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A B S T R A C T

In this study, cellulose nanofiber (CNF)-based sponges incorporating different Ganoderma lucidum biomass 
fractions were developed and evaluated as bioactive wound dressing materials. Isolated mycelium (G-M), 
mycelium with exopolysaccharide (G-ME) and purified exopolysaccharide (G-E) fractions were characterized to 
determine their composition and functionality. The incorporation of fungal biomass significantly altered the 
structural and physical properties of CNF-based sponges, leading to reduced bulk density, high porosity (>99 %) 
and increased specific surface area (up to 7.4 m2/g). The type of fungal fraction influenced material behavior: G- 
M enhanced water absorption (up to 9200 %) and compressive strength, G-E improved network stability and 
reduced degradation rate in PBS, and G-ME produced the most homogeneous pore structure and highest tensile 
strength (30 MPa). Scanning electron microscopy (SEM) confirmed a highly interconnected porous morphology 
with an average pore size close to 100 μm, comparable to those reported for skin substitutes. The sponges 
exhibited excellent swelling capacity, controlled degradation, and rapid exudate uptake (up to 400 %), con
firming their suitability for wound exudate management. Biological evaluations demonstrated hemocompati
bility, high cytocompatibility (>90 % cell viability in HaCaT cells), and antioxidant activity. Notably, sponges 
containing EPS-rich fractions (CNF:G-E and CNF:G-ME) showed a clear bactericidal effect against Staphylococcus 
aureus, a major wound pathogen, while maintaining superior mechanical and fluid absorption performance. 
Overall, these findings demonstrate that fungal biomass can act as a natural, low-cost additive to tailor the 
structure, stability, and bioactivity of CNF-based dressings without extensive purification. The combination of 
mechanical resilience, biocompatibility, and selective antimicrobial activity supports their potential as multi
functional and sustainable wound dressing materials.

1. Introduction

Biomaterials are increasingly used in biomedical and tissue engi
neering applications [1]. Among these, polymer-based biomaterials 
have attracted particular attention due to their versatility, high water 
retention, and porous structures [2]. Within this category, biopolymers 
stand out for their biocompatibility and sustainable origin, making them 
suitable for medical applications such as wound dressings and regen
erative scaffolds [3].

Wound healing is a complex process involving hemostasis, inflam
mation, proliferation, and remodeling. Effective control of wound 
exudate is critical, as excess fluid can lead to hyperhydration, tissue 

damage, and delayed healing. Conventional dressings often do not 
provide adequate control, which has driven the development of 
advanced porous materials such as aerogels, foams, and sponges [4]. 
Cellulose nanofibers (CNFs) have emerged as promising candidates for 
such applications. Their abundance of hydroxyl groups gives them 
chemical versatility, while their high crystallinity, water dispersibility, 
and three-dimensional network structure provide mechanical stability 
and excellent fluid absorption [3]. CNFs have been successfully used in 
gel- and sponge-shaped wound dressings, demonstrating hemostatic and 
bioactive agent delivery functions [5,6]. Recent studies also highlight 
their potential as functional dressings with customized mechanical and 
biological performance [7–10].
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Along with cellulose, microbial exopolysaccharides offer unique 
bioactivity. Among them, fungal exopolysaccharides (EPS) show 
immunomodulatory, antioxidant, and wound-healing potential [11,12]. 
Ganoderma lucidum, a well-known medicinal mushroom, produces 
polysaccharides with diverse structural characteristics and biological 
effects [13,14]. However, most studies have focused on extracts from 
spores or fruiting bodies, which require long cultivation periods and 
produce limited quantities. Mycelium-derived fractions, including 
associated EPS, represent a faster and more sustainable alternative, but 
their potential in wound healing applications remains under-explored 
[15].

Despite the recognized advantages of CNFs and G. lucidum poly
saccharides separately, their combination in porous, highly absorbent 
sponges for wound healing has not been reported. This study addresses 
this gap by developing CNF-based sponges enriched with G. lucidum 
mycelium fractions. The influence of the isolated mycelium, mycelium 
with EPS, and pure EPS fractions on the chemical, structural, morpho
logical and mechanical properties of the sponges has been investigated. 
In addition, their liquid management behavior and biological perfor
mance were evaluated to determine their suitability as advanced ma
terials for wound treatment.

2. Materials and methods

2.1. Materials

CNFs were prepared from wheat straw bleached cellulose pulp by 
high-pressure homogenization after a chemical pretreatment consisting 
of a TEMPO-mediated oxidation reaction as explained in previous in
vestigations [16].

All media components used in the cytotoxicity assay were purchased 
from Gibco, Thermo Fisher Scientific, USA and MTT (3-(4, 5-dimethylth
iazolyl-2)-2, 5-diphenyltetrazolium bromide) was purchased from Invi
trogen, Thermo Fisher Scientific, USA. All chemicals were purchased 
from Sigma-Aldrich (Stockholm, Sweden), if not specified otherwise.

2.2. Preparation and characterization of fungal biomass

2.2.1. Production of fungal biomass
The fungal biomass (FB) was produced by culturing Ganoderma 

lucidum (strain M9725, Mycelia, Belgium) on potato dextrose broth 
(PDB). The cultures were incubated at 30 ◦C for 12 days. The resulting 
biomass was then washed with Milli-Q water and the exopolysaccharide 
was separated from the mycelium by gentle scraping, obtaining the 
three fractions of FB: G. lucidum mycelia + exopolysaccharide (G-ME), 
G. lucidum mycelia (G-M), and G. lucidum exopolysaccharide (G-E). The 
biomasses were then frozen in liquid nitrogen and freeze-dried (Lab
conco FreeZone 6, with bulk tray drier, USA).

