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Abstract 17 

Water-stable macroporous hydrogels, inspired by the structural and chemical 18 

characteristics of plant stems are expected to open a wide range of possibilities in soft 19 

materials for passive liquid transport. However, obtaining efficient materials for these 20 

applications still poses a major challenge due to the complexity of shaping hydrogels at 21 

the relevant scale-length. Here, water-stable macroporous hydrogels were fabricated 22 

using alginate and TEMPO-oxidized cellulose via a new approach involving ice 23 
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templating and topotactic ion-crosslinking with Ca2+. This approach allows to fully avoid 24 

the energy-intensive lyophilization process and results in composite hydrogels with pore 25 

sizes akin to those found in celery xylem, a model we chose for plant stems. Importantly, 26 

the pore size could be tailored by adjusting both the ice-growth velocities and the ratios 27 

of alginate to oxidized cellulose. The resulting hydrogels displayed remarkable water 28 

stability along with viscoelastic properties and wettability that depend on the alginate and 29 

oxidized cellulose ratios. Mechanical properties, such as compression stress and 30 

toughness, consistently increased with higher alginate contents. In addition, liquid 31 

transport measurements on crosslinked hydrogels with varying compositions and ice 32 

growth velocities revealed comparable rising speeds to those observed in celery, 33 

confirming the ability of polysaccharide-based hydrogels obtained by ice templating and 34 

topotactic crosslinking as relevant materials to mimic the function of plant stems.  35 

 36 

1. Introduction 37 

In Nature, porous structures play a central role in large array of living organisms [1–4]. 38 

Some of the most striking examples come from plant stems, which feature highly 39 

sophisticated porous architectures with a high degree of co-alignment. These porous 40 

structures constitute the plants’ vascular systems—the xylem and the phloem—that are 41 

responsible for the capillary liquid transport of water and sap, respectively. Beyond the 42 

fundamental understanding of liquid transport in natural materials, plants’ vascular 43 

systems are a major source of inspiration for a myriad of technological applications. In 44 

particular, because of the role of the xylem network in plants, the capacity to mimic its 45 

structure, its composition and its function is of technological interest in applications 46 

where water transport regulation is required. In the literature, mimicking the xylem 47 
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network of plants has led to hydrogels with oriented porosity relevant in a broad range of 48 

fields such as tissue engineering [5,6] and drug delivery [7,8]. Numerous fabrication 49 

approaches such as micropatterning [9,10], 3D printing [11,12], oriented shear flow 50 

[13,14], gravity-induced flow [15], electric field [16], and magnetic field [17] have been 51 

proposed to obtain porous anisotropic hydrogels, but these rely on expensive equipment 52 

and are applicable only to specific hydrogel compositions.   53 

Recently, ice-templating (also known as freeze-casting or directional freezing) has gained 54 

traction for its ability to create hydrogels with hierarchically aligned well-defined pores 55 

in a straightforward and inexpensive process [18]. The technique relies on imposing a 56 

controlled temperature gradient on a solution or suspension to induce solvent freezing 57 

along a specific direction. Solutes, because they are mostly insoluble in ice [19,20], are 58 

excluded from the ice fraction and accumulate together with any particle in suspension in 59 

the interstitial space formed in between ice crystals. Upon removal of the ice crystals, the 60 

process enables the formation of oriented porous materials whose characteristic size can 61 

be adjusted by controlling the ice growth velocity. Here, we have implemented this 62 

technique to elaborate materials featuring macroporous anisotropic features that mimic 63 

the xylem network in plant stems.  64 

Polysaccharides, mainly cellulose and hemicellulose, dominate the chemical composition 65 

of plants and are of great interest due to their low toxicity, high biocompatibility, low cost 66 

and high abundance. In this regard, mimicking plant structures using polysaccharides 67 

exclusively would be an important step to design hydrogels that go beyond the structural 68 

features of plant stems. However, only few reports have described the formation of water-69 

stable polysaccharide-based materials with ordered macroporous structure [21–23]. Such 70 

limited examples are due to the abundant hydroxyl groups on the backbone of 71 
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polysaccharide chains. Most polysaccharides are either soluble in water (eg. chitosan, 72 

alginate, starch, among others) or readily dispersible in aqueous environment (eg. 73 

cellulose). This affinity towards water has dramatically reduced their potential use in the 74 

context of materials for healthcare or environmental applications, where humid 75 

environments prevail. To prevent these shortcomings, we have focused on two 76 

polysaccharides that can be stabilized using a similar crosslinking strategy; alginate and 77 

oxidized cellulose. Alginate is extracted from a family of brown algae. It is a linear, 78 

unbranched polysaccharide consisting of 1,4-linked β-D-mannuronic acid and an α-L-79 

guluronic acid. In presence of multivalent cations such as calcium—among others—ionic 80 

crosslinking occurs, resulting in the formation of a hydrogel stabilized by “egg-box” 81 

structures (Figure S1) [24]. Cellulose is composed of β-1-4-linked D-anhydroglucose 82 

units and is commonly extracted from wood, hemp, cotton, etc. The reaction between 83 

cellulose and 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO) results in the 84 

selective oxidation of the hydroxyl groups at the C6 position on the cellulose surface and 85 

induces the formation of carboxylate groups [25] (Figure S2). As with alginate, 86 

interaction of the carboxylate groups of cellulose and cations results in stable hydrogels 87 

[26,27]. These interactions stand as a key advantage to stabilize multicomponent 88 

hydrogels in a single step, leading to increases stability in comparison to single 89 

component hydrogels, due to reinforcement effects [28–30]. However, to date this 90 

crosslinking method has never been applied for the design of water-stable ice-templated 91 

polysaccharide-based hydrogels without an intermediate step requiring the energy-92 

intensive process of lyophilization. The main challenge lies in the need to remove the ice 93 

while promoting the stabilization of the freeze concentrated phase. Traditionally this is 94 

obtained by lyophilization—the sublimation of ice crystals to obtain a dry foam of solutes. 95 
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However, this approach fails in the case where the solutes are water-soluble. To 96 

circumvent this limitation—and thus the loss of the macroporous structure, herein, we 97 

replaced lyophilization by topotactic stabilization [36]. A strategy our team developed for 98 

compositions containing type I collagen, that allows transforming frozen monoliths of 99 

biopolymer solutions into macroporous hydrogels without a drying step. 100 

We applied this strategy to dispersions of cellulose nanocrystals (CNC) in alginate 101 

solution, to mimic part of the complex architecture and composition of plants’ stems. The 102 

materials generated by this approach were water-stable and could be designed with pores 103 

