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Chitosan-xanthan gum PEC-based aerogels: A chemically stable PEC 
in scCO2 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Chitosan-xanthan gum PEC-based 
aerogels. 

• A chemically stable chitosan-xanthan 
gum-based PEC in scCO2. 

• The aerogel processed at 150 bar shows 
higher porosity.  
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A B S T R A C T   

An innovative aerogel obtained from a chitosan/xanthan gum polyelectrolyte complex (PEC) was developed in 
this work from the screening of thirteen different combinations of natural polyelectrolytes: two positively- 
charged biopolymers (chitosan and gelatin A), six negatively-charged biopolymers (pectin, iota-carrageenan, 
collagen, xanthan gum, alginate and modified galactomannan), and a neutral polymer (guar gum) using the 
statistical design of experiments (DOE) approach. Only the chitosan-xanthan gum formed aerogels under su
percritical conditions using carbon dioxide at 150 bar and 250 bar and 35 ◦C. The chitosan-xanthan gum-based 
aerogels have bone-like structures and smooth surfaces, with pore size distributions in the meso- and macropore 
ranges, the average pore diameter of ~20 nm and porosity between 60 and 70%. The specific surface areas of the 
aerogels processed at 150 bar and 250 bar are, respectively, 5.7 and 17.5 m2 g− 1, values below those commonly 
reported in the literature for aerogels. The aerogels are thermally stable up to ~240 ◦C, while the cryogel is 
thermally stable up to ~224 ◦C. The value of the total weight loss through thermal decomposition of the aerogels 
(~25%) is smaller than that of the cryogel (~40%). These materials have potential applications in the envi
ronmental and biomedical areas, providing solutions to the current challenges in biomedicine and social, de
mographic and sanitary life sciences.   

1. Introduction 

In the scenario of a circular economy and sustainability, the 

production of aerogels from natural polymeric materials has shown to be 
quite convenient and to present an enlarged spectrum of potential ap
plications [1,2]. Natural polymers obtained from renewable sources can 
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be used to produce aerogels. The combination of polymers to produce 
materials with specific characteristics can be interesting and innovative. 

Aerogels are nanoporous materials typically characterized by having 
a high porosity (~80–99.8%), low density (<0.5 g cm− 3) and large 
surface area (~500–1200 m2 g− 1), among other interesting features [3]. 
Among the numerous types of precursors that can be used to produce 
aerogels, biopolymers derived from renewable resources have been 
increasingly considered. Their non-toxic, biocompatible and biode
gradable nature has been pointed out as ideal for biomedical applica
tions such as tissue engineering, drug delivery and biosensing [1,4]. 
Quite often, however, the need for better control of the properties of 
these materials leads to the use of chemical crosslinkers to improve their 
usage in different applications. These are usually toxic and difficult to 
eliminate, compromising the biocompatibility of aerogels, which is un
desirable for biomedical applications [5–8]. Among the strategies pro
posed to avoid this problem [9], the use of polyelectrolyte complexes 
(PECs) for the fabrication of aerogels has been recognized as a possible 
solution [1,10,11]. Under adequate conditions, the mixture of oppo
sitely charged biopolymers leads to the formation of PECs, without the 
interference of (cyto)toxic or harmful chemical cross-linking agents, 
since they are able to self-crosslink electrostatically. The results are 
biodegradable, biocompatible and non-toxic materials [11], with the 
additional advantage of being produced through simple, sustainable, 
eco-friendly, energy- and cost-efficient processes [12]. 

The systematic synthesis, pilot-scale production and commerciali
zation of bioaerogels are still giving their first steps [13]. For the 
development of bioaerogels, a variety of pure polysaccharides such as 
agar, alginate, cellulose, chitin, chitosan, lignin, pectin, carrageenan, 
xanthan gum, guar gum, pullulan, lignin and starch, and proteins have 
been considered and their synthesis approaches, properties and appli
cations extensively reported and reviewed [2,4,5,14–19]. Appropriate 
combinations of biopolymers have also been shown to display improved 
properties and enhanced opportunities for biomedical usage of the 
correspondent aerogel structures [2,5], though the number of papers 
published is still scarce. For instance, alginate/chitosan-based aerogels 
have been suggested for wound healing applications [20], pectin/xan
than aerogels for orthopedics applications [21], chitosan-coated pectin 
aerogels for drug delivery [22], alginate/starch aerogels for bone 
regeneration [23], cellulose/gelatin for skin regeneration [24] and 
collagen/alginate [25] as scaffolds for tissue engineering. The use of 
PECs for the production of aerogels has not actually been the object of 
intensive research, though unequivocally pointed out as promising [20]. 
One of the few examples available so far is the case where the aerogel is 
obtained from stoichiometric alginate-chitosan PEC [20,26]. 

