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Abstract: The antibacterial activity against Staphylococcus aureus of aerogels fabricated from colloidal suspen-
sions of chitosan/chondroitin sulfate nanocomplexes is analyzed. Upon freeze-drying the colloidal suspen-
sions, the aerogels presented a porous structure made of microsheets and microfibers. The aerogels could, in 
addition, be loaded with antimicrobial agents. Loaded with the antibiotic erythromycin, the aerogels showed 
crystalline deposits, affecting the topography of the samples as well as their mechanical properties, showing 
a decrease on the apparent Young’s modulus and hardness at 40 % deformation. Loaded with elephant garlic 
(Allium ampeloprasum L. var. ampeloprasum) extract, the aerogels showed texturization of the microsheets and 
microfibers, and the higher relative mass allowed an increase on the apparent Young’s modulus and hardness 
at 40 % deformation with respect to pristine aerogels. Unloaded aerogels showed activity against Staphylococ-
cus aureus, including a methicillin-resistant strain. The release of erythromycin from the aerogels to an agar 
environment is governed by equilibrium forces with the polysaccharides, which allow modulating the load 
of antibiotic and its concomitant diffusion from the material. The diffusion of the active components of the 
elephant garlic extract did not show a dependence on the polysaccharide content, revealing a week interaction. 
The elephant garlic extract resulted active against the methicillin-resistant Staphylococcus aureus strain, while 
resistance was found for the antibiotic, revealing the therapeutic potential of the natural extract. The antimicro-
bial aerogels may be used for several therapeutic purposes, such as healing of infected chronic wounds.
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Introduction
Tissue engineering provides new alternatives for the repair or regeneration of damaged tissues. In particular, 
skin regeneration is essential in human health due to the importance of this organ as a physical barrier to 
pathogens, and the social and psychological problems associated to damaged skin. Chronic wounds such 
as diabetic foot and venous ulcers may require the use of dermal substituents and functional dressings that 
favor wound healing. Several biodegradable and non-toxic architectures have been designed for scaffolds as 
wound dressings [1–4]. In addition, diabetic foot ulcers, abscess, venous ulcers, pressure ulcers, acne, cellu-
litis, impetigo, and dermatitis are found among diseases that may produce infections, further complications, 
and permanent lesions and scars. Infections in wounds and skin lesions produce a slow-down on the rate 
of healing, and a risk of systemic propagation. Treatment of infected lesions could involve changes on the 
patient diet, the use of skin protectors from sunlight and other external agents, and therapy with antibiotics.

Skin and soft tissue infections are a frequent cause of consultation in hospital services. Their etiologic 
diagnosis and antibiotic treatment highly depend on the epidemiological context of the infection [5–8]. Etio-
logic agents most frequently isolated in these infections are Gram-positive aerobic bacteria, in most cases 
Staphylococcus aureus (S. aureus) [5–9]. S. aureus is a bacteria of the Micrococcaceae family, part of the normal 
flora of human skin and mucous, and asymptomatically colonizes approximately a third of the population 
[10]. S. aureus is, however, potentially pathogenic, able to colonize certain areas of the skin and mucous 
membranes, having particular virulence mechanisms [11]. In the last two decades S. aureus has emerged as 
a predominant etiological agent of community-associated skin and soft tissue infections [12, 13]. It is consid-
ered the main etiologic agent of hospital-acquired (nosocomial) skin infections and the most common cause 
of infection in surgical incisions. It causes suppurative infections and toxinoses in humans, superficial skin 
lesions as furuncles and styes, and more serious systemic infections [14]. Rapid adaptation of S. aureus to 
environmental changes allows efficient spreading in the environment, infecting other patients in hospitals 
and the community outside clinical centers. Methicillin-resistant Staphylococcus aureus (MRSA) were dis-
covered in the 1960s and became a pathogen in several hospitals around the world. Later, strains of MRSA 
outside the hospitals, known as community-associated MSRA, emerged causing skin and soft tissue infec-
tions, as reported in the 1980s and the 1990s [15, 16]. Associated epidemiological changes on S. aureus and its 
related diseases may require new strategies for antibiotic treatment [17].

Recently, we have developed aerogels based on microfibers and microsheets made of chitosan (CS) and 
chondroitin sulfate (ChS). These aerogels were engineered as wound healing inductors, based on three strate-
gies: (1) provide a minimum amount of matter to be applied in order to avoid additional metabolic stress to 
the wounds, impairing healing, and production of excessive debris and other by-products of metabolism, (2) 
provide low electrostatic potential avoiding disruption of the cellular membrane integrity, and induction of 
extensive inflammatory response [18], and (3) provide physiological functionality rather than constitute scaf-
folds for cell attachment and growing. Thus, aerogels have been synthesized with density ranging between 
100 and 101 mg/cm3 that combine the biological properties of both CS and ChS [19, 20] and contain equimo-
lar amounts of both complementary charged polymers (considering moles of ionizable groups), avoiding 
covalent cross-linking and the use of any organic solvent. The aerogels have been shown to be angiogenic, 
and, applied to skin lesions, to improve the quality of the dermal tissue, with suppression of pain and bad 
smell, accelerating wound healing in diabetic foot and venous ulcers [21]. Their mechanical properties facili-
tate their application in open wounds, easily adapting to the wound contour due to their malleability. Once 
applied to the wounds the material swallows and hydrates, so that it does not need to be removed, since is 
physiologically degraded. In addition, it can be easily compressed, sterilized, and packed in appropriate 
containers, facilitating their storage and transportation, conditions necessary for their commercialization 
and clinical management.

