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Abstract: Cellulose is an abundant, sustainable, and low-cost material; however, its strong intra-
and intermolecular hydrogen bonding makes it insoluble in water and most organic solvents. Ionic
liquids such as 1-butyl-3-methylimidazolium chloride ([C,mim]Cl) have therefore been widely
used to dissolve and process cellulose under mild conditions. In this study, cellulose-based
hydrogels were prepared using cellulose, [C,mim]Cl, and an ionic liquid (IL) monomer. The
crystallinity and chemical structure of the hydrogels were characterized, and their water content
and mechanical properties were evaluated as a function of cellulose concentration. Incorporation
of polymerized ionic liquid (PIL) into the cellulose network significantly enhanced the mechanical
strength compared to conventional cellulose hydrogels. Antibacterial activity was assessed by the
disk diffusion method. In addition, the rheological behavior of cellulose solutions was
investigated, and the resulting inks were successfully applied to 3D printing. The cellulose/PIL
hydrogels exhibited high water content, improved mechanical strength, and excellent printability.
Although [C,mim]Cl effectively inhibited Escherichia coli growth, this antibacterial effect was
lost after washing the hydrogels. These results demonstrate that cellulose/PIL hydrogels are
promising structural platforms for functional materials, with tunable properties suitable for future

specialized and potentially biomedical applications.

Keywords: Cellulose * lonic Liquids * 3D Printing * Photopolymerization ¢
Hydrogels

Abbreviations:[Camim]Cl: 1-butyl-3-methylimidazolium chloride; IL: Ionic liquid; PIL:
Polymerized ionic liquid; [Campyr][OH]/H20: Aqueous solution of N-butyl-N-
methylpyrrolidinium hydroxide; CO: Carbon dioxide; DIW: Direct ink writing; XRD: X-ray
diffraction; S-S curves: Stress—strain curves; E. coli: Escherichia coli; S. epidermidis:
Staphylococcus epidermidis; G’: Storage modulus; G”: Loss modulus; DP: Degree of

polymerization; HOMPP: 2-hydroxy-2-methylpropiophenone

Introduction

Cellulose is the primary structural component of plant cell walls and the most abundant
natural polymer on Earth (Pinkert 2009). Cellulose-derived biomass can be produced without
reliance on fossil fuels, thereby reducing greenhouse gas emissions (Gui 2013). Furthermore,
because it can be utilized as a non-edible resource that does not compete with food or feed, cellulose
has attracted considerable attention as an environmentally friendly and sustainable material (Soyler
2018). Cellulose is a linear polymer consisting of B-glucose units connected by 1,4-glycosidic
linkages, and it forms extensive intra- and intermolecular hydrogen bonding (McNamara 2015).
Consequently, cellulose is insoluble in water and most common organic solvents, as these solvents
are unable to break its strong hydrogen-bonding network (Lindman 2010).

Conventional solvents for cellulose include N-methylmorpholine N-oxide (NMMO),
sodium hydroxide, and aqueous zinc chloride (ZnCl;) solutions. The Lyocell process, which
employs NMMO for the non-derivatizing dissolution of cellulose, has been commercialized and

enables the dissolution of up to 20 wt% cellulose in a short time. However, NMMO exhibits limited
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thermal stability, and side reactions have been reported to degrade the performance of the resulting
hydrogels (Wang 2016). Sodium hydroxide is an inexpensive solvent for cellulose; however, it
requires processing at —10 °C and its dissolution capacity is restricted to about 5 wt% (Liebert 2010).
Aqueous ZnCl, solutions have attracted attention for their ease of preparation and low cost;
nevertheless, they exhibit poor cellulose solubility and require high temperatures and prolonged
treatment (Shu 2022; Zhang 2019). Therefore, conventional cellulose solvents pose significant
environmental challenges and exhibit inherent limitations in dissolution capacity.

