrolyzed collagen (Col) from Cosmopolitan,
CDMX, Mexico, tannic acid (TA) and n-Hexane from Jalmek, San Nicolas de los Garza, Nuevo Ledn,
Mexico, sodium hydroxide (NaOH) from Fermont, CDMX, Mexico and distilled water from Hwater,
Mexicali, Mexico. A sterile PBS 1X pH 7.2 solution was prepared in our laboratory.

2.2. Synthesis of Micro/Nanoparticles of MnP

5 mL of a chitosan/ascorbic acid (CS/AA) solution with a 1:0.7 ratio was ultrasonicated (Branson
5800, CPX5800H, Emerson, Clayton, Missouri, USA, 22 kHz frequency at 40% amplitude, 200W) for
5 min, followed by the addition of 5 mL of a 0.025 M KH2POs solution and left to react for 10 min.
Afterwards, 5 mL of a 0.0127 M MnCl>4H:0 solution was added dropwise and the reaction was
continued for another 10 min. The solution was ultrasonicated in an ultrasonic homogenizer (OMNI
SONIC RUPTOR 400, Omni International, Kennesaw GA, USA) at 30 kHz at 40% amplitude equipped
with a sound control chamber for another 10 min, and the microparticles and nanoparticles were left
in suspension.

2.3. Physicochemical Characterization of MnP Micro/Nanoparticles

Fourier transform infrared spectroscopy (FTIR, PerkinElmerFrontier, Waltham, MA, USA) was
used to characterize the MnP. Each spectrum was measured over a wavenumber range of 4000 to 400
cm! with a resolution of 1 cm™ [26]. The morphology, size and chemical composition were analyzed
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by using a scanning electron microscope (FE-SEM; LYRA 3, Tescan, Brno, Czech Republic) equipped
with an energy dispersive X-ray (EDS, Tescan, Brno, Czech Republic) detector coupled to the SEM.
The stability and size distribution of the NPs was evaluated using the Dynamic Light Scattering
(Microtrac MRB Nanotrac Wave II; DLS, Duesseldorf, German) technique with a measurement range
of 2-500 nm, at room temperature [27].

2.4. Hydrogel Synthesis

In order to synthesize the hydrogels, the GG and Gli were first mixed for 2 min to break up any
lumps. Then, the necessary amount of water was added, immediately followed by adding the 4.28%
w/v Gel solution and mixing until complete incorporation. Consequently, it was mixed with MnP
(1000 ppm) in suspension in a CS/AA solution and the 1.4% w/v Col solution under constant stirring
for 10 min. Next, a 1 N NaOH solution was added dropwise until the first color change was
homogeneous throughout the solution. Then, the 4% w/v Bx solution was incorporated until the
whole solution became transparent gray.

Then, TA was added slowly to avoid the generation of lumps and left stirring vigorously for 10
min until a homogeneous solution was obtained. The solution changed to a pinkish color, and finally,
half of the 10% w/v PVA solution was slowly supplemented while stirring for 10 min, and the
remaining half was incorporated and stirred very slowly to avoid air bubbles in the hydrogel. The
final solution turned a pale pink color. The amount and order of incorporation of the reactants are
shown in Table 1, while Figure 1 illustrates the preparation procedure.

Table 1. Components comprising each hydrogel with non-Newtonian fluid behavior developed in this study.

Amounts in grams by mass and % w/v.

Name GG Gli Gel MnP Col NaOH Bx TA PVA H:0
Control 02 1% 239 18% - - - - - - 013 1% 26 19% - - 42 31% 4 30%
HD 02 1% 239 13% 3.07 16% 02 1% 075 4% - - 208 11% 0.1 1% 42 22% 6 32%

Figure 1. Procedure to obtain experimental hydrogels with non-Newtonian fluid behavior. A) Mixed GG, Gli
and Gel, and finally water, B) Added MnP and Col, C) Added NaOH, D) Added Bx, E) Added AT slowly, F)
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Mixed for 10 min, G and H) Added PVA and agitated mechanical and manual form. Created with
BioRender.com.

2.5. Hydrogel Characterization

2.5.1. Rheological Studies of Hydrogels

Rheological assessments were performed using a rheometer (Anton Parr MCR102, Anton Paar
GmbH, Graz, Austria). Hydrogel disks with 25 mm diameter and 2.5 mm thickness were utilized to
conduct frequency sweep, strain sweep and viscosity measurements. The frequency sweep (w)
ranged from 1 to 100 rad s, allowing for the evaluation of changes in storage modulus (G’) and loss
modulus (G”). The amplitude sweep tested how G” and G” responded to strains between 1-1000%,
providing data on stress dependence and the yield strength of the hydrogels. All tests were
performed three times.

2.5.2. Rheological and Self-Healing Performance

The ability of the hydrogel to repair itself after being cut was determined by longitudinally
cutting one piece of the hydrogel into two parts. The two pieces were kept close together and were
successfully assembled into one piece while retaining their original shape. It was then checked with
contrary movements to see if the material still held together. This process was repeated using one
drop of dye Green PGR7-L and Red ARE18 (Cosmopolitan, CDMX, Mexico) in one of the parts of the
hydrogel, and the exact mechanism was observed [28,29] . In addition, the self-healing ability of the
hydrogel was checked, for which a cut was made inside the surface of the hydrogels and shifted a
little to each side to leave an empty space between them. The time it took to return to its original
shape was observed and recorded when the cut made without the help of external stimuli
disappeared [30]. The recovery and self-healing tests were conducted using a stereoscope (Leica,
DMIL, Leica Microsystems, Wetzlar, Germany) with 40x magnification, and the rate of self-healing
was measured by Image] (version 1.54g, National Institute of Health, Bethesda, MD, USA) software.

The rheological analysis of self-healing behavior of the hydrogels was evaluated by application
of alternate amplitude sweep for five cycles each of 120 s at low 1% and high strains 1000% at a fixed
frequency 6.28 rad s [30]. The measurements were repeated three times.

2.5.3. Moisture Content

The hydrogels were then cut into 1x2 cm? pieces, weighted, placed in a desiccator for 5 days, and
weighted once again. The percentage humidity content was calculated using the following equation
[31]:

- W -W,
Humidity content(%) = (T) X 100 (1)
1

where Wi is the initial weight, and W2 is the weight of the dried sample. Measurements were
performed in triplicate for each hydrogel.

