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A B S T R A C T   

Given the growing interest in non-toxic materials with good anti-inflammatory and antimicrobial 
mechanical properties, this work focuses on preparing chitosan sponges with violacein and 
cannabis oil crosslinked with dialdehyde chitosan. The sponge was tested for its physicochemical 
and biological properties, presenting a high swelling rate, good thermal stability, and satisfactory 
mechanical properties. The obtained sponge’s water vapor transmission rate was 2101 g/m2/day 
and is within the recommended values for ideal wound dressings. Notably, adding violacein 
favorably affected the material’s porosity, which is essential for dressing materials. In addition, 
studies have shown that the designed material interacts with human serum albumin and exhibits 
good antioxidant and anti-inflammatory properties. The antibacterial properties of the prepared 
biomaterial were assessed using the Microtox test against A. fisherii (Gram-negative bacterium) 
and S. aureus (Gram-positive bacterium). The investigated material provides potential therapeutic 
benefits due to the synergistic action of chitosan, violacein, and cannabis oil so that it could be 
used as a dressing material. The natural origin of the substances could provide an attractive and 
sustainable alternative to traditional commercially available dressings.   

1. Introduction 

The skin is the human body’s largest organ, a barrier to the environment [1]. Skin damage interferes with proper functioning, 
increasing the probability of wound infection. Therefore, it is essential to quickly protect the wound with an appropriate dressing to 
prevent infection, speed up wound healing, and reduce the number of complications. A good wound dressing should meet many 
conditions, such as adequate moisture content (which will protect the wound from dehydration), biocompatibility, degradability, and 
non-toxicity [2,3]. Moreover, the wound dressing should have sufficient mechanical properties: it should be strong enough to with
stand physical stress and, at the same time, soft enough to support the patient’s regular activity. Porous sponges based on natural and 
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synthetic polymers are widely used in biomedical dressings [4]. However, synthetic polymers could cause side effects that are highly 
unfavorable to patients’ health and safety. Therefore, more and more attention is being paid to the use of biopolymers. 

Many biomaterials can be used as a base for dressing materials, such as collagen, cellulose, dextran, starch, etc. However, chitosan 
(CS) is an ideal choice for wound dressings for all biopolymers due to its exceptional biocompatibility, antioxidant activity, and 
biodegradability [5–9]. In addition, CS has been shown to promote tissue growth and differentiation during wound healing [10]. Shen 
et al. [11] obtained chitosan-based hydrogel by using a multilayered upconversion nanocomposite constructed by the upconversion 
nanoparticles coated with a mesoporous silica-loaded zinc phthalocyanine. The results show that this wound dressing can effectively 
reduce inflammation and significantly accelerate wound healing due to its low toxicity, deep tissue penetration, good biocompatibility, 
and antibacterial solid capacity. In another study, the authors [12] designed a material using chitosan as a functional layer and a 
double polyacrylamide hydrogel. In turn, the protective layer of the dressing was poly (vinyl alcohol)-polyacrylamide/glycerin. The 
results showed that this dual dressing exhibited excellent antibacterial and cytocompatibility and could significantly accelerate skin 
tissue regeneration and wound closure. In another work, authors grafted CS, which was prepared and crosslinked with sodium alginate 
(SA) to synthesize CS-poly (MA-co-AA)SA hydrogel via a free radical grafting method. The prepared hydrogel demonstrated excellent 
effectiveness against (≥90 % inhibition) Candida albicans biofilms. Furthermore, hydrogel’s in vitro wound healing outcomes indicated 
its potential application for chronic wound treatment [13]. 

Complementing the design of a good wound dressing is incorporating bioactive agents, such as antimicrobials and plant oils, into 
the matrix to accelerate wound healing and induce tissue formation. There are many natural oils available in the literature that are 
used in wound treatment. One example is thyme oil, which was introduced into a chitosan matrix by Hamedi et al. [14]. The authors 
showed that this material has good mechanical properties and can limit the growth of E. coli and S. aureus bacteria. Another example 
widely used in wound treatment is tea tree oil. Hu et al. [15] obtained a robust and antimicrobial hydrogel by Schiff base reaction 
between carboxymethyl chitosan and genipin, and tea tree oil was encapsulated in the hydrogel network by emulsification. The ob
tained hydrogels present high adhesive strength (~162.75 kPa), excellent antibacterial properties (over 90 %), and excellent 
biocompatibility. Hajili et al. [16] obtained alginate nanofibers with lavender oil as a potential material for burn wound healing. 
Antimicrobial results showed inhibition of the nanofibers against S. aureus. Anti-inflammatory activity was tested using rat skin 
exposed to medium ultraviolet (UVB) radiation. The data suggested that the nanomaterial reduced bacterial viability. 

Noteworthy is cannabis oil (CanO), which exhibits many health-promoting properties, such as antioxidant, anti-inflammatory, and 
anticancer properties [17,18]. The oil contains several substances (such as vitamins, minerals, and fatty acids) which can further affect 
wound healing. The main component of the oil is non-psychoactive cannabidiol (CBD), known for its beneficial properties [19–21]. In 
addition, recent findings suggest that cannabidiol may also be a potential drug against human coronavirus, which can be used in 
combination or with other drug molecules to treat patients with COVID-19 [22]. Therefore, using it in the design of a chitosan sponge 
may be an additional advantage. Furthermore, our previous studies suggest that chitosan material with cannabis oil shows outstanding 
photostability, which is crucial for biomedical applications [23]. 

