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Highlights 

 

• alginate-starch Ca-crosslinked aerogels by CO2 induced gelation and sc-drying; 

• macroporosity due to CO2 expansion and intrinsically high mesoporosity; 

• alginate-starch aerogels are bioactive and non-cytotoxic. 

 
 

ABSTRACT 
Aerogels are a special class of ultra-light porous materials with growing interest in biomedical 
applications due to their open pore structure and high surface area. However, they usually 
lack macroporosity, while mesoporosity is typically high. In this work, carbon dioxide 
induced gelation followed by expansion of the dissolved CO2 was performed to produce 
hybrid calcium-crosslinked alginate-starch hydrogels with dual meso- and macroporosity. The 
hydrogels were subjected to solvent exchange and supercritical drying to obtain aerogels. 
Significant increase in macroporosity from 2 to 25 % was achieved by increasing expansion 
rate from 0.1 to 30 bar/min with retaining mesoporosity (BET surface and BJH pore volume 
in the range 183 – 544 m2/g and 2.0 – 6.8 cm3/g, respectively). In vitro bioactivity studies 
showed that the alginate-starch aerogels are bioactive, i.e. they form hydroxyapatite crystals 
when immersed in a simulated body fluid solution. Bioactivity is attributed to the presence of 
calcium in the matrix. The assessment of the biological performance showed that the aerogels 
do not present a cytotoxic effect and the cells are able to colonize and grow on their surface. 
Results presented in this work provide a good indication of the potential of the alginate-starch 
aerogels in biomedical applications, particularly for bone regeneration. 
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INTRODUCTION 
An ideal scaffold for tissue engineering must meet particular requirements to achieve the 
desired biological response: the scaffold should possess inter-connecting pores of appropriate 
size to favor tissue integration and vascularization, be made from material with controlled 
biodegradability, have appropriate surface chemistry to favor cellular attachment, 
differentiation and proliferation, possess adequate mechanical properties to match the 
intended site of implantation and handling, should not induce any adverse response and be 
easily fabricated into a variety of shapes and sizes [1]. Some attempts have recently been 
made to address tissue engineering and regenerative medicine (TERM) problems using 
aerogels as scaffolds. Aerogels are well known ultra-light highly porous materials with an 
open structure, large specific surface area and pore volume. High mesoporosity comparable to 
the native extracellular matrix (ca. 80% porosity) is favorable condition for cell growth, 
making aerogels an ideal candidate for a number of biomedical applications, including tissue 
engineering. Nevertheless, macroporosity of these structures should be improved to promote 
cell migration into the matrices and enhance mass transfer between the scaffold and the bulk 
phase. 
The fact that biopolymers can be used for aerogel production was recognized by Samuel 
Kistler as far back as in 1931. He demonstrated for the first time the possibility to prepare 
aerogels from polysaccharides (gelatin, agar, nitrocellulose and cellulose) opening up the 
challenge to extend this research with the statement “we see no reason why this list  may be 
not extended indefinitely” [2]. Since then, the aerogel production has been growing from 
different biopolymer-based precursors [3]. 
Up to now, few biopolymer-based aerogels have been assessed for TERM applications. Silva 
and co-workers have reported processing of chitin aerogels as tissue engineering scaffolds [4–
7]. In these works chitin has been modified to render a bioactive material. Aerogel processing 
has also been changed to induce higher porosity into the matrices. Preparation of chitosan 
aerogels and their in vitro assessment has also been reported [8,9]. 
Among others, alginate and starch are polysaccharides, which are widely adopted in several 
fields (pharmacy, cosmetics, medicine, agriculture and biotechnology). Due to their non-
cytotoxicity, stability, availability, renewability and well-studied gelation chemistry [10], they 
are attractive candidates for aerogel production [3]. Further diversity in the aerogel 
functionality can be achieved in hybrid systems. In recent times, hybrid aerogels, i.e. 
composed of two or more chemically or physically bound components, have been attracting 
considerable attention. The main advantage of these materials is that they inherit the intrinsic 
properties of aerogels with improved and tunable mechanical properties, wettability and 
chemical functionality [11]. For instance, materials based on pure alginate often have high 
hydrophilicity and insufficient mechanical properties [12]. In order to extend the range of 
potential applications, some approaches have been developed for alginate modification 
including extra crosslinking [13] or by incorporation of reinforcing components [12,14,15]. 
Recently we presented a study of hybrid alginate-lignin aerogels and demonstrated that are 
non-cytotoxic and feature good cell adhesion [16]. In this work, we have further explored the 
preparation of hybrid alginate aerogels with starch as the second component and evaluated 
these aerogels as 3D constructs for TERM applications. 