One of the problems largely faced in the processing of naturally 
based aerogels is the thermal degradation and/or deformation of pores 
caused by the pressure produced during supercritical drying. These can 
theoretically be overcome by the selection of adequate pressure/tem
perature drying conditions. Alginate-based aerogel materials were 
shown to maintain nanostructure when scCO2-drying was performed at 
150 bar and 38 ◦C [27]. Both alginate-gelatin and chitosan-gelatin 
aerogels preserved shape and volume when scCO2-dried at 200 bar 
and 35 ◦C, providing aerogels with high porosity [28], though further 
reticulation with CaCl2 or crosslinking with glutaraldehyde were used, 
respectively. 

In this work, an innovative aerogel was developed from a chitosan/ 
xanthan gum-based PEC, after an exhaustive screening of natural poly
electrolyte combinations. Processing and characterization studies were 
carried out for the chitosan/xanthan gum aerogel samples. Cryogels 
were obtained from all the PECs derived from the polyelectrolyte com
binations tested. To the best of our current knowledge, there are no 
publications so far reporting the development and study of the material 
presented in this research. 

2. Materials and methods 

2.1. Materials 

Chitosan (CS, medium molecular mass, 75–85% degree of deacety
lation), iota-carrageenan (CRG, commercial grade, Type II), pectin from 
citrus fruits (PT, 74% galacturonic acid), gelatin from porcine skin (GEL, 
Type A), alginic acid sodium salt from brown algae (ALG, bioreagent), 
guar gum (GG) and xanthan gum (XG) were purchased from Sigma- 
Aldrich, Germany. Collagen (COL) was kindly provided by Professor 
Marta R. Fontanilla from Universidad Nacional de Colombia [29], and 
galactomannan (GLM) (extracted from Tara, Caesalpinia spinosa) fruit 
seed coat [30]) was acquired from Transformadora Agrícola S.A.C., 
Brazil. 

All reagents were used as received, except collagen and gal
actomannan which were further modified (see Section 2.2). 

Sodium hydroxide PA pellets (EKA/Spoilchemie, Rocara, Ireland) 
and 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO, Sigma-Aldrich, 
Germany) were used for the modification of the reagents. 

The 0.1 M acetate buffer solution pH 4.5 was prepared with glacial 
acetic acid (Fluka, Switzerland) and sodium acetate 3-hydrate (≥99%, 
Panreac, Spain). 

Distilled water was employed throughout the work. 

2.2. Preparation of PECs 

Deacetylation of CS was performed following the method described 
by Chang et al. [31]. Commercial CS was dissolved in 60% (m/v) NaOH 
solution and stirred for 4 h in a constant temperature oil bat at 100 ◦C. 
The precipitated polymer was filtered and washed several times with 
distilled water until the pH of the filtrate reached 7. The final product 
was dried in a vacuum oven at 50 ◦C, for 24 h. The deacetylation degree 
of CS was determined by 1H NMR spectroscopy (99.3%) [32] and further 
confirmed by FTIR analysis (98.7%) [33]. 

Galactomannan was modified by a selective oxidation process to 
produce an anionic polyelectrolyte. The oxidation of GLM was carried 
out using the reagent TEMPO, according to the procedure described by 
Sierakowski et al. [34]. The maximum degree of oxidation was assured 
by a 4 h reaction time and the yield of carboxylation confirmed by the 
amount of NaOH consumed (3.0 mEq per gram of GLM in reaction) [34]. 
The modified polymer was characterized by FTIR spectroscopy, con
firming the presence of carboxylate groups. 

Polyelectrolyte solutions 1% (m/v) were prepared in water or in 
acetate buffer pH 4.5 (CS and PT) or in acetic acid (COL) [35–37]. 0.38% 
(m/v) CS and 0.63% (m/v) CRG [38], 0.6% (m/v) CS [39] and 1.5% 
(m/v) XG [40] were additionally prepared. 

The pH of the polyelectrolyte starting solutions and of the CS-XG 
1.5% prepared was measured at 25 ◦C, using a Jenway, 3510 pH Meter. 

Factors and levels used in the final factorial design for the systems 
studied are presented in Table 1. Additional information, such as poly
electrolyte combinations and volume of the cationic and of the anionic 
polyelectrolyte, other tested levels and the conditions defined for each 
run are presented in Table S1. 

Magnetic stirring was carried out in a Unitron MS-52 M multi- 
channel stirrer. Orbital stirring was performed using a JeioTech Infors 

Table 1 
Factors and levels used in the factorial design for the systems studied.  

Factor Level 

High (+) Low (− ) 

Deacetylation degreea, % 98 75–85 
Type of stirring, rpm Magnetic (150) Orbital (50) 
Vial diameter/Vtotal, cm.ml− 1 0.25 0.42 
m/m (CS), % 83 17  

a For chitosan samples. 
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HT CH-4103 shaker, and dispersion stirring was executed in IKA-T18 
basic Ultra-Turrax. 

The PECs were prepared at least twice for each composition. 