In recent years, ionic liquids have gained significant attention as promising solvents for
cellulose because they can dissolve cellulose under mild conditions. Ionic liquids are salts with
melting points below 100 °C (Seiler 2020). Composed of cations and anions, their strong
electrostatic interactions confer low volatility and non-flammability, making them recyclable and
environmentally benign solvents (Cassity 2013; Ferreira 2012). By tuning the combination of
cations and anions, a broad spectrum of physicochemical properties can be achieved (Lefroy 2021).
Consequently, ionic liquids have been widely investigated across diverse fields, ranging from battery
electrolytes to bioscience applications (Ohno 2019). Among these, biomass refining is a notable
application area. Ionic liquids can dissolve cellulose, and studies have shown that the electron-
donating ability of the anion correlates with cellulose dissolution efficiency (Zhao 2013). For
example, [Cymim]Cl can dissolve up to 10 wt% cellulose at 100 °C without activation or
pretreatment (Swatloski 2002). Similarly, 1-ethyl-3-methylimidazolium methyl phosphonate,
synthesized via a one-pot process, dissolves 4 wt% cellulose at 25 °C (Fukaya 2008). Furthermore,
an aqueous solution of N-butyl-N-methylpyrrolidinium hydroxide ([C4mpyr][OH]/H,0) containing
50 wt% water can dissolve up to 20 wt% cellulose at room temperature (Matsui 2025).

Cellulose hydrogel preparation methods can be broadly classified into two categories:
chemical crosslinking and physical crosslinking. Chemical crosslinking involves forming covalent
bonds between cellulose chains using crosslinking agents such as epichlorohydrin or glutaraldehyde.
In contrast, physical crosslinking induces gelation by re-establishing hydrogen bonds during
cellulose regeneration, wherein cellulose is first dissolved in a solvent and then precipitated in a
nonsolvent such as water. For instance, cellulose hydrogels can be prepared by dissolving cellulose
in [C4mim]Cl followed by washing with water to remove the ionic liquid (Swatloski 2002).
Additionally, a carbon dioxide-assisted method has been reported. When cellulose dissolved in
[Campyr][OH]/H,O0 is exposed to a CO, atmosphere, hydroxide ions (OH") react with CO, to form
carbonate (CO3?7) and bicarbonate (HCO3") ions. This anionic transformation lowers the solution
pH from 14 to 9, leading to a loss of cellulose solubility and subsequent gelation, thereby producing
a cellulose hydrogel (Matsui 2025). Hydrogels obtained via this approach have garnered significant
attention as sustainable materials.

Hydrogels possess high water absorption and retention -capabilities, and their
biodegradability and biocompatibility make them attractive for diverse applications, including
wound dressings, drug delivery systems, tissue engineering, bioimaging, wearable sensors, and 3D
printing inks (Xue 2025). However, cellulose hydrogels often exhibit inadequate mechanical
properties. One strategy to enhance their mechanical strength is the use of crosslinking agents;

nevertheless, conventional approaches employing toxic crosslinkers are complex and offer limited
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performance improvements. Chenglong Zou et al. demonstrated the fabrication of multiscale silk
fiber—cellulose composites by incorporating silk fibers into a solution of microcrystalline cellulose
and [Camim]Cl. Compared with conventional regenerated cellulose, these composites showed a
123.06% increase in tensile strength and a 91.68% increase in Young’s modulus (Zou 2024).
Similarly, Michael A. Smirnov et al. reported that introducing acrylic acid into a solution of bacterial
cellulose and either [Camim]Cl or choline chloride, followed by UV -induced radical polymerization,
resulted in poly(acrylic acid) grafting onto cellulose nanofiber surfaces. This modification
significantly improved the mechanical strength of the resulting material (Smirnov 2021).

3D printing is an additive manufacturing technique that creates three-dimensional
structures by sequentially depositing material layers according to a computer-generated 3D model
(Xiong 2020). Commercialized in 1987 by 3D Systems, this technology is now employed not only
for prototyping but also for producing functional end-use products. Several printing methods have
been developed, including inkjet 3D printing, fused deposition modeling, direct ink writing (DIW),
and micro-extrusion bioprinting. Among these, DIW is particularly promising for biomaterial
applications due to its ability to process a wide variety of materials (Li 2017). In DIW, high-viscosity
inks are extruded layer by layer to build three-dimensional structures. However, during printing,
each deposited layer is influenced by gravity and surface tension, which can compromise shape
fidelity. Consequently, post-printing stabilization processes are essential for maintaining the
integrity of printed structures.