2.2.2. Characterization of fungal biomasses

2.2.2.1. Carbohydrate composition. The monosaccharide composition of 
the FB was analyzed via both sulfuric acid and trifluoroacetic acid (TFA) 
hydrolysis. To perform the sulfuric acid hydrolysis, 4 mg of samples 
were weighed in glass tubes and 125 μL of 72 % sulfuric acid was added 
to the tubes, followed by incubation for 1 h at room temperature. Sub
sequently, 1375 μL of Milli-Q water was added to the samples and hy
drolyzed for another 3 h at 100 ◦C. The resulting solution was filtered 
(0.2 μm, Chromacol nylon filters, Thermo Scientific, USA) and diluted in 
Milli-Q water for analysis in HPAEC-PAD (high-performance anion- 
exchange chromatography/pulsed amperometric detection, Dionex 
6000, Thermo Scientific, USA) through Dionex CarboPac PA20 column. 
The eluent started as water plus 1.2 % of 200 mM sodium hydroxide, 
which after 18 min was changed to 100 % 200 mM NaOH and main
tained for 20 min. Finally, during the last 5 min the composition was 

returned to 1.2 % of 200 mM NaOH in water. The flow rate was constant 
at 0.4 mL/min. For the TFA test, 2 mg of dry powdered FB was weighed 
in glass tubes to which 1 mL of 2 M TFA was added. The tubes were then 
incubated at 120 ◦C for 3 h. After filtration, 100 μL of the solution was 
dried under air flow, reconstituted in Milli-Q water, and analyzed by 
HPAEC-PAD in the same manner as sulfuric acid lysate samples. The 
analysis was performed in triplicate for each type of sample, and the 
results were expressed as the arithmetic mean ± standard deviation.

2.2.3. Phenolic acids determination
To investigate the phenolic acid composition of the FB, 0.5 mL of 2 M 

NaOH was added to triplicate samples of 10 mg of FB. The Eppendorf 
tubes were then flushed with N2 and incubated overnight at 60 ◦C under 
stirring. The mixtures were then acidified to pH 3 using 12 M HCl, and 
the phenolic compounds were extracted by liquid-liquid partitioning 
with ethyl acetate (4×) [17]. The organic phase was dried and recon
stituted in methanol, and the total phenolic content was determined 
using the Folin-Ciacalteu method [18]. In addition, an aliquot of the 
methanolic extracts was analyzed through ZORBAX StableBond C18 
column (Agilent Technologies, Santa Clara, CA, USA) in HPLC/UV–Vis 
(Agilent 1200 Series, Agilent Technologies, USA) as described in a 
previous work [19]. Various concentrations (100–5 μg/mL) of gallic, 
caffeic, sinapic, cinnamic, ferulic and p-coumaric acids were used as 
external standards. The analysis was performed in triplicate for each 
type of sample, and the results were expressed as the arithmetic mean ±
standard deviation.

2.2.4. Protein content
Soluble protein content of the FB was measured by Bradford assay 

(Bio-Rad Protein assay kit, USA) [20]. The test was done according to 
the kit instructions for microplate format. Bovine serum albumin was 
used as the standard and the soluble protein content was calculated as a 
percentage of the initial biomass. The analysis was performed in tripli
cate for each type of sample, and the results were expressed as the 
arithmetic mean ± standard deviation.

2.2.5. Fourier transform infrared spectroscopy (FTIR)
FTIR analyses of FB were performed using a spectrometer FTIR-ATR 

Perkin Elmer Spectrum Two, in the range of 4000–400 cm− 1 with a 
resolution of 4 cm− 1 and a total of 40 scans averaged per spectrum.

2.2.6. Zeta potential
The zeta potential of FB was measured using a Zetasizer (ZSP, Mal

vern Instrument Ltd., Worcestershire, UK) at 25 ◦C based on laser 
Doppler velocimetry. Dispersions were prepared at a concentration of 
10− 3 g/mL using distilled water as solvent and inert electrolyte. The 
refractive index values for dispersant and the material (β-glucans) were 
set as 1.33 and 0.146, respectively. The analysis was performed in 
triplicate for each type of sample, and the results were expressed as the 
arithmetic mean ± standard deviation.

2.3. Bio-based sponges' production

Prior to sponge formation, hydrogel suspensions were prepared. In 
all cases, they were formulated so that the final weight of each sponge 
was 0.075 g (dry matter) with a 6 cm-diameter. Four types of hydrogels 
were produced: a control (100 % CNF), and three 90:10 CNF: FB for
mulations (each containing one of the three FB fractions). First, the 
corresponding amount of FB was weighed, and the required volume of 
CNF suspension was added. The mixtures were brought to a total of 15 g 
with distilled water. This mixture was homogenized in a high-shear 
homogenizer (IKA T18 digital Ultra Turrax) for 3 min at 10,000 rpm 
and then left under magnetic stirring for 24 h to allow the physical cross- 
linking between the polymers to occur. After this, the solution was 
poured into Petri dishes (Ø 6 cm) and freeze-dried at − 80 ◦C for 72 h 
under a vacuum of 0.5 mBar.
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2.4. Sponges' characterization

2.4.1. Physical properties
The bulk density of the prepared sponges was determined from the 

dimensions (height, diameter, and thickness) and the weights of the 
samples. The porosity of the sponges was estimated using Eq. (1), pro
posed by Geng (2018) [21]. 

Porosity (%) = (V − W/ρ)/V× 100 (1) 

where V is the volume (cm3) of the sponges, W is the weight (g) of the 
sponges, and ρ is the density of the cellulose (1.528 g/cm3). Bulk density 
and porosity were determined for four replicates of each sponge, and the 
results were expressed as the arithmetic mean ± standard deviation.

Nitrogen physisorption analysis was performed using a Micro
meritics Tristar 3000 instrument (Micromeritics Instrument Corp., USA) 
at 77 K with nitrogen (N₂) as the adsorption gas. Prior to measurement, 
the samples were degassed for 24 h at 50 ◦C under vacuum to remove 
residual moisture. The adsorption-desorption isotherms were recorded, 
and the Brunauer–Emmett–Teller (BET) method was applied to deter
mine the specific surface area using MicroActive software from 
Micromeritics.

X-Ray diffraction (XRD) analyses were performed using a Bruker D8 
Discover with a CuKα1 source over an angular range of 10–80◦ at a scan 
speed of 0.025◦/s in reflection mode. Fourier Transform Infrared spec
troscopy (FTIR) analyses were performed as previously described.

Scanning Electron Microscopy (SEM) images were captured using a 
Hitachi TM-1000 tabletop microscope (Japan), operated at a voltage of 
10 kV and a working distance of 6 mm. SEM samples were prepared by 
cryo-fracturing with the aid of liquid nitrogen. These samples were 
subsequently affixed onto a metal support and securely positioned using 
copper tape. The pore diameters in each sponge were quantified using 
ImageJ software (US National Institutes of Health, USA) and were 
determined as the mean value from a minimum of 80 random mea
surements. The pore size distribution histograms and average pore size 
(APS) of the sponges were analyzed by fitting the data using a Gauss 
curve fitting procedure.

The water absorption capacity of the sponges was measured gravi
metrically as follows. Briefly, a square piece of 4 cm2 of each sponge 
sample was weighed (W0) and immersed in 10 mL of distilled water. The 
samples were taken out after 20 min and left to stand on a Petri dish for 
1 min before weighing the sample again (Wf). Then, the water absorp
tion capacity of the sponges was calculated according to the Eq. (2): 

Water absorption (%) =
(
Wf − W0

)/
W0 ×100 (2) 

This determination was performed in triplicate for each type of sample, 
and the results were expressed as the arithmetic mean ± standard 
deviation.

The in vitro stability and degradation behavior of the sponges were 
evaluated based on their swelling degree in phosphate-buffered saline 
(PBS) and their weight loss over a period of 14 days. For each sponge 
formulation, three independent samples were cut into square specimens 
(4 cm2) of uniform dimension and thickness. All samples were dried to a 
constant weight and individually weighed (W0). For swelling tests, each 
specimen was immersed in 10 mL of PBS (pH 7.4) in sealed containers 
and incubated at 37 ◦C for 24 h. Excess PBS on the sponge surface was 
gently removed before determining the swollen weight (Wf). The 
swelling ratio was calculated according to Eq. (2). To evaluate degra
dation, the samples were incubated in PBS at 37 ◦C for 14 days. At 
predetermined time intervals (1, 3, 7, 10 and 14 days), specimens were 
removed, rinsed with distilled water to remove residual salts, and dried 
to a constant weight. Degradation was expressed as the percentage of 
weight loss relative to W0 at each time point. Pure CNF sponges were 
included as control group.

2.4.2. Mechanical properties
The study of mechanical properties included compression and tensile 

strength analyses.
The compression tests for dried sponges and for wet sponges after 

water soaking were performed on an Instron LF Plus Lloyd Instrument 
testing machine equipped with a 1 kN load cell. Sponge test samples 
were prepared as cylinders of approximately 12 mm height and 25 mm 
diameter. They were placed between a pair of fixed plates (110 mm ø). 
Compression strength, Young's modulus and stress-strain curves of the 
samples were determined at a strain rate of 2 mm/min with a maximum 
strain limit of 80 %. The mechanical properties were evaluated in trip
licate for each sponge, and the data were expressed as the arithmetic 
mean with its standard deviation.

Tensile tests were performed using the same equipment. The mate
rials were made into films using the casting method and then cut into 
strips (1.5 × 10 cm). Tests included both dry and wet films after water 
soaking, and tensile strength, Young's modulus, and deformation were 
studied, in accordance with the ASTM D882 standard method [22]. Film 
strips were then fixed between the jaws with an initial separation of 65 
mm, and the crosshead speed was set to 50 mm/min with a load cell of 1 
kN. The results were expressed as the average of eight samples for each 
film.

Prior to measurements, all sponges and films were equilibrated at 
25 ◦C and 50 % relative humidity (RH) according to the standard 
method.

2.5. Active properties of the sponges

2.5.1. Wound exudate uptake
To determine the ability of sponges to absorb wound exudate, layers 

mimicking skin were created as reported by Rostamitabar et al. [23]. A 
layer mimicking the dermis and a lower layer mimicking the hypodermis 
were used as a model of artificial skin to prevent excessive drying over 
time. The hypodermis was formed with gelatin (2 % w/w) and agar (0.4 
% w/w) under agitation at 50 ◦C until a homogeneous solution was 
obtained, which was then poured into round Petri dishes to a height of 
15 mm and allowed to solidify. The dermis layer was prepared in an 
analogous manner with gelatin (24 % w/w) and agar (2 % w/w) by 
pouring it over the hypodermis layer to a thickness of 5 mm. Once the 
layers were solidified, square pieces of the sponges (4 cm2) were placed 
on top of the upper layer and covered with the lid of the plates. These 
plates were kept in a climatic chamber under controlled conditions of 
humidity (50 % RH) and temperature (25 ◦C) and the weight of the 
sponges was measured at 8 different time points up to 48 h. The wound 
exudate absorption capacity was expressed as the percentage of weight 
gain of the sponges. The tests were performed in triplicate.

2.5.2. Hemolysis test
To assess hemolysis activity, triplicates of the cutouts from the 

sponges were tested in accordance with the ISO 10993-4 standard [24]. 
Fresh sheep blood (less than 24 h old from collection, from Håtunalab 
AB, Sweden), was centrifuged at 2000 rpm for 10 min. The resulting 
supernatant was removed, and the remaining erythrocytes were washed 
three times with a normal saline solution. Subsequently, the erythro
cytes were diluted to a concentration of 2.5 % in normal saline.

To the samples, first 200 μL of normal saline and then 800 μL of the 
diluted cell solution were added (final cell concentration of 2 %), fol
lowed by incubation for one hour at 37 ◦C. The samples were then 
subjected to centrifugation at 1500 rpm for 5 min. The absorbance of the 
supernatant was then measured at 540 nm (Varian Cary 50 Bio 
UV–Visible Spectrophotometer, USA). Normal saline and 1 % triton-X 
solutions were used as the blank and positive control, respectively. 
The percentage of hemolysis activity was calculated using the Eq. (3): 

%Hemolysis = (AS − AB)/(AC − AB)×100 (3) 
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where, AS, AC and AB are the absorbance of each sample, the positive 
control, and the blank, respectively.

2.5.3. Cytotoxicity assay: skin compatibility
The skin compatibility of the sponges was evaluated using HaCaT 

cells (keratinocyte cell line [25] Cell Lines Service, Eppelheim, Ger
many). The assessment was performed using the PrestoBlue® Cell 
Viability Reagent (Thermo Fisher Scientific, NO), a resazurin-based 
assay that measures metabolic activity as an indicator of cell viability 
[26].

HaCaT cells were cultured in Dulbecco's Modified Eagle Medium 
(DMEM) supplemented with 1 % Pen-Strep, 1 % glutamine, and 10 % 
fetal calf serum. The incubation conditions were maintained at 37 ◦C, 5 
% CO₂, and 100 % humidity. A total of 11,000 cells per well were seeded 
in a 48-well plate. Circular pieces (Ø 0.5 cm) were cut from each sponge 
sample (CNF, CNF:G-ME, CNF:G-M, and CNF:G-E) and sterilized in ab
solute ethanol overnight. Subsequently, the samples were washed three 
times with PBS and incubated in the culture medium to prepare extracts 
at 50, 100, 200, and 400 mg/L.

The resulting sponge extracts were added to the respective wells and 
incubated for 24 h or 48 h. Each concentration and time point was tested 
in four technical replicates (n = 4) to ensure reproducibility.

After each incubation period, cell viability was determined using the 
PrestoBlue assay. The culture medium was replaced with fresh DMEM 
containing 10 % (v/v) PrestoBlue reagent, and the plates were incubated 
for 30 min at 37 ◦C. Fluorescence was measured at 560 nm excitation 
and 590 nm emission using a microplate reader (FLUOstar Omega, BMG 
Labtech, Germany).

The results were expressed as the percentage of viable cells relative 
to untreated controls. A 2 % Triton X-100 solution in culture medium 

was used as a positive control for cytotoxicity. All samples were 
analyzed within the same experimental setup to avoid variability related 
to cell passage or handling conditions.

2.5.4. Antimicrobial capacity
The antimicrobial activity of the foam composite was evaluated 

against Bacillus cereus (CCUG 7414), Escherichia coli (CCUG 10979) and 
Staphylococcus aureus (CCUG 10778, representing Gram-positive and 
Gram-negative bacteria, using the colony-counting method. Bacterial 
inoculates were prepared in Mueller Hinton Broth by incubating bac
terial colonies at 37 ◦C for 24 h. The optical density at 600 nm was then 
adjusted to match the McFarland 0.5 standard (~108 CFU mL− 1). Foam 
samples (2 mg) were UV-sterilized on both sides and placed in sterile 
microplates containing 200 μL of Mueller Hinton Broth inoculated with 
105 CFU mL− 1 of bacterial culture. The plates were incubated at 37 ◦C 
for 24 h, after which 100 μL aliquots from serial dilutions were spread on 
Mueller Hinton Agar plates. All samples were tested in triplicate. Colony 
numbers were counted following 20 h of incubation at 37 ◦C, and bac
terial growth inhibition was calculated relative to a control culture 
without foam samples.

2.6. Statistics

All data have been presented as the average ± standard deviation. 
Statistical analysis was done through analysis of variance (ANOVA) 
followed by Duncan test. Different letters show significant differences (p 
≤ 0.05).

Fig. 1. Monosaccharide composition of the fungal biomass subjected to A) TFA hydrolysis and B) Sulfuric acid hydrolysis. C) Phenolic acid content and D) FTIR 
spectra of fungal biomasses.

E. Rincón et al.                                                                                                                                                                                                                                  International Journal of Biological Macromolecules 337 (2026) 149401 

4 



3. Results and discussion

3.1. Characteristics and properties of G. lucidum-fungal biomass

The composition of the different G. lucidum fractions - G-ME, G-M 
and G-E - was analyzed by acid hydrolysis to determine their mono
saccharide profiles. Samples were subjected to hydrolysis with either 
TFA and sulfuric acid prior to analysis (Fig. 1a and b). In all cases, 
glucose (Glc) was identified as the predominant monosaccharide, in 
agreement with previous reports for purified G. lucidum mycelium [13]. 
Consistent with literature, G. lucidum cell wall polysaccharides are 
mainly branched β-glucans, composed of β-D-(1➔3)(1➔6) [27].

In addition to Glc, two monosaccharides related to chitin were 
detected: glucosamine (GlcN) and N-acetyl-D-glucosamine (GlcNAc). 
Their presence supports the characteristic structure of fungal mycelium, 
where chitin is the main crystalline polysaccharide, with β-glucans 
forming the outer layer of the cell wall [11]. Other sugars, such as 
fucose, mannose and xylose, were present in much smaller amounts. 
Hydrolysis with sulfuric acid (Fig. 1b) resulted in a slightly lower overall 
carbohydrate content, reflecting more efficient breakdown of the crys
talline polymers such as chitin (Table S2). In contrast, in the G-E frac
tion, composed mainly of EPS, milder hydrolysis with TFA preserved a 
higher carbohydrate yield, indicating less extensive degradation of 
polysaccharides.

The results also suggest interactions between the mycelium and EPS 
in the G-ME complex, as evidenced by the lower soluble protein content 
(Table S1). The phenolic acid profiles of the three fractions are shown in 
Fig. 1c. Cinnamic acid was the predominant compound, particularly in 
the purified G-E fraction. Ferulic, coumaric and caffeic acids were also 
identified, although in lower concentrations (Table S3). These phenolic 
acids may increase the antioxidant potential of the fractions. In addition, 
cinnamic acid derivatives have been reported to inhibit the growth of 
harmful bacteria such as E. coli, while preserving certain resistant lactic 

acid bacteria [28], a property of potential interest for applications in 
wound dressing.

The phenolic acid composition observed was consistent with that 
described by Dong et al., (2019) for G. lucidum. Their study highlighted 
the influence of drying techniques on the phenolic content of fungal 
biomass, identifying freeze-drying – the method used in this study - as 
the most effective for preserving compounds [29].

The identification of the characteristic chemical groups in the FB 
samples was determined by FTIR analysis (Fig. 1d). The broad band 
observed at 3300 cm− 1 is usually related to the -OH groups of poly
saccharides. The observed peak at 2926 cm− 1 is indicative of the 
stretching vibrations of C–H, suggesting the presence of the CH3 func
tional group [30]. The peak at 1737 cm− 1 is due to the carboxyl ester 
group, which corroborates the presence of chitin base polymers in these 
FB. The peaks at 1640, 1550 and 1418 cm− 1 indicated the C––O vibra
tion, the N–H deformation of amide II and C–H bending vibrations of 
carboxylic and CH3 and/or CH2 functional groups, respectively. Finally, 
peaks at 1148, 1021 and 849 cm− 1 are typical of β-glucans [14].

3.2. Physical and chemical characterization of CNF/FB-based sponges

Once the composition of the G. lucidum fractions was determined, 
CNF-based sponges enriched with these fractions were produced. Ma
terials intended for wound dressing must effectively absorb blood and 
wound exudate to promote clotting and maintain a balanced moist 
environment. For this reason, porosity and water absorption capacity 
are critical parameters, as the most effective dressings are sponge-like. 
The ideal porosity of a hemostatic sponge-type material is considered 
to be at least 90 % [31].

Bulk density and porosity results are shown in Fig. 2a and b. The 
incorporation of FB led to a significant decrease in density (in the range 
of 7–8 mg/cm3), compared to pure CNF sponge (11 mg/cm3). At the 
same time, porosity increased to above 99 % in all FB-containing 

Fig. 2. (a) Density, (b) porosity, (c) XRD-patterns and (d) FTIR spectra of CNF-based sponges.
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sponges, regardless of fraction type, with no significant differences be
tween them. These values are consistent with aerogels described in CNF- 
and collagen-based tissue engineering applications [31]. The high 
porosity can be explained by the hydrophilic nature of the poly
saccharide chains. When fungal biomass is added, its hydrophilic chains 
retain more water during the freezing process. This promotes the for
mation of larger or more structured ice crystals, which after freeze- 
drying results in a more open pore network [31]. This more open and 
connected network translates into a greater volume of accessible pores 
and, therefore, an increase in specific surface area (SSA), as confirmed 
by BET analysis: the SSA increased from 3.93 ± 0.04 m2/g for pure CNF 
sponges to 5.39 ± 0.09 m2/g for CNF:G-M, 6.66 ± 0.10 m2/g for CNF:G- 
E and 7.39 ± 0.04 m2/g for CNF:G-ME. These results indicate that the 
incorporation of FB not only improved porosity but also expanded the 
internal network, effectively increasing the available adsorption sites. 
Similar trends have been reported for cellulose aerogels with different 
alkali and alkaline earth metal chlorides. The increase in SSA was 
attributed to the addition of certain agents to the polymer matrix of the 
sponges leading to a “nanostructural reorganization” of the cellulose 
[32]. A higher SSA suggests a more open structure with improved fluid 
absorption capacity. It is important to note that, compared to commer
cial wound dressings such as polyurethane foams, the porosity of the 
present CNF-based sponges (>99 %) was substantially higher. Liu et al. 
(2017) reported porosity values ranging from 70 to 80 % for commercial 
foams [32].

The XRD patterns are shown in Fig. 2c. The absorption peaks in FB 
sponges were very similar to those in bulk CNF. Characteristic CNF 
peaks were found at 2θ = 16.2◦ and 2θ = 22.1◦ corresponding to the 
(110) and (200) crystalline planes typical of the crystal I type of cellu
lose [33]. A few small reflections observed at 30◦ and 40◦ denote the 
crystalline phase representing trace elements and compounds in the raw 
wheat straw cellulose fiber used to produce CNF [34]. Regarding the 
FTIR spectrum of the sponges, the neat CNF sponge showed the char
acteristic peaks at 3340, 1600, 1420 and 1030 cm− 1 corresponding to 
the vibration of OH groups, C––O stretching of carboxyl groups, CH2 
groups and to the carbonyl bonds of the cellulose skeleton, respectively 
[35]. When FB were added no new peaks were observed. This is due to 
two reasons: (i) the FTIR spectra of CNF and FB are very similar as the 
most characteristic peaks of both samples overlap and (ii) the interaction 
between CNF and FB does not generate new functional groups, sug
gesting that mainly hydrogen bonds are formed between these compo
nents. A similar observation was reported by Zhang et al. (2023) for 
banana pseudo-stem nanocellulose aerogels enriched with konjac glu
comannan [36].

The morphology of the fabricated biomaterials was investigated by 
SEM (Fig. 3). The SEM images revealed that the sponges structurally 
resembled polyurethane (PU) foam dressings and biomaterial-based skin 
scaffolds, such as those incorporating collagen [37]. A study by Heit 
et al. examined PU foam dressings with pore sizes ranging from 0.7 to 
3.1 mm, assessing their function as interface materials for suction de
vices. That work emphasized the critical role of dressing pore size in 
wound healing, suggesting that foams with smaller pores are better 
suited for highly proliferative wounds, as they help prevent undesirable 
foam ingrowth [38].

In terms of pore size, sponges exhibited a non-homogeneous struc
ture compared to industrially manufactured PU foams. However, when 
FB was introduced to the CNF composition, a structure with a greater 
number of pores, which were also more uniformly sized, was obtained. 
SEM-derived statistical histograms of the pore size distribution are 
shown in Fig. 4. The morphology of the CNF, CNF:G-ME, CNF:G-M, and 
CNF:G-E sponges showed a macroporous structure with APS values of 
96.97, 94.58, 90.77, and 99.56 μm, respectively. The size distribution of 
most pores ranged from 25 to 275 μm, 25 to 225 μm, 25 to 325 μm, and 
25 to 275 μm for CNF, CNF:G-ME, CNF:G-M, and CNF:G-E sponges, 
respectively. Among the sponges, the one incorporating G-ME (Fig. 3b) 
displayed the most homogeneous structure, with the narrowest pore size 

distribution (Fig. 4b). Notably, this sample also exhibited the highest 
SSA, suggesting a greater fraction of accessible pore surfaces, which may 
benefit from its improved structural uniformity. According to Yannas 
et al. [39] the optimal pore size for artificial skin grafts that facilitate cell 
penetration falls within the range of 50–150 μm. The APSs observed in 
the present sponges (around 90–100 μm) align with the higher end of 
this range and are comparable to the pore size of artificial skin produced 
by Cahn et al. (115–120 μm) [37]. In comparison to commercial foam 
dressings [40], the CNF/FB-based sponges exhibited pore sizes similar to 
those of Medifoam®N, albeit with slightly greater variation. The 
thickness of the pore wall in the current sponges (less than 0.1 μm), 
relative to the pore size, was substantially lower than the PU foam 
dressing [39]. This parameter plays a pivotal role in determining the 
mechanical properties and flexibility of a foam [41].

Water absorption capacity is one of the most critical parameters for 
wound dressing applications, as these must effectively remove wound 
exudate while preventing bacterial colonization [42,43]. The water 
absorption capacities of the sponges are shown in Fig. 5a. The pure CNF 
sponge showed an absorption capacity of 7600 %. The inclusion of FB 
altered this behavior depending on the fraction used. The CNF:G-M 
sponge showed a notable increase, reaching 9200 %. In contrast, the 
addition of the more purified EPS fraction (G-E) reduced water ab
sorption to 6100 %. However, all sponges maintained high absorbency 
(>4000 %), providing sufficient surface area and liquid retention to be 
considered suitable for wound dressing applications. The values were 
consistent with those reported previously for Janus nanofiber-based 
porous materials [4] and significantly exceeded those of commercial 
polyurethane-based foams, such as CaduMeti, which have water and 
saline absorption capacities of 1330 and 1367 %, respectively [32]. 
Therefore, sponges obtained in the present study represent a four- to 
seven-fold improvement in fluid management performance compared to 
current marketed products.

To evaluate their swelling and stability under physiological condi
tions, the sponges were immersed in PBS. The swelling ratio after 24 h is 
shown in Fig. 5b. The lower swelling of CNF:G-M and CNF:G-E 
compared to pure CNF is likely due to stronger intermolecular in
teractions and partial ionic cross-linking between polysaccharide chains 
and phosphate ions in PBS, which limits network expansion [44]. These 
findings suggest that the incorporation of fungal biomass modulates the 
hydrophilic-hydrophobic balance and polymer-ion interactions, result
ing in tunable swelling behavior desirable for exudate management 
control. The in vitro degradation profile of the sponges in PBS over 14 
days (Fig. 5c) revealed different stability trends depending on the frac
tion incorporated. The CNF:G-ME and CNF:G-M samples showed a faster 
initial mass loss (up to 25 % in the first 3 days), followed by stabilization, 
while the CNF:G-E and pure CNF samples showed gradual, almost linear 
degradation. The greater initial degradation of sponges containing 
mycelium may be related to their higher absorption capacity (Fig. 5a). 
This can be attributed to their lower tendency to form hydrogen bonds 
with CNF, together with the presence of bound phenolic acids. In 
particular, gallic acid, which contains multiple -OH groups, likely im
proves water retention by facilitating interactions with surrounding 
water molecules. In contrast, the denser network of CNF:G-E and CNF 
restricted fluid diffusion, providing greater structural integrity over 
time. These results demonstrate that the degradation rate of CNF-based 
sponges can be adjusted by the type of fungal biomass incorporated, an 
essential property for wound dressings, where gradual resorption of 
material and its replacement by regenerated tissue is desirable [45]. This 
controlled degradability may be advantageous for tailoring the material 
resorption rate to tissue regeneration dynamics.

As a wound dressing, the material is inevitably subjected to various 
stresses during application. Therefore, good compressive strength and 
adequate softness are required to maintain sponge integrity and prevent 
secondary wound damage [46]. The pure CNF sponges were relatively 
flexible in the dry state, with compression strength values similar to 
those previously reported by the research group for these materials [35]. 
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Fig. 3. SEM images of (a) CNF, (b) CNF: G-ME, (c) CNF: G-M, and (d) CNF:G-E sponges.
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In addition, they maintained their shape well when hydrated. Incorpo
ration of different FB fractions did not impair these properties and even 
enhanced them. The stress-strain curves of the sponges are shown in 
Fig. 6. Three deformation stages can be distinguished in these curves. In 
the first stage (up to 20 % deformation), linear elastic deformation of the 
cellulose structure and collapse of the macropores occur when subjected 
to low stresses. The curve then rises slowly due to the onset of plastic 
deformation, in which the porous network undergoes irreversible 
structural changes after exceeding the elastic limit. In the third region 
(deformation greater than 80 %), the stress increases dramatically due to 
densification caused by bending or damage to the mesopores, as well as 
compression and rupture of intermolecular interactions between the 
fibers [35].

These effects were more pronounced in sponges containing 
mycelium-rich FB fractions. Compressive strength and Young's modulus 
are summarized in Table 1. Sponges with the G-M fraction exhibited the 
highest compressive strength (14.49 kPa) and modulus (142.25 kPa). In 
general, the addition of FB fractions increased the compressive strength 
of CNF sponges (Fig. 6a). The mechanical response of wet sponges 
showed a similar trend to that of dry ones. The reduced modulus in the 
hydrated state provided excellent softness (Fig. 6b), as free water acts as 
a plasticizer for natural polymers, enhancing flexibility. Although no 

significant differences were observed between the Young's moduli of wet 
samples (Table 1), all values were comparable to that of human skin 
(around 5 kPa) [46]. The superior compressive properties of the CNF:G- 
M sponge are likely due to the combined effect of (i) rigid chitin-glucan 
fragments from the mycelium acting as reinforcing fillers [47], (ii) a 
smaller average pore size and favorable pore size distribution allowing 
for more uniform stress distribution [48], and (iii) better fiber contacts 
and pore wall architecture that improve load transfer [49].

However, it is known that density has a direct relationship with the 
mechanical properties of CNF-based materials [35]. Therefore, to 
eliminate the effect of this variable given the high variation in density 
between samples (Fig. 2a), the specific compressive strength (specific 
CS) and specific Young's modulus (specific YM) were calculated for the 
sponges (Table 1). Clear effects of FB inclusion on the mechanical per
formance of the materials were observed. Thus, the addition of any of 
the G. lucidum fractions significantly improved the compressive strength 
of the sponges, both dry and wet. However, no clear differences were 
observed between the inclusion of different fractions, highlighting the 
strong effect of density on these properties. This confirms that the 
improved mechanical response cannot be solely attributed to density 
differences but also to reinforcement from the fungal components.

In addition to compression, the tensile mechanical properties of the 

Fig. 4. Statistical histograms of the pore size distribution derived from the SEM micrographs. The Gauss curves indicate the APS of the data.
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materials were investigated in both dry and wet states. The results ob
tained are shown in Fig. 7. CNF:G-ME had the highest tensile stress (TS) 
of 30.06 MPa (Fig. 7a). CNF:G-M and CNF:G-E showed lower TS. 
However, these values are very similar to those reported for poly
urethane films applied in negative pressure wound therapy [50]. When 
wet, the values obtained for all samples decreased, as was the case with 
the sponges. As mentioned above, water acts as a plasticizer with natural 
polymers. A very significant increase in the elongation at break of the 
wet samples was observed (Fig. 7b). In other words, contact with water 
increased their flexibility. The CNF:G-M sample provided the highest 

elongation (3.49 mm). This fraction had the highest water absorption 
capacity, which could be related to its greater flexibility. In tensile tests, 
strength and deformation are inversely proportional. More resistant 
materials are less deformable and therefore exhibit lower elongation, as 
observed in the results obtained. These mechanical values are in line 
with or even exceed those reported for other biopolymeric systems based 
on PVP/CNF/Aloe Vera electrospun composites [10].

Fig. 5. Water absorption capacity (A), swelling ratio in PBS (B) and in vitro degradation (C) of CNF-based sponges enriched with different fungal-derived biomass. 
Results are expressed as the mean of three repetitions (n = 3) with their standard deviation.

Fig. 6. Compressive stress-strain curves of CNF-based sponges enriched with different fungal-derived biomass under dried state (A) and wet state (B).
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3.3. Active properties for wound healing applications

Using skin-mimicking layers, the absorption of wound exudate into 
the sponges was evaluated to simulate in vivo conditions (Fig. 8a). A 
very rapid uptake of exudate was observed within the first 2–3 h 
(reaching 170–240 %), after which the absorption rate slowed and sta
bilized until 48 h. Overall, total exudate uptake exceeded 400 %, 
remarkably high values than can be attributed to the outstanding water 
absorption capacity of the sponges, as previously discussed. The slightly 
lower uptake compared to pure water absorption can be explained by 
the restricted water diffusion across the gelatin-agar interface of the 
skin-mimicking system.

The exudate absorption values of CNF/FB sponges were considerably 
higher than those reported for cellulose-chitosan microfiber aerogels 
and comparable to those of CNF or bacterial cellulose aerogels [23,51]. 
In line with water absorption behavior, some differences emerged be
tween FB fractions. Sponges containing G-M and G-E fractions showed 
faster absorption during the first 24 h compared to pure CNF, although 
they reached similar equilibrium values. In contrast, CNF:G-ME sponges 

showed faster and higher overall exudate absorption, likely due to their 
larger surface area, which facilitated liquid penetration and retention. 
This superior absorption performance highlights the potential of CNF- 
based sponge dressings to provide effective exudate control while 
maintaining structural integrity during application. Taken together, the 
adjustable structure, fluid management capacity, and mechanical 
strength of CNF/FB sponges establish a promising basis for further 
evaluation of their biological and antimicrobial performance.

Blood compatibility is an important factor in materials intended for 
hemostasis in clinical settings [52]. As per the findings reported by 
Fazley Elahi et al. [53], compounds exhibiting hemolysis activity below 
2 % are classified as non-hemolytic, while compounds demonstrating 
hemolysis activity in the range of 2–5 %, and greater than 5 %, are 
categorized as slightly hemolytic and hemolytic, respectively. Hemolytic 
activity allows for a simple, efficient, and reliable evaluation of the 
hemocompatibility of biomaterials. According to ASTM F756-17 stan
dard, biomaterials with less than 5 % hemolysis have better compati
bility with blood [54]. Based on the results of the present study, the 
sponges showed hemolytic effect values between 0.15 and 0.91 % with 

Table 1 
Compressive tests of CNF-based sponges enriched with different fungal-derived biomass in dry and wet states.

Groups Compressive stress (kPa) Young's modulus (kPa) Specific CS (kPa⋅cm3/g) Specificc YM (kPa⋅cm3/g)

Dry sponges CNF 9.50 ± 1.24c 133.75 ± 15.94a 0.82 ± 0.11b 11.54 ± 1.37c

CNF:G-ME 11.48 ± 0.70b 109.90 ± 14.74a 1.52 ± 0.09a 17.13 ± 4.69b

CNF:G-M 14.49 ± 0.80a 142.25 ± 10.67a 1.79 ± 0.35a 19.48 ± 1.46b

CNF:G-E 10.89 ± 0.75b 127.24 ± 25.80a 1.50 ± 0.32a 28.94 ± 4.90a

Wet sponges CNF 5.66 ± 0.84a 16.39 ± 4.36a 0.49 ± 0.07c 1.41 ± 0.38a

CNF:G-ME 4.81 ± 0.52a,b 17.30 ± 11.26a 0.64 ± 0.07a,b 2.29 ± 1.48a

CNF:G-M 4.05 ± 0.25b 19.66 ± 7.51a 0.56 ± 0.03b,c 1.64 ± 0.45a

CNF:G-E 5.07 ± 0.97a,b 24.12 ± 4.47a 0.68 ± 0.06a 2.14 ± 0.55a

*Different superscript letters indicate statistical differences (p ≤ 0.05) between samples from the same group (dry or wet).

Fig. 7. Tensile strength (a) and elongation at break (b) of CNF-based sponges enriched with different fungal-derived biomass under dry and wet state. *Different 
letters above the bars (lowercase for dry samples, uppercase for wet samples) indicate statistical differences (p ≤ 0.05) between samples from the same group.

Fig. 8. (a) Wound exudate uptake (%) of CNF/FB-sponges under skin-mimicking conditions. (b) Hymolytic effect of CNF/FB-sponges.
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the control CNF sponge being the least hemolytic one, followed by the 
sponge containing G-M (Fig. 8b). All sponges had minimal hemolytic 
effect and therefore were cleared as non-hemolytic. In comparison with 
CNF/silver nanoparticles – chitosan pads produced by Zaitun Hasibuan 
et al. [55], the current ones have even lower hemolytic effect and can be 
considered excellent candidates for wound dressing.

Cytotoxicity test results to evaluate the skin cells compatibility of the 
prepared sponges are also displayed in Fig. 9. The evaluation was per
formed using the PrestoBlue® resazurin-based assay at four different 
concentrations (50, 100, 200, and 400 mg/L) and two incubation times 
(24 and 48 h). At all tested concentrations and timepoints, the cell 
viability remained above 90 %, confirming that the materials are non- 
cytotoxic according to the ISO 10993-5:2009 standard [24]. The un
treated HaCaT cells served as the negative control (100 % viability), 
while 2 % Triton X-100 was used as the positive control to validate assay 
responsiveness. Among the tested formulations, the FB-enriched 
sponges demonstrated slightly higher viability compared to the pure 
CNF material, suggesting a positive contribution of fungal biomass 
components, particularly the EPS, to the overall biocompatibility of the 
composites. In addition, further in vitro and in vivo assays could be 
conducted to evaluate the effect of FB on the rate of healing in acute and 
chronic conditions to gain an expanded perspective on its application as 
wound dressings. Compared to the study of Kempf et al. [56], who tested 
cytotoxicity of various wound dressing on HaCaT cells, the materials 
developed in this study demonstrated equal or superior cytocompati
bility, with cell viability consistently exceeding 90 %, surpassing the 
performance of products such as Bactigras, Acticoat and ConvaCare 
wound dressing. The current sponges are also comparable to flamazine, 
with similar cell viability effect on HaCaT [57].

The antimicrobial activity of the foam composites was evaluated 
against B. cereus, E. coli, and S. aureus using the colony-counting method. 
The results (Fig. S1) showed that the tested materials did not signifi
cantly inhibit the growth of B. cereus or E. coli, indicating limited activity 
against these bacterial strains. However, a distinct bactericidal effect 
was observed against S. aureus for the CNF:G-E and CNF:G-ME samples. 
These two formulations contained the EPS fraction derived from the 
fungal biomass, suggesting that the presence of EPS contributes to the 
antimicrobial properties of the composites.

Given that S. aureus is one of the predominant pathogens associated 
with skin and wound infections, this selective inhibition of Gram- 

positive bacteria is particularly relevant for wound-healing applica
tions [58]. Importantly, the inclusion of EPS not only enhanced anti
bacterial performance but did so without compromising the mechanical 
properties of the foams and, in the case of CNF:G-ME, even resulted in a 
higher wound exudate uptake capacity. This indicates that complete 
removal of EPS from the fungal biomass is unnecessary, as its retention 
improves the overall functionality of the material by combining 
biocompatibility, mechanical integrity, fluid absorption capacity, and 
targeted antimicrobial potential. These findings reinforce the suitability 
of the CNF-based sponges as advanced bioactive wound dressing 
candidates.

As previously mentioned, several CNF-based biomaterials have been 
investigated in the literature for wound dressing applications. The key 
characteristics of these materials, in comparison with those developed in 
the present study, are summarized in Table 2. This comparison high
lights the excellent water uptake capacity of CNF sponges enriched with 
different G. lucidum fractions, confirming the suitability of this archi
tecture for efficiently absorbing fluids and treating heavily exuding 
wounds. These results are further supported by the low hemolytic ac
tivity observed, indicating the material's biocompatibility for biomed
ical use. The lower mechanical strength observed for the present 
biomaterials compared with other CNF-based systems can be attributed 
to their lower density. The CNF sponges containing G. lucidum EPS are 
the lightest among those reported, and it is well established that 
increasing the solid content during biomaterial formulation propor
tionally enhances mechanical strength [35]. Nevertheless, it is worth 
noting that comparable functional performance was achieved using 
significantly less material. Moreover, unlike sodium alginate/CNF 
sponges coated with a bio-polyurethane, as reported by Yadav et al. 
[58], the present sponges were uncoated, yet still exhibited satisfactory 
mechanical stability. Future work will focus on improving the me
chanical properties by increasing the proportion of structural compo
nents, particularly G. lucidum polysaccharides, which are expected not 
only to reinforce the matrix but also to further enhance 
cytocompatibility.

4. Conclusion

The exopolysaccharides and mycelium from G. lucidum were suc
cessfully isolated and characterized, confirming their typical fungal cell 

Fig. 9. Cytotoxicity test of the CNF-based sponges.
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wall composition rich in β-glucans and chitin-derived polysaccharides. 
Phenolic acids, mainly derived from cinnamic acid, were also identified, 
which could contribute antioxidant and bioactive properties to the 
fungal fractions.

These components were incorporated into CNF-based sponges to 
evaluate their influence on the structure-property relationships of 
composite materials. The incorporation of fungal biomasses significantly 
reduced the bulk density, while increasing porosity to over 99 % and the 
specific surface area to 7.4 m2/s. The effect depended on the type of 
fungal fraction used. The mycelium fraction (G-M) improved water ab
sorption capacity (up to 9200 %) and compressive strength due to the 
reinforcing action of chitin-glucan fragments. The purified exopoly
saccharide fraction (G-E) provided greater structural stability and 
slower degradation in physiological media. The combined mycelium 
and exopolysaccharide fraction (G-ME) produced the most homoge
neous and interconnected pore structure, as well as the highest tensile 
strength.

All CNF sponges enriched with fungi showed excellent liquid ab
sorption under conditions similar to those found in wounds, achieving 
up to 400 % exudate absorption, which significantly exceeds that of 
conventional polyurethane dressings. Their swelling and degradation 
profiles can be tailored by selecting the appropriate fungal fraction, 
offering adjustable reabsorption behavior desirable for wound healing 
applications.

This study demonstrates the successful development of CNF-based 
composite sponges incorporating Ganoderma lucidum biomass frac
tions. The results confirm that integrating G. lucidum biomass into CNF 
matrices can modulate structural and mechanical properties without 
compromising flexibility or integrity. This demonstrates that complete 
purification of the fungal material is not necessary to achieve functional 
improvement, thereby simplifying processing and reducing production 
costs.

The biological evaluation of these sponges, including hemocompat
ibility, cytotoxicity, and antimicrobial activity, further supports their 
potential as multifunctional wound dressings. In particular, the reten
tion of EPS within the fungal biomass contributed positively to cell 
compatibility, fluid absorption, and selective antibacterial activity 
against S. aureus, highlighting their relevance for treating skin and 
wound infections.

Overall, the developed sponges combine biocompatibility, mechan
ical resilience, fluid management capacity, and antimicrobial function
ality, positioning them as promising candidates for sustainable and 
effective wound dressing applications.
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Table 2 
Characteristics of several cellulose nanofiber-based porous biomaterials for wound dressing applications.

Biomaterial Density (mg/ 
cm3)

Water uptake 
(%)

Compression strength 
(kPa)

Hemolytic effect 
(%)

Cell viability 
(%)

Ref.

CNF/G. lucidum fungal polysaccharides sponge. 7–8 9200 14.5 0.6 62.7 Current 
study

Quaternized chitosan-Carboxylated CNF sponge. 60–65 934 297 <3 >85 [60]
Carboxymethyl chitosan/CNF sponge. 40 3138 35–45 1.3–1.4 >100 [61]
Sodium Alginate-CNF sponge with bio-polyurethane 

coating.
920 1200 3800 0.4 100 [59]

Citric acid cross-linked Carboxymethyl CNF aerogel. 9–15 6600 3–4 1.4 >99 [62]
CNF/Chitosan aerogel 21.7 4440 75.4 1.6 97.3 [63]
CNF/Collagen/Chitosan aerogel. 15.6 7100 32 <1 70–90 [64]
Nanocellulose/Cinnamon extract sponge. 20–30 1435 37 <5 78–93 [65]
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