(50-100 µm in diameter) that exhibit dimensional similarity to the xylem of celery (Apium 104 

graveolens). The performance of the alginate-CNC ice templated hydrogel as water 105 

transport devices were compared with decellularized celery. To untangle the impact of 106 

the polysaccharide composition on the morphology, mechanical and water transport 107 

properties, the ratio between alginate and oxidized cellulose in the precursor 108 

solution/suspension was varied to its widest range. Finally, we demonstrate that the 109 

capillary transport properties of alginate-oxidized cellulose hydrogels are mainly 110 

dominated by the pore size, suggesting their potential utility in biomedical and 111 

environmental applications with an easily tuned macroporosity. 112 

 113 

2. Material and Methods 114 

2.1. Materials 115 

Sodium alginate and CaCl2·2H2O were purchased from Sigma-Aldrich and used without 116 

further purification. Cellulose nanocrystals (CNC) were purchased from CelluForce 117 

(Canada) and oxidized through TEMPO (2,2,6,6-tetramethylpiperidine-1-oxy radical)-118 

mediated oxidation to obtain oxidized cellulose [31]. Briefly, cellulose nanocrystals (10 119 
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g) were suspended in water (1 L) containing TEMPO (0.156 g) and NaBr (2.572 g). A 120 

solution of NaClO (12 wt%) was added to the suspension under stirring and the mixture 121 

was kept at pH = 10 by adding 0.5 M NaOH. The reaction was quenched by adding 122 

ethanol (1 mL) and the pH of the mixture was lowered to 7 by adding 0.1 M HCl solution. 123 

The mixture was dialyzed for 7 days (Spectra/Por® 4, SpectrumLabs). Finally, the 124 

suspension was lyophilized to obtain dry oxidized cellulose powder. The carboxylate 125 

content of oxidized cellulose was 1.01 mmol/g based on electrical conductivity titration.  126 

2.2. Plant stem decellularization 127 

Celery (Apium graveolens) were purchased at a local supermarket (Paris, France). 128 

Decellularization of the celery stem was conducted according to the method reported by 129 

Esmaeili et al. [32] (Figure S3). The stem was cut into 1 cm thick transversal sections, 130 

immersed in 10% SDS solution, and placed in an orbital shaker at 180 rpm at 25 ˚C for 5 131 

days. After decellularization, samples were washed with distilled water several times and 132 

immersed in the solution containing 5 w/v% NaOCl and 3 w/v% NaOH at 25 ˚C for 1 133 

day. Finally, samples were washed with distilled water several times and stored at 4°C 134 

until further use. 135 

2.3. Fabrication of ion-crosslinked anisotropic hydrogels 136 

Macroporous hydrogels consisting of alginate and oxidized cellulose were prepared by 137 

unidirectional ice-templating method followed by crosslinking with Ca2+ (Scheme 1).  138 

The ice-templating setup was composed of a cold finger—a heat conductive aluminum 139 

rod partially immersed in liquid nitrogen. Temperature profiles at the top of the cold 140 

finger were controlled via a heating resistance controlled by a Proportional–integral–141 

derivative (PID) programmed to ensure a linear progression of the ice front [33]. 142 

Alginate-oxidized cellulose relative concentration were set to 7 different ratios with a 143 
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fixed total solute concentration of 40 g/L (A:C=8:0, 7:1, 6:2, 4:4, 2:6, 1:7 and 0:8, where 144 

A and C stand for alginate and oxidized cellulose, respectively) The ratios are shown in 145 

Table 1.  146 

 147 

Table 1. Composition of the macroporous polysaccharide samples. 148 

Alginate:Oxidized Cellulose  

(A:C)  
Alginate / g L-1 Oxidized Cellulose / g L-1 

8:0 40 0 

7:1 35 5 

6:2 30 10 

4:4 20 20 

2:6 10 30 

1:7 5 35 

0:8 0 40 

 149 

For each sample, 2 mL of the suspension were poured inside 12 mm diameter cylindrical 150 

molds, placed at the top of the aluminum rod. The bottom of the suspension in the mold 151 

was then cooled down from 20 to -80 °C. To explore the impact of the composition on 152 

the properties of the obtained hydrogels we have fixed the ice front velocity at 25 µm/s. 153 

Conversely, to assess the impact of the ice front velocity on the properties of the hydrogels, 154 

we fixed the alginate/oxidized cellulose ratio (A:C=4:4) and applied three different ice-155 

front velocities (10 µm/s, 25 µm/s and 50 µm/s) (Figure S4).  156 

After ice templating, all obtained suspensions were crosslinked in 1 M CaCl2 solution for 157 

24 hours. To ensure that topotactic crosslinking (melting of the ice crystals with 158 

preservation of the porous structure) took place, samples were placed at -3 °C, above the 159 
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melting point of CaCl2 solution but below the melting point of pure ice, resulting in self-160 

supported crosslinked hydrogels that do not disperse in the CaCl2 solution [34].  161 

2.4. Morphology of the hydrogels 162 

The hydrogels and the stem of the celery were observed using SEM (S-3400N, Hitachi, 163 

Japan) at an accelerating voltage of 10 kV. All samples were coated with a 10 nm layer 164 

of gold before observation. After the Ca2+ crosslinking, the hydrogels were dehydrated in 165 

successive ethanol baths (30, 50, 70, 80, 90, 95 and 100%) followed by supercritical CO2 166 

drying. When plunged into the ethanol bath, sample A:C=0:8 was rapidly dispersed, 167 

preventing its observation by SEM. Images acquired using SEM for the rest of the 168 

samples were analyzed with the MorpholibJ plugin [35] in FIJI software [36] to 169 

investigate the pore size and distribution. Over 100 pores were counted per SEM image 170 

to provide statistically representative values for the pore cross-section areas.  171 

2.5. Rheological characterization  172 

The viscosity of the precursor suspensions with different alginate/oxidized cellulose 173 

ratios before crosslinking were determined using a rheometer (MCR 302, Anton Paar, 174 

