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Abstract 

Background: Chitosan and Lavandula angustifolia (lavender) exhibit antibacterial, antioxidant, and 

anti-inflammatory effects, making them potential candidates for managing infected wounds. This 

study investigated the therapeutic efficacy of a chitosan nanoparticle-loaded hydrogel, lavender 

extract, and their combination in treating Staphylococcus aureus–infected wounds in rats. Methods: 

Forty-eight male Sprague–Dawley rats (250–350 g, 8–10 weeks) were divided into six groups: healthy 

control, infected untreated, Fucidin, lavender extract, chitosan hydrogel, and chitosan–lavender 

combination. Wound healing was evaluated on days 3, 7, and 14 using clinical assessment, 

histopathology, and biochemical markers. Non-parametric statistical tests were applied, with 

significance set at p < 0.05. Results: The chitosan–lavender group showed the most pronounced 

healing response, with significantly reduced WBC counts, lower levels of TNF-α, IL-6, and MDA, and 

enhanced SOD activity (p < 0.05). Histological analysis confirmed superior re-epithelialization, 

granulation tissue development, collagen deposition, and wound contraction in chitosan-based 

treatments, particularly the combination, compared to lavender or Fucidin alone (p < 0.001). 

Inflammatory infiltrates, angiogenesis, necrosis, and hemorrhage were also notably reduced across 

treated groups. Conclusion: Combining chitosan hydrogel with lavender extract exerts synergistic 

antibacterial and wound-healing effects, offering a promising alternative therapy for infected 

wounds. 

Keywords: chitosan nanoparticles; lavandula angustifolia; wound healing; Staphylococcus aureus; 

hydrogel; antibacterial; rat model 

 

1. Introduction 

The skin serves as a defensive barrier against pathogen invasion. The alteration of the normal 

anatomical structure due to surgical procedures or chemical, physical, mechanical, and thermal 

events, leading to a disruption of skin functions, results in a wound [1]. Wound healing is intricate 

and entails a sequence of coordinated and overlapping phases that must converge to restore skin 

integrity. The stages include a variety of discrete but frequently interconnected events, including 

coagulation, inflammation, migration, proliferation, regeneration, and remodeling of the 

extracellular matrix (ECM). Wound healing initiates with hemostasis, continued by an inflammatory 

phase, a proliferative phase ending in re-epithelization, and a remodeling phase wherein the scar 

develops [2,3]. Once the skin is compromised, typical microorganisms from the normal skin flora, 

along with exogenous bacteria and fungus, can rapidly infiltrate the underlying tissues, which 

provide a moist, warm, and nutrient-rich environment [4]. Staphylococcus aureus, Methicillin 
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resistant Staphylococcus aureus (MRSA) and Pseudomonas aeruginosa are the dominant microbial 

strains present in patients with infected wounds [5]. As antibiotics are increasingly being tolerated 

by pathogenic strains Individuals are currently utilizing the extensive array of bioresources. These 

consist primarily of herbs, but may also incorporate animal and mineral components [6]. Skin 

regeneration and infection prevention are complicated procedures in wound healing. Both local and 

systemic therapies are employed in wound healing. However, localized treatment may be a more 

advantageous approach to reduce side effects, enhance efficacy, and overcome antibiotic resistance 

[7]. Current wound healing therapies typically fail to achieve favorable clinical results, either 

structurally (e.g., wound re-epithelialization, fluid loss management) or functionally (e.g., 

histological characteristics affecting elasticity, durability, sensitivity, etc.). Therefore, 

nanotechnology, due to its diverse physicochemical features, is a dependable field of research for 

wound-healing therapies. By altering the material type, size, and electrical charge of the 

nanoparticles, their biochemical characteristics, including hydrophobicity, interaction with biological 

targets, and tissue penetration depth, may be readily optimized for various wound types [8] 

Chitin and its deacetylated derivative, chitosan, include a series of linear polysaccharides 

comprised of differing quantities of (β1→4) linked residues of Nacetyl-2-amino-2-deoxy-D-glucose 

(glucosamine, GlcN) and 2-amino-2-deoxy-Dglucose (N-acetyl-glucosamine, GlcNAc) residues. 

Chitosan dissolves in aqueous acidic environments by the protonation of primary amines. Chitin is a 

prevalent biopolymer present in the exoskeletons of crustaceans, the cuticles of insects, algae, and the 

cell walls of fungi. Chitosan rarely occurs in nature, primarily in some fungi of the Mucoraceae 

family. Historically, commercial chitosan samples were predominantly derived from the chemical 

deacetylation of chitin sourced from crustaceans. Chitosan derived from fungi is increasingly 

attracting market interest [9]. Chitosan demonstrates numerous biological activities, including 

antitumoral, antibacterial, antioxidant, and anti-inflammatory properties, making it suitable for 

application as therapeutic polymers [10]. 

Lavender (Lavandula angustifolia Mill.) is among the most valued plants utilized in cosmetics 

and aromatherapy. It possesses deodorizing, calming, antibacterial, and anti-inflammatory 

properties [11]. The most valuable component of the plant are the flowers, which contain up to 4.5% 

essential oil. The primary constituents of the oil include esterified and free linalool, camphor, and 

cineole [12]. the leaves generally possess higher concentrations of camphor and cineole compared to 

the flowers, resulting in a more potent leaf oil. Alongside the oil, there are components like tannins, 

phenolic acids, flavones, anthocyanidins, saponins, polyphenols and minerals [13]. 

This study was conducted to evaluate the efficacy of Chitosan nanoparticles loaded hydrogel, 

Lavandula angustifolia extract and their combination on the rate of wound healing. 

2. Materials and Methods 

An experimental, randomized, controlled animal study was conducted at (The Department of 

Pharmacology, College of Medicine/ Baghdad University) and (The Iraqi Center for Cancer Research 

and Medical Genetics/ Mustansiriyah University). This research was conducted from October 2024 

to August 2025. 

All the experimental work was implemented following the protocol reviewed by the Iraqi Board 

Review of the College of Medicine/ Baghdad university after being approved by the scientific 

committee of the Department of Pharmacology at the College of Medicine/ Baghdad University 

2.1. Lavandula Angustifolia Collection and Preparation of the Essential Oil 

Lavandula angustifolia leaves was collected from the mountains of Sulaimani, Kurdistan region 

of Iraq, in September 2024, the collection was carried out in the field involving species of the plant 

under the supervision of researcher to avoid contaminants, the collected plant was identified and 

confirmed at Baghdad University/Iraq Natural History Research Center and Museum, the plant was 

cleaned, dried in the shade at room temperature and extracted in the Ministry of Science and 

Technology (Environment, Water and Renewable Energy Directorate). Essential oil of L. angustifolia 
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was extracted using hydro distillation of every 100 g of dried crushed leaves, in 500 mL of distilled 

water utilizing a Clevenger-type apparatus for 4 hours. Every 100 g of the plant produce about 5ml 

of the oil. The essential oil was extracted, centrifuged, separated from the upper layer and preserved 

in amber bottles at +4 °C until use [14]. 