2.3. Screening of natural polyelectrolyte combinations 

2.3.1. Statistical design of experiments 
In a preliminary exploratory phase carried out with literature sup

port, CS-based systems were used to explore and assess the effectiveness 
of different experimental conditions. The main contributing factors to 
the formation of PECs identified in the preliminary test phase were 
further screened and optimized. For such, two-level fractional factorial 
designs, with 4 factors for CS-based PECs and 3 factors for the remaining 

systems were applied (Table S1), and the results were statistically 
analyzed. As the response is categorical (hydrogel formation), the 
screening of significant factors was carried out one by one, using: a χ2 

test based on the contingency table for categorical factors; logistic 
regression for continuous factors. The significance was assessed using 
the corresponding raw p-values and p-values adjusted for controlling 
false discovery rate (FDR) (implemented in JMP Pro version 16.0.0). All 
the polyelectrolyte combinations considered in this work were studied 
and, for each system, the 4 variables were crossed with the response 
(hydrogel formation), to identify the factors which best explain the 
distribution between them and the occurrence or not of hydrogel for
mation. Five factors were screened as significant (Fig. S1), which are 
represented in Fig. 1. 

Fig. 1. Plots of the response (hydrogel formation) vs the main factor (%PE+) for the polyelectrolyte combinations selected.  
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2.3.2. Confirmation of PEC formation by Fourier transform infrared 
(FTIR) spectroscopy 

The FTIR analysis was performed using an FTIR spectrometer (Jas
coFT/IR-4200, Japan), operating in ATR mode and potassium bromide 
disks for the powder samples, in the range 4000–500 cm− 1, spectral 
resolution 4 cm− 1 and 64 scans. Spectra were obtained for the PECs 
studied, as well as for the pure starting precursors. 

2.4. Sample processing 

The systems for which evidence for PEC formation was obtained 
were further processed and converted into aerogels or cryogels. 

For the production of aerogels, the samples were the first solvent 
exchanged by successively immersing in ethanol/water mixtures with 
concentrations of 40% (for 2.5 h), 70% (for 2.5 h) and 100% (for 24 h). 
Soaking in 100% ethanol was performed twice to guarantee the alcolgel 
formation. 

Then, the alcogels were dried with scCO2. Sc-drying was performed 
in equipment for supercritical extraction (Separex, France), using a 20 
mm diameter cylindric cell with 20 ml capacity. A gas flow meter 
(Alexander Wright, London, UK) enabled the determination of the vol
ume of CO2 used and the inlet flow rate. The pressure in the cell, and 
consequently, the output CO2 flow rate was controlled through the 
manipulation of two valves, one of which is a micrometric valve. An 
ethylene glycol cooling bath at 3.5 ◦C was employed as the CO2 cooling 
system. Drying was performed at 150 bar, 35 ◦C, flow rate 0.5 ml min− 1, 
during 4 h, for all the systems studied. 

Among all the combinations tested (Table S1), only the CS-XG PEC 
provided stable aerogels and was therefore selected for further studies. 
The remaining systems investigated, either did not form PECs or did not 
form stable aerogels. 

For the CS-XG 1% system, two different pressure values (150 and 
250 bar) were considered, maintaining the rest of the experimental 
drying conditions. The mass of CO2 used per gram of dried polymer was 
found to be 3 × 10− 5 kg and 1.7 × 10− 5 kg for the processing at 150 bar 
and at 250 bar, respectively. 

The hydrogels were frozen at − 18 ◦C and lyophilized under − 80 ◦C 
and 0.10 mbar for 24 h, using a Telstar LyoQuest Lyophilizer. 

At least three replicates were produced for each polymeric system 
studied. 

2.5. Physical characterization 

The microstructure, morphology and properties of the chitosan- 
xanthan gum-based aerogels and cryogels (CS-XG 1%) were studied by 
a variety of techniques. 

Density measurements of the materials were carried out using the 
helium picnometry technique (Micrometrics equipment, model Accupyc 
1330). 

The specific surface area (BET) and average pore diameter of the 
cryogels and aerogels were determined by the nitrogen adsorption 
method (ASAP 2000 Micrometrics equipment, model 20Q-34001-01). 

Mercury intrusion porosimetry technique (Micrometrics equipment, 
model AutoPore IV) was employed to obtain the bulk and skeletal 
densities, the porosity and the total area of the pores of the dried 
samples. 

The morphology of the cryogels and aerogels was analyzed by 
scanning electron microscopy (SEM) (Veja3, Tescan equipment). The 
sample was coated with a 10 nm film of gold and palladium for 30 s and 
an acceleration voltage of 5 kV. The magnifications used were 100 × , 
5000 × and 25 000 × . 