Austria). A 25 mm diameter cone-plate geometry with 1° angle was used. The viscosity 175 

measurement was conducted by applying a growing shear-rate from 1 to 500 s-1 at 25 °C.  176 

The rheological measurements of the different precursor suspensions were carried out 177 

after crosslinking with Ca2+ ions, using a MCR302 rheometer under a parallel-plate 178 

configuration (diameter of 25 mm). The suspensions (1 mL) were introduced onto the 179 

bottom plate and crosslinked with 1 mL of 1 M CaCl2 solution 5 minutes before loading 180 

the top plate. The frequency sweep was performed from 0.1 to 10 Hz with 1% amplitude 181 

at 25 °C. 182 
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2.6. Water stability test of ion-crosslinked hydrogels 183 

Water stability tests were carried out on all Ca2+-crosslinked hydrogels, from pure 184 

alginate to pure oxidized cellulose. Each hydrogel was immersed in 20 mL of distilled 185 

water and stored for 30 days at room temperature. The stability was assessed visually by 186 

the sample deformation after this period.  187 

2.7. Mechanical properties of hydrogels 188 

Compression tests of the crosslinked hydrogels were carried out using a rheometer in 189 

compression mode (MCR 302, Anton Paar, Austria). The compression speed was set to 190 

1 mm/min and samples were compressed until 60% strain. Samples’ dimensions were 191 

about 12 mm in diameter and 10 mm in height. A total of 5 replicates were averaged for 192 

each sample. Young’s modulus was defined from the maximum slope in the low strain 193 

regime (0 to 10%). Toughness was determined by the area under the stress-strain curves 194 

until 60% stain.  195 

2.8. Wettability 196 

To characterize the wettability of the different crosslinked hydrogels, films with different 197 

ratios of alginate and oxidized cellulose were prepared by casting the suspensions on 198 

optical microscopy glass slides, with fixed height of 2 mm, using a doctor blade knife. 199 

Subsequently, cast suspensions were crosslinked by dipping the slides into 1 M CaCl2 200 

solution at room temperature. The deposited films were peeled off the glass slides with 201 

the exception of A:C=1:7 and 0:8 samples, which adhered strongly to the surface of the 202 

glass slides and could not be removed. The contact angle formed between the film and 203 

water was determined by assessing the interfacial force using the Wilhelmy plate method 204 

[34]. During the measurement, a film was suspended from the sample holder, which was 205 

connected to an automated microbalance, and partially immersed in distilled water 206 

https://doi.org/10.26434/chemrxiv-2024-m6z57 ORCID: https://orcid.org/0000-0002-6697-1470 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-m6z57
https://orcid.org/0000-0002-6697-1470
https://creativecommons.org/licenses/by-nc-nd/4.0/


10 

 

(Figure S5a). Samples were then vertically pulled from, and then pushed into the water at 207 

room temperature at a constant speed rate of 0.05 mm/s (Figure S5b) which results in 208 

both receding and advancing contact angles, respectively. The dimensions of the films 209 

were 10×5×0.05 mm3. The contact angles were determined in degrees using the following 210 

relation: 211 

θ = 𝑐𝑜𝑠−1 𝐹𝑤

𝐿σ
                             (1) 212 

where σ is the surface tension of water (mN·m−1), Fw is the wetting force (mN), L is the 213 

length of the triple phase line (defined by the film, the air and the water around the sample 214 

section) (m) and θ is the contact angle (°). 215 

2.9. Liquid transport  216 

Crosslinked hydrogels with different compositions/ice-growth velocities were used for 217 

the liquid transport measurements. Samples were fixed with 2 needles onto a home-built 218 

sample holder brought to contact with a 200 ppm methylene blue (MB) solution (lifted 219 

progressively by a lab jack until the liquid surface reached the bottom of the sample) 220 

(Figure S6a). The progression of the methylene blue in the hydrogels was recorded with 221 

video camera (Q-scope QS.20200-P) for 1 hour (Figure S6b) at 16 frames per second. 222 

The obtained video footage was analyzed with FIJI software. The surface tension of the 223 

methylene blue solution used here was 65 mN/m [37]. A control experiment was 224 

performed using single hydrogel walls (prepared as described above by doctor blade 225 

casting followed by crosslinking for three different compositions, 2:6, 4:4 and 6:2 A:C). 226 

The movement of the dye was monitored as outlined earlier. 227 

3. Results and discussion 228 

3.1. Macroporous alginate-CNC gels obtained by ice templating and topotactic 229 
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crosslinking 230 

Ice templating exploits the poor solubility of most solutes in ice, resulting in the formation 231 

of two different phases during freezing. One phase is composed of pure ice, and the 232 

second corresponds to freeze-concentrated solutes in between the ice crystals. To remove 233 

the ice without altering the macroporous structure, we implemented a topotactic 234 

stabilization strategy [38]. This technique relies on the concomitant occurrence of ice 235 

thawing and polymer crosslinking. Here, we have selected CaCl2 at a concentration of 1 236 

M to induce crosslinking of the alginate-CNC system (Scheme 1).  237 

 238 

 239 
Scheme 1. Schematic illustration of the fabrication process of macroporous anisotropic hydrogels 240 

consisting of alginate and oxidized cellulose.  241 

 242 

Alginate and oxidized cellulose are crosslinked when exposed to Ca2+ ions, leading to the 243 

formation of gels. In addition, the presence of CaCl2 at this concentration induces a strong 244 

cryoscopic depression (ca. -5 °C). Together, these conditions ensure that, when a frozen 245 

monolith is placed in a CaCl2 solution, at a temperature between 0 and -5°C, the sample 246 

can be progressively transformed into an unfrozen crosslinked hydrogel. We have applied 247 

this strategy to the elaboration of macroporous alginate-CNC materials ranging from pure 248 

alginate to pure CNC. Regardless of the composition, the resulting materials are fully 249 
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self-supported, as can be seen in the left hand side images in Figure 1a-f. The longitudinal 250 

sections of the samples, depicted in Figure S7 confirm the pores run parallel to the 251 

temperature gradient applied during freezing, regardless of the studied compositions. 252 