2.2. Preparation of Chitosan Nanoparticles Loaded Hydrogel 

Preparation of chitosan nanoparticles-loaded hydrogel involved reacting chitosan using a Dean–

Stark (Clevenger) apparatus with xylene to extract water. The chitosan amide was separated by 

filtration, washed with methanol, hot distilled water, and ethanol, then dried at 50°C. Chitosan 

nanoparticles (Cs NPs) were synthesized via ionic gelation using TPP and chitosan. Chitosan was 

dissolved in 1% acetic acid until clear, and then TPP was added at a 1:2.5 (w/w) ratio with continuous 

stirring for 6 hours at room temperature. The resulting nanoparticles were separated by 

centrifugation, washed multiple times, and the supernatant discarded, leaving the precipitate which 

was re-suspended in water [15,16]. 

2.3. Preparation of Chitosan-Lavandula angustifolia Nano Emulsion  

The preparation involved reacting chitosan using a Dean–Stark (Clevenger) apparatus with 

xylene to extract water. The chitosan amide product was separated by filtration, washed with 

methanol, hot distilled water, and ethanol, and then dried at 50°C and weighed [15,16]. Chitosan was 

dissolved in 1% acetic acid until clear, and Tween 80 (1%) was added as a surfactant. Lavender oil 

was gradually incorporated with continuous stirring to form a stable emulsion. TPP solution was 

added dropwise under high-speed stirring, where ionic interactions crosslinked chitosan chains, 

encapsulating the lavender oil into nanoparticles. Sonication was used to reduce particle size and 

ensure uniformity [17]. The characterization of the chitosan nanoparticles-loaded hydrogel and nano 

emulsion was performed by the Ministry of Science and Technology-Iraq, using techniques such as 

UV-Vis spectroscopy, FTIR, SEM, EDX, AFM, and XRD to confirm their nano properties. 

2.3. Preparation of Staphylococcus aureus Suspension 

Staphylococcus aureus was sourced from a patient with infected wound in Ghazi Al-Hariri 

hospital for surgical specialties, bacteria were cultivated on nutrient agar for 24 hours at 37º C under 

aerobic conditions. Following the confirmation of their viability and purity by Vitek2 system (Bio 

number is 050602062361231). A pure colony was aseptically transferred into BHI broth and incubated 

at 37ºC for 18-24 hours, resulting in turbid broth indicating bacterial growth. The turbidity was 

adjusted to the 0.5 McFarland standard (1×10^8 CFU/mL) [18].  

2.4. In Vitro Antimicrobial Test of Lavandula angustifolia Extract Using Agar Well Diffusion Method 

For in vitro antimicrobial testing, Mueller-Hinton agar plates were evenly inoculated with the 

bacterial suspension. Wells of 6–8 mm diameter were punched into the agar, and 20–100 µL of 

Lavandula angustifolia extract at various concentrations (2.5%, 5%, 10%, 20%) in Dimethyl Sulfoxide 

(DMSO) were added. The plates were incubated, allowing the extract to diffuse and inhibit bacterial 

growth. Zones of inhibition were measured to determine the effective concentration [19]. 
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Figure 1. Antimicrobial effect of different concentrations of Lavandula angustifolia extract. 

2.5. Experimental Design and Preparation of Experimental Animals 

Forty-eight Sprague-Dawley Male Rats (weighing 250-350 grams, ranging in age between 8-10 

weeks). Animals were obtained from the Iraqi Center for Cancer Research and Medical Genetics. 

Before the experiment, the animals were acclimatized for two weeks at the same location where they 

were obtained. The animals were housed in separate polypropylene cages with consistent 12-hour 

light/dark cycles, temperature and humidity levels (40-60%). Water and standard food pellets were 

provided ad libitum. Each animal was anaesthetized with an intramuscular injection of a ketamine 

and xylazine mixture, at dosages of 20 mg/kg and 100 mg/kg, respectively [20]. The dorsal region of 

the animals had been cleaned with 70% ethanol and shaved. A full thickness circular excision wound 

(1.5 cm in diameter) was created using a sterilized surgical blade [21]. Ten microliters of the bacterial 

suspension that is previously prepared were applied on the wound and spread with the aid of a 

sterile swab to wounds of infected animal groups [18] Figure 2. 

 

Figure 2. (A) Excisional wound of the rat at the first day, (B) Application of the bacterial suspension to the 

wound. 

2.6. Induction of Staphylococcus aureus Infected Excisional Wound 

Each animal was anaesthetized with an intramuscular injection of a ketamine and xylazine 

mixture, at dosages of 20 mg/kg and 100 mg/kg, respectively [20]. The dorsal region of the animals 
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had been cleaned with 70% ethanol and shaved. A full thickness circular excision wound (1.5 cm in 

diameter) was created using a sterilized surgical blade [21]. Ten microliters of the bacterial 

suspension that is previously prepared were applied on the wound and spread with the aid of a 

sterile swab to wounds of infected animal groups. (110) (18), (Figure 2 A & B). 

Study groups 

After confirming the induction of excisional wound infection, a total of 48 rats were divided 

randomly into six groups (each group consists of 8 rats) as follows: - 

1-Group 1: - Members of this group are normal, healthy without any intervention. 

2-Group 2: - Infected excisional wounds were treated only with normal saline 0.9% topically. 

3-Group 3: - Infected excisional wounds were treated with 2% Sodium Fusidate Ointment 

topically for 13 days. 

4-Group 4: - Infected excisional wounds were treated with 2.5% v/v Lavandula angustifolia 

extract topically for 13 days. 

5-Group 5: - Infected excisional wounds were treated with 2% w/v Chitosan nanoparticles 

loaded hydrogel topically for 13 days. 

6-Group 6: - Infected excisional wounds were treated with Chitosan (1%w/v) +Lavandula 

angustifolia (1%v/v) nano emulsion combination topically for 13 days. 

All topical formulations were applied two times daily for 13 days duration. At the end of the 

experiment, the animals were humanely euthanized at day 14 in accordance with [ethical approval 

number]. Immediately following euthanasia, full thickness skin samples were removed, fixed in 10% 

formalin for 24–48 hours, and processed for histological examination. 

