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Highlights 

- Chitosan aerogels and cryogels were prepared via supercritical CO2 drying and freeze-

drying, respectively 

- The influence of process parameters on materials’ structure and properties was studied 

- Aerogels possessed a higher density and higher specific surface area than cryogels 

- The absorption of simulated wound exudate was investigated 
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Abstract 

Highly porous chitosan-based materials were prepared via dissolution, non-solvent induced phase 

separation and drying using different methods. The goal was to tune the morphology and properties 

of chitosan porous materials by varying process parameters. Chitosan concentration, concentration 

of sodium hydroxide in the coagulation bath and aging time were varied. Drying was performed 

via freeze-drying leading to “cryogels” or via drying with supercritical CO2 leading to “aerogels”. 

Cryogels were of lower density than aerogels (0.03 - 0.12 g/cm3 vs 0.07 - 0.26 g/cm3, respectively) 

and had a lower specific surface area (50 – 70 vs 200 – 270 m²/g, respectively). The absorption of 

simulated wound exudate by chitosan aerogels and cryogels was studied in view of their potential 

applications as wound dressing. Higher absorption was obtained for cryogels (530 – 1500 %) as 

compared to aerogels (200 – 610 %). 

 

 

Keywords: density; specific surface area; porosity, freeze-drying, supercritical drying 
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1. INTRODUCTION  

A porous 3D biomaterial can be generated by removing the solvent from a “wet” polymer 

network. The properties of the porous material depend greatly on the drying method of the 

precursor [1,2]. Aerogels are obtained via drying under supercritical (sc) conditions, most often 

using sc CO2. Since no liquid-vapor meniscus exists under sc conditions, capillary stresses, which 

usually lead to collapse of pore walls under ambient pressure drying, are no longer acting. The 

structure of the gel is therefore theoretically kept intact, leading to a nanostructured material with 

high porosity and high internal pores’ surface area. This is in contrast with freeze-drying (for 

simplicity we will call such materials cryogels), where the growth of ice crystals may distort the 

network structure and lead to the formation of larger pores and a lower internal surface area. 

Materials obtained via ambient pressure or vacuum drying, so-called xerogels, often have a high 

density and low porosity due to collapse of pore walls. Both aerogels and cryogels possess 

particular properties in terms of density, morphology, pore size distribution and surface area. The 

understanding of processing-structure-properties correlations is therefore essential for matching 

the requested application. 

Chitosan is a semi-natural polymer which can be obtained via deacetylation of chitin which in 

turn is extracted from crustacean shells. It is a cationic polymer composed of D-glucosamine and 

N-acetyl-D-glucosamine linked by β (1→4) glycosidic bonds. Thanks to its antiviral, antibacterial 

and antifungal properties as well as its biocompatibility, chitosan has been frequently used for 

biomedical applications, including wound dressings and drug delivery systems [3–5]. Several 

examples of porous chitosan-based biomaterials, including cryogels and aerogels, exist in 

literature, as reviewed recently [6,7]. For example, pH-responsive chitosan [8] and hybrid chitosan-

cellulose-graphene oxide [9] cryogels were developed for drug delivery applications. Drug-loaded 
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chitosan aerogel particles prepared via the dropping [10] or jet cutting method [11] were suggested 

for wound healing applications.  

In order to obtain chitosan aerogels or cryogels, various approaches exist. In all cases chitosan 

is first dissolved, usually in acidic medium. In order to form a network, chitosan can then be either 

crosslinked via its amino groups (using formaldehyde [12], urea [13], glutaraldehyde [14] or 

sodium tripolyphosphate [15]), or directly coagulated in a non-solvent (for example, in a basic 

solution). In the latter case non-solvent induced phase separation (or immersion precipitation) 

occurs: chitosan forms a network with non-solvent in the pores. To use drying with sc CO2, the 

liquid in the pores of a network (crosslinked or not) must be miscible with CO2, and thus solvent 

exchange step is often applied. Quignard et al. used the non-solvent induced phase separation 

method for the preparation of chitosan beads in NaOH-water; NaOH was then removed by washing 

the beads in water followed by exchange of water to ethanol and sc CO2 drying, resulting in 

chitosan aerogel beads [16]. The same approach was used in refs. [10] and [11]. Chemical 

crosslinking is supposed to lead to better mechanical properties and a more homogeneous network 

structure [14], but the use of toxic crosslinkers (e.g. glutaraldehyde) may lead to adverse effects in 

biomedical applications.  