2. MATERIALS AND METHODS 

2.1 Materials 
The polymers employed in this study were sodium alginate (Sigma Life science, Germany) 
and pea starch with amylose content of 35 % (Roquette, France). Light precipitated calcium 
carbonate (Ph. Eur. grade) was donated by Magnesia GmbH (Germany). Anhydrous ethanol 
(99.9 %) used in the solvent exchange step was purchased from H. Möller GmbH & Co.KG 
(Germany). Food grade carbon dioxide used for drying was obtained from AGA Gas GmbH 
(Germany). In vitro cell culture and bioactivity studies were performed with chemicals of 
analytical reagent or tissue culture grade. 
 
2.2 Aerogel preparation 
Hybrid alginate-starch aerogels were prepared similarly to previously described alginate-
lignin aerogels [16]. Starch (ST) was dispersed in hot water (80 °C) under continuous stirring 
and cooled to room temperature. 3 wt% starch solution was mixed with 3 wt% sodium 
alginate (Na-Alg) to obtain a target Na-Alg : ST ratio (1:1, 2:1 or 5:1, w/w). Calcium 
carbonate was used as crosslinker. CaCO3 to Na-Alg ratio was varied at two levels, 1.82 and 
3.64 mmol/g, denoted as q = 1 and q = 2, respectively. The mixture was homogenized for 1 
min using Ultra-turrax (IKA, Staufen, Germany).  
To prepare hydrogels, homogenized mixtures were treated with pressurized gaseous carbon 
dioxide at 50 ± 5 bar and room temperature for various time intervals (3 – 48 h) in a high 
pressure autoclave [17]. To introduce macroporosity, the autoclave was depressurized at three 
rates, 0.1 10 or 30 bar/min, denoted in the following as slow (SD), normal (ND) and fast (FD) 
depressurization, respectively. Linear dimensions of the hydrogels were measured with a 
caliper to quantify syneresis during the gelation. Hydrogels were washed with water and 
underwent a stepwise solvent exchange procedure with different grades of ethanol (30, 60, 90 
and twice 100 wt% ethanol/water mixtures were used, 24 h each step). 
Alcogels were placed into the high pressure autoclave (preheated to 40 °C). Carbon dioxide 
was pumped into the autoclave to reach 120 bar to ensure conditions above critical pressure 
and temperature of CO2/ethanol mixture of any composition. Drying was performed for 4 h 
with CO2 flow rate of ca. 60 g/h. The processing steps involved in the preparation of alginate-
starch aerogel scaffolds are depicted in Fig. 1. 
 