2.6. Tissue Sampling and Processing for Histopathological Study 

Tissue sampling and processing for histopathological study were performed according to 

Bancroft’s Theory and Practice of Histological Techniques [22]. A piece of healed skin was excised 

from each animal after confirmation on day 14. The specimens were fixed in 10% formalin for 24 

hours, and then dehydrated by sequential immersion for 2 hours in each concentration of ethanol 

(70%, 80%, 95%, and 100%). The specimens were cleared from ethanol by immersing them in xylene 

for an additional 2 hours. Paraffin impregnation, infiltration, and penetration were carried out using 

molten paraffin (55-60°C) for 2 hours. The specimens were then cooled in an L-shaped metal template. 

Upon solidification, the paraffin blocks were sectioned using a rotary microtome, obtaining sections 

of 5 µm thickness. The sections were attached to slides after being floated on a water bath (45-48°C) 

and then allowed to settle on clean glass slides. Deparaffinization was performed by removing excess 

paraffin from the sections after 30 minutes in an oven at 65°C. 

Sections were examined using a light microscope at different magnifications (10X and 40X) to 

evaluate histopathological changes according to the semi-quantitative wound scoring system [23]. 

The healing process was scored into four categories (scores 0, 1, 2, 3, and 4) based on the level of the 

following essentials of healing: re-epithelialization, granulation tissue formation, collagen deposition, 

inflammatory cell infiltration, angiogenesis, hemorrhage, and necrosis/degeneration. 

2.7. Statistical Analysis 

All analyses were conducted using SPSS v.26. Data was represented as tables and figures. All 

continuous variables were non-normally distributed, so they were reported as median with 

interquartile range (IQR). For within-group comparisons of these non-normally distributed variables, 

we used Mann-Whitney U test instead of independent t test; Kruskal-Wallis Test instead of one-way 

ANOVA test, Wilcoxon signed-rank test instead of paired t-test. P value < 0.05 was considered 

statistically significant.  

3. Results 

This study included six groups; 8 rats in each group, these groups were: apparently healthy 

(Control group), Induced non-treated group, induced treated topically with Fucidin ointment 2% 
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(sodium fusidate 20mg/g) twice daily for 14 days (Fucidin group), induced treated topically with 

Lavandula angustifolia extract 2.5 mg/ml twice daily for 14 days (Lavandula group), induced treated 

topically with Chitosan nanoparticles hydrogel 2% W/V twice daily for 14 days (Chitosan group), 

and induced treated topically with Chitosan nanoparticles and Lavandula angustifolia nano 

emulsion combination applied twice daily for 14 days (Chitosan & Lavandula group). 

Comparison among the studied groups was done with Hematological biomarker White Blood 

Cell (WBC) count; skin tissue homogenate (TNF-α, IL-6, MDA, and SOD); Wound contraction 

percentage; and semi quantitative wound scoring system (Reepithelization, Granulation Tissue 

Formation, Collagen deposition, Inflammatory Infiltrate, Angiogenesis, Hemorrhage, and 

Necrosis/Degeneration. 

Comparison between apparently healthy control group and induced non- treated group in 

relation to different measured parameters 

Induced non-treated group shows that level of WBC at day 7 and 14, and (ELISA Biomarkers at 

day 14: TNF-α, IL-6, and MDA, were significantly highly increased in comparison with apparently 

healthy control group, P<0.001. 

While level of SOD was significantly highly decreased among Induced non- treated group in 

comparison with apparently healthy control group, P<0.001. Table 1. 

Table 1. Comparison between apparently healthy control group and induced non-treated group in relation to 

different measured parameters (Hematological biomarker: WBC count) and (ELISA Biomarkers at day 14: 

TNF-α, IL-6, MDA, and SOD). 

Parameters 

Groups 

P* value Control Group 
Induced non-

treated 

Median (IQR) Median (IQR) 

WBC count × 10⁹/L. at day 7 5.85 (1.63) 20.1 (1.75) <0.001 

WBC count × 10⁹/L. at day 14 5.8 (1.7) 14.4 (1.27) <0.001 

TNF-alpha pg/ml 60.67 (25.85) 379.66 (92.71) <0.001 

IL-6 pg/ml 95.71 (23.2) 299.15 (20.1) <0.001 

MDA ng/ml 94.87 (21.7) 336.07 (103.41) <0.001 

 

SOD ng/ml 
3.73 (1.37) 0.88 (0.13) <0.001 

*P significant at level <0.05 and highly significant at level <0.001 using Mann-Whitney U instead of 

Independent t test; IL= Interleukin; TNF-a= Tumor necrosis factor alpha; MDA= malondialdehyde; 

SOD=Superoxide Dismutase. 

Induced non-treated group shows that Granulation Tissue Formation, Inflammatory Infiltrate, 

Angiogenesis, Hemorrhage, and Necrosis/Degeneration were significantly highly increased in 

comparison with apparently healthy control group, P<0.001. 

While Reepithelization and Collagen Deposition were significantly highly decreased among 

Induced non-treated group in comparison with apparently healthy control group, P<0.001. Table 2. 

Table 2. Comparison between apparently healthy control group and induced non-treated group in relation to 

Semi quantitative wound scoring system:. 

Parameters 

Groups 

P* value Control Group 
Induced non-

treated 

Median (IQR) Median (IQR) 

Reepithelization 3.0 (0) 0.0 (0) <0.001 

Granulation Tissue Formation 0.0 (0) 1.0 (0) <0.001 

Collagen Deposition 3.0 (0) 0.0 (0) <0.001 
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Inflammatory Infiltrate 0.0 (0) 3.0 (0) <0.001 

Angiogenesis 0.0 (0) 3.0 (0) <0.001 

Hemorrhage 0.0 (0) 3.0 (0) <0.001 

Necrosis/Degeneration 0.0 (0) 3.0 (0) <0.001 

*P significant at level <0.05 and highly significant at level <0.001 using Mann- Whitney U instead of 

independent t test. 

Regarding induced then treated groups, Chitosan & Lavandula group shows that level of WBC 

at day 7 and 14, and ELISA Biomarkers at day 14: TNF-α, IL-6, and MDA were significantly highly 

decreased in comparison with other groups, P<0.05. 

While level of SOD was significantly highly increased among Chitosan & Lavandula group in 

comparison with other groups, P<0.001. Table 3. 

Table 3. Comparison between all treated groups (Fucidin group, Lavandula group, Chitosan group, and 

Chitosan & Lavandula group) in relation to different measured parameters (Hematological biomarker: WBC 

count) and (ELISA Biomarkers at day 14: TNF-α, IL-6, MDA, and SOD). 