Notably, pure CNC hydrogel (A:C 0:8) was found unstable in ethanol solution impeding 253 

its observation under SEM. While the changes in composition do not affect the 254 

macroscopic stability nor the orientation of pores of the obtained hydrogels, SEM 255 

observations of the transversal sections of these samples (Figure 1a-f) indicate that the 256 

polysaccharide composition does plays a major role in determining the pores’ dimensions 257 

and morphology.  258 

 259 

 260 

Figure 1. Pictures and SEM images of Ca2+-crosslinked macroporous hydrogels prepared 261 

at 25 μm/s (ice growth velocity) using different ratios of alginate and oxidized cellulose. 262 

(a) A:C=8:0, (b) A:C=7:1, (c) A:C=6:2, (d) A:C=4:4, (e) A:C=2:6 and (f) A:C=1:7. (g) 263 
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Summary of the pore area distribution of alginate and oxidized cellulose macroporous 264 

hydrogels at different compositions for 25 μm/s (ice growth velocity). Moustaches delimit 265 

the 5 and 95 percentiles of the distribution and box limits represent the 1st and 3rd quartiles. 266 

The rectangles and horizontal lines in the boxes represent mean and median values, 267 

respectively. Gray horizontal bars depict the pore area distribution of A. graveolens xylem 268 

vascular system.  269 

 270 

 271 

Figure 1g depicts the pore area distribution (taken from the area of the pore in the 272 

transversal cross-section). Samples exclusively composed of alginate (A:C=8:0) display 273 

anisotropic pore section that tend to pack together producing co-alignment (Figure 1a). 274 

Increasing the oxidized cellulose content produces larger pores (Figure 1g). The increase 275 

in pore dimensions, resulting from increasing CNC content, also results in wider pore size 276 

distribution (Figure S8a). In other words, alginate favors smaller and more homogeneous 277 

pores with narrower size distribution, whereas CNC promotes bigger, more polydisperse 278 

pores.  279 

One of the key factors affecting the growth of ice crystals during ice-templating (and thus 280 

determining the final dimensions of the pores in the final materials) is the viscosity of the 281 

precursor solution/suspension. We investigated the viscosity of the different compositions 282 

of alginate and oxidized cellulose to ascertain their impact on the pore size of mixed 283 

polysaccharide hydrogels (Figure S9). The viscosity of the suspensions progressively 284 

increased with the ratio of alginate, regardless of the shear rate. This could be associated 285 

with the intrinsically low viscosity of oxidized cellulose nanocrystal rods and the 286 

relatively high viscosity of entangled alginate chains. In addition, the viscosity of all 287 

suspensions showed shear-thinning behavior, which was more pronounced for higher 288 

ratios of alginate. This effect could be ascribed to the disentanglement of alginate chain 289 
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coils under shear [39], even if strong shear thinning effects have equally been reported 290 

for CNCs [40].  291 

The viscosity values determined for the different aqueous suspensions of polysaccharides 292 

display an inverse relationship with the pore size. This observation confirms the strong 293 

dependence between porosity and viscosity widely discussed in the literature for other 294 

compositions [41]. Here, high alginate fractions impose higher viscosity to the 295 

polysaccharide solutions/suspension, resulting in restricted lateral growth of ice crystals 296 

and consequently smaller and more uniform pore size for the same ice front velocity [42]. 297 

However, ascribing the differences in pore size exclusively to the viscosity implies that 298 

the different polysaccharides do not have specific interactions with ice during the freezing 299 

events.  300 

SEM images in the transversal section of the hydrogels prepared at 4:4 ratio of alginate 301 

and oxidized cellulose with different ice-growth velocities (including 10, 25, and 50 302 

µm/s) are shown in Figure 2a to 2c (Figure S10 shows the longitudinal section of those 303 

hydrogels). Faster ice-growth velocities induced the formation of smaller pores as 304 

reported earlier for other polysaccharides [43]. At 50 µm/s, the ice front velocity yielded 305 

pore surface areas of approximately 2.5×103 µm2 (Figure 2c), 16% of the value found for 306 

10 µm/s (≈1.6×104 µm2, Figure 2a). This effect is due to the creation of more ice 307 

nucleation sites on the bottom of the samples as the ice growth velocity increased, leading 308 

to smaller macropores [44]. Overall, we found out that the pore size and their respective 309 

distributions can be tuned by modulating the alginate/oxidized cellulose relative 310 

composition (Figure 1g and Figure S8a), but also by the ice-growth velocities (Figure 2d 311 

and Figure S8b). These values (especially those of A:C=6:2 at 25 µm/s and A:C=4:4 at 312 

50 µm/s) are comparable to those measured for the xylem of native celery stems 313 
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(≈1.9×103 µm2). In other words, hydrogels reported here, prepared by ice-templating 314 

followed by ion-crosslinking, mimic the unidirectional orientation found in plant stems 315 

as well as their characteristic dimensions. It is important to note that the biomimetic 316 

features of these materials concern not only their structural features, but also their 317 

composition, a mixture of polysaccharides close to those found in native plant tissues 318 

[45–47].   319 

 320 

 321 

Figure 2. Pictures and SEM images of Ca2+-crosslinked hydrogels prepared at 4:4 ratio 322 

of alginate and oxidized cellulose at different ice front velocities. (a) 10 μm/s, (b) 25 μm/s 323 

and (c) 50 μm/s. (d) Summary of the pore area distribution of alginate and oxidized 324 

cellulose macroporous hydrogels at different ice front velocities. Moustaches delimit the 325 

5 and 95 percentiles of the distribution and box limits represent the 1st and 3rd quartiles. 326 

The rectangles and horizontal lines in the boxes represent mean and median values, 327 

respectively. Gray horizontal bars depict the pore area distribution of A. graveolens xylem 328 
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vascular system.  329 

 330 

3.2. Characterization of topotactic crosslinked hydrogels 331 

Water stability. The water stability of hydrogels is one of the most significant features for 332 

a variety of applications, including biomedical scaffolds, oil extraction/separation, and 333 

water purification/desalination [48,49]. To evaluate the contribution of the proportions of 334 

alginate and oxidized cellulose on the water stability, topotactic crosslinked hydrogels 335 

with 7 different compositions (prepared with an ice-front velocity of 25 µm/s) were 336 

immersed in distilled water (Figure 3a) and kept for 30 days at room temperature in static 337 

conditions (Figure 3b). At day 30, hydrogels A:C=0:8 were partially dispersed and 338 

swollen. On the contrary, all hydrogels containing alginate showed good water stability, 339 

suggesting higher alginate contents allow for a more stable crosslinking by calcium ions. 340 