 
Figure 1. Schematic representation of the alginate-starch aerogel processing 

   
2.3 Morphological characterization 



Cylindrical samples of the aerogels were used to calculate the apparent density as the ratio 
between the weight and the volume (measured with a caliper). The weight was measured after 
degassing (<1 mPa, 75 °C, 24 h). The same degassing conditions were employed to measure 
BET specific surface area and BJH specific pore volume using low temperature N2 
adsorption-desorption analysis (Nova 3000e, Quantachrome Instruments).  
The aerogel matrixes were observed by Leica Cambridge S360 Scanning Electron 
Microscope (SEM). Cross sections of the specimens were examined after fracturing in liquid 
nitrogen. The matrices were fixed by mutual conductive adhesive tape on aluminum stubs and 
covered with gold palladium using a sputter coater.  
The morphological structure at macroporous level was evaluated by micro-computed 
tomography (micro-CT) using Scanco 20 equipment (Skyscan 1702, Belgium) with 
penetrative X-rays of 30 keV and 167 µA, in high resolution mode with a pixel size of 14 µm 
and 1.5 s of exposure time. A CT analyzer (v1.5.1.5, SkyScan) was used to calculate the 
parameters from 2D images of the aerogels. 
 
2.4 Mechanical tests 
Compressive analyses of the aerogel scaffolds were measured using INSTRON 5540 (Instron 
Int. Ltd, High Wycombe, UK) universal testing machine with a load cell of 1 kN. 
Compression testing was carried out a crosshead speed of 2 mm/min, until a maximum 
deformation of 60 %. The compressive modulus (E) is defined as the initial linear modulus on 
the stress/strain curves. The results are presented as the mean of three experiments ± standard 
deviation. In wet state, the samples were immersed for 5 – 10 min in PBS solution (pH 7.4) 
before compression tests.   
 
2.5 In vitro studies 
2.5.1 Water uptake  
The swelling capability of the matrices prepared was assessed after 1, 3, 7 and 14 days. The 
samples were immersed in 5 mL of a Tris-HCl solution with pH 7.4 and placed in a water 
bath at 37 °C under 60 rpm. The weight of the swollen samples was measured after removing 
excess of surface fluid with filter paper. For each time point the water uptake value, , was 
determined from the weight of the swollen sample () and the initial weight ( ) as 
follows: 

 
  
2.5.2 Bioactivity evaluation 
In vitro bioactivity tests were carried out by soaking alginate-starch aerogel samples in 5 mL 
of simulated body fluid (SBF) at 37 °C at pH 7.45 within 14 days. The SBF was prepared 
following the protocol described by Kokubo and Takadama [18]. All ingredients (NaCl, 
NaHCO3, KCl, K2HPO4·3H2O, MgCl2·6H2O, CaCl2, Na2SO4, C4H11NO3 and HCl) were 
purchased from Sigma-Aldrich. After 0, 1, 7 and 14 days the SBF was removed using filter 
paper, the samples were rinsed with distilled water, dehydrated in ethanol and dried in a 
critical point dryer. The dried samples were analyzed by SEM, FTIR spectroscopy, Energy 
Dispersive Spectroscopy (EDS) and X-ray diffraction (XRD). SEM was performed as 
described above (Section 2.3). The appearance of the calcium phosphate layer on the surface 



of the matrices after immersion in SBF solution was observed by a Leica Cambridge S360 
equipped with an energy dispersive spectrometer. 
FTIR analysis was performed for both original and immersed in SBF solution samples.  Infra-
red spectra were recorded with a Shimadzu-IR Prestige 21 spectrometer in the spectral region 
of 4000 – 400 cm−1 with resolution of 2 cm−1 at 32 scans. The samples were powdered, mixed 
with KBr and processed into pellets. XRD measurements were performed for the original 
aerogels after 14 days of immersion. A Bruker D8 Discover X-ray diffractometer was 
operated at 40 kV and 40 mA using Cu Kα radiation. The detector was scanned over a range 
of 2θ angles from 15 to 60° at a step size of 0.04° and dwell time of 1 s per step. 
 