In the vast majority of publications only one method of drying is used for the preparation of the 

chitosan porous material, which impedes the in-depth understanding of processing-structure-

properties correlations of chitosan porous materials. To the best of our knowledge, only two articles 

compare the properties of sc dried and freeze-dried chitosan starting from the same precursor, and 

in both cases chitosan was crosslinked. Obaidat et al. prepared sc CO2 and freeze-dried beads based 

on chitosan crosslinked with sodium tripolyphosphate [15]. The specific surface area of aerogels 

was 70 – 100 m2/g and for cryogels it was not detectable. Takeshita et al. made sc CO2 and freeze-

dried (from water and from tert-butanol) chitosan crosslinked with formaldehyde and reported 
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much a higher value for the specific surface area of aerogels, almost 500 m2/g. For the cryogel, as 

in the case above, the surface area was not detectable [17]. In the present work, for the first time, 

the influence of drying conditions (freeze-drying versus sc drying) on the structural and physico-

chemical properties of non-crosslinked chitosan porous materials was investigated starting from 

the same chitosan precursor. We also analyzed the influence of chitosan and NaOH concentrations 

in the coagulation bath and of aging time. In the view of potential biomedical applications of these 

porous chitosan materials, the absorption of simulated wound exudate was evaluated.  

 

2. EXPERIMENTAL 

2.1. Materials 

All chemicals were used as received. Chitosan of high molecular weight (600 – 800 kDa 

according to the manufacturer) was purchased from Acros; the exact molecular weight was 

determined with viscometry and is presented in the Results and Discussion section. The degree of 

acetylation was determined by infrared spectroscopy with the method described by Moore and 

Roberts [18] (see Methods section). Glacial acetic acid, ethanol (purity higher than 99 %) and 

sodium hydroxide pellets (analytical reagent grade) were supplied by Fisher Chemical. Water was 

distilled. 

 

2.2. Methods 

2.2.1. Preparation of chitosan cryogels and aerogels 

Chitosan was dissolved in a solution of 2 % v/v acetic acid under mechanical stirring at room 

temperature for several hours. The concentration of chitosan was varied from 1 to 10 % wt/v. 

Around 6 mL of chitosan solution was poured into polypropylene molds of 27.5 mm in diameter 

with holes in the walls of 1 mm in diameter. The molds were immersed in 100 mL of aqueous 
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NaOH solution (0.1 – 4 M at various durations called “aging”) for non-solvent induced phase 

separation. As NaOH-water is chitosan non-solvent, the polymer coagulated, but most of the 

samples kept their 3D shape. The holes in the mold were made for non-solvent penetration from 

all sides of chitosan solution thus leading to homogeneous coagulation. NaOH was then washed 

out with water by placing the sample in consecutive water baths, resulting in a “hydrogel” (Fig. 1).  

 

Figure 1 

 

In order to obtain “aerogels”, drying was performed with sc CO2 (Fig. 1). As water is not 

miscible with CO2, water in the hydrogels was replaced by ethanol as follows. The chitosan 

hydrogels were gently demolded and immersed in mixtures of ethanol and distilled water. The 

ethanol fraction was gradually increased over the course of three days (10/90, 25/75, 50/50, 75/25, 

90/10, 100/0) to remove water. To ensure a complete solvent exchange, several washing steps with 

pure ethanol were performed during two days. This solvent exchange resulted in chitosan 

“alcogels” (Fig. 1). 

Drying with sc CO2 was performed as described elsewhere [19,20]. The system was pressurized 

at 50 bar and 37 °C, and ethanol was slowly washed with gaseous CO2. Afterwards, the pressure 

in the autoclave was increased to 80 bars to be above the CO2 critical point. The sc CO2 solubilized 

the residual non-solvent inside the sample pores. At 37°C, a dynamic washing step was performed 

with an output of 5 kg of CO2/h for 1 h. It was followed by a static mode of 1 – 2 h in the same 

conditions and then a dynamic step for 2 h again. The system was then depressurized at 4 bar/h and 

cooled to room temperature before opening the autoclave. 

To obtain “cryogels”, hydrogels were freeze-dried by first immersing in liquid nitrogen (-196 

°C) for 5 min and then placing in a freeze-dryer (Cryotec Cosmos 80) for lyophilization for 48 h. 
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“Xerogel” was obtained from a hydrogel made from 5 % wt/v chitosan solution coagulated in 4 

M NaOH, aged for 24 h and dried at 55°C under vacuum until the constant weight. 