These results correlate positively with the higher theoretical crosslinking density for 341 

sodium alginate (according to the supplier the carboxyl groups density equals to 5.05 342 

mmol g-1 with a M/G ratio of 1.56, which amounts to c.a. 2.0 mmol g-1 of G units) in 343 

comparison with that of oxidized cellulose (carboxyl groups density equal to 1.01 mmol 344 

g-1). In general, polysaccharide materials prepared by ice templating redisperse readily in 345 

water unless cryogelation occurs [50] or postprocessing steps are added, such as photo-346 

crosslinking or photo-polymerization. [51–56]. Here, we demonstrate that self-supported 347 

hydrogels with long term water stability can be achieved via ice-templating followed by 348 

ion crosslinking during thawing, without further stabilization by photo-polymerization or 349 

photo-crosslinking. Moreover, the components commonly used for the photo-induced 350 

gelation rely on particularly harmful components for the environment and are especially 351 

difficult to implement in complex, 3D geometries. Ice templating coupled to topotactic 352 
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stabilization eliminates these bottlenecks in a straightforward and non-toxic process.  353 

 354 

Figure 3. Photos of water stability tests of ion-crosslinked samples with the different ratio 355 

of alginate and oxidized cellulose (prepared with an ice growth velocity of 25 µm/s); (a) 356 

immediately after the immersion in the water, (b) 30 days after the immersion. 357 

 358 

Viscoelastic properties . The viscoelastic properties of hydrogels determine, to a large 359 

extent, their applicability for a wide range of uses. To ascertain the viscoelastic properties 360 

of the macroporous hydrogels, frequency sweep measurements were carried out on 361 

crosslinked suspensions obtained through Ca2+-crosslinking at different alginate/oxidized 362 

cellulose components. The storage modulus (𝐺′), loss modulus (𝐺′′), and damping factor 363 

(tan(𝛿) = 𝐺′′ 𝐺′⁄ ) as functions of frequency are shown in Figure 4a, b, and c. All the 364 

compositions of alginate/oxidized cellulose showed a gel-like behavior (𝐺’ > 𝐺”) over 365 

the entire angular frequency range. The decrease of tan (δ) with alginate content suggests 366 

that in presence of Ca2+ ions, this polysaccharide promotes a more solid-like and stiffer 367 

internal network to the hydrogels, as previously seen for the water swelling experiments. 368 

These observations are equally confirmed by the absolute values of G’ and G’’. Both 369 

values increase with the fraction of alginate, and in both, the values are mostly 370 

independent from the angular frequency.  371 

The ratio between the two polysaccharides provides a tool to tailor the characteristic pore 372 

size and to modulate the crosslinking density inside the hydrogel and, as a consequence, 373 
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a lever to tune their viscoelastic properties.  374 

 375 
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Figure 4. Viscoelastic properties of crosslinked gels with different compositions of 376 

alginate and oxidized cellulose (prepared with an ice growth velocity of 25 µm/s) (a) 377 

storage modulus, (b) loss modulus, and (c) damping factor.  378 

 379 

Mechanical properties. To investigate the effects of the composition of alginate and 380 

cellulose on the hydrogels, compression tests were performed uniaxially along the 381 

freezing direction on macroporous hydrogels prepared from different ratios of 382 

alginate/oxidized cellulose with a constant ice growth velocity of 25 µm/s. The resulting 383 

stress-strain curves are shown in Figure 5a, and their mechanical properties are described 384 

in Table S1. All stress-train curves present an equivalent behavior, with an initial slope 385 

corresponding to an elastic deformation regime, followed by a yield point and a plateau, 386 

which evolves to reach a densification regime. The compression stress at 60% strain and 387 

the yield stress are summarized in Figure 5b, and the Young’s modulus and toughness of 388 

the hydrogels are summed up in Figure 5c. All measured properties increased with 389 

increasing ratio of alginate, with exception for the A:C = 8:0 sample. The A:C=7:1 sample 390 

resulted in the highest compression stress, yield stress, and toughness. This optimum 391 

value is ascribed to the reinforcement of the alginate hydrogel matrix by low volume 392 

fractions of oxidized cellulose, which is likely to favor even dispersion of the filler. At 393 

higher volume fractions oxidized cellulose is expected to aggregate and entangle, 394 

providing a less effective reinforcement effect. At A:C=7:1 ratio, hydrogels featured an 395 

improvement in compression and yield stress up to 107% and 119%, respectively, in 396 

comparison to A:C=8:0. Taking into account that this material (A:C=7:1) has the smallest 397 

pore area distribution (Figure S8a), it is impossible to ascribe the enhancement of the 398 

mechanical properties exclusively to the composite nature of the hydrogels or the 399 

rheology of the suspensions, and the size and morphology of the pores should equally be 400 
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considered. 401 

  402 

Figure 5. Compression test results of crosslinked hydrogels prepared with an ice growth 403 

velocity of 25 µm/s with the different ratios of alginate and oxidized cellulose. (a) 404 

Compression strain-stress curves, (b) compression stress at 60% of strain and yield stress, 405 
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(c) Young’s modulus and toughness. 406 

 407 

3.3. Dynamic contact angle measurement 408 

To assess the wettability dynamics of various hydrogel compositions, we measured the 409 

contact angles at the triphase line formed by the films deposited on glass slides, water, 410 

and air during dipping and retraction stages (Figure 6). At 38°, A:C=8:0 featured the 411 

highest advancing contact angle and it scaled monotonically with the oxidized cellulose 412 

contents, reaching 9° for A:C=2:6. This trend is in good agreement with the observations 413 

of Montrezor et al., who measured the contact angle for non-crosslinked alginate and 414 

oxidized cellulose samples [57]. Although the geometric aspects of these films may differ 415 

from the walls inside the hydrogels prepared by ice-templating, their surface chemistry 416 

should be strictly comparable. In this sense, the values measured here provide valuable 417 

information to describe the wettability of hydrogels of different polysaccharide 418 

composition.  419 

 420 

 421 

Figure 6. Hysteresis of the dynamic contact angle measurement with deposited films with 422 
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different ratios of alginate/oxidized cellulose. 423 