2.5.3 In vitro cell culture studies 
Cell seeding and culture. A mouse fibroblast-like cell line (L929 cell line, European 
Collection of Cell Cultures, UK) at a concentration 1×105 cells/mL was seeded on alginate-
starch aerogel matrices and cultured for 1, 3 and 7 days. Triplicates were used for each time 
point. The cell-material constructs were maintained in Dulbecco’s modified Eagle’s medium 
(DMEM, Sigma-Aldrich, Germany) supplemented with 10% heat-inactivated fetal bovine 
serum (Biochrom AG, Germany) and 1% antibiotic-antimycotic solution (Gibco, UK) and 
incubated at 37 °C in a 5 % CO2 atmosphere. Before cell seeding the structures were 
immersed in sterile PBS for one hour in order to swell the matrix. 
Cell adhesion and morphology. To evaluate the cell morphology, the cells-scaffold constructs 
were fixed with 4% formalin (Sigma-Aldrich, Germany) for 15 min and then washed with 
PBS. Afterwards, scaffolds are dehydrated through a graded series of ethanol and dried 
supercritically. Finally, they were sputter-coated and analyzed by SEM as described above. 
Cell viability. The metabolic activity of the cells seeded on the samples was accessed by 
Alamar Blue assay (BFU012B, Arium). This assay is based on the quantitative metabolic 
transformation of blue non-fluorescent resazurin to pink fluorescent resofurin by living cells. 
The samples were incubated in a 10 % of Alamar Blue in a basal medium at 37 °C, 5 % CO2 
for 4 h. The fluorescence of the supernatant solution was read at 570/600 nm 
excitation/emission on a multiwell microplate reader (Synergy HT, Bio-Tek Instruments). The 
samples were analyzed in triplicate and the results are presented as the mean of at least three 
measurements ± standard deviation.  
 
2.6 Statistical analysis 
Statistical analysis of the data was conducted using IBM SPSS Statistics version 20 software. 
Shapiro-Wilk test was employed to evaluate the normality of the data sets. Once the results 
obtained do not follow a normal distribution, non-parametric tests, in particular Kruskal-
Wallis test, were used to infer statistical significant differences. Differences between the 
groups with p < 0.05 were considered to be statistically significant. 
 
3. RESULTS AND DISCUSSION 
 
3.1 Textural and mechanical properties 
Aerogels processing starts with the formation of the hydrogels in aqueous medium. In this 
work the crosslinking of alginate-starch blends was induced by treatment with pressurized 
carbon dioxide [16,19]. This method is a variation of the internal gelation method [20] and 



relies on the liberation of calcium cation from insoluble calcium carbonate triggered by pH 
lowering in CO2/water system. Usage of pressurized carbon dioxide for gelation of other 
biopolymers [21–23] and inorganic systems [24,25] has been reported in the literature. 
The gelation process is followed by depressurization and solvent exchange. In this work we 
studied the influence of the depressurization rate on macroporosity of the samples and 
performed the solvent exchange as consecutive step. 
In the preliminary experiments it was observed that soft hydrogels can be damaged at high 
depressurization rate. Thus, stiffness of hydrogels is an important parameter for fast 
depressurization. As it is known from the literature, there are three methods for improving the 
stiffness of alginate-based hydrogels: increasing the crosslinking degree [26], reinforcement 
with a second component [12,15] and syneresis (aging). The latter process consists at 
macrolevel in decrease of the hydrogel volume with time along with increase of the stiffness 
[27]. At microlevel both egg-box dimerization and further intra-cluster association [28] cause 
network densification and thus syneresis. 
Syneresis  was quantified by measuring diameter of the hydrogel  after a given time  
relative to the diameter of the gelation mold  and expressed as  It was 
observed that syneresis develops with time reaching more than 30 % after 48 h (Fig. 2). 
Hydrogels, which underwent the 24 h syneresis, were stiff enough to withstand the highest 
pressure expansion rate (30 bar/min). Thus, duration of exposure to CO2 was fixed at 24 h in 
all further experiments. 
To convert hydrogels into aerogels, carbon dioxide induced gelation and depressurization was 
followed by water removal process, namely solvent exchange. This step is to ensure that less 
than 2 wt% water is present in the gel before supercritical carbon dioxide drying (sc-drying). 
During the solvent exchange gels experience certain degree of shrinkage. Intensity of the 
solvent exchange is found to be crucial as it determines the overall shrinkage and thus to what 
extent existing nano- and mesoporous structure is preserved [3]. Multistep solvent exchange 
to ethanol was used in this study as it allows to keep the overall linear shrinkage at level of 5 
– 20%. Obtained alcogels were dried in mild conditions at 120 bar and 40 °C using 
supercritical carbon dioxide above critical pressure of the ethanol/CO2 mixture [29] to 
preserve mesoporous structure of the wet gel in the dry form. 
 