2.5.4. Water Absorption Capacity

The hydrogels were cut into 1x2 cm? pieces, and their initial moisture content was measured.
Subsequently, the samples were placed in a container with 4 mL of distilled water and left to soak for
3 h to prevent the gel from dissolving. Immediately, the samples were placed in a desiccator to
remove surface moisture, and their final weight was measured. The absorbed moisture content was
calculated using the following equation [31]:

. W, —w;
Absorbed humidity content(%) = (T) x 100 )
1

where Wi is the initial weight, and W2 is the final weight. Measurements were performed in triplicate
for each hydrogel.
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2.5.5. Porosity

The porosity of the hydrogels was measured by a slightly modified cyclohexane displacement
method [32]. The hydrogels are immersed in 4 mL of cyclohexane after recording the weight of the
empty container (W1). The weight of the hydrogels before and after immersion in the cyclohexane
were then recorded and designated as Wn and W, respectively. The hydrogel pores were filled with
cyclohexane, and the volume of the cyclohexane in the hydrogel was considered to be the volume
within the pores of the hydrogel. The measurement was replicated using 96% ethanol. The following
formula was used to calculate the porosity:

Wi

= ®)

Wr — W, — W, (4)

ps

P Vz’

= 5
v, + Vy )

where Vi represents the hydrogel volume (mL), pn y ps is the density of the hydrogel and the solvent,

14

respectively g mL-! and Vy is the volume of the pore (mL). Each test was performed in triplicate.

2.5.6. Swelling Behavior in PBS

To measure the swelling behavior of the hydrogels, we followed the methodology reported by
Perez-Diaz et al. [33] The pre-weighed hydrogels were immersed in 4 mL of PBS at room temperature.
The absorbed PBS was measured at 30 min intervals for two hours with an analytical balance until
equilibrium was reached. The PBS solution was removed and replaced with a new one in between
measurements. The study was repeated at prolonged times of 4, 8, and 24 h. The swelling ratio of the
hydrogels was estimated as follows:

. W, - W
Swelling degree (%) = ———— x 100 (6)
Wy
where W2 is the wet hydrogel weight, and W1 is the dried hydrogel weight. Measurements for each
hydrogel were made in triplicate.

2.6. Hydrogel Characterization — External Stimuli
2.6.1. Hydrogel Behavior to External Stress Stimuli

The hydrogels were placed in 10 cm diameter Petri dishes, and two types of stresses were
applied to them using a steel spatula. In the first stress, a minimal force (pressure ~ 1 kPa) was applied
on the hydrogel surface for 2 s; consequently, the spatula was slowly lifted. The second effort was
applying the same force as in the first stimulus but with the difference of being a fast stroke (<1s) on
the hydrogel surface, and its behavior was observed.

2.6.2. Dissolution Behavior in Different Chemical Environments

0.5 g of each hydrogel was placed into 10 mL of distilled water, PBS, 70% v/v EtOH solution, 1 N
HC], and 1 N NaOH, separately for 1 day, and the presence of solid-gel material was observed within
the containers.

The dissolution of the hydrogels was estimated as follows:

Wy — W,
—=2_—1x100 7)

Dissolution (%) = W
1

where W2 is the original hydrogel weight, and W1 is the hydrogel weight remain before filter with
Whatman #1. Measurements for each hydrogel were made in triplicate.

2.6.3. Adhesion and Surface Interaction Behavior

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The method proposed by X. Su et al. [34] was followed with slight modifications. A small
sample of each hydrogel was taken and subjected to contact with various surfaces (paper, cardboard,
aluminum, silicone, fabric, rubber, plastic, and human skin) to check the adhesion capacity at
standard temperature and pressure conditions. In addition, peel/stick tests were carried out on
human skin for several cycles, as well as push-ups and movements. Finally, the hydrogels were
placed on the skin for 10 h to simultaneously observe the effect on the skin and the changes in the
hydrogel.

2.6.4. Wettability

To evaluate the moisturizer of the hydrogels, the contact angle between the surface of the
hydrogel and a drop of ultrapure water was monitored. A flat piece of the hydrogel was fixed on a
glass holder, then a drop of 16 uL of ultrapure water on the hydrogel was placed with the help of a
syringe and the image was taken after 2 s at room temperature. All hydrogels contact angles were
measured by triplicate.

2.6.5. Water Adhesion

A small hydrogel sample was taken and introduced into 20 mL of water at room temperature
without any additional treatment [34]. Subsequently, the hydrogel was pressed with a fingertip
(pressure ~ 1 kPa) for 10 s, and then the external pressure was removed immediately to observe its
adherence capacity. The experiment was repeated, but the hydrogel was pressed outside of water.
Once adhered, it was introduced into water, and it was observed if the hydrogel detached.

2.6.6. Temperature Responsiveness

Using 2 mL of each hydrogel, they were exposed to a water bath with gradual and controlled
heating (1 °C min™). After reaching 40 °C, the hydrogels were slightly stirred and placed upside down
to observe if they flowed. This procedure was repeated each time the temperature was increased by
one degree. The measurement was concluded once the hydrogels were observed to flow. Likewise,
the hydrogels were exposed to decreasing temperatures under a minimum temperature of -20 °C.
Once the minimum temperature was reached, the two hydrogels were frozen and removed from the
cold environment. The temperature was monitored while attempting to pierce the hydrogels lightly
with a wooden stick. Once the hydrogels could be pierced, the temperature was taken as the
maximum temperature to withstand before freezing.

2.6.7. pH Responsiveness

Solutions of 1 N HCl and 1 N NaOH were added dropwise by separating a sample of each
hydrogel to check its gelation at different pH conditions. In addition, 0.5 g of the hydrogels were left
for 48 h in three buffer solutions at pH 4.01, 7.0, and 10.01 to observe the changes in the hydrogel.

2.7. Biological Tests
2.7.1. Cell Culture

The mouse embryonic calvary cell line (MC3T3-E1) was purchased from ATCC CRL-2594
(Manassas, VA, USA). Cells were cultured in a-minimum essential medium (a-MEM, Gibco,
Invitrogen, Waltham, MA, USA) supplemented with 10% heat-inactivated FBS (Gibco, Invitrogen)
and 1% penicillin (100 Um L) and streptomycin (100 pg mL™) (Gibco, Invitrogen, Waltham, MA,
USA). The cells were incubated at 37 °C in a humidified atmosphere containing 5% CO2 until 80%
confluence was reached.