2.2.2. Characterization 

Chitosan molecular weight was determined from the intrinsic viscosity using the Mark-Houwink 

equation using an aqueous solution containing 0.1 M of acetic acid and 0.2 M of NaCl at 25 °C 

[21]:  

 [𝜂] = 𝐾𝑀𝛼 (1) 

with K = 1.81 x 105 dL/g and  = 0.93 [21]. 

Chitosan degree of acetylation (DA) was determined by infrared spectroscopy with the method 

described by Moore and Roberts [18]. The chitosan powder (4 mg) and 100 mg of KBr were dried 

for 4 h at 80 °C and mechanically blended to make a disk. Then the degree of DA was determined 

with the equation: 

 𝐷𝐴(%) = (𝐴1655 𝐴3450⁄ ) × (100 1.33⁄ ) (2) 

with A1655 the absorption at 1655 cm-1 of the amide I band and A3450 the absorption at 3450 cm-1 

of the hydroxyl groups. 

The evolution of sample volume at each processing step (for aerogels: from solution to alcogel 

and from alcogel to aerogel; for cryogels: from solution to hydrogel and from hydrogel to cryogel) 

and total shrinkage (from solution to dry matter, see Fig. 1) was monitored. As samples were of 

cylindrical shape, their diameter and height were measured, and volume shrinkage was calculated 

according to the following equation: 

 𝑆ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒 (%) = (𝑉𝑖 − 𝑉𝑓) × 100 𝑉𝑖⁄  (4) 

where Vi and Vf are sample volumes before and after the step, respectively. 
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The bulk density bulk was measured with an Envelope Density Analyzer Geopyc 1360 

(Micromeritics) with a calibrated chamber using DryFlo fine powder. Porosity was calculated from 

bulk and skeletal density (skeletal, 1.446 ± 0.116 g/cm3 for chitosan [10]) with equation (5). 

 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) = (𝜌𝑠𝑘𝑒𝑙𝑒𝑡𝑎𝑙 − 𝜌𝑏𝑢𝑙𝑘) × 100 𝜌𝑠𝑘𝑒𝑙𝑒𝑡𝑎𝑙⁄  (5) 

Pore specific volume was estimated using bulk and skeletal densities: 

 𝑉𝑝𝑜𝑟𝑒 = (1 𝜌𝑏𝑢𝑙𝑘
⁄ ) − (1 𝜌𝑆𝑘𝑒𝑙𝑒𝑡𝑎𝑙

⁄ )  (6) 

The specific surface area was measured using a Micromeritics ASAP 2020 employing the 

Brunauer, Emmett et Teller (BET) method. Prior to measurement the samples were degassed in a 

high vacuum at 70 °C for 10 h.  

The morphology of the samples was studied with a Scanning Electron Microscope MAIA 

(Tescan) equipped with a field emission gun at an accelerating voltage of 3 keV. A layer of 

platinum was coated (14 nm) using a Q150T Quarum rotating metallizer. 

It is now accepted that it is not possible to obtain the complete pore size distribution in bio-

aerogels using nitrogen adsorption (BJH method) or mercury porosimetry [19,22,23]. The BJH 

approach takes into account mesopores and small macropores thus providing only 10–15 % of the 

total pore volume, and mercury does not enter the pores but compresses the sample. The pore size 

distribution in chitosan aerogels and cryogels was therefore roughly estimated with the software 

Visilog from the SEM images; at least 270 pores per formulation were analyzed. 

X-ray diffraction patterns were obtained on powder samples with a ‘XPERT-PRO’ 

diffractometer from PANalytical equipped with a θ/θ 3050/60 goniometer, a CuKα source operated 

at 40 kV and 30 mA, and the measurement program ‘ScanPixcel’. The diffraction angle 2θ was 

from 5° to 40° with a 0.08° step. 
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Dried samples were immersed in simulated wound exudate (SWE) composed of 8.3 g/L of NaCl 

and 0.37 g/L of CaCl2 at 31 °C (no viscosity modifier was used in agreement with the norm EN 

13726-1). The evolution of sample weight Wt in time was measured during 48 h, and SWE 

absorption was calculated with the following equation: 

 𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛(%) =  ((𝑊𝑡 − 𝑊𝑖) × 100) 𝑊𝑖⁄  (7) 

where Wi is sample initial weight. 

 

3. RESULTS AND DISCUSSION  

The results are presented as follows. First, the determination of the molecular weight and degree 

of acetylation of chitosan will be shown. Then, each material property, namely volume shrinkage, 

density, porosity, morphology, specific surface area and absorption of SWE will be presented and 

discussed for aerogels and cryogels as a function of various parameters such as the chitosan 

concentration, the concentration of NaOH in the coagulation bath, the aging time and the method 

of drying. 