 
 

Figure 2. Syneresis as a function of gelation time for the sample AS-SD, Na-Alg : ST = 1:1 (w/w), q = 2. 

 



Previous studies have reported that the textural, mechanical, water uptake and drug release 
properties of the alginate-based materials can be influenced by the composition of the alginate 
(i.e. molecular weight, G/M ratio) and the second component [12,30,31] as well as degree of 
crosslinking [15]. To reveal the influence of the compositions and crosslinking degree (q) on 
the textural properties of the alginate-starch aerogels, apparent density was first measured 
(Fig. 3A). As all formulations were of the same overall biopolymer content (3 wt%), apparent 
density can be viewed as a measure of the hydrogel rigidity (resistance against solvent 
exchange and sc-drying). As it follows from Fig. 3A, aerogel density is approximately 
constant (0.06 g/cm3) for alginate-to-starch ratios of 2:1 and 5:1 regardless of crosslinking 
degree. Since starch cannot participate in the formation of egg-box junctions, it is expected 
that larger starch content (1 : 1 ratio) would lead to the dilution of the system and may 
potentially interrupt the formation of the stable gel network. Indeed, 30% increase in apparent 
density was observed at 1:1 (w/w) alginate-to-starch ratio and q = 1. This behavior can be 
however reverted at q = 2 (Fig. 3A).  
It is known that pure alginate aerogels usually have superior textural properties than starch 
counterparts [3]. So it was expected that surface area and pore volume may diminish as starch 
content increases. Indeed, a monotonic decrease in surface area and pore volume were 
observed at higher starch content and q = 2 (Fig. 3B and C). Values at q = 1 are generally 
lower and show a maximum for 2 : 1 alginate-to-starch ratio. Nevertheless, obtained BET 
surface area and BJH pore volume clearly indicate that all samples have well-developed 
mesoporous structure. In search of a compromise between possibly high starch content, low 
density, high surface area and pore volume, the formulation with alginate-to-starch ratio of 
1:1 (w/w) and q = 2 was selected for further in vitro studies. This formulation had density of 
0.048 g/cm3, surface area of 272 m2/g and pore volume of 2.4 cm3/g. 
 

 
 

Figure 3. Bulk density (A), specific surface (B) and pore volume (C) of alginate-starch aerogels (AS-SD) at two 
crosslinking degree q = 1 (white bars) and q = 2 (shaded bars). 

 
Aerogels produced at slow depressurization rate showed almost no macroporosity detectable 
by micro-CT (pore size less that 15 – 20 µm). However, as it follows from the specific 
volume (reciprocal density) all samples have significant fraction (54 – 88 %) of the pores in 
the range of 150 nm – 15 µm, which cannot be attributed to BJH volume. These pores 
however are too small to allow cell penetration and migration. Due to this fact macroporosity 
was introduced into hydrogels by gas expansion after 24 h of gelation time. Visual assessment 
of the foamed hydrogels (ND and FD) revealed cavities of several millimeters in sizes, 



whereas hydrogels obtained at 0.1 bar/min were macroscopically homogeneous. Results of 
the micro-CT and SEM analysis are shown in Fig. 4 and summarized in Table 1.  
 

 
 
Figure 4. SEM micrographs (A) and micro-CT 2D images (B) of alginate-starch aerogels processed at different 

rates of CO2 depressurization; Na-Alg : ST = 1:1 (w/w), q = 2. 
 