Parameters 

Fucidin 

group 

Lavandula 

group 

Chitosan 

group 

Chitosan & 

Lavandula 

group P* value 

Median (IQR) 
Median 

(IQR) 
Median (IQR) 

Median 

(IQR) 

WBC count × 10⁹/L. at day 7 14.15 (3.15) 
 

17.9 (1.65) 12.3 (1.72) 10.65 (1.4) <0.001 

WBC count × 10⁹/L. at day14 7.95 (2.15) 9.15 (1.55) 7.0 (1.5) 6.0 (1.17) <0.001 

TNF-alpha pg/ml 94.34 (17.32) 
167.52 

(100.5) 
74.46 (9.45) 65.36 (4.15) <0.001 

IL-6 pg/ml 106.14 (82.29) 
147.39 

(105.3) 
96.15 (10.5) 90.11 (17.6) 0.004 

MDA ng/ml 158.33 (87.35) 195.68 (96.1) 118.18 (43.93) 99.67 (9.0) <0.001 

SOD ng/ml 2.52 (1.03) 1.81 (0.46) 2.42 (0.59) 3.86 (1.21) <0.001 

*P significant at level <0.05 and highly significant at level <0.001 using Mann-Whitney U instead of 

Independent t test; IL= Interleukin; TNF-a= Tumor necrosis factor alpha; MDA= malondialdehyde; 

SOD=Superoxide Dismutase. 

Regarding Semi quantitative wound scoring system plus Wound contraction % among all 

induces then treated groups, Chitosan group and Chitosan & Lavandula group shows that 

Reepithelization Granulation Tissue Formation, Collagen Deposition, and Wound contraction % at 

days 3, 7, 14 were significantly highly increased in comparison with Fucidin group and Lavandula 

group, P<0.001. 

Also; Inflammatory Infiltrate and Angiogenesis were significantly highly decreased among 

Chitosan group and Chitosan & Lavandula group in comparison with Fucidin group and Lavandula 

group, P<0.001. Table 4. While Hemorrhage and Necrosis/Degeneration were significantly highly 

decreased among all induces then treated groups, P<0.001. Table 4. 

Table 4. Comparison between all treated groups (Fucidin group, Lavandula group, Chitosan group, and 

Chitosan & Lavandula group) in relation to Semi quantitative wound scoring system. 
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Parameters 

Fucidin 

group 

Lavandula 

group 

Chitosan 

group 

Chitosan & 

Lavandula 

group P value 

Median 

(IQR) 

Median 

(IQR) 
Median (IQR) 

Median 

(IQR) 

Reepithelization 3.0 (0) 2.0 (0) 3.0 (0) 3.0 (0) <0.001 

Granulation Tissue 

Formation 
3.0 (0) 2.0 (0) 

3.0 (0) 3.0 (0) 
<0.001 

Collagen Deposition 2.0 (0) 2.0 (0) 3.0 (0) 3.0 (0) <0.001 

Inflammatory Infiltrate 1.0 (0) 1.0 (0) 0.0 (0) 0.0 (0) <0.001 

Angiogenesis 3.0 (0) 3.0 (0) 2.0 (0) 2.0 (0) <0.001 

Hemorrhage 0.0 (0) 0.0 (0) 0.0 (0) 0.0 (0) 1 

Necrosis/Degeneration 0.0 (0) 0.0 (0) 0.0 (0) 0.0 (0) 1 

Wound contraction % day 3 38.0 (0) 37.36 (0) 38.85 (0) 40.12 (0) <0.001 

Wound contraction % day 7 56.05 (0) 52.01 (0) 57.53 (0) 58.81 (0) <0.001 

Wound contraction % day 

14 
92.14 (0) 89.38 (0) 93.41 (0) 94.69 (0) <0.001 

*P significant at level <0.05 and highly significant at level <0.001 using Kruskal-Wallis Test instead of one-way 

ANOVA test. 

The comparison between induced non-treated group and induced then treated groups was 

shown in Table 5.  

At day 7 and 14; the lowest WBC level was observed among Chitosan & Lavandula group with 

significant difference from other groups, P<0.001. 

Similarly; the lowest LISA Biomarkers level at day 14: TNF-α, IL-6, and MDA were observed 

among Chitosan & Lavandula group with significant difference from other groups, P<0.001. 

Also; the highest level of SOD was significantly observed among Chitosan & Lavandula group 

in comparison with other groups, P<0.001. Table 5. 

Table 5. Comparison between induced groups (Induced non-treated Group, Fucidin group, Lavandula group, 

Chitosan group, and Chitosan & Lavandula group) in relation to different measured parameters 

(Hematological biomarker: WBC count) and (ELISA Biomarkers at day 14: TNF-α, IL-6, MDA, and SOD). 

Parameters 

Induced non-

treated Group 

Fucidin 

group 

Lavandula 

group 

Chitosan 

group 

Chitosan & 

Lavandula 

group P* value 

Median (IQR) 
Median 

(IQR) 

Median 

(IQR) 
Median (IQR) 

Median 

(IQR) 

WBC count × 10⁹/L. 

at day 7 
20.1 (1.75) 

14.15 (3.15) 

a** 

17.9 (1.65) 

a* b** 

12.3 (1.72) 

a** b* c** 

10.65 (1.4) 

a** b* c** d* 
<0.001 

WBC count × 10⁹/L. 

at day 14 
14.4 (1.27) 

7.95 (2.15) 

a** 

9.15 (1.55) 

a** b* 

7.0 (1.5) 

a** bNS c** 

6.0 (1.17) 

a** b* c** d* 
<0.001 

TNF-alpha pg/ml 379.66 (92.71) 
94.34 (17.32) 

a** 

167.52 (100.5) 

a** b* 

74.46 (9.45) 

a** b* c** 

65.36 (4.15) 

a** b** c** d** 
<0.001 

IL-6 pg/ml 299.15 (20.1) 
106.14 (82.29) 

a** 

147.39 (105.3) 

a** bNS 

96.15 (10.5) 

a** bNS c* 

90.11 (17.6) 

a** b* c* dNS 
<0.001 

MDA ng/ml 336.07 (103.41) 
158.33 (87.35) 

a** 

195.68 (96.1) 

a** bNS 

118.18 (43.93) 

a** b* c* 
99.67 (9.0) <0.001 
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a** b** c** 

dNS 

SOD ng/ml 0.88 (0.13) 
2.52 (1.03) 

a** 

1.81 (0.46) 

a** b* 

2.42 (0.59) 

a** bNS c* 

3.86 (1.21) 

a** b* c** d* 
<0.001 

IL= Interleukin; TNF-a= Tumor necrosis factor alpha; MDA= malondialdehyde; SOD=Superoxide Dismutase; a: 

comparison with induced group; b: comparison with Fucidin group; c: comparison with Lavandula group; d: 

comparison with Chitosan group; * significant at level <0.05, ** highly significant at level <0.001;and  NS=not 

significant; P value using Kruskal-Wallis Test instead of one-way ANOVA test. 