Moreover, in this study, we decided to further enhance the antimicrobial protection of the designed dressing materials by intro
ducing violacein (Viol) into the biopolymer matrix. Viol is a naturally occurring antimicrobial substance derived from certain strains of 
Gram-negative bacteria (mainly Chromobacterium violaceum). Notably, violacein has been shown to exhibit lower toxicity and better 
biocompatibility than synthetic antibiotics [24–26]. Besides antimicrobial properties, the essential activities of violacein include 
interfering with the physiological function of biological membranes, inhibiting cell proliferation, and providing antioxidant and 
anti-inflammatory properties [27]. In addition, Viol’s antiviral activity against some developed and non-developed viruses has also 

Fig. 1. Chemical structure of a) cannabis oil and b) violacein; c) photograph of the obtained materials.  
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been reported [28]. To our knowledge, violacein has not yet been used to design wound dressing materials. 
The present study obtained a highly porous chitosan sponge enriched with cannabis oil and violacein ((CanO-Viol)CS) (Fig. 1). The 

material was characterized in terms of its physicochemical and biological properties. Moreover, the interaction of the obtained sponge 
with human serum albumin (HSA) was also studied. The study showed that adding cannabis oil and violacein improved the antimi
crobial properties, suggesting that the material could be potentially used as wound dressing. 

2. Materials and methods 

2.1. Materials 

Chitosan (low molecular weight, deacetylation degree of 79 %), phosphate buffer saline (PBS) (pH 7.4), diclofenac sodium, human 
serum albumin (HSA), bovine serum albumin (BSA), lysozyme, and 2,2-diphenyl-1-picrylhydrazyl radical (DPPH) were purchased 
from Sigma-Aldrich (Munich, Germany). Violacein was purchased from Immuno Life. Acetic acid (99.8 %), sodium hydroxide, hy
drochloric acid, and phenolphthalein were purchased from Avantor Performance Materials Poland (Gliwice, Poland). Cannabis oil (20 
% of CBD in oil; CBD Pure) was purchased from a local pharmacy. Water was purified with a Milli-Q Water Purification System 
(Millipore Corp., Bedford, MA). 

Reagents for the antibacterial tests: Microbank cryogenic vials (ProLabDiagnostics, Canada), Brain Heart Infusion Broth (Oxoid, 
UK), Tryptone Soya Agar (Oxoid, UK), Sodium chloride (Avantor Performance Materials Poland S.A., Poland). 

Reagents for the Microtox test: Microtox® Acute Reagent, Microtox® Diluent, Microtox® Osmotic Adjusting Solution, Microtox® 
Reconstitution Solution and disposable glass cuvettes were purchased from Tigret sp. Z o. o. (Warszawa, Poland). 

Reagents for the in vitro fibroblast test: Eagle’s Minimum Essential Medium (EMEM), fetal bovine serum (FBS), Non-Essential 
Amino Acids (NEAA), l-glutamine, trypsin-EDTA, penicillin/streptomycin solution, and 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-diphe
nyltetrazolium bromide; suitable for cell culture) were purchased from Sigma-Aldrich. All reagents were used without additional 
purification. 

2.2. Synthesis of the dialdehyde chitosan (DCS) 

Dialdehyde chitosan was synthesized according to our previous work [29]. Briefly, chitosan (1.0 g) was dissolved in an acetic acid 
solution (C = 1 %, 100 mL) and then oxidized with sodium periodate (0.7 M) using a magnetic stirrer in the dark (40 ◦C, 3h). After 
cooling to room temperature, 40 mL of acetone was added. The precipitated dialdehyde chitosan was filtrated and washed three times 
with deionized water. The white product was dried at room temperature in the darkroom for 24 h. The reaction yield for obtaining 
dialdehyde chitosan was 0.91 m/m. 

2.3. Synthesis of the chitosan sponge with cannabis oil and violacein cross-linked with dialdehyde chitosan ((CanO-Viol)CS) 

First, chitosan (CS) (1.0 g) was dissolved in an acetic acid solution (C = 1 %, 100 mL) using a mechanical stirrer (1 h, room 
temperature, 1000 rpm). Next, 0.01 g of cannabis oil (CanO) (1 % by weight to chitosan) was added to the CS solution, and stirring was 
continued for 30 min. After this, violacein (Viol) (C = 1 %, 1 mL) was added at 0.2 mg per 1 mL of solution. The mixture was stirred at 
25 ◦C for 1.5 h with a magnetic stirrer (800 rpm). Then, glycerin was added at 0.05 g per 1 mL of solution as a plasticizer and continued 
for 1.5 h (800 rpm, 25 ◦C). As a cross-linking agent, dialdehyde chitosan was added (0.05 g), and the mixture was stirred for 1.5 h at 
room temperature. After this, the solution was poured into a 24-well plate, frozen (− 20 ◦C), and lyophilized (Labconco, 48 ◦C; 0.031 
mBar, 48 h). The obtained sponges were removed from the plate and labeled as (CanO-Viol)CS. 

2.4. Determination of the cross-linking degree 

The degree of cross-linking of the (CanO-Viol)CS sponge was determined according to the previously reported method [30]. First, 
the sponge was weighed (m0). After this, the sample was placed in a flask containing acetic acid (40 mL, C = 1 %) and extracted (70 ◦C, 
24 h). The insoluble residue was separated and dried at 60 ◦C in a vacuum for 24 h. After this time, the sample was re-weighed (m1). 
The analysis was repeated three times. The degree of cross-linking was calculated using the following formula: 

Cross − linking Degree (%)=
m1

m0
∗ 100%  

2.5. Characterization of the physicochemical properties of the chitosan sponge with cannabis oil and violacein ((CanO-Viol)CS) 

2.5.1. Attenuated total reflectance spectroscopy (ATR-FTIR) 
ATR-FTIR spectra of chitosan, cannabis oil, violacein, and the obtained (Can-Viol)CS sponge were recorded under ambient con

ditions using a Spectrum-Two spectrophotometer (PerkinElmer, Waltham, MA, USA) equipped with a diamond crystal. Spectra were 
recorded in the 4000-400 cm− 1 range, with a resolution of 16 cm− 1 and 64 scans. After recording the spectra, the baseline and ATR 
corrections were made. 
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2.5.2. Scanning electron microscopy (SEM) 
The morphology of the CS sponge and (CanO-Viol)CS sponge was examined using a scanning electron microscope (1430 V P LEO 

Electron Microscopy Ltd.). The samples were sputtered with gold before measurement. 