The SEM images presented in Fig. 4 show the change in porosity when the depressurization 
rate is increased. More clear trend was observed by micro-CT analysis, which also allows the 
visualization of the three axis of symmetry of the sample. Further, from image analysis of the 
micro-CT scans it is possible to quantify the morphological parameters which characterize the 
structures, such as porosity, mean pore size and interconnectivity (Table 1). Significant 
increase in porosity from 2% up to 25% was achieved by increasing the depressurization rate. 
These observations were coupled with an increase in the mean pore size and interconnectivity, 
revealing that macroporosity was introduced by the fast expansion of CO2 after gelation. 
In the context of tissue engineering applications, the morphological parameters obtained for 
the ND and FD samples meet the requirements requested for tissue engineering scaffolds. 
Karageorgiou and Kaplan have reviewed the influence of porosity and pore size on the 
formation of new bone and concluded that 100 µm pore size corresponds to the minimum 
pore size required for cell migration and penetration into the bulk of the structure as well as 
for nutrients diffusion into the bulk and waste out of the matrix [32]. The results obtained for 
the alginate-starch aerogels are above this range being good candidates for future 
developments in the field. 
 
 
 
 
d – dry state and w – wet state 
 



The mechanical properties of the matrices are another characteristic that needs to be 
determined to evaluate the feasibility for TERM applications. Different tissues present 
different mechanical properties and it is important to ensure that the scaffold is able to 
withstand the mechanical properties and load-bearing of the site of defect. Furthermore, 
biomedical implants are normally applied in hydrated environments, thus it is more relevant 
to determine the properties in the wet state. The mechanical response of the matrices prepared 
at different rates of depressurization was evaluated in compression mode and the values of 
elastic modulus, namely, Young’s modulus (E) of these structures, in both dry and wet state 
are shown in Table 1.  
The results suggest that Young’s modulus is affected by the depressurization rate. We 
observed an increase in the modulus with increase in depressurization rate. The same 
tendency was observed in the wet state, but the values were lower by a factor of 10. In the 
previous study on alginate-lignin aerogels, we found lower Young’s modulus for aerogels 
with higher macroporosity [16]. Results in Table 1 show the opposite tendency. Increase in 
stiffness along with increase in pore size has been reported in the literature [33]. Current 
experimental data is not sufficient to draw a consistent conclusion on reasons underling this 
phenomenon. 
The Young’s modulus of the dry aerogels are comparable with porous chitin matrices 
produced by Silva and co-workers [7]. Wet aerogels show E values in the range of extensively 
studied chitosan hydrogels, which were also processed in pressurized carbon dioxide [34]. It 
is expected that in an in vivo situation, the stiffness increases due to the formation of a mineral 
layer and the cell extracellular matrix. 
 
3.2 Water uptake, bioactivity and cell studies  
It has been described that water uptake is an important parameter in the characterization of 
biodegradable polymers, which affects the degradation profile and swelling, induces changes 
in mechanical properties and influences the biological response [25]. It has been shown for 
alginate-based drug delivery systems that pure calcium-crosslinked alginate is permeable to 
water and has fast water uptake. Blending with other polymers is one approach to control the 
drug release from alginate formulations [12]. For tissue engineering applications, it would be 
beneficial to abate the scaffold degradation and to match it with the rate of new bone tissue 
regeneration. Addition of more hydrophobic starch was aimed to decrease water uptake rate. 
Preliminary study was performed on the aerogels with alginate-to-starch ratio of 1:1, 2:1 and 
5:1 (w/w) at q = 1 and 2, which were depressurized at 30 bar/min. The aerogels were 
immersed in Tris-HCl buffer (pH 7.4, room temperature) for 60 s and weight increase was 
recorded. Previously selected formulation with Na-Alg : ST ratio of 1:1 and q = 2 showed 
lowest water uptake of 106 ± 28 %, whereas formulations with higher alginate content 
demonstrated uptake in the range of 150 – 200 %. This finding further supports that the 
formulation Na-Alg : ST = 1:1, q = 2 is feasible for further assessment in terms of water 
uptake. The water uptake of this formulation was investigated for a period up to 14 days in 
Tris-HCl at 37 °C (Fig. 5). Tris-HCl buffer was chosen instead of commonly used PBS due to 
its lower affinity to calcium ions. Phosphate ions present in PBS leads to fast dissolution of 
the alginate materials so that water uptake may be distorted due to fast calcium leakage (see 
[16] for further discussion). 