2.7.2. MTT Assay for Cell Viability

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In order to evaluate the cytotoxic activity of the experimental biopolymers, we use the (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) viability assay. Initially, 15,000 cells
mL-1 of MC3T3-E1 were incubated in each well of a 96-well plate (Corning, New York, NY, USA)
with 100 uL of each 10% and 5% hydrogel in triplicate for 24h. The culture medium was removed
with special care to keep the monolayer of cells formed intact. The cells were washed with warm PBS
for 5 min. Then, 200 uL of MTT solution (5 mg mL-, Sigma Aldrich, Carlsbad, CA, USA) was added
to each well and incubated at 37 °C in a humidified incubator with 5% CO: for 3 h. The resulting
formazan crystals were dissolved after discarding the MTT-containing medium, and the 96-well plate
was transferred to an orbital shaker at 200 rpm and 37 °C, with 200 uL of dimethyl sulfoxide (Sigma
Aldrich, Carlsbad, CA, USA) for 20 min under dark conditions. Then, the optical density (OD) was
measured at 590 nm with a microplate reader (Thermoskan, Thermo Fisher Scientific, Carlsbad, CA,
USA). The baseline control was performed using a culture medium prepared for MTT without
MCET3-E1, and cells only with the complete medium were used as a negative cytotoxicity control
[35].

2.7.3. Scratch Test

The MC3T3-E1 cells were seeded at 25 x 10° cells well? in individual wells of sterile 12-well
culture plates (Corning, New York, NY, USA) and incubated until a confluent monolayer (100%) was
obtained. The monolayer was then washed thrice with warm PBS, and a wound was generated using
a sterile 20 — 200 uL tip by sliding the tip along the cell surface in the direction of 12 to 6 according to
clockwise [36]. The wells were then washed with warm PBS to remove any cell debris, and the cells
were cultured with a-MEM (5% FBS, control) or a-MEM (5% FBS) supplemented with the hydrogels
(1.56%, 3.125%, 6.25% and 12.5%). Wound closure was monitored at baseline and after 24h of
treatment using a digital phase contrast microscope (ZOE, Bio-Rad, Irvine, CA, USA). Finally, an
MTT assay was applied (following the previously established procedure) to monitor cell activity
during the wound repair process after 24h of treatment.

2.8. Statistical Analysis

Numerical data were analyzed after three independent studies, each conducted in triplicate.
Results were expressed as the mean + standard deviation and evaluated using GraphPad Prism 9
(GraphPad Software Inc., San Diego, CA, USA). Significances were determined by comparing one-
way analysis of variance (ANOVA) followed by Tuckey’s multiple comparisons test. Differences
were considered statistically significant at a p<0.05 level.

3. Results
3.1. Physicochemical Characterization of MnP Micro/Nanoparticles

Stable yellow to opaque-yellow colloidal suspensions of MnP micro/nanoparticles were
successfully obtained through the CS/A A-assisted synthesis route. SEM analysis (Figure 2a) revealed
the formation of spherical to quasi-spherical particles embedded within the CS matrix. At higher
magnification, discrete domains corresponding to MnP particles were clearly distinguished from the
polymeric background, with an estimated average diameter of approximately 232 + 70 nm (measured
from SEM micrographs). The surrounding CS network acts as both a nucleation template and a
stabilizing agent, preventing uncontrolled particle growth and aggregation.

The DLS analysis (Figure 2b) revealed a multimodal size distribution with a Z-average (Mz) of
160 nm. The median particle diameter (D50) was 30.7 nm, indicating a significant nanoscale fraction.
Approximately 80% of the particle population was below 398 nm, while larger micrometric fractions
correspond to secondary aggregation phenomena, as confirmed by the volume-weighted
distribution. The broad distribution profile reflects the presence of CS/AA-stabilized MnP
nanoparticles coexisting with polymer-associated clusters. On the other hand, the zeta potential was
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https://doi.org/10.20944/preprints202602.1380.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 February 2026 d0i:10.20944/preprints202602.1380.v1

8 of 30

—-200 mV indicates a highly stable colloidal system due to strong electrostatic repulsion mediated by
protonated CS a phosphate groups (conductivity of 1.55 mS cm™).

The results of the EDS analysis confirmed the presence of Mn (30.62%), P (10.91%), O (43.68%),
and C (9.46%) and small traces of other elements belonging to residues and non-reacting reagents
(Figure 2c). The Mn:P ratio is consistent with the formation of manganese phosphate phases, while
the high oxygen content reflects both phosphate groups and hydroxyl functionalities from the CS
matrix. The carbon signal originates from the polysaccharide backbone, confirming the successful
integration of the inorganic phase within the polymeric stabilizing medium.
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Figure 2. a) SEM images of the C5-MnP nanocomposite showing a porous chitosan matrix with embedded MnP
particles, b) particle size distribution by DLS analysis; c) EDS elemental composition (Mn, P, O); and d) FTIR

spectra highlighting interactions between chitosan functional groups and phosphate species.
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The FTIR spectra corresponding to the CS/A A-assisted synthesis are presented in Figure 2d. The
spectra of CS and CS/AA exhibit the characteristic absorption bands of CS [37]. Broad bands at 3304
cm! and 3266 cm™ are attributed to the overlapping vibrations of N-H and O-H groups. The peaks
at 2878 cm™ and 2880 cm™ correspond to C-H stretching vibrations. In the case of CS, the band
observed at 1650 cmis assigned to the C=0O stretching of amide groups and the bending vibration
of NHoa.

Additional bands at 1418 cm™, 1376 cm™ and at 1320 cm™, associated with C-H bending
vibrations, while the peak at 1318 cm™ corresponds to —C-N stretching. The bands located at 1070
cm™ and 1024 cm™ are attributed to C-O vibrations [38]. Furthermore, CS presents characteristic
peaks at 1150 cm™ and 892 cm™ related to C—O-C vibrations of the polysaccharide backbone. In
contrast, CS/AA shows increased intensity at 1574 cm, which is associated with C=C stretching,
along with enhanced protonation of amino groups (NHs*) due to the presence of AA. The appearance
of a band at 1714 cm™ confirms the presence of carboxyl acid groups from AA [38,39]

On the other hand, the MnP spectrum displays a pronounced band showed an intense at 1067
cm™ due to the presence of phosphate vibrations overlapping with C-O contributions [40]. A
noticeable shift and decrease in intensity of the peak corresponding to C=O and NH: at 1638 and 1510
cm™!, respectively, suggest interactions between MnP and the functional groups of CS. Compared
with the CS/AA spectrum, this attenuation indicated that the microparticles interact with protonated
NHs* groups of CS in solution, which reduces their spectral intensity. Likewise, the peaks at 2888 cm™
and 3260 cm™ are attributed to O-H and N-H and at 1378 cm™ and 1315 cm™ to possible C-H and
C-N groups which were also present in the CS and CS/AA spectra. Finally, the peak at 518 cm™
corresponds to O-P-O bending vibrations, confirming the presence of phosphate structures [41,42].

