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Abstract

Bleeding and bacterial infection remain major challenges in surgical procedures. Thus, hemostatic
biomaterials capable of controlling bleeding rapidly while preventing microbial contamination are
highly desirable. This study developed and evaluated photocrosslinkable composite hydrogels made
of methacrylated chitosan (ChiMA) and methacrylated oxidized cellulose nanofibers (OCNFMA) for
antibacterial hemostatic applications. Chitosan (Chi) was methacrylated using methacrylic
anhydride, cellulose nanofibers were oxidized with sodium periodate, and 2-aminoethyl
methacrylate (AEMA) was added to introduce photocrosslinkable groups. For the preparation of
composite hydrogel networks, the precursor solutions were mixed and photocrosslinked under UV
irradiation (365 nm) in the presence of lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP). A
Fourier transform infrared spectrometer (FTIR), scanning electron microscope (SEM), and rheological
analysis were utilized to characterize the materials. Hydrogels were evaluated for swelling behavior,
degradation profile, and blood clotting ability. Furthermore, antibacterial activity against
Staphylococcus aureus (SA) and Pseudomonas aeruginosa (PA) was evaluated, and
cytocompatibility was evaluated using NIH3T3 fibroblasts and MC3T3 preosteoblasts. Incorporating
OCNFMA with low degrees of functionalization (L) or high degrees of functionalization (H) at
different ratios into the ChiMA network significantly influenced the physicochemical and structural
properties of the hydrogels. The composite hydrogels exhibited interconnected porous structures,
improved mechanical stability, and tunable swelling and degradation behavior. Furthermore, some
formulations demonstrated measurable antibacterial activity against both bacterial strains. Moreover,
cytocompatibility studies revealed that the composite hydrogels supported higher cell viability than
ChiMA alone. The developed ChiMA-OCNFMA composite hydrogels exhibit promising
physicochemical, antibacterial, and biological properties. The findings suggest that the materials may
be useful as multifunctional hydrogels for wound management, as well as candidates for broader
biomedical applications.

Keywords: oxidized cellulose nanofiber (OCNF); chitosan methacrylate (ChiMA); composite
hydrogel; hydrogel ink; wound healing
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1. Introduction

Bleeding following surgical procedures, traumatic injuries, or similar clinical conditions remains
a significant challenge for surgeons [1-4]. Local hemostatic agents are considered the first-line
treatment for various types of bleeding, particularly when suturing, direct compression, or
electrocautery are contraindicated or impractical [1,2,4]. The ideal hemostatic agent should provide
rapid bleeding control, exhibit biocompatibility and biodegradability, possess antibacterial
properties, and be easy to apply and cost-effective [2,4].

The hydrogels are a class of biomaterials that can be applied directly to wound sites in order to
control bleeding [1,5]. A number of advantages have been attributed to these materials in this context,
such as high water content, tissue-like mechanical compliance, injectability, and moldability [1,6].
Further, hydrogels can undergo in situ crosslinking through mechanisms such as enzymatic reactions
[7,8], photocrosslinking[5,9,10], or chemical reactions such as Schiff-base formation[1,11], enabling
them to quickly form stable networks at the application site[2,5]. Healing chronic wounds is complex
and long, which is often complicated by bacterial infections [12]. When microbial colonization
persists, it disrupts the normal stages of wound healing inculding hemostasis, inflammation,
proliferation, remodeling which resulted in delayed tissue regeneration and greater risk of
complications. There are a number of microorganisms that can cause chronic wound infections, but
two pathogens are especially prevalent: Staphylococcus aureus (SA) and Pseudomonas aeruginosa
(PA) [12]. SA is a Gram-positive bacterium commonly found on the skin and mucosa. While it is
commonly present as part of the normal microbiota, it can easily penetrate damaged tissue and cause
a variety of infections ranging from superficial skin lesions to severe systemic conditions [13]. Its
ability to spread through the body, infecting skin, mucous membranes, and the gastrointestinal tract
while also causing severe, life-threatening disease, highlights its clinical complexity [13]. Conversely,
PA is a Gram-negative opportunistic pathogen that is frequently detected in chronic wounds and
wounds that are not healing [14]. There are several concerns associated with PA, including its strong
ability to form biofilms, its intrinsic antibiotic resistance mechanisms, and its ability to secrete toxins
that can cause tissue damage to the host[14]. Therefore, inflammation and delayed healing are
strongly associated with PA contamination in wound sites [14].

Polysaccharide-based hydrogels such as chitosan, cellulose, hyaluronate, and carrageenan have
received a lot of attention in wound healing and other biomedical applications inculding bulinking
agents for urienry inconteience[1]. Chitosan is a natural biopolymer that is made by deacetylating
natural chitin. It has demonstrated biocompatibility and biodegradability, making it one of the most
promising polysaccharide materials for wound healing[1]. Besides its amino groups, chitosan also
contains abundant hydroxyl groups along its polysaccharide backbone [15]. The presence of both
amino and hydroxyl functional groups allows for multiple reactive sites, making chitosan a highly
versatile biopolymer for chemical modification and cross-linking [1,15]. Similarly, cellulose
nanofibers (CNFs), which are typically obtained from wood pulp, consist of 1-linked glucose units
containing a high density of hydroxyl groups (-OH) [16,17]. A high density of hydroxyl groups on
the surface of cellulose nanofibers (CNFs) contributes to their hydrophilicity and provides a wide
range of possibilities for chemical modification[18]. Through treatment with sodium periodate, these
groups can undergo oxidation, resulting in aldehyde functionalities [19]. Additionally, the hydroxyl
functional group in CNF enables extensive hydrogen bonding between the polymer and other
polymers, contributing to the formation and stabilization of hydrogel networks through second
networks and physical crosslinking [20].

By chemically modifying their functional groups, both chitosan and cellulose nanofibers can be
further tailored to meet individual needs [5,9,20]. The hydroxyl groups present on CNFs can be
oxidized and subsequently conjugated with reactive methacrylation agents [19], while the primary
amino groups in chitosan can directly react with methacrylic anhydride (MA) [21] or other
methacrylate-containing reagents to introduce methacrylate functionalities along the polymer
backbone. The incorporation of methacrylate groups enables the formation of polymers that are
photo- or radical-crosslinkable[5,21,22]. Thus, these modified polysaccharides can be converted from
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a liquid precursor (sol) to a crosslinked hydrogel network upon exposure to light [21,22]. Multiple
methcaylation agents are available, including MA and 2-aminoethyl methacrylate (AEMA), 2-
isocyanatoethyl methacrylate (IEM) and glycidyl methacrylate (GM) [5,9]. Depending on the
available functional groups, polysaccharides can be modified using methacrylation agents[5,9,21,22].

Here, we present the development of photocrosslinkable composite hydrogels consisting of
methacrylated chitosan (ChiMA) and methacrylated oxidized cellulose nanofibers (OCNFMA). Upon
exposure to UV irradiation in the presence of LAP, the precursor solutions were rapidly crosslinked
to form stable hydrogel networks. These hydrogels were evaluated for their physicochemical
properties, blood clotting capability, antibacterial activity, and cytocompatibility, with promising
results for hemostatic wound management and future use as soft tissue fillers.

2. Materials and Methods
2.1. Chemical

Chitosan (Chi, medium molecular weight, Sigma-Aldrich), sodium periodate (NalO4, > 99.0%,
Fisher Scientific), 2-Aminoethyl methacrylate hydrochloride (AEMA, > 90%, Sigma-Aldrich),
ethylene glycol (99.5%, ITW Reagents), methacrylic anhydride (MA, >94%, Sigma-Aldrich),
ammonium hydroxide (NH4OH, >25%, Sigma-Aldrich) and cellulose nanofiber (OXILVA, Norway)
were purchased and used as-received.

NIH 3T3 cells obtained from the American Type Culture Collection (ATCC®, USA) were used
for in vitro studies. For in vitro studies, Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS, Gibco, Thermo Fisher Scientific), penicillin-streptomycin (PS, Gibco, Thermo Fisher
Scientific), phosphate-buffered saline 1x (PBS, Gibco, Thermo Fisher Scientific), isopropyl alcohol
(Sigma-Aldrich), and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (BLD
Pharmatech LTD, Shanghai, China) were purchased and used as received.

2.2. Method
2.2.1. Cellulose Nanofiber (CNF) Functionalization

Oxidized cellulose nanofiber (ONCF) was synthesized based on previous studies with minor
modifications. The oxidation of the cellulose nanofibers (CNF) was carried out on two different levels.
Sodium periodate, in quantities of 0.25 g and 0.5 g, was dissolved in 5 mL of distilled water and
subsequently added to 25 mL of CNF suspension with a 2 wt.% concentration and stirred at room
temperature for 24 hours. To stop the reaction, 1-2 ml of ethylene glycol was added to each bottle,
and the solutions were then separately poured into a dialysis tube with a 3,500 kDa cut-off and
dialyzed for 5 days. The remaining IOs in the dialysis water was tested using the AgNO:s test. This
process results in the production of low-oxidized cellulose nanofibers (OCNEF-L) and high-oxidized
cellulose nanofibers (OCNF-H), respectively.

Following purification by dialysis, the solution was transferred to a 50 mL bottle, and AEMA
was added in amounts of 0.4 g and 0.8 g to the L-OCNFMA and H-OCNFMA solutions, respectively,
to produce OCNFMA hydrogels with low (OCNFMA-L) and high (OCNFMA-H) levels of
methacrylation. The solutions were stirred overnight at room temperature and then transferred to
dialysis tubes with a 3500 kDa molecular weight cut-off. Dialysis was conducted for ten days, and
the water was changed two to three times each day. The solid content of the solution was determined
by placing a sample of 1 mL in a pre-weighed container and drying the sample at 37 °C for 24 hours.
The solution was concentrated in dialysis tubing, and the resulting concentration and wieght
percentage was subsequently measured.

2.2.2. Chitosan Methacrylation

In accordance with the methodology previously established in the literature, we conducted the
methacrylation of chitosan. For this purpose, 2.5 g of chitosan were dissolved in 200 mL of an acetic
acid solution containing 2% v/v acetic acid to create a solution containing 1.25% chitosan [23]. Upon
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the dissolution of the chitosan, 12 grams of methacrylate anhydride were introduced into the
solution. Following this, the mixture was stirred overnight at 60 °C [23]. Ammonia was used to bring
the pH level down to 6 + 0.2 once the mixture had cooled to room temperature [23]. The solution was
then dialyzed for 7 days against deionized water (DI). The solution was frozen at -80 °C for 4-8 hours
and subsequently lyophilized for four days, yielding 1.5 grams of ChiMA, a white, porous, and water-
soluble solid.

2.2.3. ChiMA-OCNFMA Composite Hydrogel Prepration

According to Table 1, ChiMA, ChiMA-OCNFMA-L, and ChiMA-OCNFMA-H hydrogels were
prepared based on their mass ratios (wt.%). In order to prepare ChiMA, a solution of ChiMA at a
concentration of 1 wt.% was first prepared and subsequently mixed with LAP at a concentration of
0.4 wt.% at room temperature. Composite hydrogels with low and high methacrylation, including
ChiMA7-OCNFMA3, ChiMA5-OCNFMAS5, and ChiMA3-OCNFMA7, were prepared by mixing a
ChiMA solution at 1 wt.% with LAP, followed by adding OCNFMA-L and OCNFMA-H at varying
concentrations (Table 1). Following this, the solution was thoroughly mixed in a vortex mixer. To
examine the properties of photocrosslinked hydrogels, the desired hydrogel solution was poured into
PDMS molds with dimensions of (well size 10 mm x 4 mm) and UV irradiated for 3 min at 7 mW/cm?2.

Table 1. Composition of ChiMA-OCNFMA hydrogel formulations.

ChiMA OCNFMA
Sample name Title 3
(wt.%) (wt.%)

ChiMA 100 o e
ChiMA7-OCNFMAS3-L 70 30 Low methacrylation (L)
ChiMA5-OCNFMA5-L 50 50 Low methacrylation (L)
ChiMA3-OCNFMA7-L 30 70 Low methacrylation (L)
ChiMA7-OCNFMA3-H 70 30 High methacrylation (H)
ChiMA5-OCNFMA5-H 50 50 High methacrylation (H)
ChiMA3-OCNFMA7-H 30 70 High methacrylation (H)

2.3. Characterization

2.3.1. Scanning Electron Microscopy (SEM)

The surface morphology of the ChiMA, and ChiMA-OCNFMA was imaged using a scanning
electron microscope (FESEM, MIRA3 FEG-SEM, Tescan, Brno, Czech Republic) operated at an
accelerating voltage of 2 kV. Samples were transferred to the SEM holder and sputtered with carbon
nanotubes in a 15-pulse mode. In order to carry out the SEM analysis of the CNF, OCNF-L, OCNF-
H, OCNFMA-L, and OCNFMA-H, a small quantity of samples was dispersed in water and subjected
to sonication. Subsequently, the resultant suspension was deposited onto an aluminum substrate and
allowed to undergo the natural drying process in room temperature.

2.3.2. Fourier Transform Infrared (FTIR) Spectroscopy

The Fourier transform infrared (FTIR) analysis was carried out within the wavenumber range of
400 cm to 4000 cm on a Nicolet iS50 spectrometer (Thermo Fisher Scientific, USA), with a resolution
of 4 cm™ and 64 scans appended for each sample. An air background spectrum was obtained before
collecting sample spectra.

2.3.4. Rheology

The rheological assessments were performed on the MCR302 rheometer, which is manufactured
by Anton Paar. To obtain amplitude sweeps, a parallel plate geometry with a 25 mm diameter top
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plate and a 2 mm gap in the oscillatory settings was used. The hydrogel samples were subjected to
photocrosslinking within a mold with dimensions of 35 mm in diameter and 2 mm in height for 3
min, following which they were loaded onto the parallel-plate geometry. All the measurements were
carried out at a temperature of 37 °C. A constant frequency of 1 Hz was used to conduct amplitude
sweeps in an oscillatory mode, with the strain increasing from 0.01 to 10%. The stiffness of the
hydrogel was ascertained at a frequency of 1 Hz and 0.2% strain, which fell within the linear
viscoelastic region (LVR).

2.3.5. Swelling Behavior and Weight Loss

To assess the swelling behavior, preweighed, freeze-dried ChiMA1l and ChiMA-OCNFMA
hydrogels were dipped in PBS at 37 °C for 1, 2, 3, 4, 8, 24, and 48 hours to evaluate the hydrogels’
swelling behavior. Initially, the hydrogels were placed in 24-well plates containing 2 ml of PBS to
allow for swelling. After the swelling process, the hydrogels were carefully removed and placed on
filter paper to absorb any excess water. The weight of the swollen hydrogels (Wt) was then recorded
at predetermined time intervals. The swelling percentage was calculated using Equation (1) (Eq. 1)

Sweeling ratio% = (Wt — W0/ WO0) * 100 Eql

Throughout the experiment, W0 represents the initial weight of the hydrogel, and Wt represents
the weight of the swelled hydrogel at each time point.

As part of our evaluation of hydrogel degradation and weight loss, we used the ASTM F1635-
16 protocol and other studies conducted by us. The weight of hydrogels was measured over time at
intervals of 0.3, 7, 10, 14, 21, 28, 35, 42, and 49 days in order to evaluate how the hydrogels degraded.
Based on Equation (2) (Eq. 2), the weight loss of the hydrogel was calculated.

Degradation %= (W0 —Wt/ W0)*100 Eq2
where WO represents the initial weight of the hydrogel and Wt represents its weight during each
specified period.

2.4. Blood Clotting Index (BCI) and Red Blood Cells (RBC) Attachment on Scaffolds

Based on previous studies, an evaluation of blood clotting was carried out [24]. These
experiments were conducted on samples of 8 mm x 2 mm in dimension. To prepare the recasified
whole blood solution, 8 uL of calcium chloride in 0.2 M concentration were added to 100 uL of fresh
blood. After incubation for 30 minutes at 37 °C, 25 uL of recalcified whole blood were placed on the
hydrogel. Following that, samples were incubated for 60, 90, 120, and 150 seconds, respectively. In
this study, glass dishes without samples and gauze were used as positive and negative controls,
respectively. Upon completion of the defined time interval, 5 mL of the DI water was gently added
to the glass bottle without disturbing the attached clots. Afterwards, the supernatent was collected
and kept at 37 °C for 1 hour; then, the absorbance of the 200 uL of supernatent was measured using
a microplate reader at 540 nm. In order to calculate the BCI, the following equation was used

BCI %= (Is —10/Is —I10)*100
, in which Is represents the absorbance of the samples or the positive control, and 10 represents the
absorbance of the negative control.

The red blood adhesion test was conducted in accordance with previous references. The samples
were initially incubated in DPBS for one hour at 37 C. After the PBS solution was removed from the
hydrogel, fresh blood was added dropwise to the hydrogel and incubated for five minutes. To
prepare the samples for SEM imaging, the samples were washed two times with DPBS for 5 min each
to remove unattached blood cells from the hydrogel samples and then fixed with formaldehyde 2.5%.
After that, samples were washed twice with PBS and then dehydrated with ethanol solution series
50%, 60%, 70%, 80%, 90%, 95%, and 100% each. The samples were then analyzed by SEM.
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2.5. Antibacterial Properties

The antibacterial activity of the ChiMA and ChiMA-OCNFMA hydrogels was checked using
the agar disk diffusion method. Two bacterial strains were selected: Gram-positive Staphylococcus
aureus and Gram-negative Pseudomonas aeruginosa. Nutrient agar was prepared by 14 g of nutrient
agar being dissolved in 500 mL of deionized water, followed by sterilisation by autoclaving at 121 °C
for 20 min. The agar solution, which had been sterilised, was poured into sterile Petri dishes (10 cm
diameter) and left to solidify. The agar surface was evenly spread with fresh bacterial suspensions
using sterile cotton swabs. Hydrogel samples with identical dimensions were aseptically placed on
the inoculated agar plates. The plates were left to incubate at 37 °C for 24 hours. Then, the diameters
of the inhibition zones around the samples were measured to evaluate the antibacterial activity. Plates
without hydrogel samples served as negative controls. All experiments were conducted in triplicate.

2.6. Cell Cultivation and Cytotoxicity Measurements by Lived Dead Assay for Leachable

The cytotoxicity of the ChiMA and ChiMA-OCNFMA hydrogels was determined using two cell
lines, NIH3T3 (CRL-1658TM, ATCC) and MC3T3 (ATCC). NIH3T3 cells were cultured in DMEM
(Sigma) containing 10% fetal calf serum (FCS) and 100 pg/mL of penicillin at 37 C and MC3T3 cells
were cultured in a-MEM with 10% fetal bovine serum (FBS) at 37 C. As part of the indirect contact
cytotoxicity testing, 200 mg of the freeze-dried scaffold was immersed in 1.3 mL of DMEM for
NIH3T3 cells and a-MEM for MC3T3 cells, both for 24 hours at 37 °C. In the following step,
supernatants were aspirated, and FSC and FBS were added to a final concentration of 10%. NIH3T3
cells or MC3T3 cells were seeded in 96-well plates (N=6) and incubated in 100 uL of complete medium
(DMEM with 10% FCS for NIH3T3 and a-MEM with FBS for MC3T3). Upon completion of 24 hours
of incubation, the medium was removed and replaced with 100 uL of materials extracts. The cells
were then incubated for an additional 24 hours. Following 24 hours of incubation, calcein-AM and
propidium iodide were used according to the manufacturer’s instructions for performing a live-dead
assay. The results were analyzed using a one-way ANOVA followed by Dunnett’s multiple
comparison test.

Dual-Syringe Design and 3D Design

A custom dual-syringe extrusion device was designed using SOLIDWORKS 2021 (Dassault
Systemes, France) to enable simultaneous delivery and mixing of the hydrogel precursor solutions.
The 3D model was exported in STL format for additive manufacturing. The prototype was created
using fused deposition modelling (FDM) with a Bambu Lab P1S desktop 3D printer (Bambu Lab,
Shenzhen, China). The slicing software Bambu Studio was used to process the STL file, in order to
generate the printing parameters and toolpaths.

The printing was done using a 1.75 mm diameter polylactic acid (PLA) filament. The main
printing parameters included a 0.4 mm nozzle diameter, 0.2 mm layer height, nozzle temperature of
200-210 °C, build plate temperature of 55-60 °C, 20-30% infill density, and a printing speed of 50—
100 mm s, providing adequate dimensional accuracy and mechanical stability of the printed
components. After printing, the components were removed from the build plate and post-processing
steps were performed, including support removal and surface cleaning. The printed parts were then
put together to make the final dual-syringe device. PLA was selected as the printing material due to
its ease of fabrication, dimensional stability and suitability for rapid prototyping of functional
laboratory devices.

The device was designed to hold two standard 5 ml disposable syringes in parallel within the
printed holder. The system is equipped with an optical illumination module that enables localized
photocrosslinking. The UV LED (3 W, 395 — 400 nm) was mounted on an aluminum heat sink to
provide excitation. UV light was guided through a 2 mm plastic optical fiber to the needle tip,
allowing localized delivery to the extrusion region. This illumination module was powered by a 12
V DC supply using an MT3608 DC-DC boost converter for voltage regulation, and it was controlled
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by a manual on/off switch. During the extrusion process, this configuration enabled efficient UV
delivery and in situ photocrosslinking of the hydrogel.

During operation, the ChiMA/LAP solution and the OCNFMA dispersion were loaded
separately into each syringe. Homogeneous mixing prior to deposition was enabled through
simultaneous delivery of the solutions via a static mixing nozzle during manual extrusion. The
material was extruded directly onto the substrate and then photocrosslinked under UV LED
irradation (3 W, 395 — 400 nm) to form stable hydrogel structures. The custom dual-syringe system
enabled controlled extrusion, homogeneous mixing of the precursor solutions, and convenient
handling during hydrogel injection at the intended implantation site.

3. Results

Scheme 1 schematically illustrates the oxidation of CNF to OCNF, the methacrylation of OCNF
via AEMA, and the methacrylation of chtosan via MA. Scheme 1A,B show the preparation of
OCNFMA, begins with the oxidation of CNF using sodium periodate (NalO,) to form aldehyde
groups. These aldehydes then react with the amine in AEMA through a Schiff-base reaction,
completing the modification process. Meanwhile, ChiMA is prepared from chitosan through
nucleophilic addition, where the carboxyl group of MA reacts with the amine group of chitosan,
introducing methacrylate functionality. Scheme 1C illustrates the UV-induced crosslinking of
ChiMA and OCNFMA-ChiMA using LAP as a photoinitiator, forming a stable hydrogel. The reaction
occurs between the methacrylate groups on ChiMA and OCNFMA, enabling covalent bonding.
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Scheme 1. Overview of functionalization of chitosan and CNF, including (A) methacrylation of chitosan with
MA, (B) The oxidation of CNF by sodium periodate and its methacrylation by AEMA, as well as the purification
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of ONFMA and concentrating of OCNFMA, (C) Production of photocrosslinked ChiMA and ChiMA-OCNFMA
gels through photocrosslinking in the presence of LAP under 365 nm irradiation.

Figure 1A,B show the FTIR spectra of Chi and CNF, highlighting the chemical modifications
applied to each. Chitosan was modified by methacrylating with MA, while CNF was oxidized and
then methacrylated using AEMA. FTIR spectrum of ChiMA is shown in Figure 1A. It shows distinct
absorption bands at 1315, 1400, and 1600 cm-!, which are attributed to C=O stretching (amide III), N-
Hbending and C-N stretching (amide II), and amide I vibrations, and together indicate the successful
introduction of methacrylate groups. Figure 1B shows FTIR spectra of CNF, OCNF, and OCNFMA.
Upon oxidation with sodium periodate, the spectrum of OCNF shows a new peak at about 1700 cm-
1, which is attributed to the C=0O stretching of the aldehyde groups, and a band at about 1620 cm-?,
corresponding the asymmetric stretching of the aldehyde-related vibrations. These peaks are not
present in the unmodified CNF spectrum, which confirms the successful introduction of the aldehyde
functionality. The OCNF-H sample exhibits stronger absorption in these regions, indicating a higher
oxidation level. Furthermore, the appearance of a band near 815 cm-! in the OCNFMA spectrum is
assigned to =C-H out-of-plane bending vibrations, which confirms the successful methacrylation. A
distinct peak around 1635 cm?, along with another around 815 cm? in the OCNFMA spectrum,
indicates the presence of vinyl groups. These signals are indicative of the successful grafting of
methacrylate groups, indicating that the cellulose nanofibers were effectively modified in accordance
with the design intent. Figure 1C,D illustrate the FTIR spectra of composite hydrogels formed by
combining ChiMA with OCNFM at different oxidation and methcrylation levels. Three composite
formulations with ChiMA:OCNEFM ratios of 7:3, 5:5 and 3:7 were prepared for both OCNFM-L and
OCNFM-H. All samples show characteristic peaks of both ChiMA and OCNFA, confirming the
successful composite network formed. Furtgermore, FTIR spectra show that composites containing
OCNFM-H have higher absorption intensities than those containing OCNFM-L, indicating stronger
interactions or higher crosslinking.
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Figure 1. (A) Spectra of chitosan (Chi), NC-ChiMA, and C-ChiMA. (B) Spectra of CNF and OCNF, and OCNFMA
with low (L) and high (H) oxidation levels and low (L) and high (H) methacrylation levels. (C, D) Spectra of
ChiMA-OCNFMA composites incorporating OCNFM-L and OCNFM-H at different ChiMA:OCNFMA weight
ratios (7:3, 5:5, and 3:7), respectively.
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SEM images of CNF before and after oxidation with sodium periodate and methacrylation with
AEMA are shown in Figure 2A. Before modification, CNF shows a dense and smooth fibrous network
containing thin, tightly entangled nanofibers. Upon modification, the fibers undergo noticeable
changes in both structure and thickness. In comparison with the unmodified samples, OCNFMA-L
exhibits a slight increase in fiber thickness, whereas OCNFMA-H exhibits noticeably thicker fibers.
Based on these results, it appears that greater degrees of oxidation and methacrylation result in
increased fiber thickness and enhanced entanglement, likely due to greater surface functionalization.
This morphological evolution may enhance the material’s reactivity and suitability for forming well-
integrated composite hydrogel materials.

Figure 2B shows the SEM image of the ChiMA and ChiMA-OCNFMA composites with
incorportaing various OCNFM-(H) at different ChiMA:OCNFMA weight ratios (7:3, 5:5, and 3:7).
SEM images of the surface and cross-sectional morphology of ChiMA indicate that it has a porous
morphology with relatively large and interconnected pores. The images also demonstrate that
ChiMA:OCNFM-L composites have larger pores than ChiMA:OCNFM-H. The difference may be
attributed to the low methacrylation content of ChiMA:OCNFM-L, which results in lower
crosslinking density and a less compact network structure. An interconnected pore structure suggests
that the scaffold can facilitate efficient nutrient exchange, which is essential to the infiltration and
growth of cells.

Surface-200x Cross-50x Cross-100x

2 IS : AP

ChiMA

]

)
: '?
O
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Figure 2. SEM images of ChiMA-based composite hydrogels and ChiMA-OCNFMA composite hydrogels with
different formulations. Surface morphology is shown at 200x magnification and cross-sectional views at 50x and
100x magnification. Samples include different ChiMA:OCNFMA ratios (7:3, 5:5, 3:7) with both low (L) and high

ChiMA3-OCNFMA7-H ChiMAS-OCNFMAS-H ChiMA7-OCNFMA3-H ChiMA3-OCNFMA7-L  ChiMA5-OCNFMAS-L  L-ChiMA7-OCNFMA3-L
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(H) levels of oxidation and methacrylation. Macroscopic views of the lyophilized hydrogels are shown on the
right.

All hydrogel formulations, including ChiMA and its composites with OCNFMA-L and
OCNFMA-H functionalisation at 7:3, 5:5, and 3:7 weight ratios, were tested for amplitude sweep
(Figure 3A). In all samples, the storage modulus (G') was consistently higher than the loss modulus
(G") over the applied strain range, indicating a predominantly elastic and solid-like behavior for the
hydrogel networks. Incorporating OCNFMA had a significant impact on the mechanical properties
of the hydrogels, depending on the level of functionalization and composition. There was no
significant change in the crossover point (G'=G") in composites containing OCNFMA-(L), which was
similar to that of pure ChiMA. In contrast, hydrogels containing OCNFMA-(H) showed a slight shift
in crossover strain, suggesting modifications in network stability and crosslink density. Figure 3B
summarizes the storage modulus values obtained within the linear viscoelastic region (LVR) at 1 Hz
with 0.2% strain. It was found that hydrogels containing a higher proportion of OCNFMA showed
increased stiffness compared with pure ChiMA and formulations containing a lower proportion of
OCNFMA. The enhanced crosslinking density induced by methacrylated groups can be attributed to
the reinforcing effect of cellulose nanofibers.
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Figure 3. Rheological characterization of hydrogels. (A) Amplitude sweep curves of ChiMA, ChiMA7-
OCNFMA3-L, ChiMA5-OCNFMAS5-L, ChiMA3-OCNFMA7-L, ChiMA7-OCNFMA3-H, ChiMA5-
OCNFMAGS5-H, and ChiMA3-OCNFMA7-H. (B) Storage modulus (G'), representing the mechanical stiffness of

selected hydrogels, obtained from amplitude sweep measurements at 1 Hz frequency and 0.2% strain.

Swelling and degradation are critical indicators of performance and are key factors considered
in the design of hemostatic hydrogel systems[1,2,4]. Figure 4A,B show the swelling behavior of the
ChiMA and ChiMA-OCNFMA composites over a period of 48 hours in PBS. ChiMA, which exhibited
the highest swelling ratio of ~1263 + 181 at 1 h, appeared to have a highly porous structure in both
surface and cross-sectional images, consistent with its high water uptake capacity. The swelling ratio
reached 1805 + 195 and 1844 + 278 after 4 and 24 hours of incubation in PBS, respectively, indicating
that the hydrogel absorbed approximately 18 times its dry weight in water. The incorporation of
OCNFMA-L into the ChiMA network at weight ratios of 5:5 and 3:7 (ChiMA:OCNFMA) led to the
formation of a highly porous matrix with pore sizes similar to those of pure ChiMA. The composite
hydrogel ChiMA3-OCNFMA?7-L exhibited a higher swelling ratio (622 + 95% at 1h) than the other
formulations during the first hour of immersion in PBS. This behavior can be attributed to the larger
pore size of the scaffold, which facilitates water absorption. In contrast, ChiMA3-OCNFMA7-H
exhibited a relatively lower swelling ratio (375 + 95%) compared to ChiMA3-OCNFMAT7-L (622 + 95%
at 1h), which may be attributed to its denser structure and relatively smaller pore size. After 48 hours
of immersion in PBS, the hydrogel ChiMA3-OCNFMA7-L exhibited a higher swelling ratio (618 +
20%) than ChiMA3-OCNFMA?7-H, which exhibited a value of 565 + 67%. Due to the lower degree of
methacrylation in OCNFMA-L, a more open and porous network structure results, promoting greater
water absorption[9]. The higher degree of methacrylation in OCNFMA-H may result in a more

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

d0i:10.20944/preprints202603.1038.v1


https://doi.org/10.20944/preprints202603.1038.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 March 2026 d0i:10.20944/preprints202603.1038.v1

11 of 17

compact matrix and a higher density of crosslinking, which may limit the rate of water absorption
over time[9].
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Figure 4. Swelling behavior of ChiMA and its blends with OCNFMA at different weight ratios in PBS:: (A)
ChiMA, ChiMA7-OCNFMAS3-L, ChiMA5-OCNFMA5-L, and ChiMA3-OCNFMA7-L; (B) ChiMA, ChiMA7-
OCNFMAS3-H, ChiMA5-OCNFMAS5-H, and ChiMA3-OCNFMA7-H measured at 1, 2, 3, 4, 8, 24, and 48 hours.
Degradation behavior of the same samples in PBS: (C) ChiMA, ChiMA7-OCNFMAS3-L, ChiMA5-OCNFMA5-L,
and ChiMA3-OCNFMA7-L; (D) ChiMA, ChiMA7-OCNFMA3-H, ChiMA5-OCNFMAS5-H, and ChiMA3-
OCNFMA7-H, evaluated over 3, 7, 10, 14, 21, 28, 35, 42, and 49 days.

The biodegradability of biomaterials plays an important and crucial role in tissue
engineering[4,9]. It can also be beneficial to control the delivery rate of the therapeutic agent and
thereby improve its potency in tissue engineering. The rate of degradation and overall stability of
polymeric materials are significantly influenced by both chemical and physical crosslinking [25].
Biopolymers like gelatin, hyaluronic acid, silk fibrin, and chitosan are methacrylated to make them
stronger and more resistant to degradation than they would be in their natural state[26]. Polymer
degradation is influenced by several factors, including the intrinsic properties of the polymer, the
local environment, such as pH, ionic strength, and enzyme concentration, and the presence and type
of surrounding cells in the body [9]. Furthermore, the polymer’s structural properties, such as its
density and porosity, have a big impact on how it degrades[1,9]. Analyses of in vitro degradation can
help plan future in vivo experiments and offer important insights into how biomaterials will behave
in vivo. Figure 4C,D illustrate the degradation percentages of ChiMA and ChiMA-OCNFMA blend
hydrogels with different ChiMA:OCNFMA weight ratios (7:3, 5:5, and 3:7), containing either
OCNFMA-L or OCNFMA-H. It can be seen that ChiMA has shown highest degradation among the
hydrogen for 7 days, approximately 31 + 1.51%. by incorporation of the OCNFMA-L the degradation
rate slightly decreased.

The introduction of OCNFMA had a significant effect on the degradation behavior of the
hydrogels, which was influenced by both the degree of oxidation and subsequent methacrylation and
the weight ratio of ChiMA:OCNFM. Among the formulations tested, ChiMA5-OCNFMAS5-H,
ChiMA5-OCNFMAS5-L, ChiMA7-OCNFMA3-H, and ChiMA7-OCNFMA3-L demonstrated
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improved stability over time in comparison to composites such as ChiMA3-OCNFMA7-H and
ChiMA3-OCNFMAY7-L. This improved stability may be due to the higher percentage of ChiMA in
these formulations, which likely provides a more cohesive matrix for effective integration and
binding of OCNFMA fibers. In contrast, formulations with higher OCNFMA percentages and lower
ChiMA percentages may lack sufficient polymer matrix to support adequate fiber entanglement and
network formation. As a result, in formulations with lower ChiMA content, the limited amount of
matrix material may be hydrolyzed and degraded more rapidly, resulting in the detachment and
subsequent degradation of OCNFMA fibers that are no longer held together in the matrix. In contrast,
formulations with higher OCNFMA content and lower ChiMA content may lack sufficient polymer
matrix to support adequate fiber entanglement and network formation. After 7 days, pure ChiMA
exhibited ~35.2% degradation, while composites such as ChiMA7-OCNFMA3-H and ChiMA5-
OCNFMADS5-H showed lower rates of 26.4% and 25.1%, respectively. Similarly, ChiMA7-OCNFMA3-
L and ChiMA5-OCNFMAS-L showed reduced degradation of 27.7% and 17.5%, which indicates
improved short-term stability compared to pure ChiMA. By day 49, ChiMA reached ~49.7%
degradation, while ChiMA7-OCNFMA3-H and ChiMA5-OCNFMAS5-H showed 36.5% and 33.9%
degradation, respectively. ChiMA7-OCNFMAS3-L and ChiMA5-OCNFMADS5-L also remained more
stable than pure ChiMA, with degradation values of 37.1% and 39.1%, respectively. However,
ChiMA3-OCNFMA7-H and ChiMA3-OCNFMAZ7-L, which contain the lowest amount of ChiMA,
showed degradation values of 33.9% and 17.2% in 7 days, respectively. Notably, ChiMA3-
OCNFMA7-H and ChiMA3-OCNFMA7-L showed the highest degradation rates among the
composites, reaching 50.9% and 46.2% by day 49, which closely approach or even exceed the
degradation observed for pure ChiMA.

BCl is a parameter commonly used to evaluate the hemostatic performance of biomaterials, since
it indicates the ability of a material to promote rapid blood coagulation. Low BCI values indicate
faster clot formation and, therefore, better hemostatic activity. Figure 5 illustrates the measurement
of blood clotting ability of the hydrogels at different incubation times (60-150 s). During the
experiment, the negative control (NC) maintained BCI values close to 100%, indicating minimal clot
formation, whereas the positive control (PC) displayed lower values due to rapid coagulation. The
BCl value for pure ChiMA was approximately 50-55% over the tested time period. The incorporation
of OCNFMA significantly affected the clotting behavior of the hydrogels. Among composites
containing OCNFMA-L, BCI values decreased with increasing content of OCNFMA, with ChiMA3-
OCNFMA?7-L showing the lowest value. Hydrogels containing OCNFMA-H also showed a similar
trend, with higher OCNFMA content resulting in lower BCI values over time. Hydrogels with higher
OCNFMA fractions exhibited lower BCI values than pure ChiMA, suggesting that blood clotting was
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Figure 5. This is a figure. Schemes follow another format. If there are multiple panels, they should be listed as:
(a) Description of what is contained in the first panel; (b) Description of what is contained in the second panel.

Figures should be placed in the main text near to the first time they are cited.
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Staphylococcus aureus (SA, Gram-positive) and Pseudomonas aeruginosa (PA, Gram-negative) are
two of the most common bacteria found in chronic wounds and often appear together in the same
infected area, making treatment more difficult [12-14]. It has been shown that PA and SA infections
together can be more virulent or worsen patient outcomes than infections caused solely by these
bacteria. Both are well known for their resistance to antibiotics. As shown in Figure 6A, a measurable
inhibition zone was observed in the hydrogels ChiMA3-OCNFMA7-L, ChiMA3-OCNFMA?7-H, and
ChiMA5-OCNFMAS5-H against SA. As shown in Figure 6B, only the ChiMA3-OCNFMA?7-H,
ChiMA5-OCNFMAS5-H and ChiMA3-OCNFMA7-L, and hydrogels exhibited inhibition zones
against SA, measuring 13 mm, 10 mm, and 10 mm, respectively. For PA, the inhibition zones observed
for ChiMA3-OCNFMA?7-L and ChiMA3-OCNFMA7-H were 11 mm and 10 mm, respectively, while
no inhibition was detected for the other samples (Figure 6C). In this case, the methacrylation level of
the hydrogel is likely to be the cause of the antibacterial activity. It appears that the presence of
OCNFMA contributes to the antibacterial properties of these formulations since OCNFMA is present
in a higher weight percentage than ChiMA. In addition, hydrogels containing highly methacrylated
OCNFMA-H demonstrated stronger antibacterial effects. In spite of its balanced ratio, ChiMA5-
OCNFMAS5-H exhibited slight antibacterial activity, suggesting that a higher degree of
methacrylation in the OCNFMA component enhances its antibacterial properties. This effect may be
attributed to the type of methacrylation agent used in the production of OCNFMA and the resulting
chemical structure of the final material. According to the materials synthesis section and illustrated
in Scheme 1, AEMA was used as the methacrylation agent. Several studies have shown that AEMA
is capable of imparting antibacterial properties to polymer films [27,28]. There is a possibility that
ethanol and methacrylic anhydride may be released during the hydrolysis of the ChiMA-OCNFMA
composite. As ethanol possesses antibacterial properties, methacrylic anhydride has the potential to
lower the pH locally, thereby creating an unfavorable environment for bacterial growth. These effects
may contribute to the antibacterial properties of the hydrogel and influence its ability to inhibit
bacterial growth.
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Figure 6. (A) Representative images of ChiMA, ChiMA-OCNFM-(L), and ChiMA-OCNEFM-(H) hydrogels
against Staphylococcus aureus (SA), Pseudomonas aeruginosa (PA). Inhibition zones of each hydrogel type
against (B) SA and (C) PA.

In this study, two types of cells were used to evaluate the interaction between biomaterials and
tissue: NIH3T3 fibroblasts, representing soft tissue response in wound healing and hemostasis [29],
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and MC3T3 preosteoblasts, representing bone tissue response in the context of bone repair and
hemostasis [30]. To assess cytocompatibility, live/dead cell assays were performed to examine the
effect of hydrogel leachables on both cell types. As shown in Figure 7, ChiMA alone exhibited low
cytocompatibility with NIH3T3 cells, showing approximately 25 + 20% live cells and 23 + 8% dead
cells, indicating a significant cytotoxic effect. However, after incorporating OCNFMA into the ChiMA
network, all composite hydrogels demonstrated improved performance, with cell viability exceeding
70%. This enhancement suggests that the inclusion of OCNFMA increases hydrogel stability and
reduces the release of harmful byproducts. Among the composites, those containing highly
methacrylated OCNFMA-H showed slightly lower viability than those with OCNFM-L, indicating
that a higher degree of methacrylation may negatively influence cell compatibility.

A similar trend was observed in MC3T3 preosteoblasts, where ChiMA alone showed a moderate
cytotoxic effect with a cell viability of 63.7 + 30.5%. In contrast, all ChiMA-OCNFMA composites
significantly improved cell viability, further confirming their biocompatibility. The increased number
of viable cells in contact with the composite hydrogels may be attributed to the presence of bioactive
leachables and cellulose nanofibers, which together create a more favorable microenvironment for
bone-like cell attachment and proliferation. Previous studies have demonstrated that the
incorporation of cellulose nanofibers can enhance both cell viability and proliferation. Additionally,
work by Shukul et al. reported that a higher degree of methacrylation in hydrogel networks can
promote the growth of human osteoblasts, likely due to the resulting structural stability and
controlled degradation profile, which may release beneficial byproducts.
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Figure 7. Evaluation of cytotoxicity based on the effect of leachables from hydrogel materials on NIH3T3
fibroblasts and MC3T3 preosteoblasts. (A) Percentage of live NIH3T3 cells after exposure to leachates. (B)
Percentage of dead NIH3T3 cells after exposure to leachates. (C) Percentage of live MC3T3 cells after exposure
to leachates. (D) Percentage of dead MC3T3 cells after exposure to leachates. Data are presented as mean + SD.

Statistical significance was assessed using one-way ANOVA (*p < 0.05, *p <0.01, **p < 0.001, ****p < 0.0001).
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As shown in Figure 8, in situ crosslinking and injectability of the hydrogel system were
evaluated with the custom dual-syringe device. By using this device, ChiMA/LAP solution and
OCNFMA dispersion were co-extruded and homogeneously mixed via the static mixing nozzle
during manual extrusion. Upon depositing the mixed precursor solution directly on the substrate,
the mixture was exposed to UV irradiation (365 nm), resulting in rapid in situ photocrosslinking and
the formation of stable hydrogels. Based on these results, the developed hydrogel system can be
conveniently delivered using a dual-syringe configuration, which permits efficient hydrogel
formation in situ.

Figure 8. Dual-syringe extrusion system for injectable hydrogel formation. (A) CAD design of the custom dual-
syringe device created in SOLIDWORKS. (B) Experimental setup showing simultaneous extrusion of the
precursor solutions using the dual-syringe device. (C) UV-assisted photocrosslinking of the extruded hydrogel
using a 365 nm light source. (D) Formation of the hydrogel after in situ photocrosslinking and subsequent
handling of the crosslinked hydrogel sample.

4. Conclusions

In this study, composite hydrogels based on ChiMA and OCNFMA were successfully developed
and characterized. ChiMA-OCNFMA compositions were investigated for their effect on structural,
rheological, swelling, and degradation properties of hydrogels. Hydrogel network mechanical
stability and structural integrity were improved with the introduction of methacrylate groups.
Following UV irradiation, covalent crosslinking occurs between the methacrylate groups. This results
in stable composite hydrogel networks. OCNFMA provided a reinforcing effect due to the presence
of cellulose nanofibers and enabled tuning of the network structure with a ChiMA:OCNFMA ratio
(3:7). The composite hydrogels displayed interconnected porous structures, increased stiffness, and
controlled swelling and degradation behavior. Additionally, several formulations demonstrated
antibacterial activity against SA and PA, while NIH3T3 and MC3T3 cells showed favorable viability.
These results suggest that ChiMA-OCNFMA composite hydrogels are promising multifunctional
biomaterials for hemostatic wound management.
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