2.6. Thermal analysis 

The thermal stability analysis of the CS-XG 1% aerogels and cryogel 
was carried out using Simultaneous Data Thermal (SDT) analysis (Q600, 

TA Instruments, USA). Samples (6–10 mg) were analyzed with a heating 
rate of 10 ◦C min− 1 from 25 ◦C to 600 ◦C, under nitrogen flow. This 
analysis was performed in duplicate. 

3. Results and discussion 

3.1. Screening of natural polyelectrolytes combinations and chemical 
stability of PECs in scCO2 

The experimental designs used to optimize the parameters, and the 
responses obtained for the PEC systems studied are given in Table S1. 
Fig. 1 depicts the corresponding 3D response surface graph. 

The formation of PECs was visually detected for eight polyelectrolyte 
combinations: CS-PT; CS-CRG, CS-XG 1%, CS-XG 1.5%; GG-CRG; GG- 
XG; GEL-XG 1% and GEL-XG 1.5% (Table S1). Within a given system, not 
all combinations of parameters derived from DOE led to the production 
of PECs. 

Among the factors studied, the PE1+ content (%, m/m) (and conse
quently the PE1+:PE2- ratio) was identified as the major factor con
trolling the formation of PECs. For each system, the best sample was 
selected using the hydrogel formation assessment as the criterion 
(Table S1). The selected samples were further analyzed by FTIR 
spectroscopy. 

After running all the polyelectrolyte combinations tested in this work 
and crossing the 4 factors with the response (hydrogel formation), 5 
cases (Fig. 1) revealing a significant effect of the factor %PE1+ and the 
hydrogel formation were detected, meaning that the former is the 
crucial parameter for these systems. When the relationship between this 
predictor and the response is considered, stronger results are observed 
for the CS/CRG-based aerogels, showing a clear separation of situations 
leading to hydrogel formation (Fig. 1A). The second most significant 
results were found for system CS/XG 1.5% (Fig. 1B), followed by GEL/ 
XG (Fig. 1C) and GEL/XG (Fig. 1D), and finally GG/CRG (Fig. 1E). 

The FDR approach was implemented using adjusted p-values for 
each test (to facilitate the comparison with the target FDR, which in this 
work was set to 0.05). FDR controls for the false discovery of significant 
effects in multiple testing problems, such as in the current situation [41]. 
This is a less conservative approach than controlling for the overall error 
rate (also known as Family Wise Error Rate, FMWER), which is often too 
restrictive. Both the FDR and FWER approaches were applied in the 
present work (see thresholds used in Fig. S1 for selecting the significant 
effects). As referred above, FDR was controlled at a level alpha of 0.05, 
to guarantee that the percentage of false positives (null features deemed 
significant) out of all hypothesis tests is 5% or less. Only the variable % 
PE1+ was able to explain the hydrogel formation, as can be observed in 
the plot of FDR adjusted p-values and raw p-values against the rank 
fraction (Fig. S1). All the points lying below the blue and red lines shown 
in Fig. 1 are the ones considered significant according to the FDR and 
FWER criteria. 

The selected samples were further analyzed by FTIR spectroscopy. 
The FTIR data obtained supported the formation of CS-PT, CS-CRG, CS- 
XG 1% and CS-XG 1.5% PECs. For the other systems, the spectroscopic 
evidence was not conclusive. Fig. 2 provides the FTIR spectra of the PECs 
and the corresponding sum spectra, obtained as the weighted sum of the 
spectra of the individual starting polyelectrolytes. Globally, the PECs 
spectra show the main changes in the range 1400–1600 cm− 1, providing 
evidence for the interaction between the anionic and cationic charged 
groups of the polymers. 

Polyelectrolyte complexes are formed mainly by ionic crosslinking. 
The pH determines the available free charges of each polyelectrolyte, 
directly influencing its complexation, as well as the polymer ratios. For 
the CS-based systems, only 1:5 (v/v) CS/PE− ratios lead to the formation 
of PECs (Table S1). It is expected that chitosan interacts with pectin to 
form PECs through NH3

+/COO− charge interactions. At pH 5.26 and 5.15 
of the corresponding starting solutions, commercial and deacetylated 
chitosan are only 0.3% ionized, and 20% of the carboxyl groups of pectin 
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are in the anionic form at pH 4.12 of the polyelectrolyte starting solu
tion. Considering the 1:5 (v/v) CS/PT PEC, there is a large excess of 
pectin and therefore, free negative charges inside the polymeric network 
(in the order of 50 nmol dm− 3). Lower pectin concentrations do not 
result in the production of PECs. These data suggest that a low ionic 
crosslinking density but a high amount of hydrogen bonds due to the 
anions of pectin increase the crosslinking density of the hydrogel. 
Furthermore, the absence of free positive amine groups in the chitosan 
chain leads to reduced repulsion, resulting in more stable hydrogels. 
Similar arguments are valid to explain CS/XG-based PEC formation. At 

pH 5.06 of the starting solution, only 0.8% of the carboxyl groups of XG 
are in the anionic form. When combined with CS in the 1:5 (v/v) CS/XG 
proportion, an excess of less than 1 nmol dm− 3 of ionized COO− groups 
of XG will be present in the medium, after the interaction with NH3