3.2. Hydrogel Characterization
3.2.1. Synthesis

The developed hydrogels exhibited distinct physicochemical changes during synthesis,
particularly color transitions associated with progressive crosslinking steps (Figure 3a). The initial
formulation promoted electrostatic interactions between protonated amine groups (NHs*) from
CS/AA-stabilized MnP particles and carboxylate groups (COO-) groups from Gel and Col, generating
a preliminary physically crosslinked network (Figure 3b1) [43]. Additionally, Mn*> and POs ions
contributed to ionic coordination within the polymeric matrix, acting as secondary crosslinking sites
and enhancing structural cohesion [44,45].

The GG, on the other hand, significantly increased the apparent viscosity due to its high
hydroxyl content, promoting hydrogen bonding interactions within the matrix [46,47]. In contrast,
Gli acted as a plasticizer by interacting with hydroxyl groups of GG, PVA, and peptide chains,
increasing chain mobility while preserving network continuity [48].

Upon NaOH addition, Bx hydrolysis generated tetrahydroxyborate ions (B(OH)+), which
formed reversible diol-borate ester bonds with GG and PVA hydroxyl groups (Equations 8 and 9).
This step introduced a dynamic covalent network (Figure 3b2), responsible for the hydrogel’s
adaptive mechanical behavior. The observed color shift to pale gray corresponded to pH adjustment
and borate complex formation [46,49,50].

2Na,B,0, - 10H,0 + 4H,0 — 4B(0OH); + 4B(OH); + 4Na* (8)

4B(0H); + 2H,0 < 3B(0H); + B(OH); + H;0* 9)

The incorporation of TA further reinforced the structure through hydrogen bonding and
possible Schiff-base interactions with amino groups from Gel and Col [51]. Controlled oxidation of
catechol groups under mildly alkaline conditions contributed to additional dynamic crosslinking
without compromising biocompatibility [52,53]. The solution changed color to a pale pink-orange.

Finally, PVA integration allowed the formation of borate ester linkages between adjacent chains,
establishing a multi-network hydrogel system (Figure 3bs) [54]. Importantly, the synthesis did not
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require freeze-thaw cycles typically employed in PVA-based hydrogels, demonstrating a milder and
potentially scalable fabrication strategy [55].
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b)
b2 Crosslinking between tetrahydroxyborate ion and 1, 3 diol groups on GG
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Figure 3. a) Phases of the hydrogel and their color changes due to the addition of specific reagents. b) Possible

(o) (0]
. OH OH \ /
Hydroxyproline + \B' / —  » OH B OH

interactions within the hydrogel; b1) Electrostatic interactions between the base formulation consisting of the
first compounds between the NHs* and C=O, COO~ and OH groups, as well as hydrogen bonds. b2) Cross-linking
mechanism between the tetrahydroxyborate ion from Bx in an aqueous medium, forming monodiol complexes
at first, followed by the adjacent formation of another diol with GG and Gli, as well as between themselves (GG-
Bx-Gli). bs) Cross-linking mechanism between the tetrahydroxyborate ion and PVA, as well as with Gli (PVA-
Bx-Gli). Created with BioRender.com.

3.2.2. Rheological Studies: Frequency Sweep

The rheological behavior of the developed hydrogels was evaluated through oscillatory
frequency sweep measurements (Figure 4a,b). The Control hydrogel exhibited two crossover point
between the storage modulus (G’) and the loss modulus (G”), where G”>C’, indicating dominant
viscous behavior within specific frequency ranges and reduced structural stability. The relatively
small gap between G’ and G” suggests a weakly structured network susceptible to transition between
elastic and viscous responses [56,57].
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Figure 4. Rheological tests of the developed hydrogels. a) and b) Storage Modulus (G’) / Loss Modulus (G”) vs
Control and HD frequency; c) and d) G'/G” vs sheer force of Control and HD; e) and f) complex viscosity vs
shear rate of Control and HD.

In contrast, the HD hydrogel displayed a predominantly elastic response across the investigated
frequency range, with G’ consistently higher than G”. This frequency-dependent behavior indicates
the formation of a stable and well-organized multi-network structure. The solid-liquid transition
occurred at a higher angular frequency (~129 rad s™), with a corresponding modulus of 700.64 Pa,
suggesting stronger intermolecular interactions and improved structural integrity. The dominance of
G’ over G” confirms that elastic contributions prevail, consistent with a dynamically crosslinked
system governed by reversible borate-diol interactions and ionic coordination [58].

3.2.3. Rheological Studies: Deformation Sweep

The strain sweep analysis (Figure 4c,d) revealed a well-defined linear viscoelastic region (LVR)
for both hydrogels, characterized by constant G’ and G” values at low strain amplitudes. Within this
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region, the internal network remains structurally intact. Beyond the critical strain, a progressive
decrease in G’ accompanied by an increase in G” indicates structural breakdown and yielding of the
network [58,59].

The Control hydrogel exhibited a broader LVR and higher yield stress (y) (667.66 Pa) compared
to HD hydrogel (572.13 Pa), suggesting a more rigid and deformation-resistant structure. Conversely,
the HD hydrogel showed earlier network yielding, consistent with increased flexibility due to its
dynamic crosslinking architecture. This behavior reflects the balance between mechanical strength
and adaptability introduced by the multi-network design.

3.2.4. Rheological Studies: Viscosity and Behavior Identification

The complex viscosity (17) as a function of shear rate is presented in Figure 4e,f. Both hydrogels
demonstrated pronounced shear-thinning behavior, evidenced by a progressive decrease in viscosity
with increasing shear rate. At low shear rates, the high viscosity values indicate strong intermolecular
interactions and polymer chain entanglement. As shear rate increases, the alignment of polymers
chains and reversible disruption of physical crosslinks result in reduced resistance to flow. In both
systems, the viscosity decreases progressively with increasing shear rate, clearly indicating a non-
Newtonian shear-thinning behavior [57,60].

The Control hydrogel exhibited consistently higher viscosity values across the entire shear rate,
indicating a denser and more rigid network. In contrast, the HD hydrogel showed lower viscosity
and enhanced flowability, suggesting improved processability under applied shear [61]. This
combination of structural stability at rest and flowability under stress is advantageous for potential
biomedical applications requiring injectability or conformal adaptation to irregular defect
geometries.

3.2.5. Rheological and Self-Healing Performance

The self-healing capacity of the hydrogels was first evaluated trough macroscopic cutting
experiments (Figure 5a). After longitudinally dividing the samples into two separate parts, both
Control and HD hydrogels exhibited spontaneous adhesion upon recontact without the application
of external stimuli. Dye-assisted experiments confirmed effective interfacial fusion, indicating rapid
reformation of dynamic bonds across the cut interface (Video S1).