Another advantage of the designed aerogels is that they can be used as carriers of different molecules 
such as drugs, nutrients, etc. Since infections in skin lesions, in particular in chronic ulcers, jeopardize the 
adequate healing, in this paper we will analyze the behavior of ultralight, highly porous CS/ChS aerogels 
against two S. aureus strains, including sensitive and resistant (MRSA) strains. In addition, we will show 
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the fabrication and characterization of aerogels loaded with antibacterial substances, such as the antibiotic 
erythromycin (ERY) and an aqueous extract of elephant garlic (Allium ampeloprasum L. ampeloprasum), and 
their antibacterial activity will be analyzed.

Experimental

Materials

CS (Protasan™ UP CL 213, Novamatrix, 83 % deacetylation, MW of 239.22 g/mol of amino units considered), 
ChS (Chondroitin sulfate A sodium salt from bovine trachea, Sigma-Aldrich, MW of 252 g/mol of ionizable 
groups considered), ERY (Sigma-Aldrich, MW of 734 g/mol, pKa = 8.7), and an aqueous extract of elephant 
garlic, whose main active component is allicin [22], have been used to prepare the solid materials. The 
molecular structures are shown in Fig.  1. ERY Sensi-Discs™ (ESD) of 6  mm of diameter containing 15 μg 
(0.02 μmol) of ERY (Valtek S.A.) were used for biological assays. A 0.5 scale McFarland Nephelometer Standar 
(BD BBL™) was used to compare and adjust suspended inoculums of S. aureus strains. A 5000 MW cut-off 
cellulose ultrafiltration membrane was used for elephant garlic extract ultrafiltration.

Bacterial strains

The antibacterial properties of the fabricated aerogels were tested against two bacterial isolates: a reference 
strain consisting of S. aureus ssp. aureus (American Type Culture Collection [ATCC] no. 25923), and a clini-
cal isolate of MRSA from a patient at the hospital. All strains were stored and made part of the ceparium at 
the Universidad Austral de Chile (Instituto de Microbiología Clínica). The clinical isolates were identified by 
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Fig. 1: Molecular structures of CS, ChS, ERY, and allicin.
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routine laboratory methods, Gram’s method, coagulase test, mannitol fermentation, and urease test. The 
antibiotic sensitivity of both clinical strains was tested by the Kirby Bauer [23] method using gentamicin, 
ciprofloxacin, oxacillin, trimethoprim sulfamethoxazole, linezolid, clindamicin, lincosamide, and ERY and 
resistance of the MRSA strain to ERY was corroborated.

Equipment

A XB 120 A balance (Precisa) was used to weight the reactants, and corresponding solutions were prepared 
in water deionized in a Simplicity (Millipore) deionizer. The pH of the solutions was measured with a Scholar 
425  pH meter (Corning). An orbital shaker (WiseCube) was used to macerate extracts of elephant garlic in 
deionized water. The aqueous extracts were separated from remaining solid particles by ultrafiltration over a 
regenerated cellulose membrane of nominal molecular weight cut-off of 5000 Da (Millipore) placed in a 10 mL 
ultrafiltration cell (Amicon). The system was subjected to three bar by the aid of N2 99.995 % (AGA). A 75900-55 
perfusion pump (Cole-Parmer Instrument Co.) was used to mix stock solutions of CS and ChS under stirring 
with a MR1000 magnetic stirrer (Heidolph). Apparent size and zeta potential of particles in the resulting CS/ChS 
colloidal suspensions were measured by dynamic light scattering (DLS) with a zetasizer Nano ZS equipment 
(Malvern). The particle size polydispersion index (PDI) is calculated from the DLS data as the square of the size 
relative standard deviation [24]. Freeze-drying was carried out in an Alpha 1–2 LD plus lyophilizer (Christ). Scan-
ning transmission electron microscopy (STEM) images were obtained in an Inspect 50 (FEI) instrument. Optical 
pictures were taken with an iPhone 5C mobile phone equipped with an 8 megapixels camera or with a Nikon 
D3000 camera. The mechanical properties were characterized in a CT3 1000 Texture Analyzer (Brookfield) con-
trolled with the TexturePro CT3 software (Brookfield). The aerogels were sterilized by UV radiation in a Purifier 
Class II laminar flux cabinet (Labconco). Bacteria were grown in a CO2 incubator (Shellab).

Procedures

Stock solutions preparation

A 2 × 10−3 M solution (25 mL) of ERY was prepared by dissolving 0.037 g in deionized water at pH 3. The solu-
tion was stored at 4 °C. The elephant garlic aqueous extract was prepared from peeled and crushed fresh 
cloves of elephant garlic (25 g) using a mortar and a pestle, homogenizing with 25 mL of deionized water at 
pH 5.0. The resulting mixture was allowed to macerate under stirring for 1 h at 220 rpm at 20 °C in a 100 mL 
glass beaker. The obtained mixture was ultrafiltered over a 5000 MW cut-off cellulose membrane, and the 
filtrate was stored frozen at −15 °C to avoid allicin decomposition [25, 26], if necessary. CS stock solutions have 
been prepared by dissolving 0.059 g in 25 mL of deionized water at pH 5.0. Prior to CS stock solution prepara-
tion, CS powder was dried in an oven for 4 h at 100 °C. ChS stock solutions have been prepared by dissolving 
0.063 g in 25 mL of deionized water at pH 5.0. Both polymeric stock solutions were prepared at a concentra-
tion of 1 × 10−2 mol of polymeric ionizable groups per liter.