 

3.1. Determination of chitosan molecular weight and degree of acetylation 

The intrinsic viscosity of chitosan was determined as described in Methods [21] and found to 

be 4.87 dL/g. The molecular weight was estimated to be around 691000 g/mol, which is in the 

range of the molecular weight given by the manufacturer, 600 – 800 kg/mol. 

The degree of acetylation was determined as described in the Methods section [18] and found 

to be 10 ± 2 %.  

 

3.2. Visual appearance 
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Photos of chitosan aerogels and cryogels made under different conditions are presented in Fig. 

2. Higher is the concentration of chitosan, more stable is the shape of the hydrogel (and of the 

corresponding aerogel or cryogel), as seen in Fig. 2. For example, for 1 % wt/v of dissolved 

chitosan coagulated in 4 M NaOH, a fluffy aerogel with no distinct shape was obtained, and no 

adequate characterization of this sample was possible. A minimum of 3 % wt/v chitosan is 

necessary for the sample to keep the shape of the mold upon coagulation; a similar result was 

observed for cellulose aerogels despite that the molecular weight of cellulose was much lower, 

around 30-35 kDa [2]. No influence on the aerogel shape of NaOH concentration in the coagulation 

bath above 1 M was observed. Below 1 M NaOH, the hydrogel was soft and weak and the 

corresponding aerogel as well.  

 

Figure 2 

 

The cryogels have a similar visual appearance as aerogels (Fig. 2), but cracks are visible along 

the samples. They were formed during freezing because of the growing ice crystals. At higher 

chitosan concentrations, the samples present less cracks and are harder.  

Xerogel photo is shown in Fig. S1 of the Supporting Information. The xerogel is brownish and 

partly translucent, with distorted shape and cracks most probably because of the significant and 

heterogeneous shrinkage. 

 

3.3. Shrinkage 

Volume shrinkage at different steps of the process and total shrinkage (eq. 2) are presented in 

Fig. 3 for aerogels and cryogels as a function of the chitosan concentration in the initial solution 

(Fig. 3a), of the NaOH concentration in the coagulation bath (Fig. 3b) and of the aging time (Fig. 
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3c). Because of a significant total shrinkage of the xerogel, around 80 %, only one sample was 

prepared and analyzed. Data known from literature for non-crosslinked chitosan aerogels and 

cryogels are also shown in Table S1 for comparison. 

During coagulation and solvent exchange, a small volume decrease within 20 % was observed 

(Fig. 3). Polymer chains are supposed to strongly contract when a solvent is replaced by a non-

solvent; this is well known for synthetic polyelectrolyte polymer gels [24]. Interestingly, chitosan 

is not shrinking much, most probably because the non-solvent used is an aqueous medium which 

has a high affinity for chitosan, and also because of polysaccharide chain rigidity. Rather low 

shrinkage in a non-solvent was also observed for cellulose, pectin and high-amylose starch 

[2,20,25]. Shrinkage during sc CO2 drying is similar to the one during coagulation and solvent 

exchange, leading to a total shrinkage around 30 - 40 % which does not depend on process 

parameters within the intervals studied and experimental errors. Neither polymer concentration 

(Fig. 3a), which usually strengthens the network to better resist the shrinkage [2,25], nor NaOH 

concentration (above 0.5 M NaOH) (Fig. 3b) or aging time (Fig. 3c) influence shrinkage, within 

experimental errors. At 0.1 M NaOH, despite that the amount of NaOH is superior to chitosan 

cationic groups, shrinkage is heterogeneous not allowing adequate determination of sample 

volume, see the photo and SEM image in Fig. S2. We suppose that at low NaOH concentrations 

the chitosan network was not well “stabilized” during coagulation and partially collapsed. We 

hypothesize that the time needed for complete gel coagulation, which is governed by diffusion and 

polymer/non-solvent interactions, is an important parameter influencing shrinkage and aerogel 

properties. Thus the 0.1 M NaOH concentration will not be used in the following. It should be 

noted that our data follow the trend of shrinkage vs aging time reported in [11]: higher the aging 

time, lower the shrinkage with no further dependence when aging is longer than 24 h. In the 

following, aging time is kept at 24 h. Overall, the shrinkage obtained is moderate compared to that 
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reported for some chitosan aerogels (Table S1) which can be up to 60 % [10,16] and even 90 % 

[17], or for some other bio-aerogels, between 50 – 95 % [16]. However, because of the numerous 

parameters involved in the preparation of bio-aerogels (polymer molecular weight, charge and 

chain flexibility, solvent pH, ionic strength, way of structure formation (via non-solvent induced 

phase separation or gelation induced by crosslinking), type of non-solvent, way of coagulation, 

etc.), there is still no clear understanding and control of volume shrinkage, and as a consequence, 

of aerogel bulk density (see next section). 