Semi quantitative wound scoring system shown that Reepithelization, Granulation Tissue 

Formation, and Collagen Deposition were significantly higher among both Chitosan group and 

Chitosan & Lavandula group in comparison to other groups after 14 days of therapy; P<0.001. 

Also; Inflammatory Infiltrate and Angiogenesis were significantly lower among both Chitosan 

group and Chitosan & Lavandula group in comparison to other groups after 14 days of therapy; 

P<0.001. 

Hemorrhage and Necrosis/Degeneration were significantly decreased among all induced then 

treated groups in comparison to induced non-treated group, P<0.001. 

Wound contraction % at days 3, 7, and 14 of therapy was significantly increased among all 

induced then treated groups in comparison to induced non-treated group, but highest increased was 

observed among Chitosan & Lavandula group, P<0.001. Table 6. 

Table 6. Comparison between induced groups (Induced non-treated Group, Fucidin group, Lavandula group, 

Chitosan group, and (Chitosan & Lavandula group) in relation to Semi quantitative wound scoring system and 

Wound contraction %:. 

Parameters 

Groups 

P* value 

Induced 

non-

treated 

Group 

Fucidin 

group 

Lavandula 

group 
Chitosan group 

Chitosan & 

Lavandula 

group 

Median 

(IQR) 

Median 

(IQR) 
Median (IQR) Median (IQR) Median (IQR) 

Reepithelization 0.0 (0) 
3.0 (0) 

a** 

2.0 (0) 

a** b** 

3.0 (0) 

a** bNS c** 

3.0 (0) 

a** bNS c** 

dNS 

<0.001 

Granulation 

Tissue Formation 
1.0 (0) 

3.0 (0) 

a** 

2.0 (0) 

a** b** 

3.0 (0) 

a** bNS c** 

3.0 (0) 

a** bNS c** 

dNS 

<0.001 

Collagen 

Deposition 
0.0 (0) 

2.0 (0) 

a** 

2.0 (0) 

a** bNS 

3.0 (0) 

a** b** c** 

3.0 (0) 

a** b** c** dNS 
<0.001 

Inflammatory 

Infiltrate 
3.0 (0) 

1.0 (0) 

a** 

1.0 (0) 

a** bNS 

0.0 (0) 

a** b** c** 

0.0 (0) 

a** b** c** dNS 
<0.001 

Angiogenesis 3.0 (0) 
3.0 (0) 

aNS 

3.0 (0) 

aNS bNS 

2.0 (0) 

a** b** c** 

2.0 (0) 

a** b** c** dNS 
<0.001 

Hemorrhage 3.0 (0) 
0.0 (0) 

a** 

0.0 (0) 

a** bNS 

0.0 (0) 

a** bNS cNS 
0.0 (0) <0.001 
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a** bNS cNS 

dNS 

Necrosis/Degener

ation 
3.0 (0) 

0.0 (0) 

a** 

0.0 (0) 

a** bNS 

0.0 (0) 

a** bNS cNS 

0.0 (0) 

a** bNS cNS 

dNS 

<0.001 

Wound 

contraction % day 

3 

5.52 (0) 
38.0 (0) 

a** 

37.36 (0) 

a** b** 

38.85 (0) 

a** b** c** 

40.12 (0) 

a** b** c** d** 
<0.001 

Wound 

contraction % day 

7 

36.09 (0) 
56.05 (0) 

a** 

52.01 (0) 

a** b** 

57.53 (0) 

a** b** c** 

58.81 (0) 

a** b** c** d** 
<0.001 

Wound 

contraction % day 

14 

81.52 (0) 
92.14 (0) 

a** 

89.38 (0) 

a** b** 

93.41 (0) 

a** b** c** 

94.69 (0) 

a** b** c** d** 
<0.001 

a: comparison with induced group; b: comparison with Fucidin group; c: comparison with Lavandula group; 

d: comparison with Chitosan group; *P significant at level <0.05, **P highly significant at level <0.001; and 

NS=not significant using Kruskal-Wallis Test instead of one-way ANOVA test. 

3.1. Histopathological Findings 

G1 (Healthy control) 

The histopathological figures of skin revealed normal appearance of epidermis lining epithelial 

cells, normal appearance dermal collagen fibers with blood vessels, fibroblasts and fibrocytes 

contents with normal sweat glands and hair follicle with related sebaceous glands (Figure 3, G1A & 

G1B) 
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Figure 3. (G1A-X10, Normal): normal appearance of epidermis lining epithelial cells (E), normal dermal 

collagen fibers and cells (D), sweat gland with duct (black arrow) & sebaceous glands (red arrow). (G1B-X40) 

lining epithelial cells (E), normal dermal collagen fibers with capillaries (D) and fibroblasts (black arrow) & 

blood vessel (red arrow). (G2A-X10-Induction) shows: skin ulcer covered by thick layer of necrotic tissue, 

thick fibrin deposition, degeneration with necrosis of fibrous tissue and infiltration of MNLs. (G2B-X40) shows 

hemorrhagic dermal ulcer (Black arrows), fibrin deposition (f) & degeneration with necrosis of fibrous tissue. 

(G3A-X10 Fucidin) shows hyperkeratosis (red arrow), well reepithelization (E), and immature fibrous tissue 

(D) with marked angiogenesis (black arrows). (G3B-X40) well regenerated epidermis epithelium, sub epithelial 

angiogenesis & little infiltration of leukocytes. 

G2 (Induction) 

All histopathological figures of the skin revealed sever ulcerative dermatitis that characterized 

by depressed area of skin and completely loss of the epidermis, the dermis revealed hemorrhagic 

ulcer with fibrin deposition, degeneration with necrosis of fibrous connective tissue, vascular 

congestion and infiltration of mononuclear leukocytes (Figure 3, G2A & G2B).  

G3 (Fucidin treatment) 

Almost histopathological figures of the skin revealed normal epidermis keratinized stratified 

squamous epithelium (complete epithelization). The dermis revealed immature fibrous tissue with 

marked angiogenesis and little sub epidermis infiltration of leukocytes. Some figure revealed 

hyperkeratosis with well reepithelization of epidermis and the dermis comprised of immature 

fibrous tissue with marked angiogenesis (Figure 3, G3A & G3B). 

G4 (Lavandula treatment)   

Almost histopathological figures of the skin revealed incomplete reepithelization of epidermis 

non keratinized stratified squamous epithelium that showed mitotic figures of stratum basalis. The 
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dermis comprised of immature dermal collagen fibers had marked angiogenesis and little infiltrated 

mononuclear leukocytes (Figure 4, G4A & G4B). 