The HD hydrogel demonstrated complete structural reconnection within 40-90 s, with an
estimated healing rate of 0.0016 cm? s~'. This range is due to the effect of air bubbles, which can indeed
influence the self-healing capabilities of the material by creating zones of lower density. These areas
may reduce the elastic modulus and, consequently, diminish effective self-repairing ability.
Nevertheless, our results remain strong, as HD demonstrated excellent recovery, achieving
immediate restoration and complete self-healing within 90 s. By comparison, the self-recovery rate of
hydrogels crosslinked with borax, PVA, and TA varies from minutes to hours, such as in the Control
hydrogel (~3 min) and previous studies of hydrogel self-recovery [30,62,63].

On the other hand, dynamic self-healing behavior was further validated by oscillatory step-
strain measurements (Figure 5b). Alternating low (1%) and high (1000%) strain cycles were applied
for five consecutive intervals to simulate mechanical disruption and recovery.

Upon application of high strain, a pronounced drop in the G’ of nearly three orders of magnitude
was observed, accompanied by convergence toward the G”, indicating temporary breakdown of the
three-dimensional network. When the strain was reduced back to 1%, both hydrogels rapidly
recovered their elastic modulus, confirming reversible crosslinking behavior.

The HD hydrogel exhibited highly consistent modulus recovery across successive cycles,
recovering approximately 90-95% of its initial G’ value after each deformation event. In contrast,
although the Control hydrogel displayed slightly higher initial G’ values, it showed comparatively
greater fluctuation during repeated cycles, suggesting a less dynamically adaptive structure.
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Figure 5. a) Evidence of recovery capacity when subjecting the hydrogel to cuts or separation of pieces in order
to return to contact. The arrows show the displacement and stretching caused in the hydrogel, while maintaining
its recovered bonds. Optical microscopy was used to observe the self-healing process of the hydrogel crack. b)
Rheological evaluation of restructuring of hydrogels by subjecting alternate low (1%) and high (1000%) strains

for five cycles.

The reversible dissociation and reformation of borate-diol (O-B-O) linkages, combined with
hydrogen bonding interactions among PVA, Gli, TA, and polysaccharide chains, are primarily
responsible for the observed recovery behavior [64]. Additionally, minor ionic coordination mediated

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202602.1380.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 February 2026 d0i:10.20944/preprints202602.1380.v1

14 of 30

by MnP particles contributes to network stabilization without compromising dynamic mobility
[65,66].

Overall, the integration of dynamic covalent bonds, ionic interactions, and hydrogen bonding
results in a mechanically resilient and self-adaptive hydrogel capable of dissipating mechanical
energy and rapidly reorganizing its internal structure after deformation. This behavior supports its
suitability for applications requiring structural adaptability under repetitive mechanical stress.

In applications for the repair of bone defects, it is attractive that the hydrogel can regenerate by
itself, as it would allow the patient to apply it as many times as necessary to fill the wound or cover
the damaged area. Moreover, in scenarios involving impacts or injuries to the hydrogel itself, it could
return to its original state, sealing or recovering its integrity without losing the shape of the defect to
be regenerated.

3.2.6. Moisture Content

The intrinsic moisture content of the hydrogels was determined after storage in a desiccator for
5 days (Figure 6a). Both formulations exhibited high water retention, with values of 81.61% for HD
and 81.57% for the Control hydrogel. These nearly identical values indicate that the incorporation of
MnP micro/nanoparticles does not significantly alter the overall water content of the polymeric
matrix. The corresponding solid fraction accounted for approximately 18.4% of the total mass in both
systems, confirming a highly hydrated network characteristic of soft hydrogel structures.
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Figure 6. a) Analysis of the moisture content of each hydrogel; b) Water absorption capacity of the studied
hydrogels; c) Porosity of the hydrogels, carried out in both 96% ethanol and hexane, showing a high degree of
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similarity between the results; d) Swelling capacity of the hydrogels using a PBS solution at different times. Data

are presented as mean * SD, n=3.

3.2.7. Water Absorption Capacity

The maximum water absorption capacity prior to structural collapse is shown in Figure 6b. The
HD hydrogel exhibited a higher absorption limit (47.16%) compared to the Control (40.38%). This
enhanced water uptake is attributed to the presence of additional free functional groups and the
multi-network architecture, which promote hydrogen bonding interactions with water molecules
while maintaining structural integrity [31].

The higher absorption threshold observed in HD suggests improved network flexibility and
stability under swelling conditions. In contrast, the lower absorption capacity of the Control hydrogel
may be associated with increased osmotic effects resulting from residual borate species, which could
accelerate structural weakening under excessive hydration [46].

The results indicate that MnP particles incorporation and dynamic crosslinking contribute to
improved swelling tolerance without compromising network stability.

3.2.8. Porosity

The porosity values of the hydrogels are presented in Figure 6¢c. The HD hydrogel exhibited
porosity values of 0.8583 (ethanol) and 0.8820 (hexane), whereas the Control hydrogel showed lower
values of 0.7531 (ethanol) and 0.8195 (hexane). These results indicate a highly porous structure in
both systems, with a consistently higher porosity in the HD formulation.

The increased porosity in HD correlates with its enhanced water absorption capacity, facilitating
capillary-driven liquid diffusion within the three-dimensional network. Despite both hydrogels
displaying interconnected pore structures, the HD hydrogel demonstrated greater structural
uniformity, suggesting a more homogeneous multi-network architecture. On the other hand, the
comparatively lower porosity of the Control hydrogel may reflect a less uniform pore distribution,
which can limit fluid transport under swelling conditions.

An adequate pore size distribution is an attractive feature to promote and control bone and
dermal regeneration. This is because cells can adhere to the hydrogel surface and within the hydrogel,
providing adequate structural support with a natural tissue environment, allowing the cells to
differentiate, mature, and proliferate faster [8,67,68].

3.2.9. Swelling Behavior in PBS

The swelling behavior of the hydrogels was evaluated in PBS over time (Figure 6d). During the
initial 2 h (measured at 30 min intervals), the HD hydrogel exhibited moderate swelling, reaching
values of 3.74% and 5.64% in the early stages. After this period, slight structural relaxation was
observed, eventually leading to the appearance of the first microcracks under continuous exposure.

In extended time measurements, HD maintained structural integrity and exhibited a gradual
increase in swelling percentage, reaching higher equilibrium values compared to short-interval
measurements. The swelling progression remained relatively stable over 24 h, suggesting controlled
fluid uptake without premature structural collapse.

In contrast, the Control hydrogel exhibited rapid initial swelling between 30 and 60 min
(18.62%), followed by a progressive decrease associated with network destabilization. Although a
maximum swelling value of 28.23% was observed at 8 h, structural collapse occurred before 24 h,
indicating reduced stability under physiological saline conditions.

