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lyophilization procedure, and their suitability for use 
in wound dressings and other biomedical applications 
was evaluated. In addition to micro and morphologi-
cal images, water-PBS (phosphate buffered saline) 
absorption rates, water vapor permeability (WVP), 
antibacterial efficacy, and biocompatibility tests were 
undertaken to study these particular features. The 
acquired results showed that CNF1-Gl and CNF2-
Al based samples had the highest water absorption 
values (WAV); however, PBS results had the highest 
values for CNF1-Al 50–50% and CNF2-Al 75–25%, 
respectively. WVP data were aligned as lines from the 
highest to lowest degree in CNF1, CNF2, Al, Ch, and 
Gl. CNF1-Al showed the highest level of WVP data 
of 4191  g/m2 day. A microbiological study revealed 
that CNF/Ch and CNF/Gl bioaerogels had a greater 
antibacterial impact on both bacterial strains, S. 
aureus and E. coli. In contrast, CNF-Al based aero-
gels showed no antibacterial activity against either 
strain. The most obvious outcome is that all aerogels 
are biocompatible, allowing cell development on the 
material surface. As a result, these aerogels could be 
used as wound dressings in a variety of biomaterial 
applications.

Keywords  Aerogel · Nanofibrillated cellulose · 
Chitosan · Gelatin · Alginate

Abstract  In this study, TEMPO (2,2,6,6 tetra-
methyl-piperidine-N-oxyl) oxidized nanofibrillated 
celluloses (CNFs; CNF1 having a higher amount of 
carboxyl fraction; 1.0613  mmol/g, CNF2 having a 
lower degree of carboxyl fraction; 0.5543  mmol/g) 
with different amounts of carboxyl and aldehyde 
fractions were prepared as the main aerogel matrix, 
and chitosan (Ch), gelatin (Gl), and alginate (Al) 
biopolymers were added into suspension with dif-
ferent ratios (100%, 75–25%, 50–50%, 25–75%). 
Aerogels were produced using a simple freezing and 
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Introduction

Aerogels are light weighted, low density, and highly 
porous materials that were first discovered by Kistler 
(1932, 1937). The basic production process broadly 
depends upon the removal of liquid solvent from the 
gelous phase of the main matrix by different tech-
niques. Lyophilization (freeze drying), supercritical 
CO2, and ambient pressure drying have been widely 
used for this purpose. According to drying technique 
and the used raw material, porous structured, and 
light-weight materials are obtained. These materials 
have been used in a wide range of industrial appli-
cations, including dust collectors, catalysts, fuel cell 
electrodes, heat and sound isolators, dust collec-
tors, and biosensors. These materials’ unique quali-
ties include high porosity, high specific surface area, 
mechanical strength properties, low density, and pro-
ducibility by using both synthetic and biobased poly-
mers. However, recent investigations about aerogels 
have mainly focused on biomedical products such 
as hemostats and wound dressing materials, in addi-
tion to drug delivery systems (Kistler 1937; Hrubesh 
1998; Guilminot et al. 2007; Olsson et al. 2010; Ster-
gar and Maver 2016; Lovskaya and Menshutina 2020; 
Liu et  al. 2023; Chaudhary et  al. 2024; Gorshkova 
et  al. 2024; Sun et  al. 2024; Wang et  al. 2024; Yue 
et  al. 2024). Biobased polymers such as cellulose, 
have also shown promise as a raw material for the pro-
duction of aerogels by dissolving cellulose substances 
in a variety of solvent systems, including NMMO 
(N-methyl-morpholine-N-oxide) (Innerlohinger et  al. 
2006; He et  al. 2023; Ma et  al. 2023), NaOH-Urea, 
LiOH-Urea (Cai et al. 2008; Wang et al. 2014; Zhang 
et al. 2022), LiCl (Litium chloride)-DMAc (Dimethy-
lacetamide) (Duchemin et  al. 2010; Garemark et  al. 
2020). The resulting cellulose substrate was then 
coagulated, solvent exchanged, and subliminated by 
supercritical CO2 drying or lyophilization.

Though it originated in antiquity, the applica-
tion of conventional gauze and various bandages 
to wound healing techniques continues to this day 
(Majno 1975; Jones 2006; Daunton et  al. 2012). In 
the past, the general idea about wound healing was 
to keep wounds hypothermic until the suggestion by 
Winter (1962) about closing wounds with a poly-
meric dressing. After that, new parts of the healing 
process have emerged, and hydrophilic cotton, gauze, 
and gauze patches-especially those made of biobased 

polymeric compounds-have begun to be investigated 
as potential materials for wound dressings in place 
of conventional bandages like synthetic ones. As a 
biobased material with biocompatible and nontoxic 
properties, CNFs have started to be investigated for 
application as a wound dressing material in surgi-
cal operations. The CNFs are obtained by different 
mechanical disintegration techniques of the cell walls 
of wood and agricultural wastes with a high pressure 
effect by different apparatus called a homogenizer, a 
microfluidizer, a microgrinder, and a high intensity 
ultrasonicator. According to the raw material and 
applied pretreatments (oxidation, sulfonation, acetyla-
tion, enzymes, carboxymethylation, etc.) 5–50 nm in 
width and micron-scaled length fibrils are obtained 
(Abdul Khalil et al. 2014; Nechyporchuk et al. 2016). 
The primary benefits of this material include its bio-
based, biocompatible, and biodegradable nature. 
These attributes enable its potential applications in 
a variety of fields, including optical films, composite 
networks, catalysts, barrier films, papermaking and 
packaging additives, raw materials for microelec-
tronics and cosmetics, space clothes, fire retardant 
materials, and viscosity regulator-emulgator in the 
food, paint, and coating industries. (Henriksson et al. 
2008; Mörseburg and Chinga-Carrasco 2009; Belbek-
houche et al. 2011; Martins et al. 2012; Sehaqui et al. 
2012; Leijonmarck et  al. 2013; Martins et  al. 2013; 
Abdul Khalil et al. 2014, Ondaral et al. 2015; Wong 
et al. 2015; Hassan et al. 2016; Mulyadi et al. 2016; 
Osong et al. 2016; Xiao et al. 2016; Jiang et al. 2017; 
Guo et al. 2018; Mao et al. 2019; Li et al. 2020; Qin 
et al. 2021; Andze et al. 2024; Fernandez Santos et al. 
2024; Lin et al. 2024).