Colloidal suspensions preparation

Freshly prepared stock solutions of CS and ChS were placed in 20 mL plastic syringes. Using a perfusion pump, 
4 mL of each of the polymer stock solutions were simultaneously added drop wise to a flask containing 10 mL 
of deionized water at 20 °C and pH 5.0, at a flux of 880 μL min−1, and gently stirring with a magnetic stirrer. 
Alternatively, the addition of the stock solutions was done with the aid of micropipettes, adjusting the volumes 
to a desired final absolute and relative concentration of the polysaccharides. After the biopolymers have been 
mixed producing a milky suspension, ERY or elephant garlic extract was added. In order to incorporate ERY in 
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the suspensions, 2 mL of different mixtures of water and ERY stock solution were added to the mixture, achiev-
ing different final ERY concentrations (method 1). Alternatively, the biopolymers were added to the container 
containing variable and less than 10 mL of water, and aliquots of the ERY stock solution were then added to 
complete a total volume of the colloidal suspensions of 18 mL (method 2). Elephant garlic extract was incorpo-
rated following a method similar to the method 2 for the incorporation of ERY: 4.56 mL of ChS and 3.44 mL of 
CS stock solutions were added drop wise to 1.72, 9.16, and 9.64 mL of deionized water at pH 5.0, and then 8.28, 
0.84, and 0.36 mL of elephant garlic aqueous extract with the pH adjusted to 5.0 were, respectively, added to the 
mixture, in order to obtain three colloidal suspensions with the same apparent concentration of the polysac-
charides and different concentration of the elephant garlic extract. The colloidal suspensions were character-
ized by STEM and analysis of apparent particle size, size PDI, and zeta potential. STEM images were obtained 
by sticking a droplet (10 μL) of the nanoparticle suspension on a copper grid (200 mesh, covered with Formvar) 
for 2 min, then removing the droplet with filter paper avoiding the paper touching the grid, then washing twice 
the grid with a droplet of Milli-Q water for 1 min, and removing the droplet with filter paper. Later, the sample 
was stained with a solution of 1 % phosphotungstic acid by sticking a droplet of this solution on the grid for 
2 min and removing the droplet with filter paper. Finally, the grid is allowed to dry for at least 1 h before analysis.

Aerogel formation

After the colloidal suspensions were formed, 200 μL, 2 mL, and 4.0 mL were transferred to 12 × 8 cm2 well-
plates of 96, 24, and 6 wells, respectively. The internal diameters of the respective wells were 7, 16, and 35 mm. 
In the case of the aerogels containing elephant garlic extract, due to the high mass of the extract, volumes 
of 150 μL, 1.5 mL, and 3.5 mL of the three colloidal suspensions obtained before were, respectively, added to 
the different wells. The volumes and apparent concentration of the garlic extract were chosen in order they 
represent 46.6, 4.66, and 2 % of the total volume, so that the absolute amount of added extract is equivalent 
in the three aerogels formed in the different wells (70 μL). The samples were frozen at −15 °C for 24 h, and then 
freeze-dried at 0.050 mbar for 72 h, and a temperature of the condenser of −57 °C. If necessary, the resulting 
aerogels were stored at 4 °C in closed containers containing dried silica gel, in order to avoid moisture. SEM 
analyses were performed after coating the samples with a layer of gold atoms. Mechanical characterizations 
of aerogels of around 12 mm of diameter were performed in the compression mode, and the hardness and 
apparent Young’s modulus (Eapp) were obtained. The aerogels were fitted on a fixture base table (TA-BT-KIT, 
Brookfiled), and compressed, carefully centered, with a cylindrical TA-10 probe of 12.7 mm of diameter. The 
resolution of the texture analysis system was 0.1 g and 0.1 mm. The test speed was set at 0.7 mm s−1, the load 
trigger value ranged from 0.7 to 1.0 g, and the maximum load was set at 12 g. For the final Eapp analysis, data 
corresponding to deformations ranging between 30 and 50 % are considered.