The use of cellulose and ionic liquids as 3D printing inks represents a promising strategy
for advancing sustainability through environmentally friendly material development. Moreover, this
approach is expected to address a key challenge in DIW—maintaining structural integrity after
extrusion—by leveraging the high viscosity of cellulose. Mano Govindharaj et al. developed a DIW
ink composed of alginate, collagen derived from fish skin, and cellulose microfibers obtained from
banana stems, demonstrating its potential as a wound dressing material (Govindharaj 2024). The
integration of cellulose-based materials with 3D printing technology is anticipated to enable
personalized wound dressings tailored to the size and geometry of individual wounds, thereby
improving the quality of healthcare.

The purpose of this study is to systematically elucidate the physical properties of cellulose-
based composite materials with polymerizable ionic liquids for 3D printing applications. Cellulose-
based gel materials were prepared using cellulose, [C,mim]Cl as the cellulose solvent, and an ionic
liquid monomer structurally analogous to [C,mim]Cl, which served as a polymer precursor. By
tailoring the chemical structure of the cellulose solvent to resemble that of the ionic liquid monomer,
improved miscibility without phase separation is expected. Accordingly, [C,mim]Cl was selected
due to its structural similarity to the ionic liquid monomer, rather than using ionic liquids such as
[C2mim]Cl or [C,mim]Ac, which possess higher cellulose dissolution capacity. It is hypothesized
that the in situ photopolymerization of the IL monomer within the entangled cellulose matrix would
lead to the formation of a semi-interpenetrating polymer network. The synergistic effect of cellulose
entanglement and the formation of ionic polymer composites is anticipated to significantly improve
the mechanical strength of the resulting hydrogels. Furthermore, the suitability of a cellulose

solution containing an ionic liquid monomer for 3D printing was also evaluated.



Results and Discussion

Evaluation of Cellulose Structure

The crystallinity of cellulose was assessed using X-ray diffraction (XRD) analysis. Fig.
I(a) presents the chemical structure of cellulose, [Camim]Cl, and IL monomer. After
photopolymerization, Composite-1-12.5 formed a soft, elastic yellow gel, with the coloration likely
originating from trace lignin components present in Avicel® and the ionic liquid (see Fig. 1(b))
(Seiler 2021). Following washing with distilled water to remove the ionic liquid, Composite-2-12.5
transformed into a semi-transparent white gel (see Fig. 1(c)). Subsequent freeze-drying yielded
Composite-3-12.5 as a hard, dense white solid (see Fig. 1(d)). Fig. S1 shows the XRD patterns of
Avicel® cellulose prior to dissolution in [Camim]CI, Composite-1-12.5 after dissolution, and
Composite-3-12.5 obtained by freeze-drying after 24 h of washing with distilled water. Native
Avicel® cellulose exhibited diffraction peaks at 15.6° and 22.3°, corresponding to the (110) and
(200) planes, respectively (Gong 2017). In contrast, Composite-1-12.5 displayed no distinct
diffraction peaks, indicating that dissolution in [Camim]Cl disrupts intra- and intermolecular
hydrogen bonding, leading to an amorphous structure. For Composite-3-12.5, diffraction peaks
appeared at 12.5° and 20.7°, corresponding to the (110) and (110) planes, respectively (French 2014;
Hong 2021). These results suggest that removing the ionic liquid by washing promotes cellulose
recrystallization, accompanied by a structural transition from parallel-packed cellulose I to
antiparallel-packed cellulose II.

Based on these results, changes in the crystalline structure of cellulose were observed, and
the emergence of cellulose II, as is commonly observed upon regeneration, was confirmed. The
crystallinity index (see Experimental section) of cellulose before dissolution was 59.9%, whereas
after regeneration, it was 56.9%. These results suggest that the dissolution of cellulose in [Camim]Cl
disrupted both intramolecular and intermolecular hydrogen bonds. Although the complete removal
of [Camim]CI was not quantitatively verified, several experimental observations indicate that the 24
h washing process was effective. First, the yellow coloration of Composite-1, likely due to trace
impurities in the IL, completely disappeared, yielding the semi-transparent white appearance of
Composite-2 and 3. Second, the XRD results showing the transition to cellulose II provide physical
evidence of solvent removal, as this recrystallization is triggered by the displacement of [Camim]Cl
from the cellulose chains. Most importantly, the functional evidence from antibacterial tests

(discussed below) further supports the substantial removal of the IL

Water Content

To examine the influence of cellulose concentration on water retention properties, the water
content of the hydrogels was measured. Fig. 2 illustrates the relationship between water content and
the number of immersion cycles for Composite-2-y (y=5.0, 7.5, 10.0, 12.5). As shown in the Figure,
the water contents of Composite-2-y (y = 5.0, 7.5, 10.0, 12.5) were 1933%, 1383%, 1015%, and