 

Figure 4. (G4A-X40 Lavandula) revealed marked dermal papilla within epidermis, with immature dermal 

collagen fibers and marked angiogenesis. (G4B-X40). revealed well regenerated epidermis that showed little 

intra epithelial leukocytes (Red arrow), immature dermal collagen fibers (D) with marked angiogenesis (Black 

arrows). (G5A-X10 Chitosan), well reepithelization of epidermis, dermis comprised of mature fibrous tissue 

with marked angiogenesis and no infiltration of leukocytes. (G5B-X40) well reepithelization of epidermis (Red 

arrow), dermis comprised of mature fibrous tissue (D) with marked angiogenesis (Black arrows) and no 

infiltration of leukocytes. (G6A-X10 Chitosan &Lavandula).  epidermal reepithelization with keratinized 

stratified squamous epithelium (black arrow). Matured granulation tissue formation (yellow arrow), with 

more prominent fibroblasts’ proliferation and collagen fibers deposition, with more mature collagen fibers 

deposition (white arrow). Moderate angiogenesis with very few Inflammatory cells infiltrates (green arrow). 

(G6B-X40), showing matured dermal granulation tissue showing more matured fibrous tissue, with more 

prominent proliferative fibroblasts (yellow arrow), and coarse collagen fibers deposition (green arrows). 

Angiogenesis (black arrow). 

G5 (Chitosan treatment) 

Almost histopathological figures of the skin revealed normal epidermis keratinized stratified 

squamous epithelium which little mitotic figures. The dermis comprised of mature fibrous tissue 

characterized by marked angiogenesis (numerous blood capillaries) and no infiltration of leukocytes. 

Other figures revealed well keratinized stratified epithelial cells of epidermis (Figure 4, G5A & G5B). 
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G6 (Chitosan & Lavandula Treatment) 

Histopathological examination of the skin sections revealed normal epidermis with keratinized 

stratified squamous epithelium showing complete epithelialization. The dermis comprised mature 

fibrous connective tissue with abundant collagen bundles and numerous blood capillaries indicating 

marked angiogenesis. Sweat glands and sebaceous glands appeared normal. There was no significant 

infiltration of inflammatory cells. The overall tissue architecture appeared well-organized, suggesting 

effective healing response post-treatment (Figure 4, G6A & G6B). 

3.2. Wound Contraction 

Wound contraction percentage at day 3, day 7, and day 14 of therapy was significantly higher 

among Chitosan & Lavandula group in comparison to other groups, P<0.001. wound contraction % 

at day 14 of therapy was significantly increased from that at day 3, and day 7 of therapy among all 

study groups, P<0.001, (Tables 4 and 7 & Figure 5). 

Table 7. Comparison between induced groups (Induced non-treated Group, Fucidin group, Lavandula group, 

Chitosan group, and Chitosan & Lavandula group) in relation to Wound contraction % through different time 

of therapy. 

Groups 

Wound 

contraction % 

day 3 

Wound 

contraction % 

day 7 

Wound 

contraction % 

day 14 
P* value 

Median (IQR) Median (IQR)  

Induced non-treated 

Group 
5.52 (0) 36.09 (0) 81.52 (0) <0.001 

Fucidin group 38.0 (0) 56.05 (0) 92.14 (0) <0.001 

Lavandula group 37.36 (0) 52.01 (0) 89.38 (0) <0.001 

Chitosan group 38.85 (0) 57.53 (0) 93.41 (0) <0.001 

Chitosan & Lavandula 

group 
40.12 (0) 58.81 (0) 94.69 (0) <0.001 

P** among all groups <0.001 <0.001 <0.001 - 

P significant at level <0.05 and highly significant at level <0.001 using *Wilcoxon Signed Ranks Test and 

**Kruskal Wallis Test. 
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Figure 5. Wound contraction percentage for Groups (2 to 6) at day 3, day 7, and day 14 of therapy. G1 Induced 

non-treated Group, G2 Fucidin group, G3 Lavandula group, G4 Chitosan group, and G5 Chitosan & 

Lavandula group. 

4. Discussion 

Wound healing is a natural physiological response to tissue damage. Wound healing is a 

complex process that includes a complex interaction among many cell types, cytokines, mediators, 

and the vascular system. The sequence of initial vasoconstriction of blood vessels and platelet 

aggregation aims to stop hemorrhaging. This is succeeded by an influx of different inflammatory 

cells, beginning with the neutrophil. These inflammatory cells subsequently secrete various 

mediators and cytokines to facilitate angiogenesis, thrombosis, and re-epithelialization. The 

fibroblasts subsequently release extracellular components that function as Wound healing is a natural 

physiological response to tissue damage [24]. Wound infections resulting from the colonization of 
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bacteria and other microorganisms at the wound site present a significant challenge to wound 

treatment, as they induce severe inflammatory reactions that impede healing and may lead to wound 

deteriorating [25–27]. 

The current study investigates various wound healing processes across multiple groups, 

including those with untreated wounds compared to induced treatment groups. These treatment 

groups consist of Lavandula group, Chitosan group, and a combination of both Lavandula and 

chitosan group, all compared to a positive control group treated with Fucidin group. 

The current study compared hematological biomarker: (WBC count at day 7 & day 14) and 

ELISA Bi-o markers at day 14: TNF-α, IL-6, MDA, and SOD between apparently healthy control 

group and induced non-treated group. The significant elevation in WBC count observed on days 7 

and 14 indicates a persistent immune response during the inflammatory phase of wound healing. 

This response is further supported by the marked increase in the pro-inflammatory cytokines TNF-α 

and IL-6, and the oxidative stress marker MDA at day 14. These biomarkers are critical indicators of 

the inflammatory and oxidative status of the wound envi-ronment and suggest that the healing 

process is still in an active or prolonged inflammatory phase. This can influence tissue remodeling 

and may delay progression to the proliferative and maturation phases of healing. 

These findings align with recent studies indicating that as a result of skin injury, various 

chemoattractant chemicals are released into the circulation, prompting the migration and recruitment 

of neutrophils initially and macrophages later. Recruited leukocytes phagocytize necrotic tissues and 

secrete cytokines, including tumor necrosis factor-α (TNF-α), interleukin (IL)-1β, and IL-6, as well as 

growth factors which mediate and promote healing [28,29]. Interleukin (IL)-6 is essential for the 

prompt resolution of wound healing and plays a key role in acute inflammation. IL-6, which is 

released early in response to damage, causes tissue-resident macrophages, keratinocytes, endothelial 

cells, and stromal cells to release proinflammatory cytokines. Leu-kocyte chemotaxis into a wound 

has also been observed in response to IL-6 .IL-6 signaling is responsible for the switch to a reparative 

environment. Controlling the healing process of wounds is essential. Inappropriate proinflammatory 

signaling can lead to wounds that are more prone to infection and take quite longer to heal [30]. 

TNF-α, a type of tumor necrosis factor, is crucial in the inflammatory phase of wound healing. 