+. This 
slight excess of anions confers the opportunity to additionally establish 
hydrogen bonds, increasing the crosslinking density of the hydrogels. 
This does not occur for lower XG ratios in the polymers mixtures, and 
these do not form hydrogels. As far as CS/CRG PECs are concerned, 
though CRG is only about 0.1% ionized in the SO3

− form at pH 5.58 of the 
starting solution, only ~0.03 nmol dm− 3 of SO3

− will be in excess at 1:5 
(v/v) CS/CRG ratios, and PEC formation is mainly the result of NH3

+/ 
SO3

− electrostatic interactions. Lower CRG ratios do not result in PEC 
formation, suggesting that the stabilization of the structure is not reliant 
on the number of electrostatic interactions, but on lessen to allow 
broader network formation. Similar arguments have been presented 
before to explain CS/XG- [42] and CS/CRG- [43] based PECs. 

The formation of CS/COL is not observed, independently of the ratio 
of the polymer. It has been shown that, at room temperature, whatever 
the conditions, there is always a competition between collagen gelation 
and the formation of a pure CS/COL polycation/polyanion complex, and 
thus only a small percentage of the negative COO− groups of COL which 
are not involved in the gelation process are available to participate in the 
PEC [44]. 

There are polymeric combinations tested that visually form theo
retically predictable PECs; nevertheless, no clear evidence from FTIR 
spectroscopy suggesting PEC formation has been gathered. This is the 
case of GEL/XG 1.5%, GG/CRG and GG/XG-based matrixes at 1:5 (v/v) 
ratios and GEL/XG 1% at 1:1 (v/v) proportion. 

The amine and carboxyl groups of GEL and XG are, at pH 5.38 and 
5.06, 0.1% and 0.8% in their charged forms, respectively. This means 
that an excess of ~200 nmol dm− 3 of NH3

+ moieties of GEL will be in the 
medium, after the COO− /NH3

+ charge compensation in GEL/XG 1% 1:1 
(v/v) PECs. In the case of GEL/XG 1.5%, in the 1:5 (v/v) ratio, this value 
is very similar. It has been shown that non-coulombic interactions 
involving NH and OH groups, as well as hydrophobic interactions do 
also play a role in GEL/XG PEC formation [45]. Steric hindrance of XG is 
likely to create a certain obstruction in the way that the polymers 
interact with each other, and that is probably the reason why complexes 
comprising a higher XG proportion are not observed. 

Independently of the polymers ratio considered, GEL/CRG PECs 
were not obtained in this work. An excess of approximately 200 nmol 
dm− 3 of NH3

+ groups would be as well expected; the non-formation of 
the PEC will thus be related to the structure of CRG which, contrarily to 
XG, does not have the ability to participate so effectively in hydrogen 
bonding involving NH and OH groups, since the density of the hydroxyl 
groups in its polymeric chains is considerably smaller. 

GG is a neutral polysaccharide and, when combined with poly
electrolytes, the resulting matrix is not accurately a PEC, according to 
the definition commonly accepted. Nevertheless, and though un
charged, GG is (theoretically) able to bind to charged polymers through 
hydrogen bonding as the result of the hydroxyl groups present in the 
polymeric chains. GG/CRG e GG/XG hydrogels were observed for 1:5 
(v/v) proportions, though not confirmed by FTIR evidence, while GG/ 
PR and GG/ALG PECs were not formed. The anionic moiety in CRG is 
OSO3

− , whereas, in XG, PT and ALG is COO− . Greater polarization of the 
sulfonate groups, when compared to carboxyl, should provide a stronger 
ionic association ability. On the other hand, XG possesses more ramifi
cations and a higher OH density than the other polyelectrolytes. These 
two factors can explain the ability of GG to form (or not) PECs with the 
polyelectrolytes tested. 

No PECs involving modified GLM were observed in this work. 
Despite being experimentally confirmed, the presence of the carboxylate 
groups in modified GLM might have not been high enough to confer the 
polymer the ability to form PECs. 

Replicates of the selected samples described in Table S1 were pre
pared for the systems for which the FTIR evidence corroborated the 

Fig. 2. FTIR spectra of CS-PT (CP2) (A), CS-CRG (CCRG1) (B), CS-XG 1% (CX9) 
(C) and CS-XG 1.5% (CX4) (D) PECs, and the corresponding sum spectra. 
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successful formation of PECs and converted into aerogels by scCO2- 
drying or into cryogels. The results are provided in Fig. 3. Only the CS- 
XG PECs prepared from 1% m/v starting solutions yielded aerogels by 
scCO2-drying. Using the existence of visual and FTIR evidence for PEC 
formation and the production of stable aerogels as the criteria, the CS- 
XG 1% system (and CX9 samples) was selected to be further studied. 
All the other polyelectrolyte combinations were still alcolgels after 
drying 5 h with scCO2. On the other hand, cryogels were successfully 
obtained for all the polyelectrolyte combinations considered. 