The reduced swelling observed in PBS compared to distilled water can be attributed to ionic
screening effect and decreased osmotic pressure in saline environments, which limit polymer
expansion [69]. Overall, the HD hydrogel demonstrated improved swelling tolerance and structural
resilience under physiologically relevant conditions.

3.3. Hydrogel Characterization — External Stimuli
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3.3.1. Hydrogel Behavior to External Stress Stimuli

The mechanical adaptability of the hydrogels was qualitatively evaluated under slow and rapid
mechanical stress (Figure 7, Video S2). Under slow, minimal force, both formulations exhibited
adhesive and extensible behavior. The HD hydrogel demonstrated pronounced elongation while
maintaining structural continuity, indicating effective reversible bond rearrangement within the
multi-network system. In contrast, the Control Hydrogel showed limited extensibility, suggesting a
comparatively less dynamic internal structure.

When subjected to rapid and intense stress, both hydrogels exhibited solid-like behavior,
resisting flow and detaching from contact surfaces. This dual response is consistent with the
previously observed viscoelastic and shear-thinning properties (non-Newtonian). The ability of HD
to stretch under low stress while resisting rapid deformation suggests a network dominated by
reversible borate-diol interactions and hydrogen bonding, which allow stress dissipation without
permanent structural damage. Similar stress-responsive behavior has been reported in dynamic
borate-crosslinked systems, where bond exchange kinetics govern adaptability [70].
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Figure 7. a) Hydrogels with their respective pH values and obtained densities. b) Behavior of the non-Newtonian
hydrogel, since under low-energy stresses it behaves like a fluid and easily adheres to the surface, but under a
quick touch, considering a bigger energy stress, the hydrogel behaves like a solid. Created with BioRender.com.

3.3.2. Dissolution Behavior in Different Chemical Environments

The dissolution performance was assessed after 24 h immersion in distilled water, PBS, 1N HCl,
1 N NaOH, and 70% v/v EtOH solution (Figure 8). In distilled water, both hydrogels exhibited
substantial dissolution, consistent with their high swelling capacity under low ionic strength
conditions. In PBS, the Control hydrogel showed similar behavior, whereas HD maintained structural
integrity with moderate swelling, reflecting improved resistance under physiological saline
conditions.

Under strongly acidic conditions, significant destabilization occurred. The Control hydrogel
completely dissolved, while HD retained partial integrity (88.20% dissolution). Acidic environments
likely disrupt electrostatic interactions and weaken hydrogen bonds by protonating amino and
carboxyl groups, leading to network collapse [69,71]. The comparatively lower dissolution of HD
suggests that its multi-network structure provides additional stabilization.
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Figure 8. Top) Optical photography of the dissolution of the Control and HD hydrogels in different media over
24 h. A dramatic change is observed within the first 5 min of applying the NaOH solution. The cross indicates
that the hydrogel was completely dissolved in the study medium. Down) Dissolution percentage of Control and

HD hydrogels in the different media used. Data are presented as mean + SD, n=3.
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In alkaline medium, dissolution was markedly reduced (Control: 24.33%; HD: 11.32%). The HD
hydrogel exhibited a reddish-orange coloration, attributed to TA oxidation under basic conditions.
The formation of quinone structure may promote additional covalent interactions with amino groups
in Gel and Col, reinforcing the network and limiting degradation [53]. This behavior highlights the
dynamic adaptability of the system under pH variations.

Thus, this accelerated oxidation suggested that tannic acid was activated in the presence of
hydroxyl groups, generating products such as quinines and mostly quinones, which are susceptible
to stabilizing with the amino groups in the polymeric network. At this point, there was a new cross-
linking with sodium ions and the results of AT oxidation, which compacted the hydrogel. For this
reason, the hydrogels did not undergo significant dissolution (Control - 24.33%, HD - 11.32%).

Moreover, exposure to 70% v/v ethanol resulted in significant dissolution (Control: 88%; HD:
55.63%). The reduced stability in EtOH is consistent with disruption of hydrogen bonding
interactions and decreased hydration of the polymer network. Nevertheless, the HD hydrogel
retained greater structural integrity compared to the Control, further supporting the stabilizing effect
of its multi-network architecture.

Collectively, these results demonstrate that HD exhibits enhanced chemical stability across
varied environments, particularly under physiological and alkaline conditions, confirming the
synergistic contribution of dynamic covalent bonds, ionic interactions, and hydrogen bonding within
the hydrogel network. In addition to these physicochemical parameters, the porosity, cross-linking
behavior, types of bonds, and mechanical stabilization play important roles in developing innovative
bone-promoting healing materials [72].

3.3.3. Adhesion and Surface Interaction Behavior

The adhesion performance of the hydrogels was evaluated on polar and non-polar substrates,
including paper, cardboard, alum, silicone, fabric, rubber, plastic and human skin (Figure 9, Video
S3). Both formulations adhered to most tested surfaces; however, differences were observed in
detachment behavior. On porous substrates such as paper and cardboard, the Control hydrogel left
visible residues upon removal, suggesting weaker cohesive integrity. On the other hand, HD
hydrogel demonstrated cleaner detachment while maintaining structural continuity. Meanwhile, on
fabric, both hydrogels exhibited strong adhesion due to fiber entanglement and increased contact
area, preventing complete removal.

When tested on rubber, aluminum, and skin, both hydrogels adhered effectively and could be
removed without damaging the surface. Notably, the HD hydrogel exhibited superior handling
properties, combining strong adhesion with controlled detachment upon rapid peeling.

However, skin compatibility was evaluated after 10 h of contact (Figure 10a). No irritation,
inflammation, or discomfort was observed. Upon removal, the skin appeared hydrated and smooth,
likely due to moisture transfer from the hydrogel matrix. After drying, both hydrogels formed a
flexible protective layer capable of stretching with skin movements without detaching (Figure 10b).

On the other hand, Figure 52 shows the mechanism of addition with charged amide-type
functional groups from the skin surface between the free groups of the hydrogel. The results
proposed that catechol-provided functional groups by the TA generated hydrogen bonds between
the hydrogel [73]. It is well known that polyphenolic groups exhibit high adhesiveness to the human
tissue surface [34], proposing that dynamic covalent bonds with amino and thiol groups take place
on the skin surface through Michael addition and Schiff base reactions [74,75]. On the other hand, the
adhesion and peel-off ability on human skin was repeatedly evaluated (>12 cycles). This evaluation
of the superior and repeatable adhesiveness of HD hydrogel even after the tested cycles.