Anti-microbial tests

Mueller-Hilton Agar (MHA) plates were prepared by dissolving 38 g of MHA in a flask containing one liter of 
distilled water, then sterilizing at 121 °C and cooling down to ~45 °C. Approximately 20 mL of the prepared 
MHA were added into pre-sterilized Petri plates and let gelate. The antimicrobial activity against S. aureus 
strains of 5, 12, and 30 mm of diameter CS/ChS-based aerogels, loaded or not loaded with ERY or elephant 
garlic extract, was tested using the modified Kirby-Bauer Disk diffusion test protocol performed according to 
the guidelines of the Clinical and Laboratory Standards Institute (CLSI) [27, 28]. Inoculums were prepared by 
suspending 3–5 colonies of the pure strain of S. aureus of similar appearance with the aid of a sterilized loop 
in a test tube of saline solution. The colonies were obtained from a primary culture plate previously incubated 
in non-selective blood agar for 24 h. The number of colonies added were adjusted until achieving a turbid-
ity approximately of 0.5 McFarland Nephelometer Standard scale (1–2 × 108 CFU/mL), in an optimal time of 
15  min. The adjusted suspension of bacteria were then inoculated to the MHA plates with a sterile swab 
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streaking the swab over the surface of the MHA medium three times rotating the plate approximately 60° in 
each application, then over the internal edge of the plate, and finally leaving the plate to dry for few minutes 
at room temperature with the lid closed. Prior to test the susceptibility of S. aureus to the new materials, the 
aerogels were submitted to UV-radiation, and transferred from the well-plates to the inoculated MHA plates. 
ESD and aqueous extract of elephant garlic (70 μL) were used as positive controls. Minimum inhibitory con-
centration of elephant garlic extract was studied by the macrodilution test [29]. Serial dilutions (consecutive 
dilution factor of 2) of the pristine extract in Tryptose broth (Merck 110676) were done in test tubes of 10 mL, 
so that 0.9 mL of the successive dilutions were contained in the test tubes to which 0.1 mL of a bacterial sus-
pension of 1.5 × 108 CFU/mL were added. The elephant garlic positive control was placed on circular wells of 
6 mm of diameter cut on the agar culture media. The bacterial cultures stood for 24 h at 35 °C in the presence 
of the samples. The results presented are the average of at least three trials per composition tested.

Results and discussion

Pristine aerogels

The starting point to produce the aerogels is the formation of colloidal suspensions of CS/ChS interpoly-
mer nanocomplexes in aqueous medium, without needing covalent crosslinkers [30]. Stock solutions of both 
complementary charged polyelectrolytes were mixed in water so that ionic self-assembly easily occurs, due to 
the large amount of charges in every single molecule. Adjusting the stoichiometry to a 1:1 molar ratio of poly-
meric ionizable groups, thus achieving a high degree of electroneutralization between polymer charges, the 
mixture easily undergoes precipitation. In order to avoid this, the addition protocol involves careful control 
of the pH, simultaneous drop wise addition of both stock solutions, and moderate maximum final appar-
ent concentration of both polymers (4.44 × 10−3 M). This provides a simple method of production of colloidal 
particles with apparent sizes falling in the nanometer range that does not involve toxic molecules. Then, by 
simultaneously pouring the CS and ChS stock solutions in a flask containing water, following the methodol-
ogy described in the experimental part, colloidal suspensions of equimolar amounts of both polysaccharides 
were obtained, showing a particle mean apparent hydrodynamic diameter of 352 ± 32 nm and a mean zeta 
potential of 38 ± 2 mV (n = 11). The size PDI values found were as low as 0.19 ± 0.03, reflecting a monomodal 
distribution of the particles. The final pH of the colloidal suspensions remained almost at 5.0, so that partial 
protonation of the carboxylate units of ChS allowed an excess of positive polymer charges furnished by CS, 
which produces a positive zeta potential, high enough to ensure stability of the nanoparticles in water, since 
electrostatic repulsions minimize particle aggregation. STEM images of the nanoparticles formed can be seen 
in Fig. 2a. The particles showed spherical shape with diameters of around 320 nm, very similar to those found 

a b c

Fig. 2: STEM images of the nanoparticles obtained after mixing (a, 6 × 104 X) CS and ChS at a molar ratio 1:1, (b, 12 × 104 X) 
CS and ChS at a molar ratio 1:1 and ERY at a relative concentration of 0.023 mol of ERY/mol of polymeric ionizable groups, and 
(c, 12 × 104 X) CS and ChS at a molar ratio 0.75:1 and 4.66 % (v/v) of elephant garlic extract.
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by DLS, indicating that the highly neutralized particles are scarcely hydrated and behave as solid polymeric 
nanoparticles more than as hydrated aggregates.

Volumes of 0.2, 2.0, and 4.0 mL of colloidal suspensions were placed in wells of 5, 12, and 30 mm of 
diameter. Upon solvent removal from the CS/ChS interpolymer nanocomplex suspensions by freeze-drying, a 
solid material arises due to the cohesive forces between particles. During freezing the colloidal suspensions, 
the nanometric particles are concentrated at the boundary of ice crystals being forming, submitted to the 
so-called “ice-segregation-induced self-assembly” (ISISA) [31–33]. Electrostatic interactions between the com-
plementary charged chains of CS and ChS and their rigidity enhance the cohesive forces between particles, 
allowing obtaining well-structured porous materials. Thus, porous aerogels of different size and mass have 
been obtained with this methodology, as can be seen in Fig. 3a–c and Table 1. The sugar-cotton-like porous 
structures presented irregular shapes, with diameters slightly lower than the wells they were produced in, 
as can be read in Table 1. They are low-dense, soft materials, with total mass of 0.22, 2.2, and 4.4 mg for 
aerogels of 5, 12, and 30 mm of diameter, respectively. The density of the aerogels may vary according to the 
dimensions of the container and the volume of liquid added. Thus, aerogels of 30 mm resulted less dense, i.e. 
more porous, since the liquid volume in the cylindrical container spreads more in the x/y plane than along 
the z axis, compared with the wells of 5 and 12 mm of diameter. During the sublimation step, the materials 
expand in the z axis. SEM images of the materials show that they are composed of microsheets and microfib-
ers presenting a smooth surface, as can be seen in Fig. 4. Eapp of around 2 kPa and hardness of around 12 g at 
40 % deformation has been found by texture analyses for aerogels of 12 mm of diameter.