TNF-α not only activates the immune response but also attracts immune cells to the site of injury. 

Furthermore, TNF-α stimulates the proliferation of fibroblasts and angiogenesis, the differentiation 

of keratinocytes, and the production of growth factors [31]. 

Oxidative stress is an internal imbalance between the body's pro-oxidants and antioxidants. 

During oxidative stress, the generation of reactive oxygen species (ROS) increases, which is crucial 

for wound healing [32]. Superoxide dismutase (SOD) functions as an antioxidant enzyme that 

reduces oxygen radicals via oxida-tion/reduction cycles at an exceptionally rapid response rate [33].  

4.1. Rationale for Using Chitosan-Based Nanoparticles in Wound Healing 

Chitosan-based nanoparticles (CSNPs) have emerged as a novel approach in wound healing due 

to their ca-pacity to accurately deliver therapeutic agents for enhanced tissue repair. The sustained 

release of encapsu-lated pharmaceuticals, growth hormones, or antibacterial agents is facilitated by 

their small size, allowing for effective infiltration and retention at the wound location. The targeted 

delivery reduces systemic side effects and sustains optimal local therapeutic concentrations, which is 

essential for effective healing. (34) 

The biocompatibility of chitosan arises from its natural origin, non-toxic breakdown products, 

and capacity to facilitate cellular functions without triggering negative immunological responses. It 

stimulates fibroblast proliferation, facilitates collagen production, and accelerates tissue regeneration 

by mimicking extracellular matrix components, making it optimal for wound healing. Its cationic 

properties enhance interactions with negatively charged cell membranes and extracellular 

components, boosting adhesion and migration while preserving a non-immunogenic character [35]. 
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4.2. Anti-Inflammatory Effects of Different Treatment Groups 

The Chitosan group and Chitosan & Lavandula combination group demonstrated a significant 

reduction in WBC counts at days 7 and 14, along with decreased TNF-α and IL-6 levels at day 14 

compared with other treated groups (p<0.05). This indicates an accelerated resolution of infection-

induced inflammation due to their nanoparticles properties. 

Chitosan regulates the inflammatory phase of wound healing by reducing pro-inflammatory 

cytokines, such as interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α). It promotes the 

resolution of inflammation by stimulating macrophage polarization towards the anti-inflammatory 

M2 phenotype [36]. 

Lavandula angustifolia decreased the expression of inflammatory mediators including IL-6, and 

TNF-α; the anti-inflammatory properties of lavender are attributed to its essential oil constituents, 

non-volatile terpe-noids, and polyphenols [37]. 

Linalool and linalyl acetate components exhibit anti-inflammatory properties via diminishing 

the phosphory-lation of the p65 and p50 NFκB transcription factors, hence reducing the synthesis of 

pro-inflammatory cy-tokines IL-6 and TNFα. α-terpineol reduces the synthesis of the pro-

inflammatory cytokine IL-6 [38]. 

Lavandula angustifolia extract low chemical stability, poor water solubility, and volatile nature 

leading to poor lasting effects, this gives rise to combine the lavender essential oil with chitosan in 

emulsion form [39] this explains why it’s less effective than other treatment groups when used alone.  

Together, the synergistic effect of the Chitosan & Lavandula combination group likely explains 

the pro-nounced decline in systemic and local inflammatory markers among other groups observed 

in this study. Fucidin have demonstrated anti-inflammatory properties, particularly by diminishing 

the secretion of tumor necrosis factor alpha (TNF-α&IL-6). It has an inhibitory effect associated with 

the inhibition of 12-O-tetradecanoyl phorbol-13-acetate (TPA)-induced upregulation of the pro-

inflammatory cytokines IL-1β, TNF-α, and COX-2 [40].  

Members of this group show less anti-inflammatory action than nanoparticles treatment groups 

and more an-ti-inflammatory action than Lavandula angustifolia extract group. 

4.3. Modulation of Oxidative Stress  

At day 14, MDA levels were significantly reduced, whereas SOD activity was markedly 

increased in the Chitosan & Lavandula group (p<0.001). This suggests improved redox balance and 

enhanced antioxidant defense. 

Chitosan demonstrates redox-regulatory function by inhibiting reactive oxygen species (ROS) 

formation, preventing lipid oxidation through significantly reducing serum free fatty acids and 

malondialdehyde levels, and enhancing intracellular antioxidant enzyme activity in biological 

systems. Chitosan exhibits an effective capacity for metal-ion chelation, indicating its promise as a 

natural product antioxidant [41]. 

The antioxidant effectiveness of polyphenols in Lavandula angustifolia comes from their 

capacity to inhibit the formation of free radicals or to neutralize reactive oxygen species. They can 

give a hydrogen atom or an electron, exhibiting reducing properties [42]. These chemicals can inhibit 

oxidation processes by activating antioxidant enzymes such as superoxide dismutase, glutathione 

dismutase, glutathione peroxidase, and cata-lase, as well as by their chelating activity with metal ions 

[43,44].  

The combination of Chitosan & Lavandula agents likely exerts an additive antioxidant effect, 

contributing to accelerated tissue repair. 

Chitosan and Fucidin groups have higher antioxidant effect than Lavandula angustifolia group 

due to the nano particles size of Chitosan group, stronger anti-oxidant properties and better stability 

with longer lasting effect of both Fucidin and Chitosan groups 
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4.4. Antimicrobial Synergy Against Staphylococcus aureus 

The lowest WBC level was observed among Chitosan & Lavandula combination group with 

significant dif-ference from other groups (P<0.001). The enhanced outcomes in the Chitosan & 

Lavandula combination group are also attributed to dual antimicrobial activity.  

The cationic properties of chitosan enable it to engage with negatively charged microbial 

membranes, de-stroying their structural integrity and inhibiting the growth of bacteria and fungi. 

Moreover, chitosan's anti-bacterial efficacy has been evidenced against a wide array of 

microorganisms, including those frequently as-sociated with chronic wound infections especially 

staphylococcus aureus [36]. 

The main chemical ingredients of L. angustifolia essential oil, including linalool, linalyl acetate, 

and ter-pinen-4-ol, suggest that their method of action mostly involves disrupting the lipid bilayer of 

the cell mem-brane, leading to bacterial cell leakage [45–47]. 

Fucidin group members also show significant reduction in WBC count (p<0.001) in comparison 

with in-duced non treated group. It blocks bacterial protein synthesis by binding to elongation factor 

G (EF-G) on ribosomes, hence preventing the elongation of nascent polypeptides [48].  

