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morphology, textural properties, thermal stability, 
mechanical properties, and in  vitro assessment such 
as drug release, antibacterial properties, cytotoxicity, 
and wound exudate uptake were analyzed and com-
pared to pure cellulose aerogel microfibers (CLF). 
Blended CHCLAFs showed a low density (~ 0.18 g/
cm3), high porosity (~ 85%), and large specific surface 
area (~ 300  m2/g) with a macro-porous outer shell 
and a nano-porous inner core. The fibers were trans-
formed into braided meshes that were highly water 
absorbable (~ 400 wt.%) and bactericidal against 
escherichia coli and staphylococcus aureus. Further-
more, the fibrous structures showed no cytotoxicity 
using fibroblast cells, and the hybrid fibers were able 
to release IBU over 48 h in a sustained manner. The 
results showed that the CHCLAFs could be used as 
a promising candidate for wound dressing materials.

Abstract Cellulose and chitosan have been stud-
ied for wound dressing due to their biocompatibility, 
biodegradability, lower antigenicity, and renewability. 
The functional and structural characteristics of such 
biopolymers can be dramatically improved by their 
transformation into fibrous bioaerogels due to their 
outstanding characteristics such as low density, high 
porosity, and large specific surface area. Producing 
aerogels in the form of fibers and textiles not only can 
enhance mechanical properties, stiffness, and shape-
ability of aerogels but also lead to short drying times 
and scalable production processes. Hereby, wet spun 
chitosan-cellulose aerogel microfibers (CHCLAFs) 
in two ratios of 1:5 and 1:10 have been produced by 
supercritical  CO2  (scCO2) drying for wound dress-
ing application. The fibers were also loaded with 
ibuprofen (IBU) through post-treatment  scCO2 
impregnation. CHCLAF characteristics in terms of 
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Introduction

It has been forecast that the global wound dressing 
market can exceed $15 billion by 2022. Moreover, 
the advanced wound care market aiming for surgical 
wounds and chronic ulcers is expected to exceed $22 
billion by 2024 (Sen 2019). Medical textile plays an 
important role in wound dressings, and such a continu-
ing rise in the need for wounds products requires the 
fabrication of sustainable added-value products origi-
nating from renewable materials such as cellulose and 
chitosan (McQueen 2011; Rostamitabar et al. 2021a). 
Cellulose, the most abundant biopolymer present in 
plant cell walls, is made of β-D-glucose held by β-1, 
4-glycosidic linkages (French 2017). Cellulose has 
been widely used in wound dressing products due to its 
high flexibility, excellent physical barrier for microbial 
pathogens, and especially its moisture-retaining prop-
erties thanks to the presence of numerous hydroxyl 
functional groups (Dassanayake et al. 2018; Yuan et al. 
2021). Wounds are well known to heal more quickly in 
a moist environment since a sufficient supply of growth 
factors and other molecules to the healing tissues 
is more likely to happen (Sahana and Rekha 2018). 
Furthermore, cellulose can assist in the absorption of 
wound exudates evolving in the uptake of cell debris 

(Sulaeva et al. 2015; Sahana and Rekha 2018). How-
ever, cellulose by itself does not possess any antibacte-
rial and antifungal properties, which can be a drawback 
for infectious wound sites.

Chitosan is the active form and deacetylated sub-
stance of chitin biomacromolecules made up of 
n-acetyl glucosamine residues held by β-1, 4 link-
ages. Chitin is a natural biopolymer that can be found 
in fungi, crustaceans, mollusks, and insects  and has 
been widely investigated as an antimicrobial agent to 
prevent bacterial and fungal infections of the wound 
site (Bano et al. 2017; Fan et al. 2020). Chitosan has 
also exhibited fibroblast proliferative characteristics 
necessary to accelerate wound healing (Minagawa 
et al. 2007) and can lead to activation of polymorpho-
nuclear leukocytes and macrophages for phagocytosis 
and expression of interleukin-1 (IL-1), transform-
ing growth factor beta (TGF-β), and platelet-derived 
growth factor (PDGF) (Lin et  al. 2013; Bano et  al. 
2017).

The functional and structural characteristics of 
such biopolymers can be dramatically enhanced by 
producing fibrous aerogels due to their outstanding 
characteristics such as low density, high porosity, and 
large specific surface area. Aerogels are produced 
from wet gels in delicate drying processes such as 
freeze-drying or supercritical  CO2  (scCO2) so that 
the gel structure is merely conserved. In contrast to 
other drying techniques,  scCO2 is a mild temperature 
process that leads to better textural properties as well 
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as sterilization (Ribeiro et  al. 2020) and drug load-
ing possibilities of fabricated aerogels (Rostamitabar 
et  al. 2021a). Drug impregnation in the aerogel fib-
ers can be performed either during gel preparation or 
during the network formation (solvent exchange) or 
after drying the aerogel through the post-treatment 
method which utilizes  scCO2 as a medium to dissolve 
and impregnate the drug (Ulker and Erkey 2014). In 
addition, producing microfiber aerogels not only can 
enhance the mechanical properties, stiffness, and 
shapeability of aerogels but also lead to short  scCO2 
drying times and scalable production processes (Ros-
tamitabar et al. 2021b).

The design and fabrication of new biomateri-
als from renewable resources to promote the wound 
healing process are a constant demand from the 
health sector. To the best of our knowledge, no cel-
lulose–chitosan hybrid aerogel in the geometry of 
microfiber or textile has been fabricated or studied for 
wound dressing application. Such bioaerogel micro-
fibers have the combination of unique characteristics 
of biopolymers, microfibers, and aerogels in one sin-
gle product. Moreover, these products have a great 
potential to be further functionalized and tuned for 
not only different types of wounds but also other bio-
medical applications.

In this study, cellulose–chitosan aerogel microfib-
ers (CHCLAFs) were produced by blending micro-
crystalline cellulose (MCC) with low molecular 
weight chitosan powder (CHP) using  ZnCl2·3H2O 
as a dissolving agent. This low-cost hydrated salt is 
able to simultaneously dissolve cellulose and chitosan 
and has the potential to be extended to industrial pro-
cesses (Lin et al. 2012). Hybrid aerogel fibers in two 
different ratios of 1:10 and 1:5 (CHP:MCC), referred 
to as CH1CL10 and CH1CL5 respectively, were fab-
ricated. Moreover, cellulose aerogel fibers (CLF) 
were created through a similar processing route to 
be compared with hybrid aerogel fibers. Ibuprofen 
(IBU) is an anti-inflammatory, non-steroidal analge-
sic, and antipyretic drug which can promote wound 
healing by preventing excessive inflammation. Fibers 
were loaded with IBU through  scCO2 post-treatment 
impregnation since the solubility of ibuprofen in 
 scCO2 is satisfactory as reported to be 0.98% (w/w) at 
40 ± 1 °C and 180 ± 2 bar (Mehling et al. 2009).

CLF and CHCLAF characteristics were investi-
gated in terms of morphology, physio-chemical struc-
ture, textural properties, thermal stability, mechanical 

properties, and in vitro assessments including humid-
ity and water uptake, wound exudate uptake, drug 
release, cytotoxicity, and antibacterial properties.

Materials and methods

Materials

Microcrystalline cellulose (MCC) with the product num-
ber C6288 (degree of polymerization of 159) (Rosta-
mitabar et al. 2021b), CHP (50–190 kDa, 75–85% dea-
cetylated), dialysis tubing cellulose membrane (typical 
molecular weight cut-off = 14,000), dimethyl sulfoxide 
(DMSO), and cell proliferation kit II (XTT) were pur-
chased from Sigma–Aldrich (Germany).  ZnCl2 (97%) 
and 4-Isobutyl-alpha-methylphenylacetic acid (IBU) were 
obtained from Alfa Aesar (Germany). For regeneration 
and washing of the samples, the absolute isopropanol 
(iPrOH) (≥ 99,8%, 2-Propanol CP) from Biosolve BV( 
The Netherlands) were used. Carbon-dioxide  (CO2) cyl-
inders (2.7, 50 L) with a purity of 99.5% from Linde Gas 
Benelux (The Netherlands) was used in the  scCO2 drying 
process. Gibco™ Dulbecco’s modified Eagle’s medium 
(DMEM) with 10% Gibco™ fetal calf serum (FCS) were 
purchased from Thermo Fisher Scientific (USA). For 
antibacterial studies, ampicillin and lysogeny broth (LB) 
medium which was created by a mixture of trypton (10 g 
/L), yeast extract (5  g/L), NaCl (5  g/L), and agar–agar 
(12 g/L) were all purchased from Carl Roth (Germany). E. 
coli was obtained from New England Biolabs (Germany) 
and S. aureus from DSMZ (German Collection of Micro-
organisms and Cell Cultures GmbH, Germany). Finally, 
all materials were used without further purification.

Fabrication of the aerogel fibers, textiles, and 
cylinders

Spinning dope

MCC and CHP were dried at 100  °C in a vacuum 
oven overnight to remove the moisture and achieve a 
constant weight. Two various spinning dopes of 10:1 
and 5:1 of MCC:CHP were prepared using 60% zinc 
chloride (36 g), 31.66% of deionized water (19 mL), 
and 8.33% of polymer powders of MCC and CHP 
(5  g). Pure CLFs were fabricated by using 8.33% 
(5  g) of MCC. Homogenous clear solutions were 
achieved by dissolving the polymers at 75  °C and 
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using a mechanical stirrer (100  rpm) after approxi-
mately 90 min.

Wet spinning and washing

The spinning was done by a customized wet-spin-
ning “DIENES LabLineCompact” unit as thoroughly 
explained previously (Rostamitabar et  al. 2021c). In 
brief, monofilament alcogel fibers (fibers regener-
ated in alcohol) were obtained by spinning the dope 
through a spinneret with a capillary diameter of 
330  μm in the iPrOH bath (30 L) without passing 
through an air gap between the nozzle and the regen-
eration bath. The pump rate of 1  mL/min and pres-
sure of 2–3 bar were used. The fibers were collected 
in the coagulation bath on a porous stainless steel 
bobbin with a winding rate of 50  rpm. Fibers were 
washed in a customized soxhlet extractor system (NS 
100) and the presence of salt leftovers was checked 
by conductivity meter and spot test as explained else-
where (Rostamitabar et al. 2021b).

scCO2 drying

The drying procedure was performed using  scCO2 
dryer HPE 300 (EUROTECHNICA GmbH, Ger-
many) at 130 bar and 50 °C over 45 min as described 
more completely elsewhere (Rostamitabar et  al. 
2021c).

Braided textiles

The dried fibers were manually turned into a braided 
construct containing at least 27 monofilaments in 
each mesh.

Aerogel cylinders

Cellulose and cellulose–chitosan cylinders were 
prepared in two different ratios of 10:1 and 5:1 
(MCC:CHP) for density assessment and antibacte-
rial assay. To obtain such cylinders, the warm solu-
tion was poured into cylindrical molds with an inner 
diameter of 14.5 mm and was centrifuged to remove 
air bubbles. Subsequently, they were regenerated in 
iPrOH and placed on a shaker (50  rpm) to increase 
the rate of solvent diffusion into the gel body. After 
3  days and 6 cycles of solvent exchange, they were 

supercritically dried over 8 h in a similar condition to 
the fibers.

Post-treatment  scCO2 drug impregnation and drug 
loading efficiency

Post‑treatment scCO2 drug impregnation

30 ± 5  mg of IBU was placed at the bottom of the 
high-pressure vessel (V = 100  mL) with a magnetic 
bar. Then, 100 ± 10  mg of the dried aerogel fibers 
wrapped in filter papers were placed inside a porous 
cylinder that had a gap with the bottom of the vessel 
to avoid any contact between the fibers and the drug 
powders containing a rotating magnetic bar. A mag-
netic stirrer was placed under the vessel, and the pres-
sure and temperature of  CO2 were set at 200 bar and 
50  °C. After 24  h, the vessel was depressurized for 
over 60 min. Table 1 summarizes the fabricated sam-
ples and their corresponding abbreviation.

Drug loading efficiency

The drug loading efficiency (entrapment) of the post-
treatment method (in  scCO2) was obtained by meas-
uring the weight of the aerogel fibers before  (Mi) and 
after  (Mf) the impregnation as expressed by:

Material and structural characterizations

Density and porosity

The porosity ( ∅ ) was estimated from the bulk density 
and skeletal density as follows:

where the skeletal density of cellulose (ρskeletalMCC) is 
1.501 g.cm−3 (Karadagli et al. 2015), the skeletal den-
sity of chitosan (ρskeletalCHP) is 1.42  g.cm−1 (Bilbao-
Sainz et al. 2017), and R is the ratio of CHP:MCC in 
the samples. The bulk density (ρdensity) was estimated 
as the mass to volume ratio of the three small cylin-
drical samples. The samples’ diameters and lengths 

Drug loading efficiency(%) =
Mi(g)

Mf (g)
× 100

�(%) =
Vpores

Vmaterial

= 1 −
�bulk

R × �skeletalCHP + (1 − R) × �skeletalMCC

× 100
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were in the range of 0.75–1 cm and 2–2.2 cm, respec-
tively. The dimension of the samples was measured 
by a digital vernier caliper.

Electron microscopy

The surface and cross-sectional morphologies of 
the aerogels were observed by using a Teneo scan-
ning electron microscope (Thermo Fisher Scientific, 
USA). All fibers were broken in liquid nitrogen and 
coated with a 3  nm thick layer of iridium. Images 
were obtained using 5  kV voltage at a working dis-
tance of 10  mm. To obtain the average diameter of 
fibers SEM images were analyzed using Image J (ver-
sion 1.8.0_172, NIH, USA). The diameter measure-
ment was repeated 10 times at different points for 
each fiber.

Linear shrinkage ΔL of samples was determined 
from the SEM images by measuring the diameter of 
the samples after spinning (Di) and after drying (Df) 
using the following equation:

Elemental analysis

The nitrogen percentage in the CHCLAFs was quan-
tified by elemental analysis using an Elemental Ana-
lyzer vario MICRO cube (Elementar, Germany). Sul-
fanilamide and helium were used as the calibration 
standard and carrier gas, respectively. The weight of 
the samples was 2–3 mg, and the total time of analy-
sis was 10 min. The nitrogen content was converted to 
chitosan content (on a weight percentage basis, wt%) 
as described in the literature (Yen et al. 2009; Batista 
et al. 2020), and calculated as follows:

where  PN (wt.%) is the weight percentage of nitro-
gen in the fibers, C (g/mol) is the relative molecular 
weight of the chitosan repeating unit considering the 
deacetylation degree, and N (g/mol) is the molecular 
weight of elemental nitrogen.

ΔL(%) =
Di − Df

Di

× 100

Chitosan(wt.%) =
PN × C

N

FTIR

Fourier-transform infrared spectroscopy (FTIR) (Per-
kin Elmer, USA) was used to study inter/intra chemi-
cal interactions between the macromolecules. The 
spectrum was averaged over 32 spectra with a resolu-
tion of 2   cm−1 from a range of 4000 to 500  cm−1 in 
the reflectance mode.

X‑ray diffraction

Wide-angle X-ray diffraction (WAXD) analysis on 
samples including microcrystalline cellulose powder 
and aerogel fibers was performed using a Ganesha 
diffractometer (SAXSLAB, Denmark) with a sample-
to-detector distance of 116.536 mm. Cu Kα radiation 
(λ = 1.5406 Å) and silver behenate (d001 = 58.380 Å) 
were used for calibration, and samples were measured 
for 600  s. The diffraction spectrums were analyzed 
in transmission mode by saxsgui v2.23.23 software, 
and the environmental background was removed from 
the spectrums. The graphs were shown in the θ-2θ 
geometry.

TGA 

The thermal properties of the aerogels were studied 
using a TA Q500 thermo-gravimetric instrument 
(TA Instruments, USA). Samples were heated from 
20 °C to 500 °C with a rate of 10  °C   min−1 under 
 N2 purge.

Nitrogen adsorption–desorption

Surface area and porosimetry measurements of the 
aerogel fibers were performed by ASAP™ 2020 
(micrometrics, Norcross (Atlanta), GA, USA). 
Samples were degassed at 80 °C over 24 h and the 
Brunauer–Emmet–Teller (BET) method was uti-
lized to determine the specific surface area. The 
pore volume and average pore size were obtained by 
Barrett-Joyner-Halenda (BJH).

Mechanical properties

The linear density, tensile strength, and elonga-
tion measurements of the fibers were analyzed using 
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Textechno Favimat + single fiber testing machine 
(Herbert Stein GmbH & Co., KG, Germany). The 
device was equipped with a load cell of 210 cN, and 
the linear density and tensile measurements were 
carried out at the rate of 10 mm/min. To address the 
coarse structure of the fibers and the resulting stiff-
ness, high gauge lengths (20  mm) and high preten-
sions (0.1cN/dtex) using 20 samples per group were 
used.

In vitro characterization

Humidity absorbance and water uptake

Three replicates of braided fibers were dried in a vac-
uum oven at 90 °C for around 24 h to reach a constant 
weight. Subsequently, they were placed for 24  h in 
a humidity chamber at 25  °C with relative humidity 
(RH) of 50% and 80%. The weight of the samples was 
instantly measured before  (Wdry) and after  (Whumid) 
keeping it in the humidity chamber. Humidity absorb-
ance weight ratio  (WRH%) was measured by:

Similarly, the dried braided fiber samples were placed 
in PBS solution (pH 7.4, 37  °C) and their weights 
were measured after removing the excess amount of 
water by filter papers. The wet weight  (Wwet) was 
measured after 1, 8 and 24  h, and the water uptake 
(WU(%)) was calculated as below:

To investigate the water droplet sorption time on sin-
gle aerogel fibers, three droplets with an approximate 
volume of 3 µL were placed on each fiber. Photo-
graphs were captured by FLIR chameleon®3 mono-
chrome camera (1.3 megapixels) at four different time 
points of 5 s, 3 min, 5 min, and 10 min.

Wound exudate uptake

In order to investigate the capability of the braided 
structures to absorb wound exudate, the skin mim-
icking layers were created as explained in previous 
studies (Chen et  al. 2016; Darpentigny et  al. 2020). 

WRHX% =
Whumid −Wdry

Wdry

× 100

WU(%) =
Wwet −Wdry

Wdry

× 100

In summary, the artificial skin consisted of a dermis 
mimicking layer and an underneath hypodermis mim-
icking layer to avoid excessive drying over time was 
used as a skin model. The hypodermis was created by 
mixing gelatin (2 wt. %) and agar (0.4 wt.%) in deion-
ized water on a heating stirrer at 50 °C and 100 rpm 
to achieve a homogeneous solution. The hot solu-
tion was poured into a cylindrical mold with an inner 
diameter of 75 mm to reach the height of 15 mm and 
left for 30 min to solidify. Similarly, the dermis layer 
made of gelatin (24 wt. %) and agar (2 wt. %) was 
subsequently poured on top of the hypodermis layer 
to reach a thickness of 5 mm and left to solidify. The 
braided structures were placed on the surface of the 
top layer and covered with parafilm tape. The weight 
of samples was measured at 8 different time points up 
to 48 h. The uptake weight percentage was reported 
based on WU (%), and the experiment was performed 
in triplicates.

Drug release

In vitro IBU release studies were performed in phos-
phate-buffered media of pH 7.4 using the dialysis 
bag technique similar to previously reported studies 
for wound dressing materials (Kevadiya et  al. 2014; 
Ganesan 2017). Dialysis bags were equilibrated 
with dissolution medium for 2 h prior to the experi-
ments. 100 ± 10  mg of  CLFIBU,  CH1CL10IBU,  and 
 CH1CL5IBU were suspended in dialysis bags con-
taining 5  ml of release medium. Dialysis bags were 
dipped into the separate beakers containing 100 mL 
of PBS solution at 37  °C and stirred at a rate of 
50  rpm. 12 samples over 72 h at various time inter-
vals were measured as follows: 2 mL from the PBS 
and sample solution was transferred into a vial and 
subsequently, 2  mL of fresh PBS was added to the 
solution to maintain a constant medium volume. The 
measurements were performed in triplicate. Using a 
UV–visible UV3600 spectrophotometer (Shimadzu, 
Japan), the maximum absorption peaks (264 nm) for 
IBU in PBS solution and samples at different time 
intervals were measured. The Beer-Lambert law was 
utilized to obtain the concentration of the drug, and 
cumulative drug release was calculated by:

Q(%) =
CnV + Vi

∑n−i

i=0
Ci

Mf

× 100
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Q (%) is the percentage of the cumulative released 
drug, and V (mL) is the total volume of the sam-
ples.  Cn (mg/mL) and  Vi (mL) are the concentration 
and the volume of the samples taken at n and i time 
points.  Mf (mg)  is the weight of the loaded drug in 
the fibers, and the number of times that the drug 
release media is replaced is shown as n.

Cytotoxicity

Human dermal fibroblasts were isolated from the adult 
skin biopsies as previously described by Kreimendahl 
et al. (2019). Cells were cultured at 37 °C and 5%  CO2 
in DMEM with 10% FCS. Cells at passage 4 were 
used for the viability experiment using XTT  assay. 
The CLF and CHCLAF samples were sterilized in 
70% ethanol and washed in PBS prior to the tests.

XTT assay was performed according to the ISO 
10993–12. In short, aerogel fiber samples and nega-
tive control were incubated in a culture medium for 
72 h. The negative control was a piece of polyethyl-
ene tube, and the positive control was DMSO. Cells 
were seeded in 96-well plates (1 ×  104 cells per well) 
and were allowed to adhere to the wells for 24  h. 
After 24 h, cell medium was exchanged with the sam-
ples medium, positive control, and negative control or 
blank. After 1 day of incubation, the XTT assay was 
performed according to the manufacturer’s protocol. 
The absorbance was measured in a multimode micro-
plate reader M200 (Tecan, Switzerland) at 450  nm 
with a reference wavelength of 630  nm after 4  h of 
adding the salts to the cells. The assessment was per-
formed in five replicates.

Antibacterial activity

Disk diffusion method

In order to keep a constant contact area of samples 
with agar diffusion disks, cylindrical geometries of 
cellulose and cellulose–chitosan aerogels were uti-
lized. Diffusion disks were used for determining 
the antibacterial properties of the CHP and cylin-
drical aerogel samples. Escherichia coli DH5α and 
Staphylococcus aureus were grown on the nutrient 
agar slant and kept at 4  °C. Liquid cultures of both 

bacteria were inoculated from previously established 
cultures on lysogeny broth (LB) agar plates using 
200 mL sterile LB medium with two different pHs of 
5.8 and 6.3. The pH of the media was adjusted using 
a 1  M HCL solution before autoclavation. Cultures 
were incubated at 180  rpm and 37  °C for 16  h in a 
shaking incubator, and the agar plates were seeded 
with 0.1 mL of saturated bacteria suspension. Subse-
quently, a triplicate of cylindrical samples was placed 
on the agar plates with two different pHs. Ampicil-
lin (100 µg/mL) was used as the positive control and 
non-treated plates as a negative control. Results were 
reported as the radius of the bacterial inhibition zone 
from the contact area with aerogel cylinders.

Determination of optical density of bacterial liquid 
cultures

This method was adopted from elsewhere (Heller 
and Spence 2019) to assess the antibacterial activity 
of the CHP and aerogel fiber samples. One colony 
from E. coli and S. aureus was scratched from their 
agar plate using a sterile pipette tip, and the pipette 
tip was ejected in a culture tube containing 5 mL of 
sterile LB medium with two different pHs of 5.8 and 
6.3. Then, 20  mg of all samples were incubated in 
contact with the bacterial suspensions under orbital 
shaking (180 rpm) for 16 h at 37 °C. Ampicillin and 
sample-free bacterial tubes were used as the positive 
and negative control. The optical density (OD600) of 
the samples was measured in 96 well plates at a wave-
length of 600 nm using Synergy™ HTX multi-mode 
microplate reader (BioTek, USA).

Table 1  The label of fiber samples was produced by using a 
spinning nozzle diameter of 330 (μm) and iPrOH as regenera-
tion and washing solvent

Sample name Cellulose ratio Chitosan 
ratio

Loaded drug

CLF 1 0 –
CH1CL10 10 1 –
CH1CL5 5 1 –
CLFIBU 1 0 ibuprofen
CH1CL10IBU 10 1 ibuprofen
CH1CL5IBU 5 1 ibuprofen
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Statistical analysis

All the experimental data are expressed as means ± stand-
ard errors (SD). The statistical analysis was done by 
Originlab software using a significance level of p < 0.05. 
Student t-test and one-way ANOVA based on the Tukey 
post hoc test were performed to determine the differences 
between different experimental groups.

Results and discussions

Fabrication and morphological characterization

After wet spinning, regeneration, washing, and  scCO2 
drying processes, the aerogel fibers preserved their 
white and round cross-sectional shape. Fig.  1A-I 
shows the schematic of the fabrication process of 

Fig. 1  A Fabrication process of chitosan-cellulose aerogel 
microfibers (I), a representative image of the chitosan-cellulose 
aerogel microfibers transformed into the braided textile (II) and 
examples of produced chitosan-cellulose cylindrical aerogel 
samples for density and porosity measurements (III). Cross-
sectional morphology of the chitosan-cellulose fibers exhibit-

ing a macro-porous outer shell (B-I, C-I) with a nano-porous 
inner core (B-II, C-II) of CH1CL10 and CH1CL5, respec-
tively. Open porous surface of aerogel CH1CL10 fibers (B-III) 
and CH1CL5 fibers (C-III). Graphical elements were created 
using “BioRender.com”

Table 2  Linear diameter shrinkage (%) and textural properties 
of aerogel microfiber samples including estimated density (g/
cm3) and porosity (%) as well as BET surface area  (m2/g), BJH 

desorption pore volume  (cm3/g), and BJH desorption average 
pore diameter (nm)

*Estimated for cylindrical geometries

Sample name Linear shrinkage (%) Density* (g/cm3) Porosity* (%) Surface area  (m2/g) Pore volume (cc/g) Average pore 
width diameter 
(nm)

CLF 28.7 ± 1.1 0.18 ± 0.025 87.5 ± 1.7 127 ± 19 0.77 ± 0.15 9.28 ± 0.037
CH1CL10 20.4 ± 4.9 0.17 ± 0.012 88.4 ± 0.8 288 ± 10 1.14 ± 0.07 11.1 ± 1.053
CH1CL5 22.1 ± 2.1 0.19 ± 0.033 86.8 ± 2.2 305 ± 13 1.31 ± 0.04 11.06 ± .048
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the CHCLAFs prepared from 8.3 wt. % of chitosan 
and cellulose. A representative example of manu-
ally braided textile produced from CHCLAFs con-
sisting of a minimum of 27 monofilaments is shown 
in figure Fig. 1A-II. It also shows the flexibility and 
strength of the aerogel fibers which could be easily 
transformed into different textiles for practical appli-
cations. Fig.  1A-III is a representative photograph 
of light yellow cylindrical chitosan-cellulose aerogel 
fabricated for evaluation of density and antibacterial 
assessment. The density and porosity of cylindrical 
aerogel samples were estimated based on Eq.  2 and 
are shown in Table  2 No significant difference was 
observed between different samples.

The porous cross-section and surface morpholo-
gies of CH1CL10 and CH1CL5 aerogel fibers were 
revealed by SEM as shown in Fig.  1B-I, II and 
III and Fig.  1C-I, II and III, respectively. Cross-
sectional pores consist of mesopores (2–50  nm) 
and macropores (> 50nm) according to the IUPAC 
classification. The fabricated aerogel fibers present 
good integrity and a wrinkled open porous surface. 
Both CHCLAF cross-sections consisted of a macro-
porous outer shell and a nano-porous inner core 
similar to the previously  reported CLFs (Karadagli 
et  al. 2015; Rostamitabar et  al. 2021c). No signifi-
cant difference between CHCLAF morphology is 
observable.

The CH1CL5 and CH1CL10 had a close lin-
ear shrinkage range of 20.4 ± 4.9% and 22.1 ± 2.1%, 
respectively, based on the SEM images. This shrink-
age could be attributed to the flexibility of the mac-
romolecules chains of cellulose and chitosan that are 
slightly compacted during the regeneration process 
and also the removal of loosely packed fibrils of 
the gel matrix during washing of the fibers (López-
Iglesias et al. 2019). The hybrid fibers showed lower 
shrinkage in comparison to the reported value for the 
pure CLF (28.7 ± 1.1%). This can arise from the chi-
tosan interaction with the cellulose nano/microfibrils, 
which may affect the final physicochemical properties 
and network structure (Ul-Islam et al. 2011; Lin et al. 
2013).

Structural and thermal properties

The elemental analysis proved the presence of nitro-
gen and chitosan in the structure of CHCLAFs. The 

CH1CL10 and CH1CL5 showed average nitrogen 
content of 0.59 ± 0.01 wt.% and 1.08 ± 0.01 wt.%, 
respectively. The calculated chitosan content was 
7.23 ± 0.1 wt.% and 13.24 ± 0.1 wt.% for CH1CL10 
and CH1CL5, respectively, indicating that both fibers 
had significantly different chitosan content.

Fig.  2A describes the FTIR spectra of polysac-
charides and aerogel fibers. For all five samples, the 
broad bands at 3500–3100  cm−1 and 2800–2900  cm−1 
were attributed to the –OH stretching and –CH 
stretching vibrations, respectively (Ul-Islam et  al. 
2011). In the case of chitosan powder and fibers, 
 NH2 groups have overlapped at the same range with 
–OH bands (Lin et  al. 2012). Similarly, in all sam-
ples, C =O stretching and C–O stretching emerged 
at 1645–1650   cm−1 and 1014–1020   cm−1. In the 
CHP, the characteristic amide groups of chitosan 
appeared at 1615  cm−1 (amide I), 1554  cm−1 (amide 
II), and 1380  cm−1 (amide III). Such peaks intensity 
decreased noticeably in the CHCLAFs. In the case of 
MCC and CHP in the range from 3000 to 3600  cm−1, 
the band at 3300  cm−1 disappeared and the 3359  cm−1 
band shifted to higher wavenumbers (3367   cm−1). It 
has been reported that such phenomena can occur due 
to the intermolecular interaction between the OH and 
NH groups of cellulose and chitosan during the pro-
cess of dissolution and regeneration (Lin et al. 2013; 
Yang et  al. 2018). Overall, the FTIR spectra aided 
to confirm the presence of chitosan molecules in the 
CHCLAFs.

The XRD measurements were performed in order 
to investigate the microstructural changes in the 
CHCLAFs caused during processing. XRD patterns 
of MCC, CHP, CLF and blended aerogel microfib-
ers are shown in Fig.  2B. MCC exhibited the peaks 
at 2θ = 14.8°, 16.4°, 20.4°, 22.7°, and 34.5° which 
were indexed as the cellulose crystalline plane 
(1–10), (110), (102)/(012), (200), and (004) (French 
2014). The diffraction pattern of the CHP showed a 
prominent peak at 20.3° and was assigned to (1 1 0) 
as has been reported for chitosan (Kim et  al. 2020). 
In the CLF, CH1CL10 and CH1CL5, remarkable 
changes were observed in their diffraction pattern of 
aerogels samples as the aforementioned peaks were 
transformed into a broad low-intensity peak between 
15 and 20°. The results demonstrate that the crystal 
structure of the MCC and CHP was disrupted during 
the processes of dissolving in  ZnCl2 and regeneration 
in iPrOH. This is in accordance with some previous 
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studies which showed that the dissolution in salt melt 
hydrate and blending MCC and CHP usually resulted 
in decreased crystallinity (Ul-Islam et al. 2011; Yang 
et  al. 2018). The broad peaks of blended samples 
could be also attributed to the reformation of hydro-
gen bonds between cellulose and chitosan and sup-
port the FTIR results (Lin et al. 2012).

TGA graphs of initial materials and fabricated 
aerogel fibers are shown in Fig.  2C. The graphs 

exhibited the weight decline in two main steps. The 
initial weight loss below 100  °C arose from the 
vaporization of unbound and capillary water and the 
second step at 220–350  °C was the relatively rapid 
decomposition of the cellulose and chitosan chains. 
The results indicated that the thermal stabilities and 
onset thermal degradation of the MCC and CLF were 
inferior to those of the CHP and CHCLAFs.

Fig. 2  A FTIR spectra of the MCC, CHP and aerogel micro-
fiber samples indicating the presence of amide groups (–NH) 
in the blended aerogel fiber samples as well as the disruption 
of the crystalline structure of powders after dissolution and wet 
spinning. B XRD pattern of the MCC, CHP, and the aerogel 
fibers proving the amorphous structure (cross-hatched region) 
of the fabricated samples and the highly crystalline structure 
of the initial powders. C TGA graphs of the powders and 
aerogel fibers. The initial weight loss below 100 °C (I, cross-

hatched region) arose from the vaporization of unbound and 
capillary water and the second step at 220–350 °C (II, cross-
hatched region) was the relatively rapid decomposition of the 
cellulose and chitosan chains. Addition of chitosan to cellulose 
fibers decreased the thermal stability of fibers. D DTG of the 
powders and fibers showed that the decomposition range was 
broader and the rate was slower in the fibers; the chitosan addi-
tion increased the degradation rate in comparison to pure cel-
lulose fibers
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The derivative thermogravimetry (DTG) curves are 
shown in Fig. 2D. In the first region (I), the increase 
of peak intensity and area demonstrated higher mois-
ture uptake of the aerogel fiber samples apparently 
due to their porous nature providing a more acces-
sible hydroxyl group for water molecules. The peaks 
in the second step (II) have shifted toward lower 
temperature and the peak area has decreased, which 
implies that the CHCLAFs exhibited a slower deg-
radation rate compared to the MCC and CLF. These 
thermal stability data at high temperatures could be 
used to avoid degradation in aerogel samples involved 
in high temperature processes for instance heat steri-
lization or some characterization measurements such 

as high temperature degassing of samples before  N2 
adsorption–desorption.

Therefore, it can be justified that the disrupted 
crystalline structure, addition of chitosan, and interac-
tions between cellulose and chitosan chains after dis-
solving and processing in the  ZnCl2 solution affected 
the thermal decomposition properties of the fibers 
in comparison to macromolecular powders. Moreo-
ver, it was observed that the residual amount of the 
CHCLAF blend fibers escalated with the increase 
of the chitosan contents. This could be possibly 
explained by the greater interaction between amino 
groups of the chitosan and the hydroxyl groups of 
the cellulose as found in FTIR and XRD results (Lin 
et al. 2012).

Fig. 3  A The  N2 adsorption–desorption isotherm curves of the 
aerogel fibers. B The BET specific surface area; the CHCLAFs 
showed a higher quantity than the CLFs. C BJH pore volume 
of aerogel fibers; fibers with higher chitosan quantity showed 
higher pore volume. D  Representative curves of tenacity-

elongation for the CLF, CH1CL10, and CH1CL5 with the 
maximum tenacity and the maximum elongation including 
the standard deviations. Addition of chitosan decreased the 
mechanical properties of the fibers. In all diagrams (*p < 0.05)
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Textural properties of aerogel fibers

The  N2 adsorption–desorption isotherms of the aero-
gel fibers are displayed in Fig. 3A. The higher quan-
tities of  N2 were absorbed in CHCLAFs compared 
to the CLFs. Nevertheless, the isotherms graphs for 
samples are comparable to IUPAC type IV with a 
hysteresis loop in the range of 0.7–1.0, representing 
the presence of meso- and macro-porous structure, 
which is pursuant to the SEM results (Reichenauer 
2011; Rostamitabar et al. 2021c).

The textural properties including BET specific 
surface area (Fig.  3B), BJH desorption pore vol-
ume (Fig.  3C), and BJH desorption average pore 
width diameter of the aerogel fibers were analyzed 
by nitrogen adsorption–desorption. In general, the 
analyzed CHCLAFs possess surface area in the 
range of 288–305  m2/g and pore volume in the 
range of 1.14–1.31  cm3/g, comparable with the cor-
responding values for polysaccharide-based aerogels 
reported in the literature (Maleki et  al. 2016; Soor-
baghi et  al. 2019). On the other hand, the reported 
value for CLFs surface area (127 ± 19  m2/g) and 
pore volume (288–305  m2/g) was noticeably lower 
than CHCLAFs. The average pore width diameter of 
the aerogel fibers is in the range of 9–12 nm. These 
results imply “no convection” effect since aerogel 
fibers’ pore sizes are typically smaller than the mean 
free path of gas molecules (69  nm), making them 
interesting thermal insulation material (Zhang et  al. 
2021). Finally, the values of textural properties of 
aerogel microfiber samples is presented in Table 2.

The relatively higher specific surface area and 
pore volume of CHCLAFs in comparison to CLF 
could possibly be attributed to different macromol-
ecule phases of the blend in the gelation and during 
the regeneration procedure (Zhang et al. 2021). How-
ever, such conclusions need further assessment of the 
current system by other techniques such as SAXS. 
In addition, in the majority of bioaerogel studies, the 
structure establishment is presumed to happen during 
solution gelation and/or solvent-exchange steps, and 
the subsequent  scCO2 drying leads to slight altera-
tions. However, this has not been proven thoroughly 
and experimentally in most biopolymer systems and 
some recent studies challenge the common percep-
tion (Takeshita et  al. 2019). Overall, the formation 
of porous structures is more complicated for hybrid 
aerogels from biomacromolecules and requires 

further research and it is not within the focus of the 
current study.

Mechanical properties

The CLF, CH1CL10, and CH1CL5 fibers showed 
maximum forces of 159 ± 14 cN, 123 ± 15 cN, and 
56 ± 9 cN, respectively. Fig. 3D shows the representa-
tive curves of tenacity versus elongation (%) with an 
indication of standard deviation for the maximum 
tenacity (cN/dtex) and maximum elongation (%) of 
all fibers. The CHCLAFs exhibited a similar tensile 
profile in comparison to the previously disclosed 
assessments on CLFs in which an elastic region was 
followed by a plastic deformation until failure hap-
pened (Karadagli et  al. 2015; Rostamitabar et  al. 
2021c). CLF, CH1CL10, and CH1CL5 exhibited 
maximum tenacity of 0.43 ± 0.052, 0.28 ± 0.021, 
and 0.24 ± 0.024 cN/dtex, respectively. The maxi-
mum elongation was 16.2 ± 5.33, 4.2 ± 2.06, and 
2.1 ± 1.02% for CLF, CH1CL10 and CH1CL5, 
respectively.

In the CLFs, it has been observed that by increas-
ing the initial cellulose concentration, the ultimate 
tenacity was enhanced which could be attributed 
to the increased amount of cellulose in the skeleton 
structure (Schestakow et al. 2016; Rostamitabar et al. 
2021c). Furthermore, cellulose is well-known for its 
outstanding intrinsic mechanical properties with a 
theoretical modulus of about 100–200 GPa (∼63–125 
GPa  g/cm3) and tensile strength of about 4.9–7.5 GPa 
(∼3.0–4.7 GPa g/cm3) in its crystalline form. It has 
been reported that the addition of chitosan can lower 
the tensile strength of the blend due to the lower 
bonding strength of chitosan (Wu et al. 2004). In the 
case of CH1CL10 and CH1CL5, the cellulose amount 
was decreased and replaced by chitosan which conse-
quently lowered the mechanical properties. This indi-
cates that the blending ratio of hybrid aerogel fibers 
should be optimized based on the required textural 
and antibacterial properties without lowering their 
mechanical properties significantly.

The results also indicated that the maximum tenac-
ity and elongation values had large standard devia-
tions. One possible explanation could be the pres-
ence of the pores and wrinkles on the surface of 
fibers, minor diameter changes along the fiber axis, 
slight residual stiffness during the measurement, 
and variations in the structure of fibers. To enhance 
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the mechanical properties of the fibers, chemical 
crosslinking between hydroxyl groups of cellulose 
and chitosan could be performed utilizing solvent-
free and non-invasive techniques to prevent the struc-
tural collapse of the fibers and prevent loss of amino 
groups, responsible for antibacterial activities.

Humidity, water and wound exudate uptake

The CHCLAF fibers exhibited a high moisture 
absorbance weight ratio due to the presence of 
accessible hydroxyl groups in their porous structure 
(Fig.  4A). Moreover, with increasing the relative 
humidity from 50 to 80% in all samples, the weight 
ratio of the adsorbed humidity increased; however, the 
absorbed amount of humidity by CLFs (15.8 ± 1.32 
wt.%) was significantly lower than CH1CL10 

(19.5 ± 1.57 wt.%) and CH1CL5 (19.3 ± 1.52 wt.%) at 
80% RH. The lower pore volume of CLFs could be 
the main reason for the lower humidity absorption.

The water uptake capacity of the aerogel braided 
meshes was studied in PBS and results are shown 
in Fig.  4B. The PBS solution is utilized to simulate 
the human body fluid environment in terms of ion 
concentration and osmolarity. The water uptake for 
braided CHCLAF samples after 24  h of immersion 
(∼400 wt.%) is slightly higher than the first hour. 
Although no striking difference is observed between 
various samples at similar time points.

Although crystalline domains of cellulose are inac-
cessible to water, non-crystalline domains are easily 
accessible to water. As shown in XRD results, the 
regenerated fibers were mainly in amorphous form, 
making them more susceptible to water absorption 
(Ioelovich 2011). Furthermore, despite differences 

Fig. 4  A The humidity absorbance weight ratio of the aero-
gel fibers at 50 and 80 RH% after 24 h. B Water uptake of the 
braided aerogel fiber samples at 1, 8, and 24  h. C An exem-
plary image showing the wet stability of the CHCLAFs, 

CH1CL5 in this picture, after a week of being immersed in 
PBS. D Representative images of droplet sorption by aerogel 
fiber samples (here CH1CL5) at 5  s, 3, 5 and 10  min. In all 
diagrams (*p < 0.05)
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in textural properties of aerogel fibers, their water 
uptake behavior was similar. This could be possibly 
because of the differences in the macrostructure of 
the braided patches rather than the microstructural 
properties of individual fibers as the water can be 
entrapped in between the filaments and thus have a 
huge impact on the final total weight.

Furthermore, fibers did not show any disintegra-
tion or matrix deterioration in PBS after 1  week 
(Fig.  4C). Droplet sorption by single aerogel fiber 
samples was observed by a macroscopic camera and 
all the samples absorbed the droplets completely 
after 10 min (Fig. 4D). These photographs also con-
firm that the measured time points in water uptake 
and humidity absorbance were long enough for fib-
ers to get saturated with water molecules.

By using skin-mimicking layers, wound exu-
date uptake assessment on braided samples was 

conducted to simulate the in  vivo conditions. A 
gel made of agar-gelatin with a hypodermis and a 
dermis mimicking layer was created as illustrated 
in Fig. 5A and B. In the first 3 h, a rapid exudate 
uptake up to 49.6 ± 2.71 and 51.7 ± 2.83 wt.% 
is observed for CHCL10 and CH1CL5 braided 
patches, respectively (Fig. 5C). Overall the uptake 
values were found to be lower for CLF mesh and 
it was 43.1 ± 5.36 wt.% after three hours. Follow-
ing a rapid uptake of water in the structure, the 
rate declined and stabilized after 48  h. The maxi-
mum uptake of braided meshes was 73.4 ± 3.51, 
94.8 ± 4.95, and 93.95 ± 7.01 for CLF, CHCL10 
and CH1CL5 braided samples, respectively.

The exudate uptake values in comparison to 
water uptake ones were significantly lower due to 

Fig. 5  A The graphical representation of the 3 skin layers. B 
Skin mimicking fabrication process and a photograph of the 
hypodermis and dermis layers in the dish including the braided 
meshes on the surface. C The exudate uptake graph for the 

aerogel braided samples exhibits better exudate uptake capa-
bility of the CHCL10 and CH1CL5 braided meshes compared 
to the CLF samples. Graphical elements were created with 
“BioRender.com”
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the lower water accessibility and restricted diffu-
sion of water molecules which occurs only through 
the surface that was in contact with the gelatin-agar 
layers. The CLFs presumably due to it is lower 
specific surface area and pore volume absorbed 
lower quantities of water in the wound exudate 

uptake test. Overall, it can be concluded that the 
CHCLAFs are better candidates than CLFs as 
wound dressing products since they can provide a 
moister environment at the wound site and absorb 
large amounts of exudate.

Fig. 6  A Post-treatment  scCO2 IBU loading of the aerogel fib-
ers. The chitosan-cellulose fibers showed higher loading effi-
ciency than pure cellulose aerogel fibers. B IBU release from 
CLF, CH1CL10, and CH1CL5. An improved sustained release 

profile was observed in CH1CL10 and CH1CL5 samples in 
comparison to the CLF samples. (*p < 0.05). Graphical ele-
ments were created using “BioRender.com”
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Drug loading efficiency and drug release profiles

Figure  6A displays the drug loading efficiency of 
aerogel fibers impregnated by the post-treatment 
technique. The highest entrapment values up to 
13.54 ± 0.825% were achieved for CH1CL5. It is 
clear that IBU loading efficiency improved with 
the increase of aerogel fibers’ surface area and pore 
volume. Such higher loading yield occurs based on 
a direct correlation between the impregnation effi-
ciency and specific surface area, which is due to the 
amount of internal pores’ surface available for drug 
deposition (Gurikov and Smirnova 2018; Groult 
et al. 2021).

The drug release profiles for  CLFIBU,  CH1CL10IBU, 
and  CH1CL5IBU are shown in Fig. 6B  CH1CL10IBU 
and  CH1CL5IBU exhibited a similar and more sus-
tained release profile in comparison to the  CLFIBU. 
In the first hour, only 15.5 ± 1.97 and 21.4 ± 5.18% 
of IBU from  CH1CL10IBU and  CH1CL5IBU, respec-
tively, were released while  CLFIBU exhibited burst 
effect since 49.8 ± 5.89% was released. The drug 
eluted fractions for  CH1CL10IBU and  CH1CL5IBU 
were in the same range over the 600  min; however, 
after 24 h, the  CH1CL10IBU drug release was slightly 
higher possibly due to a lower pore volume in com-
parison to  CH1CL5IBU. Also,  CLFIBU possessed sig-
nificantly lower surface area and pore volume in com-
parison to  CH1CL10IBU and  CH1CL5IBU which could 
be the main reason for the observed burst effect.

As previously reported in the literature, loading 
of the IBU using post-treatment  scCO2 is mainly 

adsorbed on a molecular level. In comparison to 
other loading techniques, using the  scCO2 impreg-
nation technique can be considered favorable to 
obtain targeted application products and sustained 
release (Smirnova et al. 2005; Mehling et al. 2009; 
García-González et  al. 2011). In the case of CLFs 
and CHCLAF aerogels loaded by post-treatment 
 scCO2, no chemical interactions between the mac-
romolecules and the drug can be noticed which have 
been confirmed by two main findings. First, the IBU 
release from the aerogels is complete, and the resid-
ual drug in the polymer matrix is negligible. Sec-
ond, the IBU can be washed out from the aerogel 
networks by  scCO2 extraction (Groult et al. 2021).

The release rate from polysaccharide aerogels 
also depends on the stability of the aerogel matrix 
in the release medium. Since CHCLAFs exhibited 
very good dimensional stability in the wet environ-
ment even after a week, it makes them more suit-
able for drug delivery purposes compared to some 
polysaccharides reported from cellulose nanofibers 
(Darpentigny et  al. 2020), and alginate and starch 
aerogel (Mehling et  al. 2009). Moreover, the final 
aerogel wound dressing can be composed of CLFs 
and CHCLAF fibers with two different drug release 
profiles. For instance, fast local administration of 
the antibiotic at the wound site to prevent infections 
shortly after wound debridement can be obtained by 
antibiotic eluting from CLFs while longer sustained 
anti-inflammatory substances can be released via 
CHCLAF.

Fig. 7  XTT assay of the 
aerogel fibers; cell viability 
was observed in the samples 
on day 1 of the experiment. 
The negative sample was a 
piece of polyethylene and 
the positive sample was 
DMSO. (* data statisti-
cally significantly differ-
ent, p < 0.05). Graphical 
elements were created with 
“BioRender.com”
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Cytotoxicity

The human fibroblast cell viability was observed 
in the CLF, CH1CL5, and CH1CL10 samples after 
1  day of cell culture demonstrating that the fibrous 
meshes provided suitable conditions for cell growth 
(Fig.  7). The increase of chitosan content in the 
CH1CL5 decreased the cell viability compared to the 
negative control, CLF, and CH1CL10 but was still 
significantly higher than the positive control. Even 

though these hybrid aerogel fibers have been pro-
duced for the first time, previously reported studies 
already proved the non-toxic nature of other types of 
chitosan-cellulose hybrid materials too (Naseri-Nosar 
and Ziora 2018; Fan et al. 2020).

In future studies, the cells viability dependency 
on chitosan concentration can be investigated com-
prehensively. In addition, in vitro and in vivo assays 
to analyze the effect of aerogel fibers on healing 
progression and rate in acute and chronic conditions 

Fig. 8  A Disk diffusion antibacterial assessment of the CHP, 
CH1CL10 and CH1CL5 cylindrical aerogels against E. coli 
(I) and S. aureus (II). Chitosan containing cylindrical aerogel 
samples showed inhibition zone, and their performance was 
not different at two pHs of 5.8 and 6.3; however, cellulose cyl-
inders did not show any antibacterial activity. B Liquid culture 
and the optical density (600 nm) of the CLF, CHP, CH1CL10, 

and CH1CL5 samples in the bacterial suspension of E. coli 
(I) and S. aureus (II). In both measurements, ampicillin was 
used as a positive control. Aerogel fibers containing chitosan 
showed inhibition activity while CLF did not show any anti-
bacterial properties. In all diagrams (* data statistically sig-
nificantly different, p < 0.05). Graphical elements were created 
with “BioRender.com”
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could also be performed to obtain a broader perspec-
tive about their wound dressing application.

Antimicrobial characteristics

Based on a disc diffusion method, the antibacterial 
activity of the powders and aerogel cylinders were 
tested by E. coli (Fig. 8A-I) and S. aureus (Fig. 8B-II) 
in two different pHs of 5.8 and 6.3. An inhibition zone 
up to approximately 10  mm was observed around 
the CHP and two chitosan-cellulose cylinders while 
no inhibition zone was spotted for the pure cellulose 
cylinder and therefore not shown in the diagram. No 
significant difference in inhibition radius zones of the 
CHP and cellulose-chitosan cylinders between pH 5.8 
and 6.3 for both bacteria were detected.

Aerogel fibers and CHP antibacterial properties 
were also investigated in the bacterial suspension 
of E. coli (Fig. 8C-I) and S. aureus (Fig. 8D-II) at 
two different acidic pHs of 5.8 and 6.3. The Bac-
terial growth monitored by  OD600 revealed that the 
CLFs in both pHs did not affect the E. Coli and S. 
aureus growth and had similar performance to the 
negative control. However, the bacteria prolifera-
tion significantly decreased in CH1CL10, CH1CL5, 
and CHP (except in E. coli and pH 6.3), in compar-
ison to negative control in both pHs and bacteria. 
Although the CHP prevented the E. Coli growth 
significantly at the lower pH, S. aureus growth in 
the CHP suspension medium was not pH dependent. 
Moreover, CH1CL5 had higher E. Coli inhibition 
activity than CH1CL10 apparently due to the higher 
content of chitosan in the aerogel fiber matrix, but 
their activity did not seem to be different in vari-
ous pHs. In the case of S. aureus, the antibacterial 
growth of CHP was lower in comparison to other 
aerogel fiber samples. Also at lower pH of 5.8, the 
CHCLAFs showed better antibacterial performance 
in comparison to pH 6.3. However, both CH1CL10 
and CH1CL5 had a similar range of S. aureus inhi-
bition activity in both pHs.

Though the exact antibacterial mechanism of 
chitosan is still debatable, many studies have sug-
gested that the negatively charged cell wall of a bac-
terium can be disrupted by the chitosan protonated 
amino groups due to the interaction between oppo-
site charges (Yilmaz Atay 2019). It is known that 

the chitosan’s antimicrobial activity is influenced 
by several factors including the type of microorgan-
ism, the source of chitosan, temperature, molecular 
weight, degree of deacetylation and pH (Hosseinne-
jad and Jafari 2016). It has been proposed that the 
glucosamine monomer of chitosan obtains a posi-
tive charge  (NH3+) at the pH lower than 6.3–6.5 and 
that the antibacterial activity of chitosan increases 
as the pH decrease which can justify the higher S. 
aureus inhibition of the CHCLAFs in the lower 
pH media (Chang et  al. 2015). Regarding E. Coli, 
CLCHAF bacterial inhibition did not seem to be pH 
dependent possibly due to the porous nature of the 
fibers which allows the amino groups to get proto-
nated easier. Similarly, it can be the probable expla-
nation for better performance of CHCLAFs in S. 
aureus in comparison to CHP in both pHs.

Traditional wound dressings mainly suffer from 
the lack of stability and the risk of infection. For 
instance, gram-positive bacteria, such as S.aureus, 
are mainly found in the initial stage of wound infec-
tion and are responsible for over 90% of infec-
tious wound ulcers; however, gram-negative bacte-
ria, such as E.coli, can be found when the wound 
is already developed (Boateng et  al. 2008; Moeini 
et  al. 2020). Therefore, due to favorable antibacte-
rial properties of CHCLAFs, they can be consid-
ered as promising materials for wound dressing 
applications especially with the pathological acidic 
environment (pH < 6.3–6.5) of the infected chronic 
wounds. Future works can be devoted to loading 
the fibers with various antibiotics to increase the 
bactericidal activity and obtain pH nondependent 
patches.

Conclusion

Chitosan-cellulose aerogel microfibers have been 
prepared successfully by wet spinning of salt melt 
hydrate of  ZnCl2 and consequent  scCO2 drying. The 
CHCLAFs showed a low density (~ 0.18  g/cm3), 
high porosity (~ 85%), and large specific surface area 
(~ 300  m2/g) with a macro-porous outer shell and a 
nano-porous inner core. Better-sustained release of 
ibuprofen was observed in the CHCLAFs in compari-
son to the CLFs. Also, the CHCLAFs were non-toxic 
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and bactericidal against E. Coli and S. aureus. In Con-
clusion, addition of chitosan to cellulose in order to 
form hybrid aerogel microfibers led to a new class of 
wound dressing materials with significantly improved 
textural characteristics, antibacterial properties, and 
more sustained drug release behavior.
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