Contact angle measurements (Figure 10c) showed values of 16.36° (Control hydrogel) and 18.10°
(HD hydrogel), confirming the hydrophilic nature of both systems (0 <90°). High wettability supports
adhesion, exude absorption, and interfacial hydrogen bonding with tissue surfaces. The enhanced
adhesion of HD is attributed to catechol functionalities from TA, with promoted hydrogen bonding
and dynamic covalent interactions with amino and thiol groups present in skin proteins [76,77].
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In applications for the treatment of open fractures that require activating the process of
angiogenesis and subsequent osteoblastic proliferation, it is attractive that the hydrogel takes both
shape and the relief of the bone defect to be repaired, integrating with the surrounding connective
and vascular tissues. In this way, the process of surgical removal can be avoided due to its ability to
detach easily before and after generating a protective layer with a permeable capacity [8,78].
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Figure 9. Adhesion test on different surfaces, demonstrating the hydrogel’s strong ability to maintain its bonds
even after attempts to remove it, causing it to stretch until it peels off. The pink arrows indicate adhesion to
human skin, as well as its quick and clean, traceless detachment. NR = Does not come off, and ER = Easy to

remove.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.1380.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 February 2026 d0i:10.20944/preprints202602.1380.v1

20 of 30

a) Before Attachment Disll:;’?icrf)lg:ll;t of Drying of hydrogels

Generation of layer on

the skin
Moisture
Smooth
T [P
5 L
0
Control HD

Figure 10. a) Application of hydrogels to the skin for 10 h. Process before and after removal from the skin. The
arrows indicate the movement of the hydrogel due to the effect of gravity and the same everyday movements
when using it on the extremity. Red and pink arrows correspond to the control and HD hydrogels, respectively.
The marked numbering shows the order in which the hydrogels dried until a protective layer was generated.
Dotted circles correspond to the position in which the hydrogels were placed, highlighting a smoother and more
moisturized appearance. b) Flexion of the HD hydrogel for several cycles, without losing its adhesiveness. c)

Wettability of the hydrogels. Data are presented as mean + SD, n=3.

3.3.4. Water Adhesion

The influence of water on adhesion was evaluated through immersion and fingertip contact
experiments (Video S4). The HD hydrogel maintained previously formed interfacial bonds even after
brief water exposure, whereas the Control hydrogel detached more readily.

Water exposure temporarily reduced adhesion capacity due to the formation of an interfacial
hydration layer, which limits effective polymer-substrate interactions. However, once dried, both
hydrogels recovered their adhesive properties, demonstrating reversible interfacial bonding.

The improved wet-surface stability of HD hydrogel is attributed to the synergistic contribution
of hydrogen bonding, catechol-mediated interactions, and dynamic borate crosslinking, which
collectively preserve cohesive integrity under hydrated conditions [79-81].

3.3.5. Temperature Responsiveness

Thermal stability was evaluated under controlled heating conditions (Figure 11a). The Control
hydrogel lost structural firmness at approximately 62 °C, whereas HD maintained structural integrity
up to 69 °C. Both hydrogels remained stable at physiological temperature (37 °C). The improved
thermal resistance of HD is associated with its multi-network configuration, combining hydrogen
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bonding, ionic interactions (for MnP particles), and borate-diol crosslinks. On the other hand, Gel
and Col based systems are typically thermoreversible; however, the incorporation of additional
crosslinking mechanism enhances thermal tolerance [8,82].

a)
Control HD Control HD
. == T

Figure 11. Digital photography of the state of the hydrogels after being subjected to a) temperature changes, b)
direct pH changes, c) constant changes for 24 and 48 h in buffers of 4, 7 and 10 pH.

Likewise, HD could withstand and remain in storage at -16 °C without freezing after decreasing
the temperature, while the Control could withstand up to —18 °C. The presence of Gli likely
contributes to freezing-point depression and improved low-temperature stability [83,84].

3.3.6. pH Responsiveness

We tested the hydrogel under different pH conditions to evaluate the gelation process as a
function of the acid/alkaline behavior. Figure 11b showed that the materials lose the hydrogel
properties upon ionization in an acidic medium. This effect can be explained due to the B-O- groups
protonating to -B-H, forming a borax-diol complex, which was inefficient and caused the gel’s
transformation [49,63]. On the other hand, it is necessary to consider the undesirable contribution of
boric acid, which was able to adhere to the PVA and GG chains creating inactive elastic sites, hogging
spaces in the network, causing a greater dissolution in Control than in HD [85,86]. Similarly, in the
hydrogels under pH conditions above 7 — 8, their -B-OH groups were deprotonated to -B-O- groups
that reacted rapidly with guar gum and PVA through diol complexation (as previously described),
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leading to efficient gelation. Moreover, the excess of OH- ions in solution and the OH groups on the
PVA main chain were sequentially altered, inducing partial deprotonation and changing the OH
group to O-Na (alcoholate) [87,88]. Thus, Bx and GG have a higher affinity to release Na* once the
O-B-O bond is formed [88], showing fewer functional groups remaining free to interact with any
substrate, as observed in Video S5 after replicating the HD hydrogel with the addition of NaOH in
its formulation.

The hydrogels were in contact for 48 h with three different Buffers (pH 4.01, 7.0, and 10.01)
(Figure 11c). Nonetheless, the tests suggested that the hydrogels did not dissolve completely
compared to the results obtained when exposed to highly acidic and alkaline media (Figure 8). This
information suggests that pH plays a mandatory role in the structural modulation of the hydrogel,
allowing it to retain a defined structure and possible controlling the ions availability that can lead to
the formation of a stable cellular microenvironment promoting osteoblastic regeneration.

In this test, a greater expansion of the hydrogels was observed at pH 10.0 through the repulsion
between the negatively charged borate ions with the anionic component of the alkaline buffer.
Moreover, the enlarged intra-network spaces allow a higher entry of buffer solution into the hydrogel
than in the neutral and acidic medium [46]. Also, a copper coloration was observed in both the HD
hydrogel and the solvent, derived from the deprotonation of phenolic groups that conducted the
formation of less oxidative products compared to pH 12, as well as less soluble tannate salts. The
hydrogels close to 7.0 shrink, protecting the internal polymeric network due to the balance of
dissolved salts in the buffer solution, allowing a reduction in the osmotic pressure once equilibrium
is reached [69]. In acidic media, a higher dissolution was observed in the Control compared to HD,
suggesting that the HD hydrogel was the most stable material under the experimental solutions.
Thus, between 24 and 48 h, no relevant changes were observed between the samples. Therefore, the
structural modulation observed under acidic conditions may favor the availability of Mn-containing
species within the local environment and promoting wound healing [89].