2.5.3. Porosity 
The porosity of the CS sponge and (CanO-Viol)CS sponge was characterized using ethanol displacement [31]. The samples (0.2 g) 

were immersed in ethanol (4 mL) for 1 h. After that, samples were removed from the ethanol, and the excess ethanol on the surface was 
removed with filter paper. The porosity of the sponges was calculated using the following formula: 

Porosity (%)=
(W − W0)

ρ ∗ V
∗ 100%  

where W0 and W are the weight of the sponge before and after immersing in ethanol, respectively, ρ represents the density of absolute 
ethanol (0.7893 g/cm3 at 20 ◦C), and V denotes the volume of the sponge. 

2.5.4. Thermogravimetric analysis (TGA) 
Thermogravimetric analysis of CS and (CanO-Viol)CS sponges was carried out on a TA Instruments thermogravimetric analyzer 

(SDT 2960 Simultaneous DSC-TGA) at a heating rate of 10 ◦C/min from ambient to 600 ◦C in a nitrogen atmosphere. 

2.5.5. Mechanical properties 
The mechanical properties of CS and (CanO-Viol)CS sponges were tested using a Shimadzu EZ-Test E2-LX testing machine (Shi

madzu, Kyoto, Japan). Five paddle-shaped samples were prepared to conduct tensile tests. The mechanical properties of the sponges 
were measured at a speed of 20 mm/min at room temperature. At least three repetitions were performed for each sample. 

2.6. Water vapor transmission rate (WVTR) 

The water vapor transmission rate (WVTR) was carried out on sponges to evaluate their gas exchange capacity [32]. A sponge with 
a diameter of 40 nm was prepared for this study. A solution containing chitosan (CS) or a mixture of chitosan with cannabis oil and 
violacein ((Can-Viol)CS) was poured into a 40 mm diameter plastic Petri dish, frozen and freeze-dried. Deionized water (5 mL) was 
poured into an empty plastic box (40 mm diameter). Its opening was closed with a CS sponge or a (Can-Viol)CS sponge. The box was 
kept at 37 ◦C for 24 h, and the evaporated water through the samples was measured using the following equation: 

WVTR

⎛

⎜
⎝

g
m2

h

⎞

⎟
⎠=

(
Δw
Δt

)

A  

Where 
(

Δw
Δt

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

2.7. Swelling analysis 

The swelling ratio of the sponges was tested using swelling tests, in which previously weighted dry sponges were immersed in PBS 
buffer (pH = 7.4, 10 mL), and incubated in a thermomixer at 37 ◦C. The samples were removed from the solution at different time 
intervals (1, 2, 3, 4, 5, 6, 24, and 48 h). Excess water was removed from the sponge surface using filter paper and re-weighted. At least 
three repeats were performed for each sample. The swelling ratio was calculated according to the formula: 

Swelling rate (%)=
(Ws − WD)

WD
∗ 100%  

where WS is the weight of the swollen sponge and WD is the weight of dried sponge [33]. 

2.8. Biodegradation analysis 

The biodegradability of CS and (CanO-Viol)CS sponges was determined by monitoring their weight changes over 14 days [34]. A 
sponge of known mass (m0) was incubated in a PBS solution (pH = 7.4, 37 ◦C, 10 mL) containing lysozyme (0.5 mg/mL) solution. After 
each day, the sponge was removed from the solution and re-weighed (m). The measurement was performed three times. The biode
gradability of the samples was calculated using the following formula: 

Biodegradation (%)=
(m0 − m)

m0
∗ 100%  
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2.9. Antioxidant properties 

A DPPH assay was used to test the antioxidant properties of the materials. The sponge (10–500 μg/mL) was incubated with 3 mL of 
1 mM ethanolic solution of 1,1-diphenyl-2-picrylhydrazyl (DPPH) at room temperature in the dark. Blank DPPH without a sample was 
used as a control group. The absorbance of the resulting solutions and the blank were recorded after 30 min at 517 nm at room 
temperature using a UV–Vis spectrophotometer (UV-1800 spectrophotometer, Shimadzu, Japan). The measurement was performed 
three times. The radical scavenging potential of the samples was measured using the following formula: 

DPPH scavening (%)=
(A0 − AS)

A0
∗ 100%  

where A0 is the absorbance of the DPPH solution, and As is the absorbance of the sponge [35]. 

2.10. Anti-inflammatory properties 

The anti-inflammatory properties of CS and (CanO-Viol)CS sponges were determined by inhibiting the denaturation of bovine 
serum albumin (BSA) by the materials obtained. BSA solution (5 mL, 5 %) was incubated with the sponge (10–500 μg/mL) at 37 ◦C for 
15 min on a thermomixer (200 rpm). The sample was then heated in a water bath at 70 ◦C for 5 min. Diclofenac sodium salt (10–500 
μg/mL) was used as a model anti-inflammatory compound. The absorbance of the obtained mixtures and the model solution was 
measured spectrophotometrically (UV–Vis spectrophotometer, Shimadzu, Japan) at 278 nm. The experiment was performed three 
times. The percentage of denaturation inhibition was calculated using the following formula: 

Inhibition (%)=
(1 − As)

Ac
∗ 100%  

where, Ac is the absorbance of the control and As is the absorbance of the sponge [36]. 