The reason why it is possible to obtain cryogels and not aerogels for 
all the samples lies on the reduction in the pH of the medium during sc- 
drying due to the in situ generation of ethylcarbonic acid from CO2 and 
ethanol. The electrostatic interactions established between functional 
groups that can be ionized or protonated are pH-dependent. As far as the 
systems under study are concerned, those interactions occur between 
NH3

+ (pKb~6.5–9) and COO− (pKa~3–4) or OSO3
− (pKa~2) moieties. 

Under more acidic conditions, an insufficient ionization of the anionic 
polyelectrolytes leads to a substantial decrease in the number of in
teractions established with the precursor cations, resulting in the 
destabilization of the PEC. In the case of CS/XG-based PECs, however, 
this destabilization is not observed. Though electrostatic interactions 
between the NH3

+ moieties of CS and COO− groups of XG play a signif
icant role, additional interactions such as hydrogen bonding have been 
described as crucial for PEC production as well, as discussed above. This 
feature represents an additional advantage in the interaction with the 
polycation, leading to the production of PECs which are stable in a wider 
pH window. 

3.2. CS-XG PEC-based aerogel 

The CS-XG (1%) PECs led to stable aerogels, but the samples shrank 
substantially after the supercritical process. The effect of the scCO2- 
drying conditions on the generated materials was evaluated. The ma
terials obtained at the processing pressures of 150 bar and 250 bar are 
shown in Fig. 3. Both aerogels present whitish, bone-like structures and 
possess similar macroscopic characteristics, showing no evidence for the 
modification of the pore network and/or scattering of the polymer. 

The texture and structure of the cryogels produced from the other 
polyelectrolyte combinations tested were macroscopically very different 
when compared to the CS-XG (1%) aerogels, originating either whitish 
sponge-like (the XG-derived cryogels) or foam-like (the remaining cry
ogels obtained) materials after freeze-drying. 

3.2.1. Physical characterization 
The aerogels produced at different drying conditions from the CS-XG 

(1%) PEC (CX9 samples) were characterized. The corresponding cryogel 
was also studied and comparatively assessed. Fig. 4 shows the SEM 
images of the inner part of the CS-XG (1%) aerogels and cryogel, at 25 
000 × amplification. Consistently with the macroscopic views, the SEM 
microphotographs reveal no significant differences in the microstructure 
of the CS-XG aerogels obtained at 150 and 250 bar, but substantial 
changes as far as the cryogel is concerned. Indeed, while the cryogel 
presents a granular-like structure and a rough surface, the aerogels show 
a dense and smooth surface. The degree of roughness decreases from 
micro to nano-scale level when comparing the cryogels and aerogels, 
respectively. In both cases, however, a three-dimensional porous 
network is not visible below 25 000 × amplification, being the distri
bution of the pores irregular. 

Nitrogen adsorption technique enabled to obtain the pore size dis
tribution as well as the BET surface area. Fig. 5 displays the data gath
ered for the CX9 sample. All the materials present (very similar) Type II 
isotherms, suggesting a priori a non-porous structure or macroporosity, 
according to the IUPAC classification [46]. The porosity values (Table 2) 
obtained from the adsorption isotherms, show pore sizes in the meso
pore range, being the average pore diameter of aerogels (~20 nm) 
remarkably higher than that of the cryogel (~4 nm). No significant 
difference is observed in the average pore diameter of the aerogels ob
tained at these two conditions. Fig. 5A shows uniform distributions of 
pore sizes extending from 5 to 75 nm in the case of the aerogels, and a 
slightly narrower pore distribution (30–65 nm) corresponding to the 
cryogel. Both aerogels and the cryogel have mostly pores in the meso
pore region (~60–70% and ~80%, respectively), as reported for 
numerous aerogels with well-developed uniform mesoporosity [47]. 
Micro and macroporosity are observed as well to a similar extent. The 
aerogel processed at 250 bar exhibits the largest specific surface area 
(~18 m2 g− 1), while the aerogel dried at 150 bar and the cryogel present 
significantly lower surface area values. In both cases, the depressuriza
tion rate was 5 bar/min, which means that the values of this property are 
determined by the intrinsic characteristics of the aerogel materials. The 
specific surface areas of the materials under study are below the data 
commonly reported for aerogels (500–1200 m2 g− 1) [3]. 

The values of the density obtained by helium picnometry are given in 
Table 2. The aerogel produced at 250 bar presents the lowest density, 
while the other two materials exhibit higher and closer values. This 
suggests compaction of the sample when it is processed at higher CO2 
pressure. The aerogels obtained in this work have larger densities than 

Fig. 3. Cryogels obtained from the chitosan-based PECs, and aerogels obtained from the CS/XG PEC, at two different sc-drying conditions: 35 ◦C, 4 h, q = 0.5 
ml/min. 
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the decimal values usually reported in the literature [3]. As far as we are 
aware, there is no data available in the literature for the physicochem
ical properties of CS-XG-based aerogels. 