 

Figure 3 

 

Cryogels showed no volume shrinkage during freezing and drying, within the experimental 

errors (Fig. 3a). Lower shrinkage for cryogels as compared to that for aerogels has been reported 

for cellulose and starch [2,26]. This is an expected result as in the preparation of cryogels there is 

no step of hydrogel immersion in ethanol and in CO2, both being non-solvents of native 

polysaccharides.  

 

3.4. Density, porosity, specific surface area and structure 

Bulk density and porosity of aerogels and cryogels are shown in Fig. 4a, b and c as a function 

of chitosan concentration in the initial solution, NaOH concentration in the coagulation bath and 

aging time, respectively. The theoretical density, calculated for a hypothetical case of zero 

shrinkage, is also shown for comparison. Bulk density of aerogels was between 0.07 and 

0.26 g/cm3, similar to the values reported in literature (Table S1) [10,11,16,22,27–29]. The density 

of aerogels is higher than the theoretical density due to the volume shrinkage during solvent 

exchange and drying. The bulk density of cryogels is lower than that of aerogels when made from 
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the same chitosan concentration in solution (Fig. 4), it is between 0.03 and 0.12 g/cm3 and is almost 

equal to the theoretical density thanks to the negligible volume shrinkage (Fig. 3a). As expected, 

higher is the chitosan concentration, higher is aerogel and cryogel density and lower is the porosity 

and pore volume (Fig.S4). The density of chitosan xerogel is around 1.30 ±0.15 g/cm3 and thus 

porosity is very low, around 10 % (Fig. 4a).  

 

Figure 4 

 

The sodium hydroxide concentration does not influence density and porosity of aerogels above 

0.5 M NaOH (Fig. 4b). At 4 M NaOH aging time also does not influence the density and the 

porosity (Fig. 4c), confirming the observations reported in the literature [10].  

The specific surface area of chitosan aerogels varies within 200 – 270 m2/g (Fig. 5); it slightly 

increases with the chitosan concentration (Fig. 5a). The values obtained are similar to those 

reported in literature (Table S1) [10,11,16,22,27–29]. An increase in NaOH concentration in the 

coagulation bath slightly increases specific surface area (Fig. 5b). 

 

Figure 5 

 

The surface area of cryogels is much lower, around 50 – 70 m2/g (Fig. 5a). The reason is that 

pores in cryogels are larger as they constitute the space left by sublimated ice crystals. 

Nevertheless, the specific surface area of as-prepared chitosan cryogels is higher than that reported 

in literature (few m²/g) [10,28,30–32], and of cellulose II and starch cryogels, being within 10 – 60 

m2/g and below 20 m2/g, respectively [2,26].  
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The inner morphology of chitosan aerogels and cryogels was studied by SEM, representative 

examples for each type of material made from chitosan solutions of the same concentration are 

shown in Fig. 6 at different magnifications. The morphology depends on the drying technique: 

larger pores were obtained with freeze-drying confirming the lower specific surface area of 

cryogels as compared to that of aerogels. Similar results have been reported for cellulose II and 

starch-based aerogels and cryogels [2,26,33]. A SEM image of the xerogel morphology (Figure 

S1) shows the absence of pores, as expected from its very low porosity.  

 

Figure 6 

 

We roughly estimated the pore size of aerogels and cryogels from SEM images; the results are 

shown in Fig. S3 of the Supporting Information. In both aerogels and cryogels, the pore size is 

slightly decreasing with the increase of polymer concentration; the same trend was reported for 

cellulose aerogels and cryogels [2]. Interestingly, the sizes of the pores in cryogels are rather low, 

from several hundreds of nanometers to few microns which is much smaller compared to other 

non-crosslinked chitosan-based materials which underwent freeze-drying (pores of several tens up 

to few hundreds of microns [34]). The smaller pore size of the chitosan cryogels in the current 

study compared to many other chitosan freeze-dried materials can be explained as follows. The 

size of the pores in a freeze-dried material strongly depends on the state of the matter before drying. 