2.11. Protein adsorption 

The evaluation of the adsorption capacity of human serum albumin (HSA) by the sponges obtained was measured using a spec
trofluorometer, according to the method described previously [18]. Briefly, CS and (CanO-Viol) CS sponges were incubated in HSA 
solution (6.24 μM) in phosphate buffer (50 mM, pH = 7.4) at 37 ◦C (200 rpm) at different time intervals (1, 5, 10, 30, 60, 120, and 
1440 min). After incubation, fluorescence spectra at 285 nm excitation were recorded using a Jasco FP-8300 spectrofluorometer. The 
parameters of the recorded fluorescence spectra were as follows: scanning speed - 100 nm/min, Em/Ex bandwidth - 2.5 nm/5 nm, and 
recording range - 285–400 nm. 

2.12. Biological properties 

2.12.1. Antibacterial test 
The Gram-positive bacterium Staphylococcus aureus ATCC 29213 was used to test antimicrobial properties. Bacterial strains were 

stored in Microbank cryogenic vials (ProLabDiagnostics, Canada) at − 70 ◦C ± 10 ◦C and cultured on Tryptic Soy Agar (TSA). Test 
strains were cultured aerobically in Brain Heart Infusion Broth (BHI) at 36 ◦C ± 1 ◦C for 18–20 h. The microorganisms were then 
collected by centrifugation (3000 rpm for 15 min), resuspended in 0.85 % sterile saline, and diluted in BHI broth to a final concen
tration of about 108 CFU/mL. To 1 mL of BHI broth, 15 mg of sponge was added. The tubes were pre-incubated for 30 min at 20 ◦C and 
inoculated with 10 μL of bacterial inoculum (108 CFU/mL). The growth control group was a tube without a sponge. At predetermined 
time points (0, 2, 4, 8, 12, and 24 h) after incubation at 36 ± 1 ◦C, 100 μL sponges were collected, and the number of viable cells (CFUs/ 
mL) in each sample was determined using a standard plate count. The time-killing curves were studied by plotting Log CFU/mL against 
the time. Experiments were conducted in triplicate. 

2.12.2. Microtox test 
The acute toxicity studies were conducted using Microtox M500 apparatus and Modern Water Microtox Omni 4.2 software. Two 

experiments were performed based on previously published procedures [29,37]. The first set of tests included the evaluation of the 
effect exerted by whole fragments of the material. In this case, a modified 81.9 % Screening test procedure was applied. Instead of the 
tested sample, Modern Water Diluent (2 % NaCl solution) was added to the bacterial suspension, immediately immersing a film 
fragment. For the second set of tests, a 40 mg film fragment was mixed in 100 mL of deionized water for 20 h, after which the resulting 
suspension was filtered through membrane filters (0.22 μm). The filtrate was subjected to a standard 81.9 % Screening test. All the 
experiments were performed in triplicate. 

2.12.3. Cell viability test 
L929 mouse fibroblasts (NCTC clone 929: ECACC no. 88102702), purchased from the European Collection of Authenticated Cell 

Cultures (Salisbury, UK) were cultured in EMEM medium supplemented with 2 mM l-glutamine, 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 
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supplemented with fresh medium twice or thrice weekly. We used cells in passages 6 to 8 in the experiments. Cell viability was 
evaluated according to ISO 10993–5 using two methods (direct contact test and extract test). CS and (CanO-Viol)CS sponges were 
sterilized with UV light for 40 min in a laminar chamber and used for experiments on the same day. For 24-h and 72-h tests with 
extracts, L-929 cells were seeded into 96-well plates at a density of 1 × 104 and 2.5 × 103 cells per well, respectively, and allowed to 
grow for 24 h. 

Extracts were prepared by incubating the sponge with 4 mL of growth medium for 24 h at 37 ◦C in a humidified atmosphere with 5 
% CO2. The medium was then replaced with 100 μL of medium containing extract or medium without extract (untreated control). By 
the recommendations of ISO 10993–5, no additional processing (e.g., filtration, centrifugation) of the obtained extracts was performed 
before their application to fibroblast cells. In the direct assay, 3 × 105 cells were seeded into a well of 96-well plates and allowed to 
grow for 24 h. The medium was then changed to a fresh cell culture medium, and one sponge was placed on the well and incubated 
with the cells for 24 h. 

MTT assay was used to assess the cell viability. After 24 or 72 h of treatment, the medium was removed, and 100 μL of 0.5 mg/mL 
MTT prepared in fresh growth medium was added to each well of a 96-well plate. After 3 h of incubation at 37 ◦C, the solution was 
removed, and 100 μL of 0.04 M HCl-isopropanol was added. In the direct assay, aliquots of 100 μL were transferred to 96-well plates. 

Absorbance was measured at 570 nm with background subtraction at 690 nm using a Synergy HT Multi-Mode Microplate Reader 
(BioTek Instruments, Winooski, VT, USA). The number of viable cells was calculated relative to control cells grown in a growth 
medium without a sponge (for the direct assay) or its extract (for the extract assay). 

2.13. Statistical analysis 

Data are expressed as mean ± standard error of the mean. Results were obtained from at least three replicates. One-way analysis of 
variance (ANOVA) was used to determine statistical significance, followed by Dunnett’s or Tukey’s post hoc test for multiple com
parisons. Statistical analysis was performed using GraphPad Prism 9.2 software (GraphPad Software, San Diego, CA, USA). A p-value 
<0.05 was considered statistically significant. 