The antimicrobiological properties of the aerogels were analyzed in cultures of two different strains of 
S. aureus, including a sensitive reference strain and a MRSA strain. After placing the aerogels on agar plates, 

a b c

d

Fig. 3: CS/ChS-based aerogels of 5 (a), 12 (b), and 30 (c) mm of diameter with no additives, and with around 7.5 mg of elephant 
garlic extract (d).

Table 1: Physical characteristics of average CS/ChS-based aerogels.

Well diameter (mm) Aerogel diameter (mm) Total mass (mg) Aerogel height (mm) Density (mg/cm3)

7 5 0.22 2–3 3.7–5.5
16 12 2.2 3–6 6.4–3.1
35 30 4.4 8–12 0.8–1.2
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they swell and hydrate, forming a hydrogel on the agar substrate, which may potentially be colonized by the 
bacteria. ESD positive controls produced inhibition zone diameters (IZD) of 26 ± 3 mm (n = 20) in cultures 
of sensitive S. aureus, as can be seen in Fig. 5a, where a single assay is presented as reference, but did not 
produce inhibition haloes on MRSA cultures, as can be seen in Fig. 5b and c. It can be also seen that both 
the sensitive and the resistant bacteria did not grow in the zone occupied by the swollen aerogels of different 
size. CS has known antifungal and antibacterial effects [34] that are transferred to derived materials such as 
CS films [35]. This is attributed to its polycationic nature [36]. It is reported in the literature that CS does not 
diffuse on the agar gel [37], and our results support this statement, since no inhibition is found beyond the 
limits of the swollen aerogels.

Aerogels loaded with ERY

The strategy to load ERY to CS/ChS aerogels aimed at incorporating the antibiotic in the colloidal suspension 
prior to freeze-drying. In order to find the best fabrication protocol for the incorporation of ERY in the colloidal 

a1 b1 c1

a2 b2 c2

Fig. 4: SEM images of aerogels composed of CS and ChS in the absence of any additive (a) and in the presence of a relative 
amount of ERY of 0.023 mol of ERY/mol of polymeric ionizable groups (b), and in the presence 82 wt.% of elephant garlic extract 
(c) at two different magnifications: 200× (1) and 800× (2).

C

ESD
C

A

B

a b
c

CB A

ESD ESD

a b c

Fig. 5: Susceptibility test of ESD and aerogels of 30 (A), 12 (B), and 5 (C) mm of diameter on ATCC 25923 standard S. aureus 
(a) and MRSA (b and c) strains.
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suspensions different methodologies have been tested. When ERY was added to the aqueous mixture in the 
container previous to the addition of the polymeric stock solutions, instability of the final mixture was found, 
probably caused by the low pH at which ERY must be dissolved, and macroprecipitates appeared. Then, we 
decided to add ERY immediately after the CS/ChS colloidal suspensions were formed, to the same container, 
and at the same stirring speed and flux. In this case, complexation between the polymers furnishes stability 
of the colloidal suspension during the addition of ERY, so that no macroprecipitation was observed with this 
methodology. An example of the nanoparticles formed can be seen in Fig. 2b. STEM images showed nanopar-
ticles of around 300 nm with a different structure when comparing to the pristine CS/ChS nanocomplexes, 
since a dense core can be observed in the nanoparticles, coated by aggregates that form a hollow shell.

To fabricate series of aerogels with different amounts to ERY, two methodologies of addition of ERY after 
the CS/ChS nanoparticles are formed may be applied. If the range of ERY amount to be loaded is low, requir-
ing low volumes of ERY stock solutions, it is useful to prepare the CS/ChS colloidal suspensions in a fixed 
volume, obtaining submicroparticles produced at comparable conditions, and then add a small fixed volume 
of ERY at different concentrations. However, if the range of ERY amount to be loaded is high, requiring high 
volumes of ERY stock solutions, it is more convenient to prepare the CS/ChS colloidal suspensions in vari-
able volumes, achieving a final constant volume with the aid of a concentrated ERY stock solution, avoiding 
excessive dilution of the nanocomplexes. These two methodologies are reported in the experimental sections 
as method 1 and method 2, respectively. In order to check the influence of the incorporation of large amounts 
of ERY by the method 2 on the particle properties, the apparent size and zeta potential of the particles formed 
is analyzed. It can be seen in Fig. 6 that as the amount of ERY to be incorporated increases, the apparent size 
increases, and the zeta potential of the particles slightly increases. This effect may be caused by the higher 
final apparent concentration of the polyelectrolytes before adding increasing volumes of ERY, and also by 
slight changes in the pH when adding ERY, or by effective interactions of the antibiotic with the polymers, 
affecting molecular aggregation.