838%, respectively. Given that the optimal water content for wound dressings is reported to range
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from 100-900% (Morgado 2015), the hydrogel prepared at 12.5 wt% cellulose (Composite-2-12.5)
exhibits suitable water retention for such applications. A clear trend of decreasing water content
with increasing cellulose concentration was observed. This behavior is attributed to densification of
the cellulose network at higher concentrations, which reduces pore size and limits space for water
retention (Satani 2020). Similar trends have been reported for cellulose hydrogels prepared via
epichlorohydrin-mediated chemical crosslinking and those formed in NaOH/urea solutions, in which
increased cellulose concentration enhances intermolecular hydrogen bonding and chain
entanglement, thereby strengthening the network and reducing swelling capacity (Seiler 2021;
Chang 2020). For hydrogels prepared by CO%*induced crosslinking, water contents of 950% and
776% were observed at cellulose concentrations of 5 wt% and 10 wt%, respectively (Matsui 2025).
Collectively, these findings confirm that water content decreases with increasing cellulose
concentration across all systems, although the preparation method significantly influences water
absorption behavior.

Regardless of cellulose concentration, the water content decreased progressively with each
cycle of freeze-drying and re-immersion. This observation indicates that dehydration disrupts the
cellulose network structure, which cannot be completely restored upon rehydration. During freeze-
drying, additional hydrogen bonds form between cellulose chains, leading to a more compact and
aggregated network. As a result, even after re-immersion in water, the hydrogel does not fully
recover its original (pre-dried) water content (Park 2024). Similar behavior has been reported for
nanostructured cellulose II gels produced via the Lyocell process, where freeze-dried samples
exhibited lower water retention compared to undried samples. This reduction is attributed to the
formation of extra hydrogen bonds during drying, which strengthens the network and limits its

capacity to absorb water (Beaumont 2017).

Mechanical Properties

Compression tests were performed to assess the mechanical properties of the hydrogels.
Fig. 3 illustrates the maximum compressive strength of Composite-2-y (y = 5.0, 7.5, 10.0, 12.5)
prepared with varying cellulose concentrations and the corresponding stress—strain (S—S) curves are
shown in Fig. S2. For each condition, three hydrogel samples were tested in triplicate, and the
average values are reported with error bars representing the standard deviation (n = 3). The
maximum compressive strength of Composite-2-5.0 was 2.24 MPa, while those of Composite-2-y
y = 7.5, 10.0, 12.5) were 3.20, 3.60, and 4.68 MPa, respectively. The observed increase in
compressive strength with higher cellulose concentration is attributed to the formation of a denser
cellulose network, which enhances the hydrogel’s mechanical integrity (Zhang 2025). For
comparison, cellulose hydrogels prepared by dissolving cellulose in [P14][OH]/H20, crosslinking
with CO:, and washing for 24 h exhibited a maximum compressive strength of 1.2 MPa (Matsui
2025), whereas those crosslinked with epichlorohydrin showed only 0.07 MPa (Seiler 2021). The
hydrogels developed in this study demonstrate superior mechanical strength relative to these
conventional systems, likely due to composite formation with ionic liquid polymers. This significant
reinforcement is attributed to the formation of a semi-interpenetrating polymer network through the

in-situ photopolymerization of the IL monomer within the dissolved cellulose matrix. The structural
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similarity between [Camim]Cl and the IL monomer ensure high miscibility, preventing phase
separation and allowing for a uniform distribution of PIL chains throughout the cellulose network.
Furthermore, the XRD results (Fig. S1) indicate that the removal of [Camim]CI during the washing
process triggers the recrystallization of cellulose from cellulose I to cellulose II. This structural
transition likely "locks" the PIL chains within the regenerating cellulose network, facilitating
effective stress transfer and resulting in the observed high compressive strength of 4.68 MPa, which
is orders of magnitude higher than that of gels formed by conventional chemical or physical
crosslinking. Notably, a double-network hydrogel composed of bacterial cellulose and gelatin (0.8
wt%) achieved a compressive strength of 7.4 MPa with a swelling ratio of 5.8 (Gong 2004). In
contrast, Composite-2-12.5 exhibited a swelling ratio of 9.7, indicating that the hydrogels developed
here combine excellent water retention with mechanical strength comparable to advanced hydrogel

systems.