For example, a polysaccharide solution (agarose [35], hyaluronic acid [36]) can undergo 

cryogelation during freezing resulting in very large macropores of several tens of microns. Pores 

and channels from few to several tens of microns were reported for a freeze-dried nanocellulose 

suspension [37]. Freeze-dried ultrasonicated chitosan-alginate, chitosan-collagen and chitosan-

gelatin blends also possess pores of several tens of microns [38]. The evolution of the morphology 
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of a chitosan network (chitosan solution was dropped in tripolyphosphate solution for different 

duration, beads post-crosslinked with ethylene glycol diglycidyl ether and freeze-dried) at different 

stages of coagulation was demonstrated in ref. [39]. Ionic bonds are formed between phosphate 

groups of tripolyphosphate and amine groups of chitosan. At the early stage of coagulation (called 

phase inversion in ref. [39]), when the network is not yet formed, large pores and channels of 

several hundreds of microns were obtained; with the progress of coagulation pores became smaller 

and channels disappeared. All examples given above demonstrate that in weak gels the morphology 

of freeze-dried matter is adapting to the shape of growing ice crystals. In our case, the network 

morphology in the hydrogel is fixed before drying as coagulation is completed, and growing ice 

crystals are deforming and enlarging the pores but not destroying them. Similar results were 

obtained for cellulose II and starch hydrogels: the network is formed either during coagulation for 

cellulose [2], or during retrogradation for starch [26].  

Buchtová et al. [2] suggested that an increase of the concentration in a cellulose aerogel 

decreases the pore size thus increasing the specific surface area supposing that pore wall thickness 

remains the same. A very minor decrease in the pore size of aerogels can be seen (Fig. S3 of the 

Supporting Information), which corroborates the slight increase in specific surface area observed 

in Fig. 5a, but no particular trend can be deduced considering a large dispersion of data and the 

roughness of the approach. 

The average size of pore walls in aerogels and cryogels was also estimated from SEM images: 

the values are 14.4 ±3.9 nm and 32 ±14 nm, respectively, which results in approximately 1 nm and 

18 nm after subtracting the thickness (14 nm) of the layer of sputtered platinum. These results were 

compared with the calculated pore wall thickness D assuming the pore walls are ideal rods of 

uniform thickness and having the same skeletal density as chitosan: 
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 𝐷 =  4 (𝜌𝑏𝑢𝑙𝑘 × 𝑆𝐴)⁄  (7) 

The pore wall thickness for aerogels and cryogels was calculated to be around 1.3 nm and 13 nm, 

respectively, which fits well with the experimental observation. 

The XRD pattern of the initial chitosan powder and of grinded aerogel and cryogel are presented 

in Fig. 7. The initial powder shows a very broad peak around 10° and a sharper peak centered 

around 20°, similar to the ones reported for chitins and chitosan of various degrees of acetylation 

and typical for a semi-crystalline chitosan [40–43]. Aerogels and cryogels show peaks at the same 

angles but the one at 10° is sharper than that of chitosan powder. This sharp peak is characteristic 

of a hydrated crystalline chitosan [41]. As cryogels and aerogels present a higher specific surface 

area than that of the powder, we suppose that these porous materials may adsorb more water 

vapours than chitosan powder explaining the sharper peak. Aging time and sodium hydroxide 

concentration do not influence the XRD pattern (data not shown) within the experimental errors.  

 

Figure 7 

 

3.5. Absorption of simulated wound exudate 

In view of the potential application of chitosan aerogels and cryogels as wound dressings, the 

absorption of simulated wound exudate (SWE) was studied as a function of the chitosan 

concentration. Moisture balance is important to guarantee a good healing process and limit 

infections [44]. The absorption was monitored during 48 h, which is the duration a dressing is 

typically used before being replaced [45]. Fig. 8a shows that higher is the concentration of chitosan 

in the initial solution, and thus lower the porosity (Fig. 4) and pore volume (Fig. S3), lower is the 

absorption of SWE by both aerogels and cryogels. In all cases, a plateau value is reached within 

one hour. The absorption values obtained correspond to the higher values of chitosan cryogels and 
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aerogels reported in the literature [10,11,29–32,34] (Table S1). Because of their high absorption 

capacity, these materials seem suitable for healing of moist wounds where fluid absorption is 

necessary to limit bacterial proliferation. In Fig. 8b, the amount of fluid absorbed after one hour 

shows that higher is the porosity, higher is the absorption, as expected. Cryogels and aerogels of 

similar porosity show similar values of absorption.  