After freeze-drying the colloidal suspensions containing ERY, the aerogels formed did not show signifi-
cant changes on the macroscopic dimensions and porosity as compared with the case in the absence of the 
antibiotic, due to the low relative mass of the antibiotic, and the role of the polysaccharides as the main struc-
tural components (pictures not shown). However, SEM images of aerogels of 12 mm of diameter loaded with 
0.2 μmol of ERY, which represent a relative amount of 0.023 mol of ERY/mol of polymeric ionizable groups, 
presented a holey structure on the microsheets. In addition, deposits of microcrystals of ERY and/or NaCl 
and texturization on the microsheet surface were observed (Fig. 4b). This lowers the hardness of the aerogels, 
which decreased to a minimum of approximately half the value in the absence of the antibiotic, i.e. around 
5.4 g at 40 % deformation, at a relative amount of ERY of 0.009 mol of ERY/mol of polymeric ionizable groups. 
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Fig. 6: Apparent hydrodynamic diameter (nm) (a) and zeta potential (b) of colloidal suspensions of CS/ChS containing different 
amounts of ERY, as a function of the ERY final concentration, obtained by the method 2.
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The Eapp found for the aerogel containing a relative amount of 0.023 mol of ERY/mol of polymeric ionizable 
groups decreased as compared with the pristine aerogel, achieving a value around 1.4 kPa.

The antibacterial activity of aerogels containing 0.02 μmol of ERY, the same amount of antibiotic than in 
the ESD, is then investigated. Since in these experiments the amount of ERY to be added in the formulations 
prior to freeze-drying is low, the addition of ERY was done after suspensions of CS/ChS complexes are formed 
in comparable conditions, following the method 1 described in the experimental section. The apparent size 
and zeta potential of all the final colloidal suspensions containing different concentration of ERY was almost 
equivalent, falling in the ranges of 281 ± 4.8 nm and 37.2 ± 0.5 mV, respectively. Aerogels of 5, 12, and 30 mm 
of diameter containing 0.02 μmol of ERY showed zones of inhibition smaller than that produced by the ESD, 
as can be seen in Fig. 7 (see Fig. 5 for the ESD positive control). The values of the IZD were 26 ± 3 mm for the 
positive control, 15 ± 2 and 18 ± 1 mm for the aerogels of 5 and 12 mm, respectively, while no inhibition zone 
was found beyond the limits of the aerogel of 30 mm (n = 3). The lack of IZD beyond the limits of the aerogel 
for the larger material could be explained in terms of the higher retention of ERY within the aerogel related to 
the presence of a significant higher amount of polysaccharides.

These results indicate, then, a slower diffusion of ERY from the aerogels than from the ESD, probably 
due to attractive interactions with the polymeric components of the material. New tests were then performed 
with aerogels of 12 mm loaded with increasing amounts of ERY. In order not to significantly dilute the CS/ChS 
polyelectrolyte complex suspensions, the method 2 described in the experimental section was applied for 
the fabrication of the solid materials. The fabricated aerogels produced increasing IZD as the amount of ERY 
increased, achieving IZD values similar to the ESD when containing an amount of ERY one order of magni-
tude higher than the ESD, as can be seen in Fig. 8. These results highlight the potential of ERY-loaded CS/ChS-
based aerogels as controlled release materials, as the loads of ERY, and concomitantly the diffusion of the 
antibiotic from the materials, can be modulated.

The interaction of ERY with the polymeric components of the aerogels may produce a release of the anti-
biotic controlled by equilibrium forces. In this sense, the release of the antibiotic from the materials should be 
a function of the relative amount of the antibiotic versus the amount of polysaccharides (in mol of ionizable 
groups). In order to corroborate this hypothesis, aerogels were fabricated keeping constant this magnitude. 
Aerogels of 5 mm of diameter containing 0.02 μmol of ERY, the same amount than in the ESD of 6 mm, pre-
sented a relative amount of ERY of 0.023 mol of ERY/mol of polymeric ionizable groups, so that, aerogels of 5, 
12, and 30 mm of diameter have been fabricated containing ERY at a relative amount of 0.023 mol of ERY/mol of 
polymeric ionizable groups. The results of the corresponding susceptibility tests can be seen in Fig. 7 (for aero-
gels of 5 mm of diameter), and Fig. 9 (for aerogels of 12 and 30 mm). It was found that the diffusion of ERY from 
the edge of the aerogels was similar when their relative amount was similar, producing inhibition of bacteria 
growth at similar distances taking a value around 5 mm, as can be read in Table 2. This is related to the ability 
of a certain mass of the polymers in the polymeric matrix to retain a certain mass of the antibiotic, according to 
equilibrium interactions, so that the materials allow controlling the diffusion of the antibiotic in agar media.

Fig. 7: Susceptibility test of aerogels of 5 (a), 12 (b), and 30 (c) mm of diameter, containing 0.02 μmol of ERY on ATCC 
25923 standard S. aureus strain.
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On the other hand, when a MRSA strain was tested, the antibiotic diffused from the aerogels containing 
the same relative amount of ERY (0.023 mol of ERY/mol polymeric ionizable groups) or from the ESD (Fig. 5) 
did not produce inhibition of the bacterial growth, as can be seen in Fig.  10, but, as expected, produced 
 inhibition on the area occupied by the materials.

Aerogels loaded with elephant garlic extract

Resistance to ERY by Streptoccocus and Staphylococcus genera has been described, associated to target-site 
modification and active-drug efflux mechanisms [38]. Fatality of S. aureus infections is associated to their high 
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Fig. 8: IZD (mm) produced by aerogels of 12 mm of diameter ( ) and by the ESD ( ) as a function of the amount of ERY (n = 3) in 
cultures of ATCC 25923 standard S. aureus strain.