 424 

3.4. Liquid transport measurement 425 

The previous sections have shown that it is possible to control pore size inside the 426 

macroporous polysaccharide hydrogels by tuning the ice-growth velocities or the 427 

alginate/oxidized cellulose ratio. Furthermore, the wettability measurements demonstrate 428 

the influence of composition on the water contact angle. Given the significant roles of 429 

pore size and wettability in water transport within biological structures, we have 430 

conducted measurements of this property in macroporous polysaccharide hydrogels 431 

fabricated through ice templating and topotactic crosslinking. Water transport within 432 

cross-linked hydrogels obtained at different ice-growth velocities (10, 25, and 50 µm/s) 433 

and different ratios of alginate/oxidized cellulose was measured and compared to the 434 

water transport properties found for decellularized stem of celery. To ensure that the 435 

experimental setup accurately measured the transport of liquid within the pores, rather 436 

than the diffusion of dye through the pore walls, a control experiment was conducted. 437 

This involved exposing single polysaccharide walls to the dye (methylene blue, MB) 438 

under the same conditions (Figure S11). As no measurable diffusion of the dye in the pore 439 

walls was detected within the relevant time frame (60 minutes), we confirmed that all 440 

observations of dye progression in the hydrogels corresponded to liquid transport inside 441 

the pores. 442 

Compositions A:C=6:2, 4:4, and 2:6 were chosen as they reproduce more accurately the 443 

global fraction of cellulose in plant stems (approximately 30-80% cellulose) [58,59]. 444 

Images of liquid transport inside hydrogels—prepared at different ice-growth 445 

velocities—up to 60 minutes are shown in Figure 7a and b, respectively. Plotting the 446 

https://doi.org/10.26434/chemrxiv-2024-m6z57 ORCID: https://orcid.org/0000-0002-6697-1470 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-m6z57
https://orcid.org/0000-0002-6697-1470
https://creativecommons.org/licenses/by-nc-nd/4.0/


23 

 

curves of rising height of liquid versus time (Figure 7c and d for different ice-growth 447 

velocities and ratios, respectively) shows that the ascending speed through anisotropic 448 

hydrogels is faster in the initial stages followed by a slower regime. For a given 449 

composition, the rising speed of liquid within the hydrogels prepared at 50 µm/s was the 450 

highest and it decreased consistently for samples prepared at slower ice-growth velocities. 451 

This observation underscores the significant influence of ice front velocity, and 452 

consequently pore size variation, on regulating the liquid transport velocities of the 453 

resultant hydrogels, despite their identical compositions. 454 

For hydrogels with different ratios of alginate/oxidized cellulose, the elapsed time before 455 

the liquid reached the top of the sample (height = 10 mm) varied with the composition. 456 

For sample A:C=6:2 the elapsed time was around 1440 s whereas for sample A:C=4:4 457 

the required time was as high as 3240 s. In addition, in contact with sample A:C=2:6, the 458 

liquid did not reach the top of the hydrogel within 60 mins. Although these findings align 459 

with the hydrogels' composition and, consequently, the samples' wettability. It is 460 

important to highlight that the characteristic contact angles fall within a narrow range, 461 

spanning from 9 to 14°. This limited variation hardly accounts for the significant 462 

differences observed in transport properties. On the contrary, the pore distribution in the 463 

same samples ranges from approximately 3-16×103 µm2, suggesting this parameter plays 464 

a predominant role in liquid transport properties. Lower contact angle should translate to 465 

a higher capillary coefficient—and thus faster capillary water transport according to 466 

Lucas-Washburn equation [60,61]. However, our observations contradict this trend, 467 

reinforcing the predominant role of the pores’ dimensions and the arrangement of pores 468 

in relation to each other in controlling the capillary transport within the macroporous 469 

hydrogels reported here. 470 
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Celery was used as a native plant tissue reference for comparing the capillary rising 471 

behavior of the prepared hydrogels. The decellularized and bleached celery allowed for 472 

the visualization of dye rising from the bottom to the top of the celery stem sample (Figure 473 

S12a). In living vascular plants, leaves facilitate transpiration. The resulting evaporation 474 

generates a vapor pressure depression which promotes capillary liquid transport through 475 

the plant stem. However, in this study, liquid was transported up the celery stem without 476 

leaves, reaching the top after around 1000 seconds (Figure 7c, d and Figure S12b). 477 

Although the celery's initial rising speed was much faster than the prepared hydrogels, it 478 

became comparable to hydrogels, especially for A:C=6:2 at 25 µm/s and A:C=4:4 at 50 479 

µm/s. In other words, the hydrogels prepared with alginate and oxidized cellulose via ice-480 

templating in this study successfully mimic both the structural features of plant stems and 481 

their liquid transport behavior.  482 

In summary, we successfully created bioinspired hydrogels through ice-templating/ion-483 

crosslinking of alginate and oxidized cellulose suspensions. By adjusting precursor 484 

compositions and ice growth velocities, we could control mechanical, surface properties, 485 

and morphologies. The resulting hydrogels exhibit capillary water transport behavior 486 

primarily dependent on pore size and the alignment of pores in relation to each other. 487 

These findings and insights are valuable for developing bioinspired materials resembling 488 

native biological tissues, with aligned mechanical properties, for potential biomedical and 489 

environmental applications.  490 

https://doi.org/10.26434/chemrxiv-2024-m6z57 ORCID: https://orcid.org/0000-0002-6697-1470 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-m6z57
https://orcid.org/0000-0002-6697-1470
https://creativecommons.org/licenses/by-nc-nd/4.0/


25 

 

 491 

Figure 7. Liquid transport experiment with hydrogels prepared with different 492 

compositions of alginate/oxidized cellulose and with different ice-growth velocities, as 493 

comparison with celery. Optical photos showing capillary action behavior with the 494 

hydrogel prepared at (a) different ice growth velocities (A:C = 4:4) and (b) with different 495 

compositions of alginate and oxidized cellulose (ice growth velocity 25 µm/s). (c) Time-496 

liquid height curves with A:C = 4:4 at different ice-growth velocity. (d) Time-liquid height 497 

curves with hydrogels obtained by different compositions of alginate and oxidized 498 

cellulose with ice growth velocity of 25 µm/s. 499 
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 500 