 

Figure 8 

 

4. CONCLUSIONS 

Chitosan cryo- and aerogel monoliths were prepared by non-solvent induced phase separation 

without crosslinker and characterized. The influence of the process parameters (polymer 

concentration, non-solvent concentration, time of aging, drying conditions) on the morphology and 

structural properties of the porous materials was studied. No influence of the aging time was 

observed within the time frame used. As long as the concentration of the coagulation bath is 0.5 M 

or higher, it also does not have a major influence on chitosan aerogel or cryogel properties. 

Chitosan concentration increases density and decreases porosity of both types of materials, as 

expected.  

The main parameter that changes the properties is the method of drying. Supercritical drying 

allows the preservation of the morphology of the hydrogels resulting in a specific surface area of 

200-270 m²/g. Due to the moderate shrinkage of the samples during solvent exchange and drying 

(within 30 %), the bulk density of aerogels is low, between 0.07 and 0.26 g/cm3. Freeze-drying 

distorted the morphology of hydrogels due to the growth of ice crystals resulting in larger pores 

compared to aerogels and in a lower specific surface area. Furthermore, cryogels were of lower 

density than aerogels and thus of higher porosity. Nevertheless, the pore sizes in cryogels were 
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surprisingly small (from a few hundreds of nanometers to a few microns) as compared to chitosan 

materials reported in literature which underwent freeze-drying. It indicates a strong capacity of the 

network to resist to deformations induced by growing ice crystals during freezing. 

In view of the high and tunable SWE absorption, the well-known biocompatibility of chitosan 

and the small pores which prevent cell ingrowth, these porous chitosan materials are promising 

materials for wound dressing applications. 
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Legends 

 

Figure 1. Schematic representation of the preparation of chitosan aerogels and cryogels. 

Figure 2. Photos of chitosan aerogels and cryogels. Top line: aerogels made from solutions of 

chitosan of various concentrations (1 % wt/v, 3 % wt/v, 5 % wt/v and 7 % wt/v), coagulated 

in 4 M NaOH and aged for 24 h; middle line: aerogels from solutions of 5 % wt/v chitosan 

coagulated in 0.1 M, 1 M and 4 M NaOH and aged for 24 h, and bottom line: cryogels from 

solutions of chitosan of various concentrations (5 % wt/v, 6 % wt/v, 7 % wt/v and 8 % wt/v) 

coagulated in 4 M NaOH and aged for 24 h. 

Figure 3. Volume shrinkage during the preparation of chitosan aerogels, cryogels and xerogel as a 

function of (a) the chitosan concentration in solution (all samples coagulated in 4 M NaOH 

and aged for 24 h), (b) NaOH concentration in coagulation bath (chitosan solution was 5 % 

wt/v, all samples aged during 24 h) and (c) aging time (chitosan solution was 5 % wt/v, all 

samples coagulated in 4 M NaOH). Lines are given to guide the eye. 

Figure 4. Bulk density (in black) and porosity (in blue) of chitosan aerogels (filled circles), cryogels 

(filled triangles) and xerogel (filled square) as a function of the (a) chitosan concentration in 

solution (coagulation in 4 M NaOH, 24 h aging), (b) NaOH concentration in the coagulation 

bath (5 % wt/v chitosan solution, 24 h aging) and (c) aging time (5 % wt/v chitosan solution, 

4 M NaOH). Solid lines correspond to theoretical density in case of no shrinkage. Dashed 

lines are given to guide the eye. If error bars are not seen, they are smaller than the symbol. 

Figure 5. Specific surface area of aerogels (filled circles) and cryogels (filled triangles) as a 

function of (a) chitosan concentration in solution (coagulation in 4 M NaOH, 24 h aging) and 

(b) NaOH concentration (5 % wt/v chitosan solution, 24 h aging).  
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Figure 6. SEM images of chitosan aerogels (top line) and cryogels (bottom line). The chitosan 

concentration was 5 % wt/v (left column) and 7 % wt/v (right column). Samples were 

coagulated in 4 M NaOH and aged for 24 h. 

Figure 7. XRD diffraction patterns of the initial chitosan powder, cryogel and aerogel. The cryogel 

and aerogel were made from 5 % wt/v dissolved chitosan, coagulated in 4 M NaOH and aged 

for 24 h. 

Figure 8. (a) Absorption kinetics of SWE at 30 °C for cryogels and aerogels made from 3, 4, 5, 6, 

7, 8 and 10 % wt/v of chitosan solutions (aged for 24 h in 4 M NaOH), (b) SWE sorption 

after 1 h as a function of material porosity: blue triangles are for cryogels and red circles are 

for aerogels. 
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Figure S1 

Photo and SEM image of chitosan xerogel made from 5% wt/v chitosan solution, coagulated in 4 

M of NaOH solution and aged for 24 h. 