Fig. 9: Susceptibility test of aerogels of 12 (a) and 30 (b) mm of diameter containing a relative amount of ERY of 0.023 (mol of 
ERY/mol of polymeric charges) on ATCC 25923 standard S. aureus strain.

Table 2: Inhibition length from the edge of the aerogels containing ERY at a relative amount of 0.023 (mol/mol of polymeric 
charges) on cultures of ATCC 25923 standard S. aureus strain.

Aerogel diameter 
(mm)

  ERY amount 
(μmol)

  ERY relative density (mol of 
ERY/mole of polymeric charges)

  Inhibition length from 
the edge (n = 3) (mm)

5   0.02  0.023  5 ± 1
12   0.2  0.023  6 ± 1
30   0.4  0.023  5 ± 1
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resistance to beta-lactamic antibiotics. The emergence of drug resistance among several pathogenic bacteria 
species jeopardizes the therapeutic effectiveness of antibiotics. However, therapeutic options against patho-
gens like MRSA can be developed using plants and herbal natural components that may act as non-specific 
biocides, minimizing the appearance of resistance [39]. Natural extracts of elephant garlic were obtained in 
cold water, the pH carefully adjusted to 5.0, and then ultrafiltered in order to achieve a pure soluble fraction, 
removing floccules and large particles. Preliminar experiments show that the minimum inhibitory concen-
tration of the extract was approximately 5 % (v/v). Then the extract at this concentration was added to the 
container containing CS/ChS nanoparticles produced at different molar ratios in order to explore the forma-
tion of colloidal suspensions and measure apparent particle size and zeta potential. The results can be seen 
in Fig. 11. It can be noticed that in the absence of the natural extract CS/ChS nanoparticles are formed in the 
whole range of XChS studied, and an inversion on the zeta potential is produced at XChS around 0.55. However, 
in the presence of the elephant garlic extract, particles of around 300 nm of diameter (size PDI in the range 
of 0.24–0.39) are formed, and macroprecipitation was observed near the electroneutralization point. This 
occurred at a XChS of around 0.48, as can be deduced by the inversion of the zeta potential.

In order to produce the aerogels from nanoparticles with absolute values of zeta potential higher than 
30 mV, that ensures stability of the nanosystems, a composition of CS/ChS 0.75:1, corresponding to a XChS of 
0.57 is selected. STEM images of nanoparticles performed at this polysaccharide molar ratio and 4.66 % of 
elephant garlic extract shows spherical particles of around 200 nm, as can be seen in Fig. 2c, slightly smaller 
than when observed by DLS.

Fig. 10: Susceptibility test of aerogels of 5 (a), 12 (b), and 30 (c) mm of diameter containing a relative amount of ERY with 
respect to the polymers of 0.023 mol of ERY/mol of polymeric charges on MRSA strain.
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Fig. 11: Apparent hydrodynamic diameter (a) and zeta potential (b) of colloidal suspensions of CS/ChS nanoparticles produced 
at pH 5.0: ( ) pristine; ( ) containing 5 % of elephant garlic extract. Shaded area corresponds to appearance of macroprecipi-
tates in the presence of the extract.
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Solid materials of different dimensions were then produced, adding volumes of the CS/ChS colloidal 
suspension obtained at XChS of 0.57 and pH 5.0 and containing elephant garlic extract to wells of different 
size, so that the absolute amount of added extract was 70 μL for each sample. The dry weight of the 70 μL 
of the extract is approximately 7.5 mg. After freeze-drying the mixtures, solid materials of diameters of 7, 14 
and 30 mm of diameter are obtained. The relative weight of the extract in the materials represents 98, 82, 
and 66 %, respectively. Related to the significant increase in matter of the aerogels, an increase on the Eapp is 
observed and for aerogels of 14 mm of diameter, an Eapp of 6.8 kPa was found, while the corresponding hard-
ness at 40 % deformation was around 14 g. Considering the same approximations and methodology used for 
the calculation of the porosity in the above reported aerogels, porosity higher than 95 % was found for the 
aerogel of 7 mm of diameter, and higher than 98 % for the aerogels of 14 and 30 mm of diameter. In addition, 
the materials showed a tendency to shrink in contact to the air, probably due to atmospheric moisture. This 
tendency was lower for the materials of 7 mm of diameter, containing the highest relative amount of garlic 
extract. The materials of 14 mm of diameter shrank both in the x/y plane and in the z axis, and materials of 
30 mm, containing the lower relative amount of extract, shrank more appreciably in the z axis, as can be seen 
in Fig. 3d. This behavior may be due to the presence of amphiphilic molecules in the elephant garlic extract. 
SEM images shown in Fig. 4c reveal denser materials with thicker and texturized microsheets.

The antibacterial activity of the aerogels containing 7.5 mg of garlic extract is then investigated. It was 
found that the garlic extract diffuses from the aerogels, and IZD of 33 ± 1 mm have been found for control 
experiments and experiments performed with aerogels of 7 and 14 mm of diameter, while 37 ± 2 mm for aero-
gels of 30 mm of diameter, both in cultures of ATCC 25923 and MRSA strains, as can be seen in Fig. 12, high-
lighting the efficacy of natural extracts against recurrent infections produced by resistant bacterial strains 
such as MRSA. By contrast to the case of ERY, the diffusion kinetics of the active components does not strongly 
depend on the amount of the polysaccharides CS and ChS in the formulation. This may be due to a weak 
interaction between the polysaccharides and the active components, related to a lack of net charge on their 
structure, as in the case of allicin, and to the higher mass of extract relative to the mass of polysaccharides.