As a soluble form of chitin, Ch is an interesting 
and promising material in many different industries, 
especially because of its own cationic nature. Struc-
tural character is basically composed of β-(1–4) 
linked 2 amine deoxy β-D- glycopyranose units, and 
it is the deacetylation product of chitin. The primary 
significance of this substance lies in its status as a 
naturally occurring cationic charged polymer, derived 
from amine groups. Nevertheless, it also possesses 
favorable characteristics such as being biobased, bio-
degradable, biocompatible, nontoxic, antimicrobial, 
bacteriostatic, antioxidant, and antifungal. Ch has 
been widely used, initially for waste water purifica-
tion, and has gained importance recently in agricul-
ture, cosmetics, the food industry, textiles, membrane 
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production, packaging, and biomedical applications 
(Struszczyk 2002; Hu and Luo 2021; Cazon and 
Vázquez 2021; Flórez et al. 2022; Gao and Wu 2022; 
Yang et al. 2022; Jafernik et al. 2023; El-Araby et al. 
2024).

The Gl is mostly produced by hydrolyzing colla-
gen protein with acid, alkali, or hot water treatments 
(Khakalo et al. 2014; Tan et al. 2023; Cao et al. 2024) 
and typically contains 85–92% protein, 2–4% mineral 
salts, and 8–12% water, depending on the raw mate-
rial and production method (Schrieber and Gareis 
2007; Palan Abdullah et al. 2018). The primary effec-
tive parameters for the final product of material, in 
addition to pretreatments, are pH, temperature, and 
extraction (Johnston-Banks 1990; Gomez-Guillen 
et  al. 2015). Two varieties of Gl are produced in 
industrial grade depending on whether they are pre-
treated with acids (isoelectric point pH of 8–9) or 
alkali (isoelectric point pH of 4–5) (Montero et  al. 
1990; Norland 1990; Gomez-Guillen et  al. 2015). 
Many industries widely utilize Gl due to its distinc-
tive qualities, which include its biobased nature, bio-
degradability, biocompatibility, reduced antigenic 
effect compared to collagen, low cost, controlled 
physical characteristics, ability to produce a variety 
of products, amphoteric property, and excellent cell 
compatibility.

The natural exopolysaccharide Al is generally 
obtained by processing seaweed and the Pseu-
domonas and Azotobacter families of bacteria. Its 
specific qualities, such as structural composition, 
modification properties, molecular weight, viscoe-
lasticity, and polydispersity, vary depending on the 
raw material (algae or bacteria). The basic chemi-
cal composition consists of two uronic acids: β-D-
mannuronic acid and its C5 epimer, β-L-guluronic 
acid, interconnected by β-(1–4) links. This linear 
polysaccharide has a highly hydrophilic nature, 
which allows it to be used for different purposes 
in different physical forms (Rehm and Moradali 
2018; Dey et  al. 2019; Saberi Riseh et  al. 2022). 
Al has gradable qualities such being biobased, 
biocompatible, non-toxic, extremely hydrophilic, 
and biodegradable, just as the previously men-
tioned biopolymers. It has been widely employed 
for many commercial applications as a viscosity 
regulator, stabilizer, additive, and fertilizer, as well 
as in a variety of industrial sectors, such as food, 
textile, cosmetic, pharmaceutical, packaging, and 

agricultural (Rehm and Moradali 2018; Wang et al. 
2023; Zhang et al. 2023; Duong et al. 2024; Elhadef 
et al. 2024; He et al. 2024; Vaziri et al. 2024).

The literature search yielded results for hydrogel-
based products, but it did not turn up any studies 
on aerogels made of CNF/Ch, CNF/Gl, or CNF/Al. 
This study’s primary goal is to find out how well 
CNF-biopolymer based aerogels work as wound 
dressings. CNF/Ch, CNF/Gl, and CNF/Al based 
aerogels were produced by sequential freezing and 
lyophilization at varying biopolymer mixing rates. 
Water-PBS absorption, WVP tests, antibacterial 
activity, SEM imaging, and biocompatibility tests 
were performed to assess these composites’ suit-
ability for application as biomedical precursors in 
special wound dressing applications.

Materials and methods

Materials

The magnesium bisulfite pulp used in CNF pro-
duction was kindly provided by Biocell Paskov a.s. 
(Czechia). The Ch (deacetylation degree ≥ 75%, 
viscosity 200–800 cps c: 1% in 1% acetic acid) 
was purchased from Sigma-Aldrich Chemie GmbH 
(Taufkirchen, Germany). Gl (100% bovine skin-
based, alkalen-pretreated, 83–90% protein, 8–12% 
water, and the rest salts) was supplied by Yiğitoğlu 
Chemical Industry (İstanbul/Turkey). The Al (Mw: 
1.039.432  g/mol) was kindly provided by Setaş 
Chemical Inc. (Çerkezköy, Turkey). In addition, 
TEMPO (2,2,6,6, tetra-methyl-piperidine-N-oxyl), 
sodium bromide (NaBr), sodium hypochloride 
(NaClO), sodium hydroxide (NaOH), calcium chlo-
ride (CaCl2), magnesium chloride (MgCl2.6H2O), 
acetic acid, and ethanol were provided by Sigma-
Aldrich Chemie GmbH (Taufkirchen, Ger-
many). PBS solution was prepared by using 0.2 M 
NaH2PO4, KH2PO4, and 0.15 M NaCl, all of which 
were obtained from Merck Millipore (Burlington, 
Massachusetts, ABD). α-MEM (Euroclone, Italy), 
fetal bovine serum (FBS) (Sigma, Germany), and 
penicillin-stereomycin (Sigma, Germany) were used 
for cell culture studies. MTT ([3-(4,5-dimethylthia-
zol-2-yl)-2,5 diphenyltetrazolium bromide]) test kit 
(Sigma, Germany) was used for cytotoxicity studies.
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TEMPO oxidation of cellulose

TEMPO oxidation of cellulose was processed accord-
ing to Saito et al. (2006); 1 g of pulp was dissolved in 
100 ml of deionized water with 0.1 mol of TEMPO 
and 1 mol of NaBr. The pH of the slurry was adjusted 
to 10, and NaClO (3 mmol/g and 8 mmol/g) prepared 
at pH 10 was added to the suspension. Suspension 
was stirred by a mechanical mixer at 500 rpm, and pH 
was kept stable at 10 by the addition of NaOH. The 
reaction was stopped by adding 50 ml of ethanol. Fib-
ers were washed with deionized water until drained 
water conductivity was measured below 5 µS/cm. 
TEMPO oxidized CNFs (nanofibrillated celluloses) 
were produced by passing 1% concentrated fiber 
suspensions through a high-pressure homogenizer 
(APV 1000, Hemisan/Turkey) at different pressures: 
8  mmol TEMPO oxidized cellulose suspension two 
times at 50–250  bar and 150–550  bar, respectively, 
while suspension treated with 3  mmol TEMPO was 
passed at 100–500 bar and 200–800 bar for two times. 
NC gels were stored at + 4 °C before use.

Production of Ch, Gl, and Al solutions

The Ch solution was prepared by dissolving polymer 
in deionized water at a concentration of 2%. Ace-
tic acid was added dropwise to the solution until it 
reached pH 4.9–5. After mixing for 24  h, the solu-
tion was filtered and prepared at 1% concentration 
before use. Gl stock was prepared by dissolving it in 
deinonized water at 1% concentration at 35–40  °C 
and used immediately after production. For removing 
impurities in Al, the polymer was dialyzed before use 
by means of a membrane cut-off of 12,000 against 
deionized water. After obtaining conductivity below 
5 µS/cm, excess water was removed by using a rotary 
evaporator, and polymer stock was prepared at 1%.

Aerogel production

The biopolymer solutions (CNFs, Ch, Gl, and Al) 
were prepared at a 1% concentration at pH 5.5. After 
adding the calculated amount of Ch into CNF solu-
tions, mixtures having different amounts of CNF and 
Ch were mixed with a homogenizer (VELP Scienti-
fica, OV 5, Italy) at 10,000 rpm for 5 min; however, 
CNF/Gl and CNF/Al solutions were mixed by a mag-
netic stirrer at 300  rpm for 24 h. Following mixing, 

the gels were transferred into 60 × 15 mm glass petri 
dishes and cooled to −86 °C before being lyophilized 
(Christ, Alpha 1–2 LD, Germany) for 48 h at −55 °C 
and −50 mbar vacuum. Differing from CNF/Ch and 
CNF/Gl aerogels, due to the very low liquid resist-
ance of Al, CNF/Al based aerogels were crosslinked 
by soaking in a 100 ml CaCl2 (1%) solution for 12 h 
even after first obtaining aerogels. After removing 
excess CaCl2, samples were washed with deinoized 
water, frozen, and lyophilized again, respectively, 
under the same conditions.

Water‑PBS absorption of aerogels

The water absorption of composites was performed 
by putting 5 mg of samples into 50 ml of deionized 
water, which was incubated in an oven at 37  °C for 
24 h. PBS absorption tests were also designed as the 
same procedure as water absorption tests; however, 
10 ml of PBS was used as a solution. Samples were 
placed between paper towels to remove excess liquid, 
and both water and PBS absorption tests were done in 
triplicate. Absorption values were calculated by using 
average values according to Eq. 1:

where Mt and M0 are sample weights (g) after and 
before test, respectively.

Water vapor permeability (WVP) of aerogels

WVP tests were performed in triplicate according to 
ASTM standart (E 96/96M, 2002) with a slight modi-
fication. Glass bottles (8.5 cm height; 1.2 cm width) 
including 6 ml of deionized water were used as tem-
plates, and aerogels were adhered to top of the bot-
tles. Apparatus were put into a dessicator, which com-
prises saturated MgCl2.6H2O and provides medium 
humidity at 40%. The dessicator and samples were 
kept in an autoclave at 37 °C for 24 h. The weights of 
the apparatus were measured, and permeability was 
calculated according to Eq. 2.

(1)

Water − PBSAbsorption Value(%) =
Mt−M0

M
0

x100

(2)Water Vapor Permeability =
(Δw∕Δt)

A
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where Δw/Δt is humidity lost during 24 h (g/day), and 
A is a specific humidity transfer area (0.00002826 
m2).

Antibacterial efficiency of aerogels

The antibacterial performances of samples were 
determined by Zhou et al. (2006) with slight modifi-
cations. Escherichia coli and Staphylococcus aureus 
bacteria were used for the test, and a three repeat test 
was performed. Each strain of bacteria was cultured 
in broth medium at 37  °C for 24  h. Bacterial den-
sity was adjusted to approximately 0.7 McFarland by 
physicological saline solution. Before being meas-
ured, samples were cut to almost identical sizes and 
sanitized for 30  min under a UV light. Composites 
were put into 24-well culture plates, including 1 ml of 
medium. After culturing for 24 h at 37 °C, colonies 
of bacteria were counted according to the method of 
Miles and Misra (1938).

Biocompatibility of aerogels

Biocompatibility tests of aerogels were performed 
at Kastamonu University, Central Research Labo-
ratory, Tissue Engineering, Biomaterial and Stem 
Cell Lab. Unit. Analysis was processed by the MTT 
[3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetra-
zolium bromide] (Sigma-Aldrich Chemie GmbH 
(Taufkirchen/Germany)) test based upon cell viability 
and mitochondrial dehydrogenase activity according 
to ISO EN 10993-5. Rat bone marrow mesenchymal 
stem cell lines (MSC) were used in the laboratory cell 
library. All samples were put into a 24-well plate and 
prewetted with the culture medium prior to cell seed-
ing. Then, MSC were seeded in each well at a con-
centration of 1 × 105 cells/well. The culture medium 
consisted of α-MEM containing 10% FBS, 100 U/ml 
penicillin, and 100 μg/ml streptomycin. Cell-aerogel 
constructs were incubated at 37 °C, 5% CO2, and 95% 
humidity. Proliferated cells’ mitochondrial activity 
and viability were tested at the end of the 1st, 3rd, 
and 7th days of culture by MTT based analysis. For 
this purpose, cell-aerogel constructs were taken at 
the same dimentions and put into the 96-well plate. 
Then, fresh medium without PBS (270  µl) was put 
into each well, and 30 µl of the MTT (5 mg/mL) kit 
was added to obtain a 10% total concentration. Cul-
tures were incubated at 37  °C, 90% humidity, and 

5% CO2 for 4 h. The formation of formazan crystals 
was investigated by an inverted phase-contrast micro-
scope (Leica DMIL LED, Germany) at the end of the 
incubation process. Dark blue formazan crsytals were 
dissolved in MTT solvent (10% HCl in 2-propanol) 
and color intensity was measured at 570 nm using a 
microplate reader (Biotek Synergy-HTX, USA). MTT 
tests were performed in triplicate for each culture and 
the average of the measurements was evaluated.

SEM ımages

SEM images of aerogels with high biocompatibil-
ity were provided by means of FEI Quanta FEG 250 
(USA). Similar weighted and heighted samples were 
prepared from both surface and cross sections without 
damaging material and coated with gold–palladium 
(40  mA current, 50  mbar pressure) by using Cress-
ington Spray Coater (Ted Pella Inc., USA) before 
measurement.

Results and discussion

Water‑PBS absorption

The water absorption performances of aerogels are 
illustrated in Fig. 1a, b. It can be seen from the fig-
ure that all samples show different water absorption 
values (WAV). The highest amount can be seen for 
CNF1/Gl 75–25% aerogels as 1584%, and the second 
highest value is obtained by CNF1/Gl 50–50% based 
composition. However, the minimum WAV belongs 
to the CNF1/Ch 25–75% sample. The WAV for CNF2 
and biopolymer-containing composites is shown in 
Fig. 1b, where lower values are attained in compari-
son to CNF1 aerogels. In contrast to CNF1, CNF2/
Al 75–25% had the highest absorption value. How-
ever, the minimum values were obtained by CNF2/
Ch 25–75%. Overall, it is evident that compared to 
CNF2 and CNF2/biopolymer based samples, WAV 
levels were higher in CNF1 and CNF1/biopolymer 
composites.

Liquid absorption is a critical point of materi-
als used in wound dressing applications, to prevent 
absorption of wound exudates leaking during the 
healing process and to ensure that wound sites are 
cleaned where bacterial infusions reduce the healing 
rate adversely. According to data on water absorption, 
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aerogels based on CNF1/biopolymer often have 
greater values than mixed composites made of CNF2. 
The scenario can be explained by the strong hydro-
philic chemical moities of CNF1’s carboxyl and car-
bonyl groups. These groups increase interaction with 
water and components inside aerogels. However, 
it is also seen that CNF1/Gl samples show a higher 
rate of WAV due to the highly hydrophilic nature of 
both CNF and Gl. Low levels of absorption results 
for CNF1/Ch can be explained by the higher chemi-
cal interaction of CNF1’s carboxyl groups with Ch’s 
-NH2 groups. It is also clear that increasing amounts 
of Ch in the composition affect absorption proper-
ties adversely. Similar results about absorption prop-
erties were proposed by different researchers. Lv 
et  al. (2014) prepared dissolved cellulose-Ch based 
sponges and stated decreasing water absorption by 
addition of Ch amount, which was explained by Ch’s 
nondissolving property in water arising out of –NH2 
groups. It was also stated that crosslinking between 
cellulose and Ch caused a compact structure that 
diminished liquid absorption as a result of shrink-
ing pore sizes. Wu et  al. (2014) also performed the 
water absorption performance of CNF-Ch films and 
recorded that the absorption rate increased with a 
higher amount of CNF. The CNF1 and CNF2 matri-
ces’ capacity to absorb water reduced as Ch levels 

rose. Similar trends were observed in CNF/Ch-based 
samples by Rizal et al. (2021), and this circumstance 
was attributed to the high concentrations of –OH 
groups in CNFs in addition to a larger pore size than 
pure Ch. Similar absorption values were determined 
for CNF2/biopolymer based aerogels in a recent 
study. The limited chemical interaction between the 
low carboxyl fraction of CNF2 and Al, which resulted 
in the creation of very hydrophilic non-reacted Al 
molecules, is likely the reason why CNF2/Al based 
composites were able to determine the highest values. 
The WAV decreased when Al was added to the CNF 
matrix; this phenomena can be attributed to the CNF/
Al samples’ crosslinking in the CaCl2 solution. Ca+2 
ions also inhibited free carboxyl groups in composites 
as a result of crosslinking, and polymeric blocks lost 
their hydrophilic properties.

In Fig. 1c, d the PBS absorption values of aerogels 
are illustrated. In part c, CNF1/biopolymers’ absorp-
tion performances are seen, and the highest level was 
proven by the CNF1/Al based sample composition of 
50–50% as 1320%. Both pure Al and 25–75% mix-
ing rated samples’ PBS absorption values could not 
be determined due to the highly hydrophilic nature of 
Al. The primary mechanism between the composition 
of Al and CNF1 is explained by the high carboxyl 
fraction of CNF1 and the carboxyl groups present 

Fig. 1   Water-PBS absorp-
tion results of CNF1/
biopolymer a–c and CNF2/
biopolymer b–d based 
aerogels
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in the Al molecule, which probably provide a higher 
level of absorption with the positive ions in the PBS 
solution, such as Na+ and K+. Figure 1d depicts the 
PBS absorption values of CNF2/Al based aerogels, 
with a clearly evident increased level of absorption. 
Even though porosity, surface area, and pore diameter 
values were comparable, this condition was prob-
ably made better by the higher pore volume of CNF2/
Al based aerogels. Examining the PBS absorption 
degrees of the CNF1/Ch samples, it was found that 
the absorption values decreased when Ch was added 
to the CNF1 matrix. This behavior of Ch was stud-
ied by Ondaral et  al. (2018), in which PBS absorp-
tion behaviors of films produced by mixing CNFs 
having different amounts of aldehyde fractions with 
Ch were studied by using quart crystal microbalance 
(QCM-D). According to the results, the addition of 
Ch to CNF affected PBS absorption negatively com-
pared to pure CNF based films. This situation was 
explained by blocking functional groups of CNFs by 
Ch. Compared to film structure, aerogels are highly 
porous materials, and a higher level of liquid absorp-
tion in this study is almost expected. In general, PBS 
absorption performances of CNF2/Ch based aerogels 
were found to be poorer than those of CNF1/Ch based 
ones. The reduced degree of carboxylic fraction in 
CNF2 provides a clear explanation for this phenom-
enon. Low amount carboxyl groups interacted in a 
lower degree with cationic salts of PBS solution. In 
addition, Ch’s cationic charges can be responsible for 
decreasing absorption values, and positive charges 
probably repel cationic ions in PBS.  In addition to 
Ch and Al based aerogels, PBS absorption values for 
CNF/Gl based samples can be observed in the same 
figure, with a clear decreasing trend with Gl addi-
tion to the composition. A small difference was found 
when comparing CNF1/Gl and CNF2/Gl aerogels, 

and the tendency with Gl addition is most likely due 
to Gl’s very hydrophilic character, which is compara-
ble to Al.

WVP of aerogels

In Fig. 2, the WVP results of all aerogels are given. 
When compared to CNF/Ch based samples, all aero-
gels showed similar WVP results, with values rang-
ing between 3297 and 3011  g/m2 day. The CNF/Gl 
composites have the lowest WVP results among all 
samples, ranging between 2367 and 2091  g/m2 day. 
CNF1/Al aerogels have a higher value of WVP than 
CNF2 mixed samples. The highest value of all the 
aerogels is 4191  g/m2 day, which is the maximum 
WVP findings found for the composite of CNF1/Al 
75–25%.

Pure CNF based aerogels have similar WVP 
amounts of 3297  g/m2 day and 3167  g/m2 day for 
CNF1-2, respectively. Pure biopolymeric aerogels had 
values of about 2700–3000 g/m2 day, and these quan-
tities were almost lower when compared to both pure 
CNFs and compositions with polymers. In general, 
CNF/Ch mixed samples show higher values com-
pared to neat ones. A similar result was obtained by 
Shieh et al. (1998) by comparing the higher sensibil-
ity of Ch’s -NH2 groups presented in a higher amount 
in structure than CNF’s -OH molecules against water 
molecules. Higher Gl amounts in composition caused 
a decrease in WVP results, especially for CNF1/Gl, 
which was also indicated by Taokaew et  al. (2013). 
They found that WVP values decreased for bacterial 
cellulose (BC)-Gl composites by increasing density 
with a higher amount of polymer in the composition. 
However, the highest WVP results belong to CNF1/
Al 75–25% samples, and this situation is thought 
to be a result of the higher pore diameter of these 

Fig. 2   WVP results of 
CNF1/biopolymer a and 
CNF2/biopolymer b based 
aerogels
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materials, which was determined as 3.10 nm as given 
in Table 1 according to our previous work (Kurtuluş 
et al. 2023).

The figure clearly shows that aerogels based on 
CNF1/Al have a higher degree of WVP than aerogels 
based on CNF2. On the other hand, a declining trend 
is also seen when the amount of Al increases. As 
porosity levels essentially determine WVP, our ear-
lier research (Table  1) indicates that aerogels based 
on CNF1/Al had higher porosity, surface area, pore 
volume, and diameter values than samples based on 
CNF2/Al. In addition, CNF2/Al 25–75% mixing rated 
composites’ WVP results show a higher degree than 
CNF1/Al 25–75% based composites. The higher spe-
cific surface area and relative pore volume of CNF2/
Al 25–75% are responsible for this result, which 
can be seen in Table  1. Huq et  al. (2012) proposed 
decreasing the trend of WVP by adding nanocrystal-
line cellulose (CNC) to the Al matrix. This situation 

was explained by the formation of tangles by CNC 
in the skeleton that diminished the diffusion pro-
cess. When compared to CNC, CNF has amorphous 
regions that provide higher diffusion rates, which can 
be explained by its high porosity values. Wang et al. 
(2017) prepared films with CNC and cellulose fibril 
with Al and reported that CNC-Al composites’ WVP 
values were lower than cellulose fibril-Al based ones. 
This circumstance was explained by the fact that 
cellulose fibrils are significantly more hydrophilic 
than CNCs. According to results, CNF aerogels as a 
porous material can be used in wound dressing appli-
cations by being processed at the optimum WVP rate, 
which is essential for different types of dressers. Nor-
mal skin’s WVP rate is 204 g/m2 day; however, this 
value is 279  g/m2 day for first-degree burn wounds 
and 5138  g/m2 day for granulation tissues. In cur-
rent research, all aerogels have appropriate values for 
being used in related dressing applications (Lin et al. 
2013; Lv et al. 2014).

Antibacterial efficiency of aerogels

Antibacterial efficiencies were performed with gram 
positive (Staphylococcus aureus) and gram negative 
(Escherichia coli) bacteria strains. According to the 
method, 0.7 McFarland colonies were used as the 
starting medium, and the inhibiton characteristics of 
bacteria on aerogel samples after 24  h were calcu-
lated, and the results are given in Table 2.

All CNF/Ch based aerogels and neat CNF based 
samples showed antibacterial effects by reducing bac-
teria colony amounts or inhibiting colony growth at 
any and every mixing ratio. The maximum antibac-
terial effect for gram positive bacteria was observed 
by NC2/Ch 25–75% aerogel, which reduced the 
starting colony amount from 2 × 109 used in the test 
to 1 × 105 for S. aureus. Table 2 also shows the anti-
bacterial efficiency versus the gram negative bacteria 
Escherichia coli, and similarly, all samples showed 
the inhibiting efficiency proposed by 25–75% mixing 
rated sample on the 103 scale. Antibacterial activity 
for both bacteria strains was also provided by CNF/Gl 
samples. Pure polymer based aerogels show bacteria 
counts of 10 × 106 and 7 × 107 for CNF1 and CNF2, 
respectively, which was a lower amount of bacteria 
used during the test, 2 × 109. Neat Gl based aerogels’ 
bacterial resistance could not be determined due to 
decomposition in the PBS solution for both strains. 

Table 1   Surface area, pore volume and pore diameter values 
of aerogels

Sample Surface area 
(m2/g)

Pore volume 
(cm3/g)

Pore 
diameter 
(nm)

CNF1 329 0.308 3.12
CNF2 299 0.220 3.30
CH 355 0.357 3.29
GL 357 0.319 2.97
AL 330 0.310 3.12
CNF1/CH 75–25 176 0.159 2.96
CNF1/CH 50–50 226 0.202 3.30
CNF1/CH 25–75 174 0.162 2.96
CNF2/CH 75–25 247 0.208 3.28
CNF2/CH 50–50 221 0.200 3.11
CNF2/CH 25–75 139 0.122 3.46
CNF1/GL 75–25 415 0.377 3.14
CNF1/GL 50–50 382 0.345 3.13
CNF1/GL 25–75 305 0.264 3.12
CNF2/GL 75–25 332 0.298 3.12
CNF2/GL 50–50 318 0.193 3.12
CNF2/GL 25–75 390 0.346 2.97
CNF1/AL 75–25 310 0.281 3.10
CNF1/AL 50–50 300 0.264 3.10
CNF1/AL 25–75 272 0.235 3.01
CNF2/AL 75–25 318 0.306 3.10
CNF2/AL 50–50 313 0.301 3.00
CNF2/AL 25–75 300 0.265 3.09
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The maximum effect of composites was generally 
provided by CNF1/Gl composites with a mixing rate 
of 75–25% as 1 × 107 and 25–75% as 1 × 107. How-
ever, the minimum effect was provided by CNF2/
Gl at 25–75% for a 34 × 108 bacteria count. CNF/Gl 
composites also have an antibacterial effect against 
Escherichia coli. Pure CNF samples’ bacteria colo-
nies on the surface were determined to be 84 × 105 
and 42 × 106 for CNF1 and CNF2. Additionally, 
CNF/Al based aerogels are not resistant to both bac-
terial cultures. The starting amount of used bacteria 
(2 × 109) for the test increased to a generally deter-
mined range of nearly 109.

Bacterial invasion of the wounded area is an 
adverse situation because it delays the wound heal-
ing process by infecting related areas. For this reason, 
antibacterial activity is a fundamental property of 
wound dressing materials. The table makes it evident 
that all CNF/Ch based aerogels have antibacterial 
activity against the two types of bacteria. The pure 
Ch samples showed no inhibition for gram positive 

bacteria, while a critical decrease in colony amount 
was observed for gram negative bacteria. This is 
attributed to Ch’s high antibacterial efficiency against 
E. coli by Wu et al. (2016). In addition, samples also 
showed a much smaller amount of gram negative bac-
teria than gram positive bacteria, which is confirmed 
by this definition. Ch and its derivatives have antibac-
terial efficiency against various kinds of bacteria, as is 
known. This specification was explained by different 
workers with such topics as: the polycationic nature 
of polymers interacts with the negative charge of the 
bacteria cell wall and inhibits the growth of bacteria; 
high concentrations of Ch provide accumulation on 
bacteria and prevent activity; and also the retention 
of Ch on the DNA of bacteria and prevent progress-
ing mRNA (Lin et al. 2013; Cao et al. 2016). Another 
important piece of data seen in the table is the anti-
bacterial effect of pure CNF samples. This result also 
shows correspondence with a study proposed by Rees 
et  al. (2015). Similar antibacterial effects from dif-
ferent studies also showed parallel results with this 

Table 2   Antibacterial 
efficiency of aerogels versus 
Staphylococcus aureus and 
Escherichia coli 

S. aureus E. coli

Sample 104 105 106 107 108 109 103 105 106

CNF1 10 84
CNF2 7 42
Ch x x 140
Gl
Al x
CNF1/Ch 75–25 0 144
CNF1/Ch 50–50 7 40
CNF1/Ch 25–75 18 1
CNF2/Ch 75–25 1 140
CNF2/Ch 50–50 7 112
CNF2/Ch 25–75 1 2
CNF1/Gl 75–25 1
CNF1/Gl 50–50 0
CNF1/Gl 25–75 1
CNF2/Gl 75–25 0
CNF2/Gl 50–50 0
CNF2/Gl 25–75 34
CNF1/Al 75–25 66
CNF1/Al 50–50 150
CNF1/Al 25–75 0
CNF2/Al 75–25 76
CNF2/Al 50–50 0
CNF2/Al 25–75 12
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study. Cao et  al. (2016) produced regenerated cellu-
lose-Ch based membranes for wound healing. They 
found that all membranes had antibacterial effects 
against S. aureus and E. coli. Another promotional 
study related to antibacterial activity results was pro-
posed by Powell et al. (2016), in which TEMPO oxi-
dized CNF based films were produced, and these films 
showed antibacterial effects against Pseudomonas 
aeruginosa, which causes infection and delays wound 
healing. CNF/Gl composites also showed resist-
ance to both bacterial strains. When investigated for 
gram positive S. aureus, all samples showed bacterial 
resistance, in which pure CNFs had higher resistance 
compared to NC/Gl aerogels and the maximum effi-
ciency proposed by CNF1/Gl 75–25% and 25–75% 
based aerogels. However, all samples also had bacte-
rial resistance against gram negative E. coli. Similar 
to gram positive bacteria, the highest bacterial resist-
ance versus gram negative bacteria was also proposed 
by CNF1/Gl 75–25% composites. In fact, there is no 
information about Gl’s antibacterial efficiency due 
to the highly dissolving effect of composites in PBS 
solution in a short time, whereas NC-Gl composites 
showed bacterial resistance, according to some work-
ers. Islam et  al. (2014) produced jute based NC-Gl 
composites with the addition of CNC to the composi-
tion. Results showed that a higher antibacterial effect 
was achieved by adding 8% CNC into the mixture 
against E. coli. As a result, CNF/Gl aerogels have an 
antibacterial effect which, showed higher efficiency 
with the addition of a higher level of CNF in the com-
position. Contrary to CNF/Ch and CNF/Gl compos-
ites, CNF/Al based samples did not show any positive 
effect against both bacterial strains. All mixing ratios 
between CNF and Al resulted in a higher amount of 
bacteria colony on samples than the starting bacte-
ria for the test (2 × 109). The main objectives of Al 
based wound dressing materials are to absorb wound 
exudate and form a gelous phase on the wound site. 
This gel keeps moisture around the wound area and 
diminishes bacterial contamination, resulting in an 
increased healing rate (Aderibigbe and Buyana 2018). 
Al based wound dressing materials were investigated 
by different researchers, and the general prospect is 
that Al materials show antibacterial efficiency against 
different kinds of bacteria. Straccia et al. (2015) used 
sodium-Al based hydrogels coated with Ch as wound 
dressing material and proposed that hydrogels had an 
antibacterial effect against E. coli. Hegge et al. (2011) 

produced curcumin added Al foams and used them 
for healing infected wounds. According to the results, 
the addition of curcumin increased the hydration time 
of foams, and E. coli bacteria were affected to a lower 
degree than E. faecalis from curcumin added foams. 
In addition, it is proposed that with the addition of 
antibacterial compounds to compositions such as Ag 
and AgNO3, antibacterial effects could be increased 
in these composites. Aerogels do not appear to have 
an antibacterial impact, according to recent research; 
nonetheless, bacterial colonization was limited to 
a very low level, preventing bacteria from multiply-
ing more widely on composites. This negative result 
is probably caused by the pre-dialysis of Al polymer 
before use in aerogel production, in which low-weight 
chemical compounds were probably removed. How-
ever, these aerogels are being thought of as applicable 
for wound dressing applications, especially for non-
infected wounds.

Biocompatibility of aerogels

The first essential and needed feature of wound 
dressing materials is biocompatibility, and which 
is described as the compatibility of related materi-
als with the application area and the tissues near 
this section without decomposing structure or hav-
ing toxic properties. In Fig. 3, the biocompatibility 
results of the CNF1/Ch and CNF2/Ch in addition to 
pure samples are shown. According to the results, 
all aerogels have biocompatible properties, and it is 
clear that increasing amounts of Ch in their com-
position cause higher cell proliferation rates. Pro-
liferating cell numbers in higher grades grew when 
Ch was added to the mixing media as opposed to 
plain CNF precursors. The highest CNF1/Ch per-
formance was found when there was a high percent-
age of Ch in the CNF matrix, between 25 and 75%, 
demonstrating how strongly compatible Ch is struc-
turally. The mixing rated sample with a 75–25% 
ratio had the greatest efficiency in CNF2/Ch sam-
ples. The large specific surface area and relative 
pore volume of the linked aerogels in comparison to 
other CNF/Ch samples is most likely the source of 
this scenario. Increasing surface area values usually 
creates the ideal conditions for cell proliferation by 
promoting cell movements. One positive outcome is 
the CNFs’ biocompatibility, which opens new doors 
for employing pure CNFs (CNF1 and CNF2) in the 
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medical business without the need for biopolymer 
addition. However, Wang et  al. (2017) and Fan 
et al. (2020) also found biocompatibility results for 
NC–Ch composites that were comparable to our 
findings.

CNF/Gl composite-related results are shown in 
Fig. 4, which shows a biocompatible character with 
different cell amounts on samples. Generally, pure 
CNFs and Gl samples have similar cell growth val-
ues; however, increasing the amount of Gl in the 
composition provided a higher amount of inhibited-
proliferated cells on the samples, especially for 
50–50% and 25–75% compositions. In the literature, 
generally BC based materials were investigated for 
medical applications, widely compared to CNFs 
and CNCs. Taokaew et  al. (2013) reported a non-
cytotoxical effect for both BC and BC-Gl films. In 
addition, Cai and Kim (2010) also reported similar 
biocompatibility results for the same composition of 
films. Researchers submitted that BC-Gl films show 
higher cell amounts versus pure BC hydrogels. Pei 
et  al. (2015) conducted a study on the biocompat-
ibility of regenerated cellulose-Gl composites, and 
they also obtained similar outcomes. As the mixing 

rate was increased, these composites exhibited bio-
compatibility with increasing Gl percentages.

In Fig.  5, CNF/Al composites’ biocompatibility 
results are illustrated. Different proportioned samples 
had a biocompatible nature associated with pure aero-
gels. Crosslinkers were not used to provide mechani-
cal stability for Al based aerogels. That’s why pure 

Fig. 3   Cell based biocom-
patibility results of CNF1/
Ch and CNF2/Ch based 
aerogels

Fig. 4   Cell based biocom-
patibility results of CNF1/
Gl and CNF2/Gl based 
aerogels

Fig. 5   Cell based biocompatibility results of CNF1/Al and 
CNF2/Al based aerogels
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Al and 25–75% (CNF-Al) mixing rated aerogels’ 
performances could not be determined due to the 
highly decomposed samples in the aquagenic solu-
tion during examination. When examined for CNF/
Al, it is obviously seen that a higher amount of Al in 
the CNF matrix increases cell adhesion and results 
in higher degree of proliferation compared to a neat 
CNF sample. It is evident that the presence of Al in 
composites improved both biocompatibility and cell 
survival. This outcome provides details regarding 
pure Al’s biocompatibility. When compared to CNF 
fractions, there is a minor enhancement of high car-
boxyl and aldehyde fractionated CNF1/Al aerogels 
compared to CNF2/Al composites. This situation is 
probably correlated with high specific surface area 
and porosity values, which promote higher efficiency 
of cell bonding into the matrix and result in higher 
proliferation. CNF1/Al composites have higher 
porosity values, whereas surface area values (Table 1) 
are almost similar for CNF1/Al and CNF2/Al com-
posites. According to this view, a small difference 
between porosity values can have a positive effect on 
cell viability. In addition, degradation in PBS solution 
during biocompatibility tests can be another effect of 
aerogels’ performances. Maintaining structural integ-
rity during performance can have a positive effect 
on cells moving between interconnected pores and 
result in higher values of adhesion and proliferation 
in the aerogel network. In summary, one of the most 

important requirements for tissue scaffolds and use-
able materials in these applications is shared by all 
CNF/biopolymers.

SEM ımages

Figure  6 a–d shows macro surface cross sections of 
CNF1/Ch 25–75% and CNF2/Ch 75–25% based aero-
gels, both of which have high biocompatibility rates. 
For CNF1/Ch 25–75%, the macro structure topogra-
phy is visible clearly and uniformly with a white-yel-
lowish color, but the sample sides are oriented toward 
the interior of the region, which is primarily the result 
of a strong vacuum effect during lyophilization that 
caused Ch fibers to migrate to the surface from the 
interior of the matrix. The microsurface’s network 
of connected cell walls is particularly responsible for 
its high porosity structure. Conversely, a cross sec-
tion reveals closed, thick layers that are also visible 
in macro cross pictures. This closely spaced area may 
have been formed by Ch clumping together during the 
freezing process. Figure 6c–d displays the macro and 
SEM views of the CNF2/Ch 75–25% mixing rated 
aerogel. Images of a homogeneous macro surface 
exhibit an almost white color without complication. 
This situation is further supported by surface SEM 
pictures, which show strongly directed and linked 
cells. However, the supplied sample from the entire 
composite structure clearly reveals a two-layered 

Fig. 6   SEM Images of 
aerogels a, b CNF1/Ch 
25–75% surface and cross 
section, c, d CNF2/Ch 
75–25% surface and cross 
section
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cross section, which was previously interpreted as a 
Ch fiber aggregation via the drying line.

Conclusion

In current research, CNFs with different amounts of 
carboxyl and aldehyde fractions were produced by 
sequential pretreatment of TEMPO oxidation and 
homogenization processes. Biopolymers of Ch, Gl, 
and Al were prepared at 1% concentration at pH 5.5 
and added into the CNF matrix in proportions of 
75–25%, 50–50% and 25–75%. Cylindirical, homog-
enous aerogels were produced to investigate the effi-
ciency of related materials for wound dressing or not. 
Water-PBS absorption rates, WVP tests, antibacte-
rial efficiency, and bicocompatibility performances 
were also investigated with SEM images. The find-
ings show that all aerogels, with the exception of 
pure Ch and Gl based aerogels, which are classified 
as extremely hydrophilic polymers, have sufficient 
water-PBS absorption rates. WVP tests also showed 
all samples, both pure CNFs and those combined 
with biopolymers, had a high amount of evaporation 
rate for different types of wounds. In order to inhibit 
bacterial invasion which lead to infection of wound 
area and therefore prolongs needed healing time, gen-
erally it is desired to be antibacterial effect of mate-
rials being used as a wound dressing. This specifica-
tion was performed for both gram positive and gram 
negative bacteria strains. Related results showed that 
CNF/Ch and CNF/Gl composites have a high antibac-
terial effect, although CNF/Al compositions showed 
no antibacterial effect against two bacteria strains, 
and they were proposed to be used for non-infectious 
wounds. Biocompatibility tests were performed to 
determine cell viability, and all aerogels were found 
to be biocompatible, which is the most important 
parameter for materials to be usable as tissue scaffold 
materials. When the obtained results were qualified, 
the main idea was that the produced composites ful-
filled specific features required for scaffold materials 
and were also usable precursors in these applications 
after in vivo tests.
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