In general, porous media can be characterized by studying the kinetics of liquid rise within 501 

the pore spaces. Although porous media generally have a complex structure, they can be 502 

modeled as a single, vertical capillary or as an assembly of such capillaries. The main 503 

difficulties lie in separately estimating the effective mean radius of the capillaries and the 504 

contact angle between the liquid and the pore. In the characterization of porous media by 505 

capillary rise, the dynamic properties of the liquid front and any meniscus deformation or 506 

dynamic contact angle effects will have important consequences. Specifically, we 507 

consider that the contact angle between the liquid meniscus and the inner surface of the 508 

capillary becomes a dynamic contact angle when the liquid front is in movement as shown 509 

in the hysteresis study of the contact angle (Figure 6). It has previously been demonstrated 510 

that the resulting time dependence is due to frictional dissipation at the moving wetting 511 

front. In modeling the conducted experiments, we employ an analytical expression for 512 

height versus time, facilitating the determination of the retardation coefficient. This 513 

coefficient encompasses both diffusion and friction contributions to dissipation [56]. Here, 514 

we utilize the analytical equation established by Hamraoui et al. [57]. 515 

ℎ(𝑡) = ℎ𝑒 + (ℎ(0) − ℎ𝑒) exp [−
𝛾 cos(𝜃0)

𝛽1ℎ𝑒
𝑡], (E1) 516 

where 𝛽1is the slowdown coefficient, 𝜃0 is the equilibrium contact angle, 𝛾 surface 517 

tension of the used liquid, ℎ(𝑡 =  0) and ℎ𝑒 = ℎ(𝑡 ⟶ ∞) are respectively the initial 518 

and the equilibrium heights. In this scenario, the fitting process required only β1 as a 519 

parameter, with the pore radius implicitly incorporated into he, which is determined 520 

experimentally. The experimental curve fits, presented in Figure 8, were carried out using 521 

the analytical expression given in equation (E1). Across all experimental curves, 522 

including sample prepared with different composition (A:C=2:6-6:2) of polysaccharide 523 

https://doi.org/10.26434/chemrxiv-2024-m6z57 ORCID: https://orcid.org/0000-0002-6697-1470 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-m6z57
https://orcid.org/0000-0002-6697-1470
https://creativecommons.org/licenses/by-nc-nd/4.0/


27 

 

and with different ice-growth velocities (at 10-50 µm/s), a consistent match with fitting 524 

model curves is observed. Table 2 gathers the retardation coefficients calculated for each 525 

sample. The retardation coefficients in sample A:C=2:6 at 25 µm/s and A:C=4:4 at 10 526 

µm/s are relatively lower (𝛽1≈13 and 17 for A:C=2:6 at 25 µm/s and A:C=4:4 at 10 µm/s, 527 

respectively), while those for A:C=6:2 at 25 µm/s and A:C=4:4 at 50 µm/s exhibited 528 

higher values (𝛽1≈2.8). This observation aligns well with the experimental data of the 529 

liquid height profile, emphasizing the pivotal role of pore size in the liquid transport 530 

behavior within the macroporous hydrogels.  531 

 532 

Figure 8. The graphs illustrate the capillary water transport behavior within hydrogels, 533 

which were prepared with varying ice-growth velocities (a-c) and distinct compositions 534 

of alginate and oxidized cellulose (d and e), along with the theoretical fitting curves as 535 

defined by E1.  536 

 537 

In the liquid transport behavior within the macroporous hydrogels, diffusion plays a 538 

crucial role in governing the initial stages of the liquid transport. This stage is guided by 539 
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the pressure gradients generated by the impulsive force, such as the wetting stress. Figure 540 

S13a-e displays fitting curves on the experimental ℎ(𝑡) profiles at short times by using 541 

diffusion equation ℎ(𝑡)2 = 6𝐷𝑡, where D denotes diffusion coefficient, and t denotes 542 

time. The revealed values of diffusion coefficient highlight a trend where the hydrogels 543 

with smaller pore size, such as A:C=4:4 at 10 µm/s and A:C=6:2 at 25 µm/s, yielded 544 

higher diffusion coefficients. Figure S13f illustrates the findings, indicating an inverse 545 

correlation between the diffusion coefficient and the retardant coefficients. Notably, 546 

hydrogels with smaller pore sizes displayed lower retardation coefficients. These 547 

variations in the diffusion coefficients among samples indicate that the contribution of 548 

the friction at the triple phase line-defined by polysaccharide walls, air, and water—is 549 

relatively equivalent for sample A:C=4:4 at 10 µm/s and A:C=2:6 at 25 µm/s but 550 

considerably lower than that along a three-phase line of sample A:C=6:2 at 25 µm/s and 551 

A:C=4:4 at 50 µm/s. 552 

In summary, this study demonstrates the impact of the intricate correlation between pore 553 

size, diffusion coefficients, and retardation coefficients on liquid transport within 554 

macroporous hydrogels. It also highlights the central roles of diffusion as the driving force 555 

for liquid movement within the pores and friction at the triphase line responsible for the 556 

dynamic nature of the contact angle. 557 

 558 

Table 2. Retardation coefficients and diffraction coefficients (D) of samples prepared 559 

with different ice-growth velocities/compositions of alginate and oxidized cellulose. 560 

Sample Retardation coefficient D (mm2 s-2) 

A:C=4:4 at 10 µm/s 12.85 0.00072 

A:C=4:4 at 25 µm/s 4.91 0.00600 
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A:C=4:4 at 50 µm/s 2.76 0.01457 