3.4. Cell Testing
3.4.1. Cytocompatibility Assessment

The cytocompatibility of the hydrogels was evaluated using MC3T3-E1 pre-osteoblast cells in
direct contact conditions (Figure 12a). After 24 h, the negative control medium exhibited the highest
metabolic activity, as expected in the absence of material-induced modulation. Both hydrogel
formulations maintained substantial cell viability, indicating absence of acute cytotoxic effects. In
addition, it is essential to consider that the first 24 h are crucial to allow the first steps of cell adhesion,
which affects the microenvironment change due to the presence of the materials, as identified by
metabolic activity [90].

Although the HD hydrogel showed slightly lower metabolic activity compared to the Control
hydrogel at 24 h, cell viability remained within acceptable biological ranges, suggesting that the
incorporation of MnP micro/nanoparticles does not induce detrimental cytotoxicity [40]. Previous
studies have reported that MnP nanoparticles exhibit concentration-dependent effects on osteoblast
viability, with moderate Mn*? levels promoting differentiation rather than rapid proliferation [39].
This behavior may explain the modest reduction in early metabolic activity observed for HD.

Cell morphology analysis (Figure 12b) revealed well-defined nuclei and extensive cytoplasmic
spreading in both treatments. Notably, cells exposed to HD hydrogel displayed pronounced filopodia
extension and enhanced cell-cell interactions, indicative of active adhesion and early differentiation
processes. In contrast, the Control hydrogel group showed flattened morphology with fewer
filopodial structures and occasional vacuole formation.
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Figure 12. a) Cytotoxicity assays on MC3T3-E1l cells directly in the experimental hydrogels. (¥#) Show a
significant difference compared between HD and Control (Ct) hydrogels, p <0.05. b) Optical microscope images
of the cell monolayer formed after removal from the hydrogels (# ) compared between Ct and HD with Ct (-).
The scale is 100 um. c) Cell viability assay on MC3T3-E1 at different concentrations of the control and HD
hydrogels before the Scratch assay. The black and red lines delimit the maximum values obtained in the Ct and
control (-) at a concentration of 1.56% for comparative purposes, respectively. d) Cytotoxicity assays on MC3T3-
El cells after the Scratch test on the control and HD hydrogels at different concentrations. No significant
difference (ns). Data are presented as mean+ SD, n=4. Statistical analysis was carried out using a one-way
ANOVA followed by a post-hoc Tukey test (*p < 0.05, **p <0.01).

3.4.2. Scratch Assay and Cell Migration

In vitro viability and healing assays were performed before and after performing scratch tests
(Figure 12c and d), following the single cell migration assay using the Control and HD hydrogel at
different concentrations [29,91]. The 24 h results revealed that the HD hydrogel at 1.56%
concentration obtained higher cell migration than the controls (Control (-) and Control hydrogel) at
the same polymeric concentration, with significant differences. Likewise, after the scratch test, all
concentrations of the HD hydrogel showed healing capacity, with most pronounced effect observed
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at 12.5%. At this concentration, no statistical significance was found compared to the Control (-),
whereas a significant difference was observed relative to the Control hydrogel. Moreover, the cellular
micrographs revealed a displacement and migration of the morphology of the cell.

According to the results, at a concentration of 6.25% in all cases, there was wound closure of
61.99% for Control (-) and 56.77% for the Control hydrogel, while HD showed the lowest value at
45.50%. These findings demonstrate that HD hydrogel can promote cell proliferation and migration.
However, the incorporation of manganese phosphate ions slowed down the closure of the scratch;
nevertheless, both manganese and phosphate ions are known to support wound healing by
regulating osteoblast differentiation at early stages, which prompts the cells to shift their functional
activity [92,93]. This phenomenon showed that the contribution of Gel and Col favored MC3T3-E1
cells since they contain bioactive peptides that benefited cell proliferation. By conjugating all the
elements in the hydrogel, the osteoblast’s viability, migration, wound healing, and proliferation
properties were promoted, thus far proposing an improved microenvironment for the cells by
stimulating bone-forming functionality [8,94-96].

4. Conclusions

Chitosan-stabilized MnP micro/nanoparticles were successfully synthesized through a CS/AA-
assisted route, forming spherical to quasi-spherical domains with nanoscale fractions confirmed by
DLS analysis and SEM observations. The multimodal particle size distribution, combined with stable
colloidal behavior, supports effective nucleation and stabilization of MnP with the polymeric
environment. FITR and EDS analyses confirmed phosphate incorporation and interfacial interactions
between Mn*? species and CS functional groups, validating the formation of a hybrid organic-
inorganic nanostructured phase suitable for integration into hydrogel matrices.

A multifunctional guar gum/PV A-based hydrogel incorporating these MnP micro/nanoparticles
was subsequently developed, exhibiting a highly porous and hydrated structure, pronounced non-
Newtonian shear-thinning behavior, and efficient self-healing capacity confirmed by both
macroscopic reconnection and rheological step-strain recovery. The integration of reversible borate-
diols bonds, hydrogen bonding interactions, and MnP-mediated ionic coordination generated a
multi-network architecture capable of dissipating mechanical stress while maintaining structural
integrity.

Compared to the Control formulation, the HD hydrogel demonstrated improved swelling
tolerance, enhanced stability under physiological and alkaline environments, and superior structural
resilience across varied chemical stimuli. The material also exhibited effective bonding with
controlled detachment and high wettability.

Biological evaluation confirmed cytocompatibility with MC3T3-E1 pre-osteoblast cells. While
slight modulation of early metabolic activity was observed, HD hydrogel supported cellular
adhesion, morphological organization, and concentration-dependent migration. The incorporation
of MnP micro/nanoparticles influenced early cellular responses without inducing cytotoxicity,
suggesting potential osteogenic functionality.

Overall, the synergistic integration of nanostructured MnP particles within a dynamically
crosslinked polymeric matrix resulted in a mechanically adaptive, stimuli- responsive, and
biologically compatible hydrogel system. These findings position the developed nanostructured
hydrogel as a promising platform for bone tissue engineering applications, particularly in
environments requiring structural adaptability, adhesion, and pH responsiveness. Further studies
focusing on long-term osteogenic differentiation, ion release kinetics, and in vivo performance are
warranted to validate its regenerative potential

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1: Strain sweep graphs for Control (left) and HD (right) hydrogels. Figure
S2: Schematic representation of the interactions between the formulated HD hydrogel and the skin. Created with

BioRender.com. Video S1: Hydrogel recovery and self-healing test. Video S3: Rheological behavior of hydrogels
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under low and high stresses. Both hydrogels had the same behavior. Video S4: Adhesion tests on different
surfaces. Video S5: Hydrogel HD original formula and with extra NaOH - Behavior and cohesion.
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