3. Results and discussion 

3.1. Characterization of the physicochemical properties of the chitosan sponge with cannabis oil and violacein ((CanO-Viol)CS) 

Porous structures are a promising approach for applications as dressing materials. The present study obtained high-porosity 

Fig. 2. Physicochemical properties of the obtained sponges. a) ATR-FTIR spectrum, b) SEM images, c) thermogravimetric analysis, and d) me
chanical properties. 
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chitosan materials enriched with cannabis oil (CanO) and violacein (Viol). A significant aspect of this process was the use of dialdehyde 
chitosan (DCS) as an effective cross-linking agent, which enabled the formation of a durable structure capable of supporting the unique 
properties of cannabis oil and violacein effectively. DCS has the added benefit of its natural origin. It may not have toxic effects 
compared to commonly used cross-linking agents (such as glutaraldehyde), which are essential for biomedical applications. The 
physical and chemical properties of the (CanO-Viol)CS obtained were characterized. The degree of cross-linking of the (CanO-Viol)CS 
sponge was 64 %. The ATR-FTIR spectrum is shown in Fig. 2a. Absorption bands attributed to OH stretching (2900-3500 cm-1), CH 
stretching (2860-3100 cm− 1), NH bending (1560 cm− 1), OH and CH deformation vibrations (1408, 1385 cm− 1), and C–O–C stretching 
vibrations (1000-1260 cm− 1) are present in the spectrum of pure chitosan (CS). These data are consistent with the literature [38,39]. 
The spectrum of cannabis oil shows characteristic bands at 3458 cm− 1 (stretching vibrations of OH groups of cannabinoids), at 3006 
cm− 1 (CH stretching of benzene rings), and bands at 2923 cm− 1 and 2856 cm− 1 (corresponding to stretching vibrations of CH3 and CH2 
groups of cannabinoids and fatty acid hydrocarbons). The band at 1741 cm− 1 is associated with the presence of vibrations of the 
benzene skeleton [40]. The spectrum recorded for violacein shows characteristic bands at 2853 cm− 1 (C = O amide), 1660 cm− 1 (C =
C), 1504 cm− 1 (C–O phenol), and 1446 cm− 1 and 1383 cm− 1 (C–N) [41,42]. In the obtained (Can-Viol)CS sponge, bands derived from 
both cannabis oil (2924 cm− 1, 2853 cm− 1, and 1744 cm− 1) and violacein (1639 cm− 1 and 1378 cm− 1) are visible, thus confirming that 
these substances have been successfully incorporated into the chitosan structure. 

Fig. 2b shows SEM images of the CS sponge and (CanO-Viol)CS sponge. Both materials have irregular shapes and visible pores, with 
CS having a jagged structure. Other chitosan wound dressings, such as those formed by dissolving chitosan in an alkaline aqueous 
solution, followed by thermal gelling and solvent change, also exhibit a similar porous structure [43]. In addition, it can be seen that 
the addition of cannabis oil and violacein increased the number of pores in the material, which was confirmed by porosity analysis 
(33.75 % ± 3.63 and 74.54 % ± 5.96 for CS and (CanO-Viol)CS, respectively). In this case, the pores are more significant, and there are 
more of them compared to the base material. The increase in porosity may be due to the effective dispersion of the ingredients 
contained in the CanO and Viol in the material’s structure, which promotes an even distribution of the pores. Our previous work 
obtained a levan-based sponge with cannabis oil, whose porosity was about 68 % [18]. Adding violacein had a beneficial effect on 
porosity, which is essential for wound healing. High porosity is desirable in dressing materials because it allows free oxygen diffusion, 
contributing to better tissue oxidation [44]. 

Thermogravimetric analysis is essential for assessing the durability and performance of potential wound dressing materials, as it 
allows monitoring of material degradation processes under different temperature conditions. TGA analysis was carried out for the 
sponge without the active substances and with the addition of cannabis oil and violacein (CanO-Viol)CS. The thermogram is shown in 
Fig. 2c, while the thermal parameters are summarized in Table S1 in the Supplementary Material. The thermal decomposition of 
chitosan occurs in three stages, consistent with the literature [45–47]. The first stage is associated with the release of adsorbed water. 
The weight loss is 14 % and 52 % for the second and third stages, respectively, related to the disruption of polysaccharide chains and 
the elimination of small-molecule degradation products [37]. In their study, Raj et al. also observed chitosan decomposition up to 
500 ◦C [13]. In contrast, the thermal degradation of (CanO-Viol)CS sponge is a four-step process. The first stage, occurring with a mass 
loss of 7 %, is associated with water loss. The following two stages occur similarly to chitosan, except a relatively minor mass loss (34 
%) was observed in the third stage. The fourth stage, appearing with a maximum temperature of 398 ◦C and a mass loss of 28 %, is 
probably related to the decomposition of cannabis oil. Nevertheless, it is worth noting that the addition of active substances affected 
the thermal properties of (CanO-Viol)CS. At the end of the analysis, (CanO-Viol)CS has a residue of 18 % by weight and chitosan of 28 
%. It follows that the chitosan sponge enriched with cannabis oil and violacein shows more excellent thermal stability than pure 
chitosan, suggesting good thermal behavior, which is essential for biomedical applications. 

A wound dressing should provide protection and stability around an area of injury or wound. Mechanical properties such as 
strength and elasticity are essential in this context. A material with sufficient strength can effectively protect the injured area from 
external trauma while maintaining the structural integrity of the dressing [48,49]. A tensile test was performed to determine the 
mechanical properties of the designed material, the engineering stress versus strain was recorded, and Young’s modulus was deter
mined. The mechanical properties of the chitosan sponge without the active substance were also studied. The results are shown in 
Fig. 2d and Table 1. As can be seen, adding cannabis oil and violacein affected only Young’s modulus, which increased. In a study 
reported by Rafieian et al. it was also noted that the addition of active substances (in this case Aloe vera) led to an increase in the 
modulus (by almost 116 %) [50]. It may be because the chitosan fiber can be stiffened more effectively or by the presence of these 
components. It is known that Young’s modulus of healthy skin is in the range of 4.6–20 MPa, while the tensile strength is 2.5–35 MPa 
[51]. Designed dressing materials should exhibit a higher value of these parameters to avoid their potential damage, even with slight 
wound movement. The results obtained for (CanO-Viol)CS meet this condition, suggesting that this sponge could be used as a dressing 
material. 

Table 1 
Mechanical properties and Water Vapor Transmission Rate (WVTR) of the obtained materials.a Indicate p < 0.05 when compared to the corre
sponding CS.   

Sample 
Mechanical properties WVTR (g/m2/day) 

Stress [MPa] Strain [%] Young’s modulus [MPa] 

CS 6.31 ± 0.11 6.38 ± 0.21 133.09 ± 3.78 1983 ± 8.76 
(Can-Viol)CS 6.68 ± 0.09a 6.79 ± 0.11a 154.02 ± 9.06a 2101 ± 13.26a  
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3.2. Water vapor transmission rate (WVTR) 

The water vapor transmission rate (WVTR) allows the control of the permeability of the dressing to water vapor. An adequate water 
vapor transmission rate avoids excessive moisture retention around the wound. Excessive wetting can impede the healing process, 
promoting the growth of bacteria and infection [49,52,53]. According to literature data, an ideal dressing material should exhibit a 
WVTR value in the 2000–2500 g/m2/day range. The results of our study showed that the addition of active substances improved the 
water vapor transmission rate (Table 1). Cannabis oil and violacein may form additional spaces or pores between the fibers, allowing 
water vapor to flow more easily. It was confirmed by the porosity study of the materials, which showed that (CanO-Viol)CS has a much 
higher porosity than CS sponge (33.75 % ± 3.63 and 74.54 % ± 5.96 for CS and (CanO-Viol)CS, respectively). In addition, literature 
reports indicate that adding a plasticizer (in this case, cannabis oil) can increase the diffusivity of moisture through the polymer 
structure by increasing the distance between polymer chains [54,55]. The WVTR of the obtained sponge was 2101 g/m2/day and is 
within the recommended WVTR values for ideal wound dressings. Moreover, the WVTR of the blank sample was 2798.23 ± 6.12 
g/m2/day. Therefore, as a wound dressing material, (CanO-Viol)CS can reduce water loss by evaporation by 25 % by providing a moist 
environment. Similar results were obtained in other works [56,57]. 

3.3. Swelling analysis 

The swelling rate is a crucial parameter, as it affects the ability of a wound dressing to maintain moisture around the wound, absorb 
secretions, and adjust to changing clinical conditions [58–60]. Therefore, when considering the design of wound dressing materials, it 
is essential to study the swelling rate. We conducted the study at room temperature and pH = 7.4, which allowed us to evaluate the 
material’s response under near-physiological conditions. The results are shown in Fig. 3a. As can be seen, both the chitosan sponge and 
the chitosan sponge enriched with cannabis oil and violacein show a high swelling rate. However, relatively higher values were 
obtained for (CanO-Viol)CS (1027 % after 48 h of incubation). It is probably related to the interaction between chitosan, cannabis oil, 
and violacein, which may affect the structure of the sponge and its ability to retain water. Other authors have confirmed that the 
swelling ratio increases after adding active substances to the polysaccharide base [58,61,62]. The high values of the swelling rate of the 
CanO-Viol)CS sponge means that the material could effectively absorb excretions and maintain moisture around the wound. 

3.4. Biodegradation analysis 

Biodegradability plays an essential role in the design of wound dressings. A biodegradable dressing can naturally break down in the 

Fig. 3. Material characterization. a) swelling rate, b) biodegradation profile, c) anti-inflammatory properties, and d) antioxidant properties of the 
obtained sponges. 
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body, which reduces the need for frequent dressing changes and can help reduce the pain, stress, and risk of infection associated with 
regular wound dressing changes [63–65]. Weight loss was found to be a measure of biodegradation when the sponges were placed in 
PBS containing the enzyme lysozyme. Results are shown in Fig. 3b. Chitosan is known for its degradation properties, which was also 
confirmed in this study. After 14 days of incubation, chitosan biodegraded by 66 % under the conditions used. Most of the degradation 
in this biopolymer occurs in aminoglucose units, leading to further degradation of oligosaccharide units [66]. However, the addition of 
cannabis oil and violacein increased the weight loss by 80 %. It may be related to the porosity of the material. As mentioned earlier, the 
(CanO-Viol)CS sponge exhibited high porosity, which may affect enzyme penetration and facilitate biodegradation. At the same time, 
such a high mass loss value may be advantageous for using the obtained sponge as a potential wound dressing material. 

Fig. 4. Biological properties of the obtained sponges. a) Protein adsorption, b) time-killing curves of S. aureus in the presence of the sponges, c) 
changes observed in the Aliivibrio fischeri bioluminescence decrease upon contact with the (CanO-Viol)CS sponge, and d), e) cell viability of L929 
after 24 h and 72h incubation with d) sponges, and e) extracts obtained from tested sponges. 
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3.5. Antioxidant properties 

The antioxidant properties of the wound dressings may help neutralize excess reactive oxygen species (ROS), protecting cells from 
further oxidative stress and thereby delaying the wound healing process [67,68]. This study used 1,1-diphenyl-2-picrylhydrazyl 
(DPPH) free radicals to evaluate ROS scavenging activity, and ascorbic acid was used as a standard compound. As can be seen in 
Fig. 3c, both the CS sponge and the (CanO-Viol)CS sponge exhibit antioxidant properties. However, the sponge with active substances 
is a much potent radical scavenger. Cannabis oil is a rich source of natural antioxidants such as vitamin E, phytosterols, and carotenoids 
[69]. Hence, its presence in the (CanO-Viol)CS sponge can significantly increase the antioxidant content compared to the chitosan 
sponge. On the other hand, violacein is known for its antioxidant properties [70,71], which may further increase the overall anti
oxidant activity of the obtained material. Bölgen et al. [72] reported that chitosan cryogel incorporated with Hypericum perforatum oil 
had shown antioxidant activity. Tamer et al. [73] indicated that chitosan functionalized with polyaromatic hydroxyl molecules had a 
radical scavenging effect. These results also showed good similarity with our findings. The excellent antioxidant properties of the 
(CanO-Viol)CS sponge may make it a suitable wound dressing material. 

3.6. Anti-inflammatory properties 

Excessive inflammation can lead to further tissue damage, so controlling the inflammatory response is essential for successful 
healing. Wound dressings with anti-inflammatory properties can help reduce pain symptoms, which improves patient quality of life 
[74,75]. In our study, we used the method of denaturation inhibition of BSA protein to determine anti-inflammatory properties. We 
chose diclofenac sodium as a model compound, which belongs to the non-steroidal anti-inflammatory drugs. The results are shown in 
Fig. 3d. It can be seen that as the concentration of chitosan sponge with cannabis oil and violacein increases, increasing efficacy in 
inhibiting the denaturation of BSA protein is observed. Comparing the results with those obtained for diclofenac sodium, it can be seen 
that the (CanO-Viol)CS sponge is effective, especially at higher concentrations. However, the results are slightly lower than for the 
diclofenac sodium. On the other hand, CS sponge shows weaker anti-inflammatory properties than (CanO-Viol)CS. It suggested that 
adding cannabis oil and violacein (both of which exhibit anti-inflammatory properties) to the chitosan matrix results in the material’s 
effectiveness in inhibiting inflammatory processes. 

3.7. Protein adsorption 

Protein adsorption regulates cell adhesion on the surface of wound dressing materials. It is essential in cell spreading, growth, and 
proliferation [76,77]. Protein adsorbs to the matrix surface by interacting with the functional groups present on the matrix through 
electrostatic interaction or van Der Waals forces [78]. This study investigated the adsorption efficiency of human serum albumin by a 
CS sponge and a (CanO-Viol)CS sponge. The results are shown in Fig. 4a. When comparing these two materials, it is clear that more 
protein is bound on the (CanO-Viol)CS sample. After 24 h of incubation, as much as 1.54 ± 0.054 g/cm3 of protein is attached to the 
obtained material, while 0.99 ± 0.015 g/cm3 of albumin is bound with pure chitosan. It can also be seen that the adsorption efficiency 
was initially faster - after 30 min, almost twice as much albumin-bound as after 1 min. The higher adsorption efficiency may be related 
to the better porosity of the chitosan sponge enriched with active substances. The higher protein adsorption on the obtained material 
may provide more cell attachment sites and may help improve cell adhesion [79]. 

3.8. Biological properties 

3.8.1. Antibacterial test 
Gram-positive cocci, Staphylococcus aureus ATCC 29213, were used to evaluate the antimicrobial properties of CS and (CanO-Viol) 

CS sponges. These bacteria are the most common cause of acute and chronic wound infections [80,81]. The time-kill curve method was 
used; the results are shown in Fig. 4b. The antibacterial effect of pure chitosan against S. aureus was recorded only during the first 4 h of 
incubation. After 24h, the results were similar to the control. Adding violacein and cannabis oil to the chitosan matrix significantly 
increased the antimicrobial activity. According to the Clinical and Laboratory Standards Institute (CLSI), significant bactericidal ac
tivity is defined as a 3-log reduction in bacterial cells compared to the initial inoculum [82]. This criterion was met after 8h of in
cubation of bacteria with (CanO-Viol)CS) sponge. It was also observed that although there was a slight decrease in antimicrobial 
activity from 12 h of incubation of the bacteria with the sponge, a reduction in the number of bacteria compared to the initial bacterial 
inolocum (from 6.4 to 5.8 log10 CFU/mL) was still observed after 24 h. The alizarin nanocarriers obtained by Raji et al. in liposomes 
coated with chitosan and gum arabic CGL-Alz NCs also showed antimicrobial activity against Staphylococcus aureus [83]. The results 
indicate the significant antimicrobial activity of the (CanO-Viol)CS sponge, which may be a key feature in its potential use as a wound 
dressing material. 

The (CanO-Viol)CS sponge can improve antibacterial activity through a synergistic combination of components found in the 
sponge. Chitosan, the sponge matrix, has natural antimicrobial properties, which in our study showed activity mainly in the first hours 
of incubation. Adding violacein to the chitosan matrix significantly increased the antibacterial effectiveness of the (CanO-Viol)CS 
sponge. Violacein is known to exhibit antimicrobial properties, and its action interferes with bacterial cellular functions, including 
inhibition of protein and nucleic acid synthesis. Moreover, cannabinoids present in cannabis oil, rich in anti-inflammatory and 
antimicrobial compounds, can act synergistically with chitosan and violacein to improve the antibacterial properties of the final 
material. Each (CanO-Viol)CS sponge component can act on bacteria through different mechanisms, reducing the risk of bacterial 
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resistance and protecting the sponge from infection. In addition, studies have shown that the resulting material can help maintain a 
moist wound environment, which promotes tissue regeneration and inhibits bacterial growth. 

3.8.2. Microtox test 
The prepared material was subjected to the Microtox test. The Microtox test measures the change in the bioluminescence of 

Aliivibrio fischeri (formerly Vibrio fischeri) bacteria upon exposure to the tested sample. The decrease is proportional to the toxic effect 
exerted by the tested substance or solution and, due to the test design, can be measured usually in 5–30 min upon contact of the 
bacteria with the tested sample [84]. A decrease of 20 % or more compared to untreated controls is considered a toxic concentration 
[85]. 