A:C=2:6 at 25 µm/s 16.60 0.00103 

A:C=6:2 at 25 µm/s 2.78 0.01630 

 561 

4. Conclusions 562 

Anisotropic macroporous hydrogels, inspired by the structural features of plant stems, 563 

were successfully fabricated using alginate and oxidized cellulose through ice-templating 564 

followed by topotactic ion-crosslinking with Ca2+, a strategy previously developed in our 565 

team to stabilize protein-based biomaterials. The resulting ionic crosslinking rendered the 566 

hydrogels insoluble in water. By adjusting the overall amounts of alginate and oxidized 567 

cellulose, tunable viscoelastic properties and wettability were achieved, aligning with the 568 

respective compositions of alginate and oxidized cellulose. Remarkably, introducing a 569 

minimal quantity of oxidized cellulose in the crosslinked hydrogels effectively reinforced 570 

the alginate matrix, leading to the highest mechanical properties. Moreover, the 571 

morphological characteristics of the hydrogels were tunable, influenced not only by the 572 

ice growth speed but also by the composition. These levers allowed to obtain pore sizes 573 

comparable with those found in the xylem of celery and, more importantly, to reproduce 574 

the plant stems’ liquid transport behavior. In fact, capillary liquid transport experiments 575 

demonstrated that crosslinked anisotropic hydrogels with smaller pore sizes exhibited 576 

faster liquid rising speeds, comparable to those observed in celery. These findings 577 

highlight the potential applications of these hydrogels as biomimetic scaffolds in 578 

biomedical fields or water purification systems, capitalizing on their anisotropic 579 

architecture and their biocompatible composition. 580 

 581 
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 829 

Figure S1. Egg-box structure of alginate gel in the presence of Ca2+. 830 

 831 

 832 

 833 

 834 

Figure S2. Scheme of TEMPO oxidation of cellulose. 835 

 836 

 837 

 838 

 839 

 840 

 841 

Figure S3. The scheme of the decellularization and bleaching for the celery (Apium 842 

graveolens), (a) The stem of the celery was cut into 1 cm and then (b) cut samples was 843 
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immersed in 10 % SDS solution for 5 days. (c) After 5 days decellularization, samples 844 

are immersed in NaClO solution for 1 day for bleaching. 845 

 846 

 847 

 848 

Figure S4. 3 cooling temperature profiles applied in this study for the unidirectional ice-849 

templating, resulting in constant ice-front velocity of 10, 25 and 50 µm/s. 850 

 851 

 852 

 853 

 854 

Figure S5. (a) The photo and (b) schematic illustration of the dynamic contact angle 855 

measurement with tensiometer. 856 

 857 
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 858 

 859 

Figure S6. Liquid transport experiment with different composition of alginate and 860 

oxidized cellulose and with different ice-growth velocity. (a) Schematic illustration of the 861 

liquid transport experimental setup, (b) the photo through the lens of the camera during 862 

liquid transport experiment. 863 

 864 

 865 

Figure S7. SEM images in longitudinal section of Ca-crosslinked hydrogels with the 866 

different ratio of alginate and oxidized cellulose prepared at constant ice growth velocity 867 

(25 μm/s). (a) A:C=8:0, (b) A:C=7:1, (c) A:C=6:2, (d) A:C=4:4, (e) A:C=2:6, and (f) 868 
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A:C=1:7.  869 

 870 

Figure S8. Normal scale pore distribution. (a) Summary of the pore area distribution of 871 

alginate and oxidized cellulose macroporous hydrogels at different compositions for 25 872 

μm/s (ice growth velocity). (b) Summary of the pore area distribution of alginate and 873 

oxidized cellulose macroporous hydrogels (A:C=4:4) at different ice front velocities. 874 

Moustaches delimit the 5 and 95 percentiles of the distribution and box limits represent 875 

the 1st and 3rd quartiles. Gray horizontal bars depict the pore size distribution of A. 876 

graveolens xylem vascular system.  877 

 878 

 879 

Figure S9. Viscosity profile of the suspensions with different ratio of alginate and 880 
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oxidized cellulose. 881 

 882 

 883 

 884 

Figure S10. SEM images in longitudinal section of Ca-crosslinked hydrogels prepared at 885 

different ice growth velocity (10, 25, and 50 μm/s) at constant ratio of alginate and 886 

oxidized cellulose (4:4). (a) v = 10 μm/s, (b) v = 25 μm/s, and (c) v = 50 μm/s.  887 
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 896 

Table S1. Mechanical properties of hydrogels with an ice growth velocity of 25 μm/s 897 

with different compositions of alginate/oxidized cellulose (A:C) after ion-crosslinking. 898 

 Young's 

modulus / MPa 
Toughness / 

J/m
3

 

Yield stress 

/ KPa 

Compression 

stress 
ε=20%

 / 

KPa 

Compression 

stress 
ε=40%

 / 

KPa 

Compression 

stress 
ε=60%

 / 

KPa 
0:8 0.003 ± 0.001 0.04 ± 0.01 0.7 ± 0.2 0.3 ± 0.1 0.8 ± 0.2 1.6 ± 0.5 
1:7 0.008 ± 0.003 0.08 ± 0.02 0.8 ± 0.3 1.0 ± 0.1 1.8 ± 0.2 3.8 ± 0.8 
2:6 0.032 ± 0.017 0.15 ± 0.03 1.5 ± 0.2 2.1 ± 0.4 2.7 ± 0.5 5.3 ± 1.1 
4:4 0.034 ± 0.015 0.23 ± 0.05 3.4 ± 1.1 3.9 ± 0.9 4.4 ± 0.8 6.1 ± 1 
6:2 0.070 ± 0.017 0.31 ± 0.05 4.1 ± 0.9 5.1 ± 1 5.8 ± 0.9 8.4 ± 1.1 
7:1 0.084 ± 0.019 0.40 ± 0.05 6.0 ± 0.9 6.5 ± 0.9 7.3 ± 0.6 11.4 ± 1.5 
8:0 0.096 ± 0.036 0.39 ± 0.08 5.0 ± 1.5 5.8 ± 1.3 7.5 ± 1.3 10.8 ± 1.9 

 899 

 900 

 901 

 902 

Figure S11. Liquid transport experiment using the films with different compositions of 903 

alginate and oxidized cellulose. (a) Optical photos showing capillary action behavior. (b) 904 

Time-liquid height curves. 905 

 906 
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 907 

Figure S12. Liquid transport experiment with celery. (a) Optical photos showing capillary 908 

action behavior. (b) Time-liquid height curves and rising speeds of celery. 909 

 910 

 911 

 912 

 913 

Figure S13. Capillary water transport behavior of hydrogels prepared with different ice-914 

growth velocities (a-c) and different compositions of alginate and oxidized cellulose (d 915 

and e) and those theoretical curves fitting to the equation of mean square displacement 916 

(i.e. h(t)2=6Dt), (f) trends among pore area, diffusion coefficients, and retardation 917 

coefficients. Dashed lines are a guide to the eye. 918 
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