 

  



Table S1: Characteristics of aerogels and cryogels made from non-crosslinked chitosan as a function of processing parameters, taken from literature. 

Density values marked with “*” were calculated from the data reported for porosity, with ρs = 1.446 g/cm3 [1]. FzD: freeze-drying, ScD: supercritical 

drying.  

 

Chitosan 

concentrat

ion 

(%wt/v) 

DA 

Molecular 

weight 

(kDa) 

Acetic 

acid 

concentrat

ion 

Aging 

time (h) 

NaOH 

concentrat

ion (M) 

Drying 

method 

Volume 

shrinkage 

(%) 

Bulk 

density 

(g/cm3) 

Porosity 

(%) 

Specific 

surface 

area 

(m²/g) 

Absorption 

(%) 
Reference 

2.5 10 200 - 400 1% 0.5 0.1 ScD 55.8 0.046 96.8 360 N.A. [1] 

2.5 10 200 - 400 1% 1 0.1 ScD 53.3 0.046 96.8 343 
380% of 

PBS in 24 h 

[1] 

2.5 10 200 - 400 1% 2 0.1 ScD 52.6 0.049 96.6 386 N.A. [1] 

2.5 10 200 - 400 1% 4 0.1 ScD 41.3 0.041 97.2 479 N.A. [1] 

2.5 10 200 - 400 1% 10 0.1 ScD 38.3 0.041 97.2 257 N.A. [1] 

2.5 10 200 - 400 1% 24 0.1 ScD 35.0 0.042 97.1 324 N.A. [1] 

2.5 10 200 - 400 1% N.A. 0.1 FzD 95.9 0.535 63.0 N.A. N.A. [1] 

2 10 200 - 400 1% 1 0.2 ScD N.A. N.A. N.A. N.A. 
900% of 

PBS in 24 h 

[2] 

2.5 5 200 0.055 M N.A. 4 ScD 60 N.A. N.A. 330 N.A. [3] 

1 10 500 0.055 M N.A. 4 ScD N.A. 0.0289* 98 175 N.A. [4] 

1 15 350 2% N.A. 1.25 ScD N.A. 0.1605* 88.9 111 N.A. [5] 

1 15 350 2% N.A. 1.25 FzD N.A. 0.0216* 98.3 3.6 N.A. [5] 

1 N.A. 111 0.1 M 12 4 ScD N.A. 0.0488 97.94 301 

963% of 

water in 30 

min 

[6] 
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1 N.A. 125 0.1 M 12 4 ScD N.A. 0.0569 96.77 262 

740% of 

water in 30 

min 

[6] 

1 N.A. 294 0.1 M 12 4 ScD N.A. 0.0761 95.89 254 

589% of 

water in 30 

min 

[6] 

1 N.A. 343 0.1 M 12 4 ScD N.A. 0.0802 96.16 243 

483% of 

water in 30 

min 

[6] 

1 N.A. 250 3% N.A. 1 ScD N.A. 0.090 94 115 N.A. [7] 

2 N.A. 250 3% N.A. 1 ScD N.A. 0.112 92 125 N.A. [7] 

3 N.A. 250 3% N.A. 1 ScD N.A. 0.137 90 110 N.A. [7] 

3 N.A. N.A. 1% 12 1 FzD N.A. 0.1414* 90.22 N.A. 
1365% of 

water in 24 h 
[8] 

3 6 440 0.2M 0.5 1 FzD N.A. 0.3326 77 N.A. 
310% of 

PBS in 13 h 
[9] 

N.A. 10 100 N.A N.A. N.A. FzD N.A. 0.1446 90 N.A. 
250% of 

PBS in 2h 
[10] 

2 10 50 1% N.A. N.A. FzD N.A. 0.2169* 85 N.A. 
900% of 

water in 24 h 
[11] 



 

 1 

 2 

 3 

Figure S2 4 

Photo and SEM image of chitosan aerogel sample made from 5% wt/v of chitosan solution, 5 

coagulated in 0.1M of NaOH and aged for 24 h. 6 

 7 

 8 

Figure S3 9 
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Box plot of the pore size distribution in chitosan cryogels (a) and aerogels (b) (values obtained 1 

from the analysis of SEM images at 10000x magnification). 2 

 3 

Figure S4 4 

Specific pore volume in chitosan aerogels (circles) and cryogels (triangles). Lines are given to 5 

guide the eye. 6 
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