Final remarks

CS/ChS ultralight aerogels are materials with high potential in wound healing of chronic wounds such as dia-
betic foot and venous ulcers, and, applied to the skin lesions, they improve the quality of the dermal tissue, 

Fig. 12: Susceptibility test of 70 μL of elephant garlic extract (positive control, a1 and a2), and aerogels containing of 7.5 mg of 
dry elephant garlic extract of 7 (b1 and b2), 14 (c1 and c2) and 30 mm (d1 and d2) of diameter against ATCC 25923 (entries 1) and 
MRSA (entries 2).
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with suppression of pain and bad smell, accelerating wound healing in these chronic ulcers, as has been pre-
viously corroborated [21]. Its production is simple, avoiding chemical reactions or the use of organic solvents. 
The materials are light and soft, and their mechanical properties facilitate their application in open wounds, 
easily adapting to the wound contour. In addition, they can be easily compressed and packed in sterile con-
tainers, thus facilitating their storage and transport, conditions necessary for its adequate commercialization 
and clinical management. After applied in the open wound, the material swallows and hydrates, so that 
it does not need to be removed after application, since is physiologically metabolized. The low density of 
the materials helps avoiding adverse reactions. The therapeutic potential of these materials, based on their 
angiogenic properties [21], is enhanced by the antibacterial action found in this study against S. aureus, 
a recurrent pathogenic microorganism in chronic skin lesions. This antibacterial action is also presented 
against MRSA.

We have also proven the ability of the material to incorporate variable amounts of the antibiotic ERY, 
and release it in MHA plates, observing growth inhibition of sensitive S. aureus. The incorporation of ERY to 
CS/ChS-based aerogels may constitute an additional means of enhancement of the therapeutic benefits of 
the solid material, helping avoiding and fighting infection of skin lesions, by releasing a desired amount of 
the antibiotic. Once applied in the open wound and the material hydrates, the antibiotic may diffuse to the 
environment with kinetics controlled by equilibrium interactions with the material components. The dosage 
of the antibiotic is easily tuned, according to the method of fabrication described here, that involves the 
 formation of the interpolymer nanocomplexes prior to the addition of the antibiotic.

On the other hand, and regarding the inconvenience of potential selective resistance, the materials also 
allow the incorporation of elephant garlic extract (as well as potentially a number of other active extracts 
from plants) that also showed antibacterial activity against both sensitive and MRSA strains of S. aureus. 
The active components of the extract do not seem to strongly interact with the aerogel polysaccharide com-
ponents, so that their diffusion kinetics are a function of their absolute content rather than of the content 
relative to the polysaccharide mass, as in the case of ERY.

The obtained results reveal, thus, the potential of these materials as carriers of bioactive molecules for 
topic uses. Apart from chronic wounds such as diabetic foot and venous ulcers, ERY and elephant garlic 
extract-loaded CS/ChS-based aerogels could be applied to other infected skin lesions such as bedsores, der-
matitis, skin abscesses, and cellulitis.

Conclusions
CS/ChS-based aerogels of around 5, 12, and 30 mm of diameter have been fabricated, unloaded, and loaded 
with ERY and with elephant garlic extract. As a first step of fabrication, colloidal suspensions containing 
CS/ChS nanocomplexes and eventually other added additives, such as the antibiotic or the natural extract, 
have been formed avoiding formation of macroprecipitates. The solid materials arising after solvent removal 
by freeze-drying the colloidal suspensions present a porous structure consisting of a network of microfibers 
and microsheets. Pristine aerogels showed smooth surface on the microfibers and microsheets, hardness of 
around 12 g at 40 % deformation, Eapp of around 2 kPa, porosity higher than 99 %, and activity against sensi-
tive S. aureus as well as against MRSA. The inclusion of ERY produced the appearance of deposits and crystals 
on the microfibers and microsheets, a decrease on the hardness (5.4 g at 40 % deformation) and Eapp (1.4 kPa), 
similar porosity than that of the pristine aerogels, and activity against sensitive S. aureus beyond the limits 
of the aerogels in agar culture media, but not against MRSA. The diffusion of the antibiotic was controlled 
by equilibrium forces with the polymeric components of the aerogels, which allowed controlling the release. 
The incorporation of elephant garlic extract produced texturization and thickening of the microfibers and 
microsheets, an increase on the hardness with respect to that of the pristine aerogels (around 14 g at 40 % 
deformation) and Eapp (6.8 kPa), porosity higher than 95 %, and activity against both sensitive S. aureus and 
MRSA strains beyond the limits of the aerogels. The diffusion of the active components of the extract did 
not depend on the mass of polysaccharides of the aerogels, revealing a weak interaction. The therapeutic 
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potential of the aerogels in wound healing is enhanced by the antibacterial action found in this study against 
S. aureus, a recurrent pathogenic microorganism in chronic skin lesions. This antibacterial action is also pre-
sented against MRSA, and important strain responsible for nosocomial infections in hospitals. Their activity 
against MRSA of pristine aerogels can be reinforced by the addition of elephant garlic extract, which is easily 
released from the aerogels in culture medium at therapeutic concentrations.
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