The enhanced outcomes observed in the Chitosan and Lavandula group can be attributed to a 

multifaceted mechanism involving reduced bacterial load, downregulation of pro-inflammatory 

cytokines, and strength-ened antioxidant defenses. These synergistic actions account for the 

decreases in WBC, TNF-α/IL-6, and MDA levels, alongside the elevation of SOD activity, 

underscoring the therapeutic promise of integrating natural extracts with biomaterials to optimize 

infected wound healing. 

4.5. Histopathological Findings 

Histopathological analysis revealed comprehensive evidence of tissue-level healing among the 

groups: His-tological evaluation clearly revealed the gradual variations in tissue repair among the 

groups. In the untreated wounds, persistent epidermal loss, necrotic dermal tissue, vascular 

congestion, and significant leukocyte in-filtration indicated prolonged inflammation and delayed 

advancement to subsequent healing stages. These pathological characteristics align with chronic 

wound conditions in which ongoing infection and oxidative stress hinder fibroblast migration and 

collagen production [49]. 

Treatment with Fucidin facilitated partial healing, as seen by re-epithelialization, immature 

dermal tissue, and angiogenesis; nevertheless, residual inflammation persisted, signifying an 

incomplete progression to tissue remodeling [50]. Similarly, the use of Lavandula angustifolia extract 

enhanced epithelial and vascular re-sponses; but the presence of immature collagen bundles and 

minor inflammatory infiltrates indicated only a slight improvement in healing. This is in agreement 

with previous research indicating that Lavandula extracts decrease inflammatory cytokine 

expression and enhance fibroblast activity, although may be inadequate as a standalone treatment 

for complex infected wounds [51]. 

In contrast, chitosan therapy resulted in significant enhancements, including the restoration of 

keratinized epithelium, organized dermal fibrous tissue, and heightened capillary density, 

suggestive of enhanced prolif-erative activity and decreased inflammation. Chitosan is recognized 

for its ability to induce macrophage po-larization, fibroblast proliferation, and collagen deposition, 

thus expediting the proliferative process to the remodeling phase transition [49,52]. 

The most remarkable result was noted in the combination of Chitosan and Lavandula, which 

resulted in complete tissue restoration—normal epidermis, mature dermal connective tissue 

abundant in collagen, exten-sive neovascularization, and fully intact cutaneous tissues, free of 

inflammatory infiltrates. These data vali-date that the combination not only improves structural 

recovery but also restores tissue integrity, a hallmark of real tissue regeneration rather than simple 

repair. Recent findings have established that the synergistic ef-fect of chitosan scaffolds infused with 

essential oils greatly accelerated granulation, collagen remodeling, and re-epithelialization compared 

to the use of each agent independently [53]. 
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The elevated collagen levels observed in the treated groups indicate that the formulations 

enhance the heal-ing process, as the rise in collagen content correlates with tissue maturation, a 

reduction in total cellularity (indicative of diminished inflammation), and the formation of blood 

vessels [54]. 

Together, these histological results highlight the enhanced regenerating capacity of the 

Chitosan–Lavandula formulation, which combines the structural scaffold characteristics of chitosan 

with the anti-inflammatory and antioxidant properties of lavender. This dual action targets both the 

microbial/inflammatory load and the necessity for strong matrix formation, therefore facilitating 

systematic and comprehensive wound healing. 

4.6. Wound Contraction Percentage % 

Wound contraction is essential for the closure of full-thickness wounds, as the surrounding skin 

is drawn into the defect by forces produced within the granulation tissue. The myofibroblast, a 

distinct fibroblast type marked by cytoplasmic stress fibers abundant in α smooth muscle actin 

(SMA), is recognized as the cell phenotype accountable for wound contraction. The organization of 

the freshly generated connective tissue matrix into denser collagen fiber bundles generates tension, 

which facilitates the conversion of fibroblasts into myofibroblasts. TGFβ1 biochemically facilitates the 

conversion of fibroblasts into myofibroblasts in monolayer culture. Promoting the myofibroblast 

phenotype will help to enhance wound contraction; conversely, ob-structing the emergence of 

myofibroblasts is expected to impede or inhibit wound contraction [55]. 

Wound contraction percentages at days 3, 7, and 14 were significantly higher in the Chitosan & 

Lavandula group compared to other groups (p<0.001), with day 14 showing the greatest contraction 

across all groups. 

Chitosan offers a biocompatible scaffold that facilitates tissue regeneration, while volatile oils 

give antibac-terial and anti-inflammatory advantages, resulting in a multifunctional strategy for 

wound management. The incorporation of Lavandula into a Chitosan matrix could improve the 

antibacterial and anti-inflammatory properties of the mixture, demonstrating efficacy in facilitating 

wound healing and tissue regeneration (56). 

The results together demonstrate a progressive improvement from untreated wounds to single-

agent therapies (Fucidin, Lavandula, Chitosan), with the Chitosan and Lavandula combination 

yielding superior systemic, biochemical, histological, and functional effects. This combined therapy 

accelerates the resolution of in-flammation, increases antioxidant activity, and stimulates  

Collagen deposition, angiogenesis, re-epithelialization, and wound contraction promote 

ordered tissue re-generation and efficient wound closure. The synergistic interaction of chitosan and 

Lavandula is a promising approach for the management of infected wounds, combining structural 

support, antibacterial properties, an-ti-inflammatory effects, and antioxidant capabilities. 

5. Conclusions 

The integration of chitosan nanoparticles-loaded hydrogel with Lavandula angustifolia extract 

demonstrates a potent synergistic effect in enhancing wound healing in S. aureus-infected wounds. 

By improving hematological and biochemical profiles, promoting favorable histopathological 

changes, and accelerating wound contraction, this combination therapy represents a promising 

alternative strategy for managing infected wounds. Future studies should focus on mechanistic 

insights and clinical translation to validate its efficacy in humans. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

ECM              Extracellular Matrix 

MRSA  Methicillin resistant Staphylococcus aureus 

GlcN  Nacetyl-2-amino-2-deoxy-D-glucose glucosamine 

Cs NPs  Chitosan nanoparticles  

WBC   White Blood Cells 

TNF-α  Tumor Necrosis Factor-alpha 

IL-6   Interleukin-6 

MDA   Malondialdehyde 

SOD    Superoxide Dismutase 

ecSOD  Extracellular Super-oxide Dis-mutase 

UV-Vis spectroscopy   Ultraviolet–Visible Spectroscopy 

FTIR   Fourier Transform Infrared Spectroscopy 

SEM    Scanning Electron Microscopy 

EDX   Energy Dispersive X-ray Spectroscopy 

AFM   Atomic Force Microscopy 

XRD   X-ray Diffraction 

TLR4   Toll-Like Receptor 4 

NF-κB  Nuclear Factor kappa-light-chain-enhancer of activated B cell 

Nrf2    Nuclear factor erythroid 2–related factor 2  

DