
International Journal of Biological Macromolecules 253 (2023) 126933

Available online 16 September 2023
0141-8130/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Fabrication and characterization of new levan@CBD biocomposite sponges 
as potential materials in natural, non-toxic wound dressing applications 

Dorota Chelminiak-Dudkiewicz a,*, Miloslav Machacek b, Jolanta Dlugaszewska c, 
Magdalena Wujak d, Aleksander Smolarkiewicz-Wyczachowski a, Szymon Bocian e, 
Kinga Mylkie a, T. Goslinski f, Michal P. Marszall d, Marta Ziegler-Borowska a,* 

a Department of Biomedical Chemistry and Polymer Science, Faculty of Chemistry, Nicolaus Copernicus University in Torun, Gagarina 7, 87-100 Torun, Poland 
b Department of Biochemical Sciences, Faculty of Pharmacy in Hradec Kralove, Charles University in Prague, Akademika Heyrovskeho 1203, 500-05 Hradec Kralove, 
Czech Republic 
c Department of Genetics and Pharmaceutical Microbiology, Poznan University of Medical Sciences, Rokietnicka 3, 60-806 Poznan, Poland 
d Department of Medicinal Chemistry, Faculty of Pharmacy, Collegium Medicum in Bydgoszcz, Nicolaus Copernicus University in Torun, Jurasza 2, 85-089 Bydgoszcz, 
Poland 
e Department of Environmental Chemistry and Bioanalysis, Faculty of Chemistry, Nicolaus Copernicus University in Torun, Gagarina 7, 87-100 Torun, Poland 
f Chair and Department of Chemical Technology of Drugs, Poznan University of Medical Sciences, Grunwaldzka 10, 60-780 Poznan, Poland   

A R T I C L E  I N F O   

Keywords: 
Levan 
cannabis oil 
Antibacterial activity 
In vitro biocompatibility test 
Wound dressing 

A B S T R A C T   

Wound healing is a complex process; therefore, new dressings are frequently required to facilitate it. In this 
study, porous bacterial levan-based sponges containing cannabis oil (Lev@CBDs) were prepared and fully 
characterized. The sponges exhibited a suitable swelling ratio, proper water vapor transmission rate, sufficient 
thermal stability, desired mechanical properties, and good antioxidant and anti-inflammatory properties. The 
obtained Lev@CBD materials were evaluated in terms of their interaction with proteins, human serum albumin 
and fibrinogen, of which fibrinogen revealed the highest binding effect. Moreover, the obtained biomaterials 
exhibited antibacterial activity against Staphylococcus aureus and Pseudomonas aeruginosa, as well as being non- 
hemolytic material as indicated by hemolysis tests. Furthermore, the sponges were non-toxic and compatible 
with L929 mouse fibroblasts and HDF cells. Most significantly, the levan sponge with the highest content of 
cannabis oil, in comparison to others, retained its non-hemolytic, anti-inflammatory, and antimicrobial prop
erties after prolonged storage in a climate chamber at a constant temperature and relative humidity. The 
designed sponges have conclusively proven their beneficial physicochemical properties and, at the preliminary 
stage, biocompatibility as well, and therefore can be considered a promising material for wound dressings in 
future in vivo applications.   

1. Introduction 

A wound is defined as an injury or disruption of the anatomical 
structure and function of the tissues, such as the skin. Wounds that heal 
completely within twelve weeks with the least amount of scarring are 
called acute, while those that are recurring and take a long time to cure 
may be classified as chronic [1,2]. Wound healing is a complex process, 
and microbial infection can complicate it. Wounds with compromised 
skin integrity should usually be covered with a wound dressing material 
to minimize loss of function [3]. Several studies have shown that an 
ideal wound dressing should present the following attributes: 

biocompatibility, adequate water vapor transmission rate (WVTR) - 
porous structure, inhibit microbial growth, non-toxic, and non- 
allergenic. The easy and painless removal of the wound dressing is 
also of great importance [4–8]. Wound dressing materials can be pre
pared in various forms, such as films [9–11], hydrogels [12–15], 
nanofibers [16–18], and sponges [19–22]. Sponge dressings are notably 
soft, flexible and have a high swelling capacity and porosity. It has been 
shown that a sponge with pores tens to hundreds of microns in diameter 
can enhance tissue growth [23]. In addition, sponges that contain a 
sufficient amount of water provide a moist environment, thus a barrier 
to bacterial infections. It is worth noting that sponges with 3D porous 
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structures can also be loaded with various bioactive substances (for 
example, antibacterial, anti-inflammatory, antioxidants, etc.). 

Dressing materials can be composed of natural and synthetic poly
mers and their combinations. However, natural polymers are more 
suitable candidates for wound dressing materials due to their unique 
properties, such as feasible topography, high porosity, and biocompat
ibility. Moreover, these polymers are characterized by their morpho
logical similarity to the extracellular matrix, thus minimizing the risk of 
immunological reactions often detected with synthetic polymers 
[24–26]. 

Polysaccharides constitute a significant group of naturally occurring 
polymers. They are also known as glycans and consist of mono
saccharide subunits (and/or their derivatives). The main advantage of 
polysaccharides is their chemical similarity to glycosaminoglycans such 
as heparin, keratan sulfate, and hyaluronan, which gives them good 
biocompatibility, including hemocompatibility [27]. They are 
composed of one type of monosaccharide subunits known as homo
polysaccharides, while those consisting of two or more types of mono
saccharides are named heteropolysaccharides [28]. One example of 
homopolysaccharides is bacterial levan (Lev), which consists of poly
fructose chains capped by glucose residues. It is a non-toxic, biocom
patible, and strongly adhesive polysaccharide [29–31]. As an uncharged 
polysaccharide with good physical properties, levan can potentially be 
used as a blood plasma substitute, extender, anticancer and anti
hyperlipidemic agent [32,33]. Moreover, it reveals anti-irritant, anti- 
oxidant, and anti-inflammatory properties, making this biopolymer a 
good candidate for wound treatment. However, there needs to be more 
information in the literature on using a levan sponge as a potential 
dressing material. Furthermore, using this polysaccharide combined 
with the well-studied chitosan can improve dressing properties, posi
tively influencing wound healing. 

In addition, plant extract composites containing natural active in
gredients are becoming increasingly popular due to the spread of anti
microbial resistance and side effects of synthetic antibiotics. One of 
them is Cannabis oil (CBD), a popular remedy in alleviating many ail
ments and treating diseases for some time. It is recommended for 
treating pain (including chronic and cancer-related), autoimmune dis
eases, mental illnesses, and others due to its naturalness [34–36]. 
Cannabis oil has no addictive or intoxicating effects, so many people can 
successfully supplement it [37]. CBD has a complex legal status that 
varies from country to country and region to region. In Poland, products 
derived from industrial hemp with a THC content of <0.2 % (according 
to European Union regulations) can be legal and available on the mar
ket. Cannabis oils from such hemp are usually considered food products 
or dietary supplements, and their sale and possession are permitted. The 
primary active substance of the oil is non-psychoactive cannabidiol, 
which has beneficial analgesic, antioxidant, antibacterial, anti- 
inflammatory, and regenerative properties. Therefore, it can be an 
excellent additive to dressing materials, improving wound healing and 
reducing scarring. Importantly, mammals possess an endocannabinoid 
system whose central role is maintaining homeostasis throughout the 
body. This system includes, among others, two receptors: CB1 (present 
in the brain, adipose tissue, skeletal muscles, liver, and lungs) and CB2 
(located mainly on the immune system cells), which combine with 
cannabinoids acting on them. Each receptor is adapted to work with 
both physiologically produced endocannabinoids, e.g., anandamide, 2- 
arachidonoyl glycerol [38], and those from exogenous sources (phyto
cannabinoids). If endocannabinoid transmission fails, phytocannabi
noids can then replace them. Cannabidiol stimulates the 
endocannabinoid system's activity and thus restores balance, so its use in 
wound dressings is fully justified [39,40]. Moreover, CBD oil is thought 
to have a perfect balance (3:1) ratio of the essential polyunsaturated 
fatty acids (linoleic acid and linolenic acid). Due to this property, the oil 
penetrates easily into the skin [41,42]. In our previous work, we ob
tained films based on chitosan with CBD oil [11]. These materials met 
most of the characteristics required to be a good wound dressing 

material (such as rough surface, non-toxicity, antimicrobial, etc.). 
To the best of our knowledge, there are very few reports in the 

literature on polysaccharide composites with cannabidiol for wound 
treatment. Zheng and co-authors [43] obtained an alginate-based 
hydrogel containing cannabidiol, characterized by good biocompati
bility, antibacterial activity, and angiogenesis properties. Monou and co- 
authors [44] described the synthesis and characteristic 3D-printed 
alginate films with cannabidiol (CBD) and cannabigerol (CBG) nano
particles for potential wound healing applications. Antezan's team [45] 
described a novel 3D-printed gelatin-alginate scaffold with hemp seed 
oil, suggesting that this material could become an attractive alternative 
to common soft tissue infection and wound repair treatments. The same 
team also described collagen hydrogels enriched with cannabis sativa 
[46]. Nonetheless, combining polysaccharide composites with CBD for 
wound treatment is relatively new and requires much investigation. 

The study presents the preparation of novel levan sponges enriched 
with cannabis oil (Lev@CBD) to promote wound healing. Systematical 
characterizations of the obtained biomaterial were performed, including 
the surface morphology, chemical structure, thermal stability, me
chanical performance, and the release of CBD. Moreover, the samples 
were placed in an aging chamber for 3 months to evaluate their stability 
under certain atmospheric conditions. The biological effect of the 
sponge was also assessed, and according to the results, the material 
exhibited excellent anti-inflammatory, antioxidant, and antimicrobial 
properties. Interestingly, all the data suggest that Lev@CBD sponges can 
act as a novel multifunctional dressing for wound healing without 
significantly decreasing activity during storage under harsh conditions. 

2. Materials and methods 

2.1. Materials 

Levan from Erwinia herbicola (molecular weight 1.3*106 Da), sodium 
periodate, phosphate buffer saline (PBS) (pH 7.4), diclofenac sodium, 
human serum albumin (HSA), bovine serum albumin (BSA), fibrinogen, 
lysozyme, and 2,2-diphenyl-1-picrylhydrazyl radical (DPPH) were pur
chased from Sigma-Aldrich (Munich, Germany). Acetic acid, acetone, 
dimethylformamide, sodium hydroxide, hydrochloric acid, and 
phenolphthalein were purchased from Avantor Performance Materials 
Poland s.a. (formerly POCH; Gliwice, Poland). Cannabis oil (20 % of 
CBD in oil; CBD Pure) was purchased from a local pharmacy. Reagents 
for the antibacterial tests: Microbank cryogenic vials (ProLabDiag
nostics, Canada), Brain Heart Infusion Broth (Oxoid, UK), Tryptone Soya 
Agar (Oxoid, UK), Sodium chloride (Avantor Performance Materials 
Poland S.A., Poland). 

All reagents for the fibroblast cell culture: Eagle's Minimum Essential 
Medium (EMEM), fetal bovine serum (FBS), Non-Essential Amino Acids 
(NEAA), L-glutamine, trypsin-EDTA, penicillin/streptomycin solution, 
Dulbecco's phosphate buffer saline (DPBS) were purchased from Biowest 
(Nuaillé, France). 2-isopropanol, hydrochloric acid, and MTT (3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; suitable for cell 
culture) were purchased from Sigma-Aldrich. All reagents were used 
without additional purification. 

2.2. Preparation of levan sponges enriched with cannabis oil (Lev@CBD) 

Levan from Erwinia herbicola (0.1 g) was mechanically stirred (600 
rpm) in acetic acid solution (C = 1 %, 10 mL) at room temperature. 
Then, CBD oil (1.0 % by weight to levan) was added, and the stirring 
continued for 30 min. Subsequently, the mixture was centrifuged (to 
remove the bubbles), cast into a 24-well plate (15.5 mm diameter) or 96- 
well plate (6.58 mm diameter), frozen (− 20 ◦C, 6 h), and lyophilized 
overnight in a freeze dryer (− 51 ◦C, 0.031 mBar). 

Levan sponges with cannabis oil at higher concentrations (10.0 % 
and 20.0 % by weight to levan) were obtained using the same method. 
The groups of sponges rendered were designated as Lev@1CBD, 
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Lev@10CBD, and Lev@20CBD, for 1 %, 10 %, and 20 % of cannabis oil 
content, respectively. 

2.3. Characterization of levan sponges enriched with cannabis oil 
(Lev@CBDs) 

2.3.1. Attenuated total reflectance spectroscopy (ATR-FTIR) 
Structures of the pure levan, cannabis oil, and Lev@CBD sponges 

were characterized by the Attenuated Total Reflectance Fourier Trans
form Infrared (ATR-FTIR) spectroscopy with Spectrum Two™ (Perkin 
Elmer, Waltham, MA, USA) apparatus equipped with the diamond 
crystal. Spectra were recorded in the range of 4000 to 450 cm− 1 at a 
resolution of 4 cm− 1, and 64 scans. After recording the spectra, the 
baseline and ATR corrections were made. 

2.3.2. Scanning electron microscopy 
The morphology of the obtained Lev@CBD sponges was studied with 

a Scanning Electron Microscope (1430 VP LEO Electron Microscopy 
Ltd.). 

2.3.3. Thermogravimetric analysis (TGA) 
Thermal gravimetric analysis of the levan, cannabis oil, and 

Lev@CBD sponges was performed on a TA Instruments (SDT 2960 
Simultaneous DSC-TGA thermogravimetric analyzer) at a 10 ◦C/min 
heating rate in the range from ambient to 600 ◦C in the atmosphere of 
nitrogen. We chose the temperature range based on our previous works 
[11,47]. Above 600 ◦C, no changes were observed. 

2.3.4. Mechanical and adhesive properties 
The mechanical properties of levan and Lev@CBD sponges were 

tested by the EZ-Test E2-LX Shimadzu texture analyzer (Shimadzu, 
Kioto, Japan) at room temperature (RT). Three sample strips of the 
sponges were cut and clamped between pneumatic grips. The tests were 
performed at an extension rate of 20 mm/min, and each sample was 
repeated three times. 

The universal testing machine was also applied to measure the ad
hesive strength of the sponges. According to the literature [48–50] the 
substrate (glass slide) bonded with the levan and Lev@CBD sponges (10 
mm x10 mm) and compressed for several minutes at room temperature. 
The test were performed at an extension rate of 20 mm/min, and each 
sample was repeated three times. 

2.3.5. Swelling analysis 
The swelling ratio of the prepared biomaterials was calculated by 

incubating Lev@CBD sponges (each sponge weighed about 0.2 g) in PBS 
solution (4 mL) pH 5.6 and pH 7.4 at 37 ◦C to mimic bodily conditions. 
After wiping excess water, the sponges were weighed regularly. This 
experiment was performed in triplicate. The swelling rate was calculated 
using Formula 1 shown bellow: 

Swelling rate (%) =
(Ws − WD)

WD
*100% (1)  

where, Ws is the weight of the swollen sample and WD is the weight of 
dried sample [51]. 

2.3.6. Biodegradation test 
Biodegradation profiles of the Lev@CBD sponges were determined 

by monitoring their weight changes for 14 days, according to previous 
reports [52]. A known weight of the sponges was incubated in PBS (pH 
= 7.4, 37 ◦C) containing lysozyme (0.5 mg/mL). Immersed sponges were 
taken out daily, washed with deionized water, and freeze-dried. The 
biodegradability of the sponges was calculated using Formula 2, shown 

below: 

Biodegradation (%) =
(W0 − W)

W0
*100% (2)  

where, W0 is the initial weight of the sponge and W is the final weight of 
the sponge [52,53]. 

2.3.7. Porosity 
First, sponges were dried at 50 ◦C for 2 h in a vacuum oven. Next, the 

weighed sponges (0.2 g) were immersed for 4 h in absolute ethanol (4 
mL). After that, the swollen sponges were then blotted to eliminate the 
extra ethanol using filter paper and weighed. The porosity of the sponges 
was calculated using Formula 3 shown below: 

Porosity (%) =
(W − W0)

ρ*V
*100% (3)  

where W0 and W are the weight of the sponge before and after 
immersing in ethanol, respectively, ρ represents the density of absolute 
ethanol, and V denotes the volume of the sponge [54]. 

2.3.8. The water vapor transmission rate (WVTR) 
The water vapor transmission rate (WVTR) was determined by fixing 

the sponge (0.2 g) onto the opening of a round plastic box with a 
diameter of 40 mm, which contained 5 mL of distilled water. The box 
was placed in an oven at 37 ◦C for 24h, and the WVTR was calculated 
using Formula 4 shown below: 

WVTR

⎛

⎝
g

m2

h

⎞

⎠ =

(
Δw
Δt

)

A
(4)  

where 
( Δw

Δt
)

denoted the slope of the plot and A denoted the effective 
transfer area. 

2.4. Antioxidant activity 

The DPPH radical scavenging assay was applied to measure the 
radical scavenging activity of Lev@CBD sponges according to the pre
viously reported method [55]. The main standard compound used was 
ascorbic acid, which has high antioxidant activity. Briefly, a freshly 
prepared DPPH reagent (1.0 mM in ethanol) was added to the ascorbic 
acid and sponges (30 μL), and the reaction was incubated at room 
temperature for 30 min in the dark. At the end of the incubation time, 
the absorbance was recorded against a blank at 517 nm using a UV-1800 
spectrophotometer (Shimadzu, Japan). The experiment was performed 
three times. The following Formula 5 calculated the percentage of DPPH 
radical scavenging: 

DPPH scavening (%) =
(A0 − As)

A0
*100% (5)  

where A0 is the absorbance of the DPPH solution, and As is the absor
bance of sponge. 

2.5. Anti-inflammatory studies 

The anti-inflammatory activity of the Lev@CBD sponge was deter
mined by its ability to inhibit bovine serum albumin (BSA) denaturation, 
as described previously [56]. In brief, 1 mL of 1 mM BSA solution was 
mixed with 2 mL of the sponge extract. The mixtures were incubated at 
37 ◦C for 15 min, followed by incubation at 70 ◦C in the water bath for 
30 min for denaturation. The absorbance of the obtained blends and the 

D. Chelminiak-Dudkiewicz et al.                                                                                                                                                                                                             



International Journal of Biological Macromolecules 253 (2023) 126933

4

diclofenac sodium solution was measured at 660 spectrophotometrically 
at 660 nm. Measurements were performed at different concentrations 
(10–500 μg/mL). The percentage of inhibition of denaturation was 
calculated using Formula 6: 

Inhibition (%) =
(As − Ac)

As
*100% (6)  

where, A0 is the absorbance of the control and As is the absorbance of 
sponge. 

2.6. Release of CBD from the obtained Lev@CBD sponges 

The release of CBD from obtained materials was measured with the 
liquid chromatograph Shimadzu Prominence LC (Kyoto, Japan) use. The 
instrument consists of a quaternary gradient pump (LC-20 CE), an 
autosampler (SIL–20C), a column thermostat (CTO-10AS), and a 
spectrophotometric diode-array UV–Vis detector (SPD-M20A). Instru
ment control, data acquisitions, and data processing were performed 
with LabSolutions software for HPLC. Chromatographic analyses were 
performed on the Kinetex C18 column (150 × 4.6 mm) with a particle 
size of 5 μm using a methanol-water mobile phase in gradient elution at 
30 ◦C. The gradient profile was as follows: initial condition 60 % of 
MeOH in water, next the increase of MeOH up to 95 % during 4 min. 
Finally, 95 % of MeOH was maintained to the end of the analysis within 
15 min. The detection wavelength was set at 254 nm. Quantitative 
analysis was performed using the calibration curve. The applied method 
was linear in the range from 0.8 μg/mL to 1 mg/mL with the coefficient 
R2 equal to 0.999. 

The obtained levan sponges with a known CBD oil content were placed 
in Ependorff-type tubes, and methanol (2 mL) was added (the ratio of 
sponge to methanol was 10:1 V/V), which the release experiment was 
conducted. The samples were incubated in a thermomixer (800 rpm) at 
room temperature for the specified time (0− 12h). After an appropriate 
incubation time, 50 μL of supernatant was collected, transferred to an 
insert, and placed in an HPLC dispenser. Measurement was performed by 
taking 10 μL of supernatant. After measurement, the supernatant was 
returned to the sponge tubes, continuing incubation later. 

2.7. Protein adsorption 

The adsorption of proteins to the obtained sponge was determined 
using a fluorescence method. Two types of protein were selected to test 
the interaction: human serum albumin (HSA) and fibrinogen. First, the 
solution of HSA (6.24 μM) and fibrinogen (3.78 μM) in PBS (pH = 7.4; 
50 mM) was prepared. Then, 0.36 cm3 of each type of Lev@CBD sponge 
was immersed in four milliliters of freshly prepared HSA or fibrinogen 
solution and incubated at a thermomixer (36 ◦C and 600 rpm). Fluo
rescence spectra were recorded at various intervals ranging from 290 to 
400 nm and 300 to 500 nm for HSA and fibrinogen, respectively, at an 
excitation wavelength of 280 nm using a Jasco FP-8300 spectrofluo
rometer (Jasco, Tokyo, Japan). The spectral recording range was 
285–500 nm, the scanning speed was 100 nm/min, and the Ex/Em 
bandwidth was 2.5 nm/5 nm. 

2.8. Antibacterial studies 

2.8.1. Bacterial cultures 
Staphylococcus aureus ATCC 29213 and Pseudomonas aeruginosa 

ATCC 27853 were used in this study. Bacterial strains were stored in 
Microbank cryogenic vials (ProLabDiagnostics, Canada) at − 70 ◦C ±
10 ◦C and revived on Tryptic soy agar (TSA). Tested strains were 
cultured aerobically in Brain Heart Infusion Broth (BHI) at 36 ◦C ± 1 ◦C 
for 18–20 h. Then, microorganisms were harvested by centrifugation 
(3000 rpm for 15 min), re-suspended in 0.85 % sterile saline solution, 
and diluted in BHI broth to a final ca. 108 CFU/mL concentration. 

2.8.2. Time-killing curve assay 
Time-kill curve analyses were performed by culturing bacterial 

strains in BHI broth in the presence of Lev@CBD sponges. For each 
material and bacterial strain, seven tubes (containing 1 mL of BHI broth) 
were prepared, and 15 mg of each material sample was added (the 
amount of sample was set according to the preliminary experiment re
sults). The tubes were pre-incubated for 30 min at 20 ◦C and inoculated 
with 10 μL of bacterial inoculum (108 CFU/mL). The control growth 
group was a material-free tube (BHI broth inoculated with bacterial 
inoculum). A sterility control (medium only) was also included. 

At prearranged time points (0, 2 h, 4 h, 8 h, 12 h, and 24 h) after 
incubation at 36 ± 1 ◦C, 100 μL of the sample was taken, and the number 
of viable cells (CFUs/mL) in each sample was determined using standard 
plate count. The time-killing curves were analyzed by plotting the Log 
CFU/mL against the time. Experiments were performed in triplicates. 

2.9. In vitro biocompatibility testing 

L-929 mouse fibroblasts (NCTC clone 929: ECACC No. 88102702) 
and human dermal fibroblasts (HDF, adult) were purchased from the 
European Collection of Authenticated Cell Cultures (Salisbury, UK) and 
used to assess the biocompatibility of the tested biomaterials. The cells 
were grown in the EMEM medium supplemented with 2 mM L-gluta
mine, 1 % NEAA, 10 % FBS, and antibiotics (100 U/mL penicillin and 
100 μg/mL streptomycin) at 37 ◦C in a humidified atmosphere with 5 % 
CO2. The cell culture was supplemented with the fresh medium twice or 
thrice a week. Cells in passages 6 to 8 were used in the experiments. 

The biological assessment of the prepared biomaterials was per
formed according to the ISO standard 10993–5, using two different 
methods (direct contact test and extract test). The direct contact test is 
performed by placing the test material on a monolayer of fibroblast cells. 
For the extract test, the material is immersed into the growth medium 
and the cells are then exposed to the resulting extracts. 

Sponges were sterilized with the UV light for 40 min in a laminar 
flow hood and used for the experiments on the same day. For the 24 h 
and 72 h extract tests, L-929 and HDF cells were seeded on 96-well plates 
at the density of 1 × 104 and 2.5 × 103 of cells per well, respectively, and 
allowed to grow for 24 h. In the meantime, the biomaterial extracts were 
prepared by incubating each sponge (formed in a cylindrical shape with 
a diameter of 6 mm and height of 12 mm, ±1–2 mm) in 4 mL of the 
growth medium for 24 h at 37 ◦C in a humidified atmosphere with 5 % CO2. 
Then, the medium was replaced with 100 μL of the extract-containing or 
extract-free medium (untreated control). In accordance with the ISO stan
dard 10993–5 recommendations, no additional processing (e.g., no filtra
tion, centrifugation) was performed on the obtained extracts prior to being 
applied to the fibroblast cells. For the direct test, 3 × 105 cells were seeded 
per well of 6-well plates and allowed to grow for 24 h. Then, the medium 
was changed to the fresh cell culture medium, and one sponge was placed 
per well and incubated with the cells for 24 h. 

The cytotoxicity of the tested materials was assessed using the MTT 
assay. At the end of the experiment (24 or 72 h treatment), the medium 
was removed, and 100 μL or 1 mL of 0.5 mg/mL MTT (Sigma-Aldrich) 
prepared in the fresh growth medium was added to each well of the 96- 
well or 6-well plates, respectively. After 3 h of incubation at 37 ◦C in the 
CO2 cell culture incubator, the solution was removed, and 100 μL or 1 
mL of 0.04 M HCl-isopropanol was added to each well to dissolve the 
produced purple formazan crystals. For the direct test, 100 μL aliquots 
were transferred into 96-well plates. The absorbance was measured at a 
wavelength of 570 nm with background subtraction at 690 nm using the 
Synergy HT Multi-Mode Microplate Reader (BioTek Instruments, 
Winooski, VT, USA). The number of viable cells was calculated relative 
to the control cells growing in the growth medium without the bioma
terial (for the direct test) or its extract (for the extract test). The ex
periments were performed in three independent experiments (n > 2). 

D. Chelminiak-Dudkiewicz et al.                                                                                                                                                                                                             



International Journal of Biological Macromolecules 253 (2023) 126933

5

2.10. Ex vivo red blood cell hemolysis assay 

Whole venous blood from the healthy anonymous human donor was 
drawn directly to K2-EDTA-coated 10 mL Vacutainer tubes (BD, United 
Kingdom) to prevent coagulation and processed within 1 h after 
collection. The whole blood was transferred to centrifugation tubes 
(Eppendorf, Germany) and centrifuged at 600 ×g for 5 min using 
Eppendorf MiniSpin Plus (Eppendorf, Germany). Levels of hematocrit 
and plasma were marked on the tube, and plasma was gently aspirated 
and discarded. The tube was filled to an original plasma level with sa
line, mixed by gentle inversion several times, and centrifuged at 600 ×g 
for 5 min. Washing was repeated three times. After final washing, saline 
was removed and replaced with PBS at pH 7.4 (Sigma-Aldrich, Ger
many), gently mixed, and diluted by PBS (dilution ratio was 1:2.3). 

Dried sponge samples (formed in a cylindrical shape with a diameter 
of 6 mm were immersed in 10 mL of PBS and incubated for 1 h at 37 ◦C. 
Supernatants (PBS from tubes with soaked sponges) from all samples 
were collected and tested for hemolysis along with sponges following 
the procedure: A) 190 μL of supernatant was transferred into the 96-well 
plate with U-shaped bottom (GAMA, Czech Republic). In parallel, 190 
μL of PBS was used for the negative control (NC), and 190 μL of ultrapure 
water (prepared with MilliQ IQ 7000; Merck, Germany) was used for the 
positive control (PC). Erythrocyte suspension (10 μL) was added to each 
well, and the whole plate was incubated for 1 h at 37 ◦C; B) Soaked 
sponges were transferred to 24-well plates (TPP, Switzerland), and 1900 
μL of PBS was added to each sample. 1900 μL of PBS or ultrapure water 
was used for NC and PC, respectively. Subsequently, 100 μL of eryth
rocyte suspension was added to each well. All samples were gently 
mixed after 1 h incubation at 37 ◦C as erythrocytes sunk to the bottom of 
the plate, and 200 μL of suspension was transferred to U-shaped bottom 
96-well plates (GAMA, Czech Republic). U-shaped bottom plates from 
procedures A) and B) were centrifuged for 5 min at 2000 ×g using an 
Eppendorf 5804R centrifuge (Eppendorf, Germany). The supernatant 
(100 μL) was carefully transferred to flat-bottom 96-well plates (TPP, 
Switzerland) without disturbing the erythrocyte pellet, and absorbance 
was measured at 540 nm using a Tecan Infinite M200 Pro plate reader. 
The mean value of NC was subtracted from each well. Results (mean ±
SD) are expressed as the percentage of PC incubated under the same 
condition (100 %). 

2.11. Evaluation of the stability of Lev@20CBD under constant 
temperature and relative humidity conditions 

The Lev@20CBD sponge was placed in a constant climate chamber 
for three months (75 % RH, 40 ◦C) to investigate its activity under 
constant temperature and humidity conditions. After a time, the sample 
was taken out, and its non-toxic, anti-inflammatory, and microbiological 
properties were re-tested. The sponge was studied using the same pa
rameters as the pre-chamber biomaterial tests. 

2.12. Statistical analysis 

All the obtained data were indicated as the mean ± standard error of 
the mean. Data were analyzed using one-way analysis of variance 
(ANOVA) with GraphPad Prism version 6.0 (GraphPad Software, San 
Diego, CA, USA), followed by Dunnett (to compare every mean to a 
control mean) or Turkey post hoc (to compare every mean with every 
other mean) test for multiple comparisons. The statistical difference of 
all the tests was significant, considering p < 0.05. 

3. Result and discussion 

3.1. Characterization of the levan sponges enriched with cannabis oil 
(Lev@CBD) 

Levan is a biocompatible and strongly adhesive polysaccharide with 
anti-cancer, anti-viral, anti-oxidant, prebiotic, and fibrinolytic proper
ties [30,57–60]. Considering the properties of Lev and its potential to be 
a good candidate for a material dressing, this work focuses on preparing 
a levan-based sponge containing cannabis oil (CBD). Our previous work 
described chitosan films with CBD addition and revealed that the com
bination of the CBD oil together with the polysaccharide is beneficial 
[11]. Due to the properties of levan, which may be helpful for use in 
dressing materials, we decided to obtain new materials in the form of 
levan-based sponges containing CBD oil. Therefore, in this work, three 
levan sponges were prepared by setting the mass concentration of CBD 
oil: Lev@1CBD, Lev@10CBD, and Lev@20CBD (Fig. 1). 

The presence of CBD in the materials was confirmed with the ATR- 
FTIR analysis. Spectra of pure levan and cannabis oil are shown in the 
Supplementary file (Fig. S1), and spectra of the obtained sponges are 
demonstrated in Fig. 2. In the spectrum of levan (Fig. S1a), the band at 
3003 cm− 1 corresponds to the O–H stretch of fructofuranose rings, and 
the peak at 2926 cm− 1 is attributed to the C–H stretch of fructose rings. 
Sharp bands at 1123 cm− 1, 1014 cm− 1, and 925 cm− 1 are due to the C-O- 
C symmetric bending vibration of fructofuranose rings and glycosidic 
linkages [47]. In the spectrum of cannabis oil (Fig. S1b), the band at 
3458 cm− 1 is attributed to the OH stretch of cannabinoids, at 2923 cm− 1 

and 2856 cm− 1 represent the CH3 and CH2 stretching vibrations of the 
cannabinoids and fatty hydrocarbons. The 1741 cm− 1 band was 
assigned to aromatic rings' skeleton vibration, while the band at 1368 
cm− 1 corresponds to CO stretching vibration [61]. For the Lev@CBD 
sponges, all the characteristic bands of cannabis oil were observed in all 
samples. Some bands assigned to levan are shifted due to the intermo
lecular interaction with CBD oil. 

The morphology of the Lev@CBD sponges was observed by scanning 
electron microscopy (Fig. 3). A cross-section of samples is included in 
Supporting Information (Fig. S6). The surface of the pure levan sponge 
was smoother with fewer pores and was compact (porosity 33.2 ± 1.8 
%). In contrast, all Lev@CBD sponges showed a highly porous structure 
with interconnected pores (Lev@1CBD, Lev@10CBD, and Lev@20CBD 
showed porosities of 61.1 ± 2.6 %, 65.8 ± 2.3 %, and 68.4 ± 2.8 %, 
respectively). This indicates that CBD oil addition promotes the forma
tion of the porous structure without damage or destruction. It might 
result from the distorted impact of cannabis oil on the internal structure 
of the polysaccharide. However, increasing the CBD oil amount does not 
significantly impact the porosity. The increase in the porosity might 
result from the distorted impact of cannabis oil on the internal structure 
of the polysaccharide. Moreover, the obtained sponges showed layers 
with evident lamellar structures comparable to previously applied 
sponge composites in wound healing with remarkable performances. A 
high porosity parameter is also beneficial for transferring nutrients and 
oxygen to the cells attached to the dressings. [62,63] 

The thermal properties of biomaterials intended for medical appli
cations constitute crucial factors in evaluating their potential use. 
Thermal gravimetric analysis was applied to analyze the thermal 
behavior of Lev@CBD and Lev sponges (the results are shown in Fig. 3e 

Fig. 1. Photographs of the obtained levan-based sponges (15.5 mm diameter) 
with different content of cannabis oil – 0 % (Lev), 1 % (Lev@1CBD), 10 % 
(Lev@10CBD), and 20 % (Lev@20CBD). 
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and Table S1). For the Lev sponge, two stages of decomposition were 
observed with gradual loss of weight of the polymer matrix. The first 
stage, with an initial 9 % weight loss, is due to the polymer's free and 
bound water loss. The primary decomposition of the Lev sponge started 
at 190 ◦C with 67 % weight loss caused by breaking the main chain 
linkages and bonds in the ring units. These results are well-correlated 
with the literature data [64–67]. For all Lev@CBD sponges, three 
clear weight loss steps were observed: the first stage was correlated to 
the evaporation of adsorbed-bound water, while the second and third 
steps (from 120 ◦C to 500 ◦C), were related to the decomposition of 
levan and cannabis oil, respectively. Adding CBD oil caused a slight 
decrease in the thermal stability of all sponges compared to pure levan. 
The most significant decrease was observed for the sample with the 
highest cannabis oil concentration. Moreover, at temperatures above 
600 ◦C, no changes in TG and DTG curves were observed, which allows 
concluding that a rigid and thermally stable structure was obtained as 
was previously reported, e.g., for the SA/PVA hydrogels containing Aloe 
vera [68]. 

The mechanical properties of wound dressings play an essential role 
in wound healing by providing a barrier against infection and main
taining their integrity during application and wearing [69]. This study 
used tensile strength, stress-strain curves (Fig. 4a), and Young's modulus 
(Table S2) to assess the sponges' mechanical properties. The sponges' 
tensile strength was about 3.06–7.04 MPa, consistent with the results 
presented in other works [70,71]. The Young's modulus of Lev@1CBD, 
Lev@10CBD, and Lev@20CBD was 95.62 ± 0.13 MPa, 145.54 ± 0.96 
MPa, and 199.43 ± 0.87 MPa, respectively (Table S2). This parameter is 
significantly increased compared to Lev with 60.23 ± 0.26 MPa. Adding 
CBD oil to the composition of the Lev sponge caused an increase in 
stress-at-break and maximal elongation-at-break values. Moreover, 
these values gradually increased as the concentration of the oil 
increased. The best tensile strength and elongation at break were ob
tained for the Lev@20CBD sponge (7.04 ± 0.17 MPa and 8.76 ± 0.21 %, 
respectively), indicating that this sponge could fit well with skin tissue 
as dressing materials in the most elastic areas. Generally, the tensile 
strength of healthy human skin ranges from 2.5 to 35 MPa, while 
Young's modulus ranges from 4.6 to 20 MPa [72]. The mechanical 
properties of the designed dressings should be better than that of healthy 
skin so that the wound dressing material does not damage even when the 
wound is slightly moved. The results for the sponges suggest that the 
designed materials show good mechanical properties and could be used 
as dressings. 

Adhesion properties also constitute an essential factor related to the 

potential applicability of materials in medicine. It is because adverse 
effects on wound healing can be reduced during dressing changes. 
Inaccurate application of dressings during wound healing can lead to 
adventive acts and prolonged destruction of proliferating cells [73]. 
Therefore, the adhesive strength of the obtained sponges was measured. 
As shown in Fig. 4b, the adhesion forces for all samples were between 2 
and 3 N. Addition of CBD oil slightly affected the adhesion strength of 
the samples. Lev@20CBD sponge showed the highest adhesion force, 
which may have implications for the cytotoxicity testing of samples. 
These results relating to the mechanical and adhesive properties of 
Lev@CBD sponges indicate that they meet the requirements of repetitive 
stretching and good adhesion for real-use material dressing. The adhe
sion force may be relatively low for healthy human skin but still suffi
cient to maintain skin contact with various material surfaces. However, 
the adhesive strength of intact skin has a different value because it is a 
complex process that depends on many variables. A wound dressing that 
is too non-adherent may cause skin damage when removed, while a 
wound dressing with too little adhesion may not stay in place and 
perform its function [74]. 

The swelling percentage represents the degree of hydrophilicity of 
the material. The swelling capacity of dressings is crucial for hemostasis 
and wound healing further down the line by regulating bleeding, drugs' 
release, degradation, and biological fluid absorption [75]. Because the 
wound healing process involves pH changes, i.e., pH = 7 in the wounded 
tissue and pH = 5–6.8 in the healed skin tissue, the sponges' swelling 
characteristics were analyzed at both pH values (Fig. 4c) up to 24 h. The 
results reflect that all samples showed rapid swelling in PBS solution at 
both pH values. However, the swelling rate of the prepared sponges was 
higher at the pH of 7.4 than at pH 5.5. These results are consistent with 
literature reports [76,77]. As the concentration of CBD oil increased 
from 1 % to 10 % or 20 %, the swelling rate increased; however, the 
difference in the swelling rate for concentrations of 10 % and 20 % 
cannabis oil is minimal. This increase in swelling might be due to the 
presence of hydrophilic OH groups in the chemical structure of canna
bidiol. When the sponge is immersed in an aqueous media polymeric 
group, it undergoes ion exchange with water molecules in as much as 
these hydroxyl groups repel each other, therefore decreasing the poly
meric chain's entanglement [78]. Also, other authors have described the 
swelling rate as increasing with a higher concentration of a plant extract 
[79,80]. These results indicate that all levan sponges with cannabis oil 
have good swelling behavior, which could promote skin wound healing. 

An essential feature of wound dressings is their biodegradability, 
which indirectly affects the functioning of cells. The dressings need good 
degradability to prevent secondary wound injury after wound hemo
stasis [81,82]. Therefore, the sponges' biodegradation profile at 
different time intervals was analyzed, and the results are shown in 
Fig. 4d. It can be seen that all Lev@CBD sponges showed a faster 
degradation profile than the Lev sponge. The biodegradation ratio of the 
Lev sponge in 14 days was 73.66 ± 0.25 %, and the degradation rates of 
Lev@1CBD, Lev@10CBD, and Lev@20CBD were 76 ± 0.11 %, 83.7 ±
0.11 %, and 86.7 ± 0.23 %, respectively (p < 0.05). Moreover, the 
biodegradation ratio increased with the higher concentration of oil. This 
is probably due to the introduction of CBD oil, probably due to the 
increased solubility, and finally, the decomposition rate of Lev@CBD 
sponges. 

The wound dressing with optimal water vapor transmission rate 
(WVTR) prevents dehydration from the wound bed and creates an 
environment with an ideal moisture level for wound healing. Moreover, 
it also promotes angiogenesis, tissue epithelialization, and clearance of 
dead tissue. The WVTR of normal skin is 204 g/m2/day; however, for 
injured skin, it might range from 279 g/m2/day to 5138 g/m2/day. It is 
considered that an ideal wound dressing should demonstrate the WVTR 
range of 2000–2500 g/m2/day to allow wound healing [78,83]. The 
vapor transmission rate of the Lev sponge was determined to be 2021.3 
± 1.9 g/m2/day, indicative of a high vapor transmission rate. Incorpo
rating the cannabis oil caused a slight increase of the WVTR parameter 

Fig. 2. ATR-FTIR spectra of the obtained Lev@CBD sponges (the black, red, 
and blue colour corresponds to Lev@1CBD, Lev@10CBD, and Lev@20CBD, 
respectively) with marked characteristic peaks of cannabis oil. (For interpre
tation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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to 2044.7 ± 2.6 g/m2/day, 2060.1 ± 2.3 g/m2/day, and 2081.6 ± 4.4 
g/m2/day for Lev@1CBD, Lev@10CBD, and Lev@20CBD sponges, 
respectively. The rise in WVTR is probably related to the interaction of 
the CBD oil components with the polymer chain, increasing the inter
action between the matrix and the plant extract. This phenomenon was 
confirmed by the literatur e [84,85]. The results show that all prepared 
sponges are well permeable to water vapors and capable of maintaining 
an optimal moist environment at the wound site without excessive 
dehydration. 

3.2. Antioxidant activity 

During wound healing, the free radicals at the wound site impede 
healing through enzyme inactivation, lipid peroxidation, and DNA 
damage caused by oxidative stress. The substances with superior free 
radical scavenging properties stimulated the wound healing process 
[86]. Therefore, the antioxidant ability of the Lev@CBD sponges was 

assessed by the DPPH• scavenging test, considered a standard method. 
The obtained results are shown in Fig. 5a. It is well-known that levan 
exhibits antioxidant properties [87,88]. The common antioxidant 
vitamin, ascorbic acid, showed 90.83 % ± 11.15 activity at 500 μg/mL, 
whereas the levan exhibited 68.93 % ± 2.2 antioxidant activity at the 
same concentration (p < 0.05). However, the introduction of cannabis 
oil into the structure of the Lev sponges caused an enhancement of their 
antioxidant properties. As the concentration of CBD oil increases, the 
scavenging activity also increases, which is related to the oil's antioxi
dant properties. Overall, the Lev@CBD sponges with good antioxidant 
ability show great potential as wound dressing. 

3.3. Anti-inflammatory studies 

Inflammation has been implicated as an essential response in wound 
healing mechanisms aimed at renovating and preserving the cellular 
structure and functional integration in affected tissue segments [89]. 

Fig. 3. SEM images of (a) Lev, (b) Lev@1CBD, (c) Lev@10CBD, and (d) Lev@20CBD sponges, e) thermal analysis of the obtained sponges.  
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The anti-inflammatory assay was estimated using the bovine serum al
bumin (BSA) denaturation method, and the results are shown in Fig. 5b. 
The standard NSAID drug diclofenac sodium salt showed 100 % anti- 

inflammatory activity at the concentration of 400 and 500 μg/mL, and 
the levan showed 48.17 % ± 14.43 anti-inflammatory activity at the 
same concentration. Similar results have been obtained in other works 

Fig. 3. (continued). 
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[57,90], confirming that pure Lev exhibits anti-inflammatory properties. 
However, our studies proved that cannabis oil also has these properties, 
as demonstrated by the results obtained for the Lev@CBD sponges. All 
sponges with CBD oil exhibit strong anti-inflammatory activity. More
over, as the CBD oil concentration increased, the inhibition of the BSA 
denaturation of the samples also increased. This study revealed that CBD 
oil enhances the anti-inflammatory properties of the Lev@CBD sponges; 
hence, they might be used as wound dressing material with intense anti- 
inflammatory activity. 

3.4. Release of CBD from the obtained Lev@CBD sponges 

The action mechanism of potential wound dressing materials is 
related to releasing the embedded substances into the surrounding 
space. Therefore, the prepared sponges' antimicrobial, antioxidant, and 
anti-inflammatory efficiencies are strictly correlated with the release of 
the oil. To this purpose, we studied the release of CBD loaded in levan 
sponges over 24 h via the HPLC method. Results show that all the ob
tained sponges with cannabis oil released up to 12.73 % bioactive sub
stances in 24 h (Fig. 5c). In our post-previous work [11], up to 13 % CBD 
was released from the chitosan matrix, indicating that cannabis oil re
leases similarly regardless of the type of matrix used. The data analysis 
exposed a slow release of CBD from the Lev@CBDs. This slow release 
exposes the potential of the resulting biomaterials to where drug release 
is required over an extended time [91]. Lev@10CBD and Lev@20CBD 
samples showed a slight difference in the release of active substances 
(12.26 % and 12.72 %, respectively). This is related to the swelling rate 
of these sponges, the value of which also showed a slight difference 
(858.67 % and 826.67 %, respectively). The increase in the amount of 
substance released may also be the result of increased diffusion of CBD, 
which is present on the surface of the sponges [92]. Regarding the 

results, levan sponges incorporated with cannabis oil could be active for 
up to 24 h. 

3.5. Protein adsorption 

Protein adsorption constitutes an essential physical property for 
wound dressings. Wound exudate, which contains many proteins, must 
be absorbed to promote wound healing [93,94]. Albumin is the most 
abundant protein in blood plasma. It is also one of the crucial proteins to 
bind xenobiotics [67,95]. Therefore, it is essential to understand how 
the properties of the newly designed biomaterial affect the amount of 
adsorbed albumin and how they may affect the succeeding immuno
logical response. Another important protein is fibrinogen (FB), which is 
considered to be a vital glycoprotein that is significantly related to blood 
coagulation and further scar formation [96,97]. Therefore, we used both 
proteins HSA and FB to determine the protein adsorption of Lev@CBDs. 
The amount of bound proteins with the sponges was determined after 
different incubation times (1 min - 24 h). Fig. 6 shows the results for the 
selected incubation time, while the entire time range is given in Table S3 
and Fig. S2. As shown in Fig. 6, all the obtained biomaterials can adsorb 
both proteins, and the amounts of bounded proteins increased suddenly 
after 24 h for Lev@CBDs compared to pure levan. Moreover, the protein 
adsorption capacity increased with increasing CBD oil concentration. 
Lev@1CBD sponge showed the lowest adsorption of both proteins, while 
Lev@20CBD showed the highest adsorption of HSA and FB of about 4.3 
mg/cm2 and 10.8 mg/cm2, respectively, at the time of 24 h. The 
increased amount of adsorbed HSA and FB could also be related to 
increased sponges' porosity. The results demonstrate that the adsorption 
capacity of FB is much better than that of HSA, which can be attributed 
to the increased procoagulant capability of Lev@CBD [98,99]. It is also 
considered that a higher amount of proteins adsorbed on biomaterials 

Fig. 4. Mechanical properties of the obtained sponges measurements: a) Stress and strain curve, b) adhesion force of Lev and Lev@CBD showing increasing adhesive 
strength with increasing content of cannabis oil in the sponges; c) swelling characteristics at pH 5.5 and pH 7.4 (PBS, 37 ◦C) d) degradation profile (PBS containing 
lysozyme, 37 ◦C); **p < 0.01, ***p < 0.001. 
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can provide more significant attachment sites for cells and help improve 
cell adhesion [100]. Therefore, the sponge with the highest CBD con
centration showed the most biocompatibility. 

3.6. Antibacterial studies 

In the antimicrobial studies, the activity of Lev, Lev@1CBD, 

Lev@10CBD, and Lev@20CBD against representatives of Gram-positive 
cocci – Staphylococcus aureus ATCC 29213 and Gram-negative rods – 
Pseudomonas aeruginosa ATCC 27853 were performed. S. aureus and 
P. aeruginosa are the most prominent causes of acute and chronic wound 
infections [101–103]. A high ability to produce numerous virulence 
factors and biofilm formation, as well as the intrinsic resistance to many 
antimicrobials, make S. aureus, especially P. aeruginosa infections, 

Fig. 5. The Lev@CBD sponges' characteristics: (a) Antioxidant, (b) anti-inflammatory activity, and c) release of CBD from the sponges; *p < 0.05, **p < 0.01, ***p 
< 0.001. 

Fig. 6. Amount of bounded a) HSA and b) fibrinogen at the surface of the obtained sponges. *, #, $ indicate p < 0.05 when compared to the Lev, Lev@1CBD, and 
Lev@10CBD, respectively. 

D. Chelminiak-Dudkiewicz et al.                                                                                                                                                                                                             



International Journal of Biological Macromolecules 253 (2023) 126933

11

extremely difficult to treat [104]. In addition, these microorganisms can 
acquire resistance mechanisms to various antimicrobials, and currently, 
many infections are caused by multi-drug resistant strains (MDR), 
resulting in therapeutic failures. Therefore, the search for alternative or 
complementary antibiotic treatments should be a priority for modern 
medicine. 

In this study, the formulations were tested in time-kill curve studies 
to determine the antibacterial effect and its dependence on concentra
tion over time, with results summarized in Fig. 7. For Lev, an inhibition 
was noted against S. aureus for up to 12 h (Fig. 7a), but in the subsequent 
hours of incubation, the Lev inhibitory effect was not further observed. 
After 24 h, the number of isolated microorganisms was similar to that of 
microorganisms isolated from the control sample without sponges. 
Adding CBD oil to Lev sponges significantly increased its antibacterial 
effect, and Lev@1CBD, Lev@10CBD, and Lev@20CBD showed a 
concentration-dependent increase in activity against S. aureus. Accord
ing to the Clinical and Laboratory Standards Institute (CLSI), significant 
bactericidal activity is defined as a reduction in the bacterial cells by 3 
logs compared to the initial inoculum [105]. In the case of formulations 
Lev@1CBD and Lev@10CBD, the highest reduction in the number of 
microorganisms, close to 3 logs, was obtained after 8 h of incubation. 
The most effective S. aureus inhibition was achieved for Lev@20CBD. A 
significant reduction of >3 logs (from 6.3 to 2.6 log10 CFU/mL) in 
microbial counts (bactericidal effect) compared with the starting inoc
ulum was observed after 8 h of S. aureus incubation with Lev@20CBD. It 
is worth noting that the significant inhibition (bacteriostatic effect) was 
observed at all concentrations of CBD even after 24 h of incubation 
compared to the initial bacterial inoculum (from 6.3 to approx. 5 log10 
CFU/mL), which means that the growth of about 90 % of the bacteria 
was inhibited. 

The antibacterial effect of tested formulations against P. aeruginosa 
was recorded only during the first 4 h of incubation (Fig. 7b). However, 
the trend towards greater potency upon the complexation of Lev was not 
observed. In contrast to S. aureus, a regrowth caused by the loss of 
antibacterial properties was observed already after 8 h of incubation for 
all formulations. The differences in the bacterial count between the 
formulations were generally slight. However, the number of isolated 
microorganisms from samples containing Lev, Lev@1CBD, Lev@10CBD, 
and Lev@20CBD was lower than for the control. 

The kinetic profiles of tested formulations exhibited bacteriostatic or 
even bactericidal activities against S. aureus. Growth inhibition of Gram- 
negative bacteria was observed only during the first 4 h, with subse
quent regrowth of P. aeruginosa nearly to the untreated control values 
(no sponges). The greater antimicrobial efficacy of tested formulations 
observed towards S. aureus than P. aeruginosa could be attributed mainly 
to the differences in cell structure between Gram-positive and Gram- 
negative bacteria. The cell wall of Gram-negative bacteria is more 
complex due to the presence of an additional outer membrane covering 
the surface of the peptidoglycan. This remarkable structure protects the 
cell from adverse physical and chemical factors and makes Gram- 
negative bacteria less sensitive to many antimicrobials [106]. 

Based on these data, the tested Lev@CBD sponges possess antibac
terial potency. They might be suitable candidates for wound dressing, 
presenting a good starting point for further study to evaluate the 
mechanism of action to strengthen their bactericidal potential. 

3.7. In vitro biocompatibility testing 

An ideal wound dressing should exhibit low cytotoxicity and, 
therefore, biocompatibility, especially with skin fibroblasts. Two cell 
lines were used to evaluate the cytotoxic properties of the sponges: L929 
mouse fibroblasts and normal human dermal fibroblasts (HDF). Ac
cording to ISO standard 10,993–5, two different culture methods were 
used: direct contact and extract assays. The cell viability of L929 and 
HDF cells was examined after 24 h (Fig. 7c,d) and 72 h (Fig. S5) incu
bation directly with the samples and their extracts. After 24 h, only Lev 

(pure levan sponge) extract showed a slightly toxic effect against L929 
cells (cell viability around 80 % of untreated control), while the viability 
of HDF cells was above 90 % (Fig. 7c). These results correspond well 
with literature reports [107–109]. Adding cannabis oil increased the cell 
viability of both cell lines treated with extracts in all cases (100–120 %) 
compared to untreated control, with the best results obtained for the 
levan sponge containing the highest concentration of CBD oil (i.e., 
Lev@20CBD). Interestingly, the viability of L929 fibroblasts cultured in 
Lev and Lev@1CBD extracts for 72 h decreased slightly, while 
Lev@20CBD increased the cell viability by approximately 30 % 
compared to the control cells. This suggests that this sample has bene
ficial long-term effects. In contrast, the cytotoxicity of Lev@20CBD 
extract with the HDF did not change (Fig. S5a). 

L929 and HDF cells were also cultured directly with the obtained 
sponges (Fig. 7d). This method allowed to detect slight cell viability 
decrease only for Lev (formulation without cannabis oil) and 
Lev@1CBD. On the other hand, this decrease was only to 90 % and 88 % 
on L929 and HDF, respectively, for Lev, and 95 % and 92 % on L929 and 
HDF, respectively, for Lev@1CBD. Compared to untreated control, for
mulations with higher concentrations of cannabis oil either didn't 
significantly change cellular viability or slightly increased viability (up 
to 105 % and 104 % for Lev@20CBD on L929 and HDF cells, respec
tively). Results on both cell types were similar for the respective sam
ples, confirming the non-toxicity of the biomaterials. 

Another biocompatibility aspect that needed to be considered was 
the inability of studied materials to induce damage to erythrocytes – 
therefore, the inability of hemolysis – as sponges might possibly get into 
direct contact with blood from compromised blood vessels in the 
wounds. Moreover, compounds released from sponges can enter the 
bloodstream therein, causing hemolysis there. Hence, the ex vivo he
molysis assay was performed directly with sponges and extracts, similar 
to the fibroblast experiments. All levan sponges containing cannabis oil 
didn't cause any hemolysis, and the results were, therefore, comparable 
with untreated erythrocytes (Fig. 7e). The biocompatibility results 
showed that all the obtained sponges did not have cytotoxicity. 

3.8. Evaluation of Lev@20CBD stability under constant temperature and 
relative humidity conditions 

Suitable dressing materials should maintain their crucial properties 
under different conditions. The study presented in this work showed that 
the Lev@20CBD sponge has more beneficial properties than the others 
(including biocompatibility test, anti-inflammatory, and antibacterial 
properties). Therefore, this sample was selected for testing its behavior 
under constant temperature and relative humidity conditions. 
Lev@20CBD was placed for three months in a climate chamber that 
complies with the ICH guidelines for stability testing of pharmaceuti
cally active substances at 40 ◦C and 75 % RH [110]. After a time, the 
sponge was removed from the air chamber, and its biological activity 
was re-studied. 

The microbiological test results are shown in Fig. 8a. The time-kill 
kinetic assays of Lev@20CBD subjected to the aging process exhibited 
stronger antimicrobial activity against both S. aureus and P. aeruginosa 
than an unaged sponge. Significant bactericidal activity towards 
S. aureus was observed after eight hours of exposure. During incubation, 
the number of isolated bacterial cells decreased from 6.3 logs to 1.5 logs 
(compared to 2.6 log10 CFU/mL for an unaged sponge). Although the 
number of CFUs in the sample increased in longer incubations, it was 
still approx. 2 logs lower than the initial inoculum value. Therefore, the 
bacteriostatic effect analogical to the unaged sponges was maintained. 

For P. aeruginosa, a reduction consistent with the inhibition effect 
was observed over 12 h (a decrease in the number of bacterial cells from 
5.9 logs to 4.0 logs after four hours and 4.3 logs after 12 h). An increase 
in bacterial counts (7.63 logs) almost to the untreated control value (9.3 
logs) was noted after 24 h of exposure. 

The process of aging test material at constant temperature and 
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Fig. 7. Biological properties of the sponges. Time-killing curves of a) S. aureus and b) P. aeruginosa in the presence of the studied biomaterials. Cell viability of L929 
and HDF cells after 24 h incubation c) with 100 % extracts obtained from tested sponges. # and * show statistical significance compared to untreated control and Lev, 
respectively d) in direct contact with sponges, and e) ex vivo red blood cell hemolysis assay on the prepared sponges; NC – negative control (untreated erythrocytes); 
PC – positive control (erythrocytes treated with x100). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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humidity changes the morphology of the resulting sponges. It might 
result in better contact between the active substances and bacteria and, 
consequently, their faster killing in the microbiological test. 

The Lev@20CBD sponge, subjected to constant relative humidity and 
temperature, still showed strong anti-inflammatory properties (Fig. 8b). 
It can be observed that the anti-inflammatory activity decreased slightly 
compared to the initial sample, but this decrease was statistically 
insignificant. At the highest concentration (500μg/mL), the Lev@20CBD 
sponge still behaves similarly to the standard diclofenac sodium (a 
reduction from 93.53 % to 91.43 % compared to the starting sponge). It 

means the designed biomaterial could be used in areas with harsh 
conditions of constant temperature and relative humidity. 

Cytotoxicity studies showed that storing the sample for three months 
under constant temperature and relative humidity had no significant 
effect on cell viability after 24 h incubation with L929 and HDF fibro
blasts. The Lev@20CBD extract and its direct contact (Fig. 8c) with fi
broblasts showed a slight decrease in cell viability, but the sample didn't 
display acute toxicity. The most significant changes were observed after 
72 h treatment of the extract with HDF (Fig. S5b). In this case, the 
viability dropped to 56 % compared to the control, showing possible 

Fig. 8. Properties of Lev@20CBD sponge subjected to constant relative humidity (75 %) and increased temperature (40 ◦C) for three months. a) Time-killing curve of 
S. aureus and P. aeruginosa in the presence of the obtained biomaterials, b) anti-inflammatory properties; c) the viability of L929 and HDF cells after 24 h incubation, 
d) ex vivo red blood cell hemolysis assay. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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cytotoxicity upon prolonged exposure to aged material. Note that no 
toxicity was detected with fresh unaged material. These results suggest 
that the sample can be used for 24 h even after three-month exposure to 
harsh conditions without showing a cytotoxic effect. Moreover, the 
material is still non-hemolytic, as shown in Fig. 8d. 

4. Conclusions 

The biomaterials consisting of levan sponges enriched with cannabis 
oil are expected to be suitable wound dressing due to their highly 
effective characteristics, as discussed in this article. Specifically, a 
competent group of advantages (porous structure, good mechanical, 
antioxidant, anti-inflammatory, and antimicrobial properties, a high 
swelling ratio in different pH, and well biodegradation profile) renders 
the sponges to be an appropriate solution for treating damaged tissue. In 
vitro biocompatibility studies confirmed that the prepared sponges were 
non-toxic towards L929 and HDF cells. Moreover, the obtained bio
materials can interact with essential proteins in wound healing. Most 
significantly, the biomaterials retained their non-hemolytic, anti-in
flammatory, and antimicrobial properties after storage in a climate 
chamber at a constant temperature and relative humidity. The results 
from the release of CBD indicated that the obtained sponges could be 
active for up to 24 h. Overall, these results showed that prepared 
sponges enriched with cannabis oil might have significant potential for 
applications in wound healing, tissue engineering, and cell culture. 
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Tomasz Gośliński: Investigation. Marta Ziegler-Borowska: revised the 
paper, supervising. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgment 

The Authors thank Jolanta Wolkiewicz and Artur Borowski for their 
technical support. 

This work was supported by the National Science Centre Poland 
grant UMO-2022/47/D/NZ7/01821. 

D.Ch-D., M.W., A. S–W., K.M., M.P.M., and M.Z-B. are members of 
the Center of Excellence, Towards Personalized Medicine” operating 
under Excellence Initiative – Research University. 

Parts of the paper were checked in terms of grammar and language 
with the assistance of DeepL and Grammarly. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijbiomac.2023.126933. 

References 

[1] M. Naseri-Nosar, Z.M. Ziora, Wound dressings from naturally-occurring 
polymers: a review on homopolysaccharide-based composites, Carbohydr. Polym. 
189 (2018) 379–398. 

[2] M. Parani, G. Lokhande, A. Singh, A.K. Gaharwar, Engineered nanomaterials for 
infection control and healing acute and chronic wounds, ACS Appl. Mater. 
Interfaces 8 (16) (2016) 10049–10069. 

[3] S. Anbazhagan, K.P. Thangavelu, Application of tetracycline hydrochloride 
loaded-fungal chitosan and Aloe vera extract based composite sponges for wound 
dressing, J. Adv. Res. 14 (2018) 63–71. 

[4] S. Ye, L. Jiang, J. Wu, C. Su, C. Huang, X. Liu, W. Shao, Flexible amoxicillin- 
grafted bacterial cellulose sponges for wound dressing: in vitro and in vivo 
evaluation, ACS Appl. Mater. Interfaces 10 (6) (2018) 5862–5870. 

[5] S. Farzamfar, M. Naseri-Nosar, H. Samadian, S. Mahakizadeh, R. Tajerian, 
M. Rahmati, A. Vaez, M. Salehi, Taurine-loaded poly (ε-caprolactone)/gelatin 
electrospun mat as a potential wound dressing material: in vitro and in vivo 
evaluation, J. Bioact. Compat. Polym. 33 (3) (2017) 282–294. 

[6] E. Rezvani Ghomi, S. Khalili, S. Nouri Khorasani, R. Esmaeely Neisiany, 
S. Ramakrishna, Wound dressings: current advances and future directions, 
J. Appl. Polym. Sci. 136 (27) (2019) 47738. 

[7] J. Su, J. Li, J. Liang, K. Zhang, J. Li, Hydrogel preparation methods and 
biomaterials for wound dressing, Life 11 (10) (2021) 1016. 

[8] V.d.A.M. Gonzaga, A.L. Poli, J.S. Gabriel, D.Y. Tezuka, T.A. Valdes, A. Leitão, C. 
F. Rodero, T.M. Bauab, M. Chorilli, C.C. Schmitt, Chitosan-laponite 
nanocomposite scaffolds for wound dressing application, J. Biomed. Mater. Res. B 
Appl. Biomater. 108 (4) (2020) 1388–1397. 

[9] H. Türe, Characterization of hydroxyapatite-containing alginate-gelatin 
composite films as a potential wound dressing, Int. J. Biol. Macromol. 123 (2019) 
878–888. 

[10] A. Shahzad, A. Khan, Z. Afzal, M.F. Umer, J. Khan, G.M. Khan, Formulation 
development and characterization of cefazolin nanoparticles-loaded cross-linked 
films of sodium alginate and pectin as wound dressings, Int. J. Biol. Macromol. 
124 (2019) 255–269. 

[11] D. Chelminiak-Dudkiewicz, A. Smolarkiewicz-Wyczachowski, K. Mylkie, 
M. Wujak, D.T. Mlynarczyk, P. Nowak, S. Bocian, T. Goslinski, M. Ziegler- 
Borowska, Chitosan-based films with cannabis oil as a base material for wound 
dressing application, Sci. Rep. 12 (1) (2022) 18658. 

[12] Y. Dong, M. Cui, J. Qu, X. Wang, S.H. Kwon, J. Barrera, N. Elvassore, G. 
C. Gurtner, Conformable hyaluronic acid hydrogel delivers adipose-derived stem 
cells and promotes regeneration of burn injury, Acta Biomater. 108 (2020) 56–66. 

[13] P. Wang, S. Huang, Z. Hu, W. Yang, Y. Lan, J. Zhu, A. Hancharou, R. Guo, B. Tang, 
In situ formed anti-inflammatory hydrogel loading plasmid DNA encoding VEGF 
for burn wound healing, Acta Biomater. 100 (2019) 191–201. 

[14] A. Sun, X. He, L. Li, T. Li, Q. Liu, X. Zhou, X. Ji, W. Li, Z. Qian, An injectable 
photopolymerized hydrogel with antimicrobial and biocompatible properties for 
infected skin regeneration, NPG Asia Mater. 12 (1) (2020) 25. 

[15] H. Ying, J. Zhou, M. Wang, D. Su, Q. Ma, G. Lv, J. Chen, In situ formed collagen- 
hyaluronic acid hydrogel as biomimetic dressing for promoting spontaneous 
wound healing, Mater. Sci. Eng. C 101 (2019) 487–498. 

[16] M.R. El-Aassar, O.M. Ibrahim, M.M.G. Fouda, N.G. El-Beheri, M.M. Agwa, Wound 
healing of nanofiber comprising polygalacturonic/hyaluronic acid embedded 
silver nanoparticles: in-vitro and in-vivo studies, Carbohydr. Polym. 238 (2020) 
116175. 

[17] G. Mutlu, S. Calamak, K. Ulubayram, E. Guven, Curcumin-loaded electrospun 
PHBV nanofibers as potential wound-dressing material, J. Drug Deliv. Sci. 
Technol. 43 (2018) 185–193. 

[18] S. Homaeigohar, A.R. Boccaccini, Antibacterial biohybrid nanofibers for wound 
dressings, Acta Biomater. 107 (2020) 25–49. 

[19] Y. Xie, Z.-x. Yi, J.-x. Wang, T.-g. Hou, Q. Jiang, Carboxymethyl konjac 
glucomannan - crosslinked chitosan sponges for wound dressing, Int. J. Biol. 
Macromol. 112 (2018) 1225–1233. 

[20] A. Mohandas, B.S. Anisha, K.P. Chennazhi, R. Jayakumar, Chitosan-hyaluronic 
acid/VEGF loaded fibrin nanoparticles composite sponges for enhancing 
angiogenesis in wounds, Colloids Surf. B Biointerfaces 127 (2015) 105–113. 

[21] X. Yang, C. Wang, Y. Liu, H. Niu, W. Zhao, J. Wang, K. Dai, Inherent antibacterial 
and instant swelling ε-poly-lysine/poly(ethylene glycol) diglycidyl ether 
superabsorbent for rapid hemostasis and bacterially infected wound healing, ACS 
Appl. Mater. Interfaces 13 (31) (2021) 36709–36721. 

[22] Q. Jiang, B. Luo, Z. Wu, B. Gu, C. Xu, X. Li, X. Wang, Corn stalk/AgNPs modified 
chitin composite hemostatic sponge with high absorbency, rapid shape recovery 
and promoting wound healing ability, Chem. Eng. J. 421 (2021) 129815. 
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based hydrogels for controlled release of amphotericin B for dermal local 
antifungal therapy of candidiasis, Eur. J. Pharm. Sci. 145 (2020) 105255. 

[60] S.S. Selvi, M.E. Hasköylü, S. Genç, E. Toksoy Öner, Synthesis and characterization 
of Levan hydrogels and their use for resveratrol release, J. Bioact. Compat. Polym. 
36 (6) (2021) 464–480. 

[61] H. Li, Q.-S. Zhao, S.-L. Chang, T.-R. Chang, M.-H. Tan, B. Zhao, Development of 
cannabidiol full-spectrum oil/2,6-di-O-methyl-β-cyclodextrin inclusion complex 
with enhanced water solubility, bioactivity, and thermal stability, J. Mol. Liq. 347 
(2022) 118318. 

[62] T. Zhou, S. Chen, X. Ding, Z. Hu, L. Cen, X. Zhang, Fabrication and 
characterization of collagen/PVA dual-layer membranes for periodontal bone 
regeneration, Front. Bioeng. Biotechnol. 9 (2021) 630977. 

[63] Q. Li, F. Lu, G. Zhou, K. Yu, B. Lu, Y. Xiao, F. Dai, D. Wu, G. Lan, Silver inlaid with 
gold nanoparticle/chitosan wound dressing enhances antibacterial activity and 
porosity, and promotes wound healing, Biomacromolecules 18 (11) (2017) 
3766–3775. 
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