In Table 2, the data gathered by mercury intrusion porosimetry is 
summarized. The CS-XG-based materials have porosities between 60 
and 85%. The aerogels present lower porosities than the cryogel. The 
porosity obtained for the aerogel processed at 150 bar is higher than 
when it is dried at 250 bar. The porous structure of the cryogel confers a 
lower bulk density since air occupies the free space present in this 85% 

porous material. Yet, the main difference observed between the aerogels 
and the cryogel is in the total pore area (~20–40 times higher for the 
aerogels). Indeed, the lyophilization process leads to larger pores, and 
larger pores result in smaller areas. Comparing the physical properties of 
the aerogels processed at different conditions, the aerogel produced at 
150 bar shows higher porosity and, consistently, lower densities. 

In face of the data summarized in Table 2, the CS-XG-aerogels and 
cryogel should have mesopores in the range of 5–20 nm, and macropores 
between 0.2 and 35 μm, with the aerogels having larger mesopores and 
significantly narrower macropores than the cryogel. The aerogel scCO2- 
dried at 150 bar shows the highest porosity and the lowest densities, 
being closer to the desirable characteristics of an aerogel. In face of these 
results, it can be potentially used in the environmental area, as an 
adsorbent in wastewater treatment, or for tissue engineering applica
tions as cutaneous wound dressings. Their application as scaffolds for 
bone regeneration should be pondered as well, though further studies 
are needed. 

The applications of CS-XG systems have been mostly studied in the 
form of hydrogels, for the encapsulation and controlled release of food 
ingredients, cells, enzymes and therapeutic agents and dermal dressings 
[40]. Establishing applications of the CS-XG hydrogels produced in this 
work requires further studies, out of the scope of the current paper. 
Nevertheless, the evidence obtained for PEC formation leaves this pos
sibility open. 

It would be also important to point out that the interesting charac
teristics presented by the XG-based cryogels confer potential for a va
riety of applications in distinct areas. Indeed, their distinct features 
when compared to the aerogels, namely the roughness and sponge-like 
appearance, as well as a higher porosity, lower densities, smaller mes
opores and remarkably larger macropores, are promising for valuable 
uses. A high degree of roughness can enable the dissociation of drug 
molecules in drug release applications, whereas a higher porosity can 
represent an advantage as far as bone regeneration is concerned. The 
cryogels are therefore good candidates for cutaneous wound dressings 
and their application as scaffolds should be considered as well. For 
biomedical applications, a porosity of at least 80% is recommended, 
which only happens with the cryogel. 

It is worth noticing that the presence of the CS component confers an 
additional advantage to the materials developed in this work, due to the 
well-established dermal and healing properties of this natural poly
electrolyte [11]. 

Finally, the PECs which did not provide aerogels do still have po
tential applications in the field of ecology, biotechnology, medicine and 
pharmaceutical technology. Samples of CS-PT and CS-CRG PECs can be 
applied in regenerative medicine, after going through an appropriate 

Fig. 4. Scanning electron microscopy images of the cross-section of the CS/XG aerogels scCO2-dried at 150 bar (A) and at 250 bar (B).  

Fig. 5. Nitrogen adsorption isotherms for the CS-XG aerogels scCO2-dried at 
150 bar (dark grey) and at 250 bar (light grey), and for the cryogels (black). 
Adsorption (—◆—), desorption (—•—) (A).BJH pore size distribution for the 
CS-XG 1% aerogels and cryogel, derived from the nitrogen desorption iso
therms (B). 
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sterilization process. 
For the applications suggested in this work, particularly as far as the 

biomedical area is concerned, the production of cytotoxicity data of the 
material is highly desirable. This is out of the scope of the present work 
but proposed for further investigation. 

3.2.2. Thermal analysis 
Fig. 6 shows the SDT thermogravimetric and calorimetric profile of 

CS-XG 1% aerogels and cryogel samples, and Table 3 summarizes the 
temperature of the thermal events observed, as well as the mass losses 
determined for the materials. 

Globally speaking, all the DTG curves show two events, being the 
first indicative of a first degradation step and the second one suggestive 
of further thermal decomposition of the materials. These events are 
coincident with the two exothermic peaks of the calorimetric curve and 
are thus correspondent to the referred events. These data suggest that 
the thermal degradation pattern of the materials occurs in two steps 
which are likely to be attributed to a successive degradation of XG and 
CS, since the initial decomposition temperature of these polymers has 
been reported as 266 ◦C and 293 ◦C, respectively, occurring in the range 
250–330 ◦C for XG and 283-360 ◦C for CS [48]. Furthermore, the DSC 
thermograms of the polysaccharides show major intense peaks around 
300 ◦C, followed or preceded by weaker exotherms [48]. 

The first event of the DTG curve of both the aerogels is located 
around 240 ◦C and the second around 300 ◦C, being the temperature 
observed for the aerogel processed at 150 bar higher than that of the 
aerogels dried at 250 bar (Table 3). The values of the temperature ob
tained from SDT analysis for the first and second events in the case of the 
cryogel are lower. The same trend is observed for corresponding calo
rimetric data, except for the second calorimetric event of the cryogel, 
which occurs at a higher temperature. 

The aerogels are thermally stable up to ~240 ◦C, while the cryogel is 
thermally stable up to a lower temperature value of ~224 ◦C. The value 
of the total weight loss through thermal decomposition of the aerogels 

(~25%) is smaller than that of the cryogel (~40%). The mass loss of the 
polysaccharides precursors was found to be near 50% [48], meaning 
that the association of the polymers results in more thermally stable 
materials, particularly as far as the aerogels are concerned. 

4. Conclusion 

A novel aerogel was obtained from a chitosan-xanthan gum poly
electrolyte complex (PEC), after the screening of thirteen different 
combinations of natural polyelectrolytes. 

Among the combinations tested, PEC formation was visually detec
ted for eight systems and additionally corroborated by FTIR evidence 
only for the CS-PT, CS-CRG and CS-XG PECs. It has been shown that only 
the CS-XG PECs prepared from 1% (m/v) starting solutions yielded 
aerogels by scCO2-drying, while all systems provided stable cryogels. 

The morphology, structure and properties of the CS-XG (1%) mate
rials obtained at two scCO2-drying conditions as well as of the corre
sponding cryogel were elucidated by various physicochemical 
techniques. The CS-XG aerogels have bone-like structures and smooth 

Table 2 
Physical characterization of the CS-XG (1%) aerogels and cryogel samples.  

Processing 
Conditions 

Nitrogen adsorption Helium 
pycnometry 

Mercury intrusion porosimetry 

Pore diameter 
(nm) 

Specific surface area (BET) 
(m2.g− 1) 

Real density (g. 
cm− 3) 

Bulk density (g. 
cm− 3) 

Porosity 
(%) 

Total pore area 
(m2.g− 1) 

Pore diameter 
(nm) 

scCO2-dried at 150 
bar 

2.1–261.2 5.7 ± 0.2 1.3 ± 0.3 0.24 67.93 22.07 0.007–169.2 

scCO2-dried at 250 
bar 

2.2–259.1 17.5 ± 0.4 1.21 ± 0.04 0.36 59.72 38.82 0.007–169.1 

Freeze-dried 2.3–101.1 9.1 ± 0.3 1.26 ± 0.07 0.099 84.94 0.997 0.007–171.3  

Fig. 6. SDT thermograms of the CS-XG 1% aerogel dried at 150 bar (blue) and at 250 bar (red), and of the cryogel (green). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 3 
Temperature of thermal events obtained from SDT analysis of the CS-XG 1% 
aerogels and cryogel.  

Processing 
Conditions 

Thermogravimetric 
data (SDT, ◦C) 

Calorimetric data 
(◦C) 

Mass loss (%) 

1st event 2nd 
event 

1st 
event 

2nd 
event 

1st 
event 

2nd 
event 

sc-CO2 dried 
at 150 bar 

240.0 ±
0.59 

301.0 ±
1.4 

234.5 
± 2.2 

276.4 
± 1.15 

13.8 
± 0.11 

10.5 
± 0.84 

sc-CO2 dried 
at 250 bar 

238.0 ±
1.7 

288.6 ±
2.3 

239.7 
± 2.8 

275.1 
± 0.16 

13.4 
± 0.56 

11.5 
± 0.64 

Freeze-dried 224.4 ±
1.4 

279.9 ±
1.2 

212.8 
± 0.02 

287.9 
± 0.26 

11.4 
± 0.80 

26.8 
± 0.53  
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surfaces, while the cryogel has a sponge-like structure and rough sur
face. The distribution of the pore sizes of the materials is mostly in the 
meso and macropore ranges, being the porosity of the cryogel of about 
85%, and higher than that of the aerogels. The aerogels present larger 
mesopores and significantly smaller macropores than the cryogel. The 
aerogel processed at 150 bar shows higher porosity and, consistently, 
lower densities than the aerogel produced at 250 bar. 

The thermal analysis shows that the aerogels are thermally stable up 
to a higher temperature than the cryogel and suffer considerably less 
mass loss through thermal decomposition. 

In face of the properties shown, the CS-XG-based aerogels developed 
are promising candidates for environmental and tissue engineering ap
plications, namely as adsorbents for wastewater treatment, as cutaneous 
wound dressings and eventually as scaffolds for bone regeneration. 
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