 



 
 

Figure 5. Water uptake profile of  AS-FD with alginate-to-starch ratio of 1:1 (w/w) and q = 2 as a function of 
immersion time in Tris-HCl solution at 37 °C and 60 rpm. 

 
Equilibrium water uptake of 1454 % was reached in 3 days with slight degradation after 
2 weeks. Alginate-based materials presented in the literature show water uptake in the wide 
range from 30 to 35 000% [35–37] making direct comparison difficult. Obtained result is 
comparable with alginate-lignin aerogel reported in our previous work [16]. 
According to Kokubo and Takadama’s the definition of bioactivity refers to a bioactive 
material as a material on which bone-like hydroxyapatite will form selectively after 
immersion in a simulated body fluid [18]. Polymers are usually inert materials which lack 
bioactivity and unable to induce mineral deposition at the surface. One way to overcome this 
drawback is to develop composite materials containing bioglasses or bioactive ceramics, 
which are able to induce the precipitation of hydroxyapatite crystals and the formation of a 
calcium phosphate layer similar to bone [38–40]. The formation of this layer enhances the 
integration of the scaffold on the defect site by promoting bone bonding to the material. 
Marine corals mostly constituted by calcium carbonate have been reported in the literature to 
be interesting alternatives to conventional bioceramics [41,42]. Other authors have also 
reported the use of calcium carbonate, e.g. Matsuya and coworkers described CaCO3 as one of 
the materials that can form a chemical bond with bone in vivo [43]. Combes et al. have 
reported the application of calcium carbonate as good bone cement candidate [44]. 
In this work we hypothesize that simultaneous presence of calcium cations within the alginate 
matrix and CO3

2– and PO4
3– in SBF solution could cause at neutral pH the precipitation of 

calcium carbonate and phosphates on the surface and thus promote the bioactivity of the 
aerogel. In vitro bioactivity tests carried out in simulated body fluid confirmed our 
hypothesis.  
The bioactive character of alginate-starch aerogels, in particular, AS-FD was tested in vitro by 
analyzing the hydroxyapatite formation at the surface after exposure to SBF solution, which 
has ion concentrations nearly equal to human blood plasma. SEM micrographs of the 
scaffolds after 1, 7 and 14 days of immersion in SFB are shown in Figure 6.  
 



 
Figure 6. SEM images of surface of the scaffolds prepared (AS-FD) immersed for different periods in SBF 

solution. 
 
The SEM images show the deposition of crystals on the surface of the matrices immediately 
after one day of immersion in SBF. After 14 days, most of the surface is covered with calcium 
phosphate crystals, as proven after chemical analysis performed by EDS (Fig. 7). 

 
Figure 7. EDS spectrum of the alginate-starch aerogel scaffolds (AS-FD) after 14 days immersion in SBF. 

 
The morphological and chemical analysis obtained by SEM-EDS was complemented by FTIR 
and XRD. Calcium phosphate layer was further characterized to identify the characteristic 
crystalline peaks. Fig. 8 shows the FTIR and XRD spectra of the samples before and after 14 
days of immersion.  
 

 
 

Figure 8. FTIR (A) and XRD (B) spectra of the aerogels (AS-FD) immersed in SBF solution for 14 days and 
original aerogels (day 0). 