Two types of experiments were performed. Firstly, the material was subjected as it is to assess the effect it induces upon contact. The 
material caused a decrease in the bioluminescence in a dose-dependent manner (Fig. 4c). In all the tested concentrations, the effect was 
more robust after more prolonged incubation with the bacteria (15 min) than after the short incubation (5 min) with the calculated 
EC50 equal 16 mg/mL (5 min) and 8 mg/mL (15 min). The toxic effect on bacteria can probably be assigned to the antimicrobial 
properties of all the components of the material – all of which, chitosan [86], cannabis oil components [87,88], and violacein [89], 
were proven to be potent antibacterial agents and might show synergistic action [90]. 

Secondly, the aqueous dispersion of the material was subjected to the same test. It was to assess the potential effect associated with 
the material if it was to be used in wound dressings for wounds with an exudate. A 40 mg fragment of the sponge was dispersed in 100 
mL of water and filtered through a 0.22 μm filter to achieve this. The resulting filtrate subjected to the test showed only negligible 
effect as bioluminescence decrease was equal to 3.65 % and 4.81 % after 5 and 15 min of exposure, respectively. One may assume that 
the activity towards Aliivibrio fischeri bacteria originates from the components released from the material into water, as there is almost 
no change in effect for the dispersed material. On the contrary, the solid material inserted directly into the bacterial suspension 
increased its toxic impact over time in each case, which may be attributed to the release of antibacterial molecules from the material. It 
may also be supported by the fact that after 5 min of incubation, the material suspension exerts almost the same effect as the 1 mg solid, 
while the concentration of the latter can be calculated as nearly three times as high (~0.3 mg/mL in the dispersion vs. ~0.9 mg/mL for 
the solid sample). 

Although most of the reports regarding the antimicrobial effects of the tested antibiotics show a significant decrease in the 
bioluminescence of A. fischeri only for certain groups of drugs, which is supposed to be associated with the short test duration, making 
it impossible to act through the antibacterial molecular mechanism [91], other authors associated the bioluminescence decrease with 

Fig. 5. Graphic display of the main findings.  
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the antimicrobial effect of complex mixtures and natural products [92]. Due to such discrepancies, the results should be taken 
cautiously and treated only as a possible screening of toxic effects exerted by the tested samples. However, tests performed on using 
S. aureus bacteria confirm the antimicrobial effect of the obtained sponge. 

3.8.3. Cell viability test 
The viability of the cells on the fabricated sponges was examined using the MTT assay. A mouse fibroblast cell line (L929), often 

used to study wound healing in vitro and as an in vitro model to study the interaction of skin cells with dressing materials [32], was 
chosen. According to the recommendations of ISO standard 10.993–5, a direct contact test and an extract test were performed to test 
the cytotoxicity of the materials. The tests were conducted after 24 and 72 h. The results obtained in the direct contact test of cells with 
the tested material (Fig. 4d) showed that the CS sponge exhibited a mild toxic effect against L929 cells (cell viability 78 % of untreated 
control). This effect does not change after 72 h. In contrast, the (CanO-Viol)CS sponge increased cell viability compared to pure 
chitosan (101 % after 24h incubation). After 72h, there was a slight but statistically insignificant decrease in viability. Differences in 
the results obtained for the CS sponge and the (CanO-Viol)CS sponge may be related to the material’s porosity. Higher porosity 
promotes cell adhesion and proliferation. 

On the other hand, the viability of L929 cells incubated with extracts from the obtained sponges was markedly higher than that of 
direct contact (Fig. 4e). In this case, the viability of cells incubated for 24 h with a CS sponge increased compared to the control (106 
%). After 72h, a decrease to 86 % was observed, with this value considered non-toxic. Interesting results were obtained for the chitosan 
sponge enriched with cannabis oil and violacein. Adding these substances increased cell viability (132 % and 102 % after 24 and 72 h, 
respectively). The differences in results between the direct and the extract tests may be due to the active substances’ release rate. With 
the extract test, ingredients from the sponge can be released gradually, allowing for a more controlled effect on cells. In direct contact, 
cells may be exposed to higher concentrations of substances, which can lead to differences in cellular response. 

However, the results of this study indicate the material’s non-toxicity, suggesting that the (Can-Viol)CS sponge could be used as a 
wound dressing material. 

Fig. 5 contains a graphical display of the main findings of this work. 

4. Conclusions 

The designed material presented in this paper, a highly porous chitosan sponge enriched with violacein and cannabis oil (CanO- 
Viol)CS, was carefully evaluated from a physicochemical and biological point of view. The obtained biomaterials exhibited both anti- 
inflammatory and antimicrobial properties. Additionally, the (CanO-Viol)CS demonstrated an ability to interact with protein (HSA) 
involved in wound healing. The water vapor transmission rate of the prepared sponge was 2101 g/m2/day, aligning with the optimal 
range for wound dressings. Significantly, the inclusion of violacein enhanced the porosity of the material, a crucial factor for dressing 
efficacy. Furthermore, in vitro biocompatibility assessments indicated that the sponges were non-toxic to L929 cells. They also showed 
antibacterial activity against S. aureus and A. fisherii bacteria. These preliminary studies suggest that the designed biomaterial could 
form the basis for further in vivo studies for its potential use as a wound dressing material. 
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[27] I. Rivero Berti, M.E. Gantner, S. Rodriguez, G.A. Islan, W.J. Fávaro, A. Talevi, G.R. Castro, N. Durán, Potential biocide roles of violacein, Frontiers in 

Nanotechnology 5 (2023). 
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