Antibacterial Test

Antibacterial test against S. epidermidis, a Gram-positive bacterium, and E. coli, a Gram-
negative bacterium and a potentially hazardous pathogen in burn wounds (Busch 2000) was
performed on Composite-x-12.5 samples (x = 1-3). Fig. 4 presents the results of antibacterial tests
for S. epidermidis. Fig. S3 presents the results of antibacterial tests for E. coli. Each condition was
tested in triplicate, and the mean inhibition zone diameter was used as the representative value. The
inhibition zone, comparable to that produced by an ampicillin-impregnated paper disk, was observed
around Composite-1-12.5, whereas no inhibition zones were detected for Composite-2-12.5 and
Composite-3-12.5. The inhibition zone diameter for Composite-1-12.5 was 46.00 mm against S.
epidermidis and 16.00 mm against E. coli. Composite-1 contained cellulose, the IL polymer, and
[Camim]Cl; Composite-2 consisted of cellulose, the IL polymer, and water; and Composite-3
comprised cellulose and the IL polymer only. These findings indicate that the antibacterial activity
observed for Composite-1-12.5 is attributable to [Camim]Cl. Thus, [Camim]Cl1 exhibits antibacterial
properties, whereas the IL polymer alone does not. The absence of inhibition zones in the washed
samples (Composite-2 and 3) serves as a functional indicator that [Camim]Cl, which is responsible
for the antibacterial activity, was reduced to levels below the minimum inhibitory concentration.
This reinforces the conclusion that the washing process effectively removed the bulk of the

[Camim]Cl solvent from the hydrogel network.

Effect of Cellulose Amount on Rheological Properties

Fig. 5 shows the viscosity curves of cellulose composites measured using a theometer. At
low shear rates, the viscosities of Composite-0-y (y =5.0, 7.5, 10.0, 12.5) were 1.6 x 103, 3.8 x 103,
6.6 x 10% and 3.5 x 10* Pa-s, respectively. Viscosity increased with cellulose concentration,
attributable to the greater number of polymer chains at higher concentrations, which enhances chain
entanglement and a denser intermolecular network (Ahokas 2024; Zheng 2019). Across all
concentrations, viscosity decreased with increasing shear rate, demonstrating shear-thinning

behavior (Govindharaj 2024). At low shear rates, cellulose chains are randomly entangled,
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producing high viscosity. As shear rate increases, the applied force stretches and aligns the chains
along the flow direction, thereby facilitating their motion and reducing viscosity (Ahokas 2024).
This shear-thinning property is critical for 3D printing because it enables smooth ink extrusion
through the nozzle (Poulin 2021).

Strain sweep measurements were performed on inks with varying cellulose concentrations.
Fig. 6 shows the storage modulus (G”) and loss modulus (G”) as functions of shear strain. The loss
modulus reflects the viscous component of viscoelastic behavior and is indicative of liquid-like
properties, whereas the storage modulus represents the elastic component and corresponds to solid-
like characteristics. For 3D printing applications, inks must exhibit a yield point (G* = G”) and
maintain a high storage modulus. In the absence of applied stress, G’ exceeds G”, signifying a solid-
like state that preserves internal structure. Under applied stress, such as extrusion pressure during
printing, G” surpasses G’, and the ink transitions to a fluid-like state, enabling smooth extrusion
through the nozzle. If G” dominates even in the absence of strain, the extruded ink will lack shape
fidelity, thereby compromising the printed structure. Therefore, achieving both a distinct yield point
and a high storage modulus is essential for ensuring structural integrity after extrusion (Govindharaj
2024; Hausmann 2020).

For Composite-0-5.0, the loss modulus exceeded the storage modulus across the entire
shear strain range, and no yield point was detected. This behavior indicates the absence of a stable
internal network formed by cellulose chains in the solution (Zheng 2019). Consequently,
Composite-0-5.0 is unsuitable for use as a 3D printing ink. In contrast, Composite-0-y (y = 7.5, 10.0,
12.5) exhibited yield points at shear strains of 6.9%, 21.7%, and 10.1%, respectively. At low shear
strains, the storage modulus exceeded the loss modulus, suggesting that these formulations possess
a stable network structure capable of resisting shear stress, likely due to physical entanglement and
intermolecular interactions among cellulose chains (Jiang 2021). Based on their yield point behavior
and high storage modulus, Composite-0-y (y = 7.5, 10.0, 12.5) are considered suitable for 3D
printing applications. For comparison, gels composed of TEMPO-oxidized cellulose nanofibrils
(TOCNF) crosslinked with metal cations maintain a storage modulus greater than the loss modulus
regardless of shear rate, resulting in a stable gel state that cannot be extruded (Mietner 2021). These
findings highlight that, unlike TOCNF gels, the present ink formulation combines structural stability
with extrudability, making it applicable for 3D printing.

Frequency sweep measurements were performed on inks with varying cellulose
concentrations. Fig. 7 presents the storage modulus (G’) and loss modulus (G”) as functions of
angular frequency. For Composite-0-y (y = 7.5, 10.0, 12.5), G’ consistently exceeded G” across the
entire frequency range, indicating that cellulose chains are densely entangled and exhibit solid-like
(elastic) behavior rather than fluid-like (viscous) behavior (Zheng 2019). Moreover, G’ showed
minimal frequency dependence, suggesting a stable network structure and high gel stability. In
contrast, for Composite-0-5.0, G” exceeded G’, and both moduli increased with frequency,
indicating low gel stability and poor structural integrity. Similar trends have been reported for
TEMPO-oxidized CNF hydrogels, in which G’ remains higher than G” across the frequency range,

indicating a stable gel state (Mietner 2021). Likewise, inks formulated from bacterial cellulose,



acrylic acid, and choline chloride or [Camim]ClI exhibit G’ > G” across all frequencies, reinforcing

the importance of a dominant storage modulus for 3D printing applications (Smirnov 2021).

Effect of Cellulose Amount on Shape by 3D Printing

Fig. 8 shows the results of 3D-printed lattice structures. Composite-1-5.0 exhibited low ink
viscosity, and the printed structures failed to maintain their shape under gravity. This is likely due
to the low elastic modulus, which provided insufficient strength to support the structure post-printing
(Jiang 2021). In contrast, lattice structures were successfully fabricated using Composite-1-7.5 and
Composite-1-10.0, while Composite-1-12.5 demonstrated the highest formability. To assess
formability, line widths of the printed lattices were measured, and the spreading ratio (actual-
width/nozzle-width) is shown in Fig. S4. With a nozzle width of 0.41 mm, the measured line widths
were 2.5, 1.9, 1.2, and 0.71 mm for increasing cellulose concentrations, indicating reduced spreading
and improved shape fidelity at higher concentrations. Composite-1-12.5 produced the most precise
3D structure. Consistent with previous reports, increasing cellulose concentration increases ink
viscosity, thereby improving formability (Kosan 2008). Similar trends have been observed in inks
containing cellulose acetate sulfate: low-viscosity inks spread laterally and collapsed, whereas an
optimal concentration of 4 wt% provided sufficient viscosity for stable structures (Park 2024). In
this study, the use of ionic liquids enabled dissolution at high cellulose concentrations, and the
incorporation of IL monomers significantly improved mechanical strength, achieving compressive
strengths of 3.20, 3.60, and 4.68 MPa, compared with 0.048 MPa for Ca?*-crosslinked systems (Park
2024). Although both approaches are applicable to 3D printing, the present formulation exhibits

superior mechanical performance owing to its high cellulose content and integration of IL polymers.

Experimental Section

Materials

Microcrystalline cellulose (Avicel® PH-101) was purchased from Sigma-Aldrich and vacuum-dried
at 80 °C for 12 h prior to use. The degree of polymerization (DP) is reported to range from 166 to
350 (Doelker 1987). 1-Methylimidazole (>99.0%), 1-chlorobutane (>99.0%), 4-bromo-1-butanol
(>80.0%), Methacryloyl chloride (>90.0%) were purchased from Tokyo Chemical Industry Co., Ltd,
and were used as received. Dichloromethane, Super Dehydrated (>99.5%), Triethylamine (>99.0%),
Acetonitrile (>99.5%), Ethyl acetate (>99.5%) were purchased from FUJIFILM Wako Pure

Chemical Corp., and were used as received.

Synthesis of 1-Butyl-3-Methylimidazolium Chloride ([C4mim]Cl)

1-Methylimidazole (49.69 g, 0.6090 mol) and 1-chlorobutane (62.01 g, 0.6699 mol) were mixed and
stirred under a nitrogen atmosphere at 70 °C for 72 h. Upon completion of the reaction, the resulting

pale yellow viscous liquid was transferred to a separatory funnel and washed three times with ethyl



acetate. The obtained sample was then dried using a rotary evaporator, followed by vacuum drying,

yielding a pale yellow viscous liquid.

Synthesis of 1-(4-Methacryloyloxybutyl)-3-Methylimidazolium

Bromide (IL monomer)

The IL monomer was synthesized according to the previous report (Murakami 2007). 4-Bromo-1-
butanol (8.46 g, 55.3 mmol) and methacryloyl chloride (6.00 g, 57.4 mmol) were dissolved in
dichloromethane (50 mL). Under an argon atmosphere, triethylamine (12 mL, 86.1 mmol) was
added dropwise to the mixture at 0 °C, and the mixed solution was stirred for 4 h, producing a turbid
liquid. After filtration to remove triethylamine hydrochloride, dichloromethane (50 mL) was added
to the filtrate, and the organic layer was washed three times each with water and saturated brine. The
obtained sample (4-bromobutyl methacrylate) was dried over magnesium sulfate, and the solvent
was removed using a rotary evaporator. The product was then collected after vacuum drying (7.71
g, Yield: 63.5%).

1-Methylimidazole (1.59 g, 19.1 mmol) and 4-bromobutyl methacrylate (4.04 g, 18.3 mmol) were
dissolved in acetonitrile (10 mL) and stirred at 85 °C under an argon atmosphere for 16 h. The
resulting product was precipitated by the addition of diethyl ether, collected by vacuum filtration,

and dried under reduced pressure to obtain the desired compound (3.32 g, Yield: 59.8%).

Preparation of Cellulose Solution

A given amount (0.150, 0.225, 0.300, and 0.375 g) of Avicel cellulose dried at 80 °C for 24 h
was mixed with [Camim]Cl (3 g, 17.18 mmol) and stirred at 100 °C for 24 h to dissolve the
cellulose. The dissolution time of 24 h was determined based on a previous report (Murakami
2007). Subsequently, IL monomer (0.10 g, 0.330 mmol) and a photopolymerization initiator,
2-hydroxy-2-methylpropiophenone (HOMPP) (0.005 g, 0.006 mmol), were added into the

mixture.

Fabrication of Composite Materials

After returning the synthesized material to room temperature, it was placed in a Petri dish and
exposed to 365 nm UV light for 20 min to induce photopolymerization, resulting in stabilization
(Composite-1). Composite-1 was then washed with distilled water for 24 h to remove [Camim]Cl,
yielding a cellulose hydrogel (Composite-2). In this study, a 24 h washing process was adopted.
While precise quantification of residual IL remains to be addressed in future work, its practical
removal was verified based on physical and functional assessments. The distilled water in
Composite-2 was removed by freeze-drying to obtain the fabricated structure (Composite-3).
Freeze-drying was performed using an FDU-1200 freeze dryer (EYELA, Japan). The composites
are denoted as “Composite-x-y”, where x represents the composite number (0 - 3), and y indicates
the weight ratio (wt%) of cellulose to the IL. The sample before photopolymerization is referred to

as Composite-0.
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X-ray Diffraction (XRD) Analysis

XRD analysis was performed to investigate the crystalline structure of cellulose and the fabricated
cellulose hydrogel. Measurements were conducted at room temperature using monochromatic Cu
Ka radiation (A=1.5418 A) on the fully automated multipurpose X-ray diffractometer, SmartLab,
manufactured by Rigaku. The crystallinity index of cellulose and composite-3-12.5 was calculated
using equation (1).

_lrotar — la

Crl = 22— % 100% (1)

Itotal

Here, I, represents the intensity of the main peak, and /., represents the minimum intensity

between the main peak and the secondary peak.