 



Characteristic peak of the phosphate (PO4
3–) groups at 1020 cm–1 and 1080 cm–1 and 

absorption peak of carbonate groups at 878 cm–1 were detected [45]. Moreover, it was 
possible visualize at 570 and 600 cm–1 two peaks characteristic of the P–O bond [46]. This 
result indicates that alginate-starch aerogel is a bioactive material, being able to form 
hydroxyapatite crystals when immersed in simulated body fluid solution. XRD analysis 
confirmed the presence of the main characteristic peak of hydroxyapatite (2,1,1) at 2θ = 32○, 
an indication that an apatite-like phase formed upon immersion exhibits the typical features of 
the carbonated apatite found in bone [18]. Another two high intensity peaks located at 
2θ = 29○ and 2θ = 45○ (contribution of (0,0,2) and (2,2,2) reflection planes) were detected 
(ASTM JCPDS 9-432). The XRD data was in good agreement with FTIR analysis and 
demonstrated that hydroxyapatite was formed on the aerogel scaffolds. These results provide 
strong indication that the aerogels are indeed bioactive and are able to induce the precipitation 
of hydroxyapatite on the surface. This finding further supports the feasibility of these 
materials for bone tissue engineering applications. 
The assessment of the biocompatibility of novel materials requires the screening of eventual 
cytotoxicity and cellular response. This was carried out through in vitro tests using a 
fibroblast-like cell line. The viability of the cells after 1, 3 and 7 days is presented in Fig. 9.  
 

 
 

Figure 9. Reduction of alamarBlue (%) as a function of culture time coupled with SEM images of cells cultured 
in vitro on the surface of AS-FD scaffold. 

 

The alamarBlue assay revealed that the L929 cells were metabolically active on alginate-
starch aerogels over the culture period under study, and there was a significant increase after 3 
days of culture time in comparison with day 1 (Fig. 9). This effect was however not as great 
from day 3 to day 7, but the viability of the cells is not compromised when in contact with the 



developed aerogels. SEM analysis to the surface of the cultured materials was carried out. The 
images obtained and presented in Fig 9, show different morphologies to the seeded surface 
over different periods of culture time which means the cells were able to adhere and 
proliferate on these matrices. In first image is possible to visualize well the roughness of the 
matrix compared with the last image where the surface is almost covered by a cell layer.  
 
CONCLUSION  

Hybrid alginate-starch aerogels were prepared by four step procedure, which involves 
gelation of the alginate-starch blend in pressurized carbon dioxide, expansion of CO2, solvent 
exchange and supercritical drying. Expansion step is aimed to introduce macroporosity into 
aerogels. The textural analysis by nitrogen adsorption and SEM revealed that aerogels are 
both meso- and macroporous. Macroporosity is found to be highly dependent on the 
depressurization rate of the system. The morphological analysis obtained by scanning electron 
microscopy and micro-CT revealed high interconnectivity and pore size above 100 µm. 
Mechanical tests demonstrated an increment of Young’s modulus for aerogels with higher 
macroporosity. In terms of swelling capability, alginate-starch aerogels showed sufficient 
water uptake up to ca. 1500 %. In vitro tests revealed that aerogels are bioactive, non-
cytotoxicity and the cells are able to adhere and proliferate on surface of the scaffolds. 
Obtained results suggest that alginate-starch aerogels are good candidates for biomedical 
applications, in particular, bone tissue engineering.  
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Table 1: Morphological characteristics determined by micro-CT and mechanical properties of the alginate 
hybrid materials. 

 
 

Morphological parameters 
Mechanical 
properties Rate of depressurization, 

bar/min 
Porosity %  Mean pore size (µm) 

Interconnectivity 
(%)  

E(MPa) 

0.1 2.3±0.1 - - 
0.52±0.07d 
0.06±0.01w 

10 14±0.5 255±9 44±2 
0.73±0.14d 
0.04±0.01w 

30 25±2 431±158 66±17 
1.35±0.21d 
0.12±0.14w 