Water Content Ratio of Cellulose Hydrogels

To evaluate the water retention stability, freeze-drying and re-immersion process was repeated seven
times. After each freeze-drying cycle, samples were immersed in water at 22 °C for 5 h, and the
water content was measured. Excess surface water on the hydrogel (Composite-2) was gently
removed using filter paper, and the swollen hydrogel weight (W) was measured. Subsequently,
the hydrogel was freeze-dried, and the dried weight (W4ry) of Composite-3 was recorded. For each
condition, three samples were tested in triplicate, and the average values are reported with error bars
representing the standard deviation (n = 3). The water content of the hydrogel was calculated using
Equation (2).
Wyer — W,

Moisture content ratio = —<——Y x 100% (2)
Wdry

Mechanical Properties of Cellulose Hydrogel

To evaluate the mechanical properties of the obtained hydrogel, a compression test was conducted
using an Imada compression testing machine (MX2-500 N). The test was performed at room
temperature with a crosshead speed of 10 mm/min. Cylindrical samples with a height of 0.4 cm and
a radius of 1.3 cm were used. The elongation ratio of the cellulose hydrogel was determined from

the displacement of the crosshead during the measurement.

Antibacterial Test

The antibacterial properties of composites-1, 2, and 3 were evaluated. Each composite was molded
into a disk shape and placed on agar plates inoculated with E. coli and S. epidermidis. To confirm
the validity of the antibacterial test, a paper disk impregnated with ampicillin, a standard
antibacterial agent, and another disk impregnated with water, a non-antibacterial control, were
placed on the same plates. Antibacterial activity was assessed by measuring the diameter of the
inhibition zones formed around the samples. The presence of a clear inhibition zone around the
ampicillin-impregnated disk and the absence of one around the water-impregnated disk confirmed

that the antibacterial test was performed correctly.
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Rheological Measurements

The rheological properties of the cellulose solution were evaluated to investigate its rheological
behavior. Measurements were conducted using an Anton Paar MCR302e rheometer equipped with
a P-PTD220 plate-type Peltier temperature control unit and a CP25-2 cone-plate geometry
(diameter: 25 mm, cone angle: 1°). To prevent corrosion of the aluminum stage of the P-PTD220, a
stainless steel protective plate was used. Viscosity curve measurements were performed over a shear
strain range of 0.01% to 1000%, strain sweep measurements were conducted over a shear strain
range of 0.01% to 1000%, and frequency sweep measurements were carried out over an angular

frequency range of 0.1 rad s™' to 100 rad s™".

3D Printing

The cellulose solution was loaded into a syringe and extruded into a cartridge. It was then connected
to the printhead of a 3D printer equipped with a sterile standard conical bioprinting nozzle and
extruded under an applied air pressure of 200 kPa at room temperature (20 °C) to fabricate a lattice
structure (30 x 30 x 1 mm) with three layers at a printing speed of 1.00 mm/s. The printed structure
was subsequently exposed to 365 nm UV light for 20 min using the UV lamp of the 3D printer to
obtain the printed construction. A BIOX 3D bioprinter (CELLINK) was used for fabrication.

Conclusion

In this study, the crystallinity, chemical structure, water content, mechanical strength, and
antibacterial properties of cellulose hydrogels were systematically evaluated. Additionally,
rheological behavior was analyzed, and 3D printing was performed using the prepared inks to assess
printability. XRD analyses confirmed that Avicel® cellulose dissolved in [Camim]CI underwent a
crystalline transition from cellulose I to cellulose II during regeneration, while retaining the
fundamental B-(1—4)-glycosidic backbone characteristic of Avicel® cellulose. Increasing cellulose
concentration reduced water content; notably, Composite-2-12.5 exhibited a water content of 838%,
within the optimal range for wound dressing applications (100—-900%). Compressive strength also
increased with cellulose concentration, and the resulting hydrogels exhibited superior mechanical
performance compared to previously reported cellulose-based hydrogels, likely due to the
reinforcing effect of the IL polymer. Antibacterial tests revealed that [C.mim]Cl exhibited
antibacterial activity, whereas the IL polymer did not. Rheological measurements demonstrated
shear-thinning behavior, and Composite-0-y (v = 7.5, 10.0, 12.5) exhibited properties suitable for
3D printing inks. Composite-1-12.5 successfully produced well-defined lattice structures, indicating
that higher viscosity improved printability. Collectively, these results suggest that cellulose/IL
polymer hydrogels developed in this study serve as versatile 3D-printable scaffolds with robust
mechanical integrity. Although detailed biological assessments—such as cytotoxicity and
hemocompatibility—are necessary to confirm their safety for clinical use, the current findings
provide a significant step toward designing cellulose-based functional platforms for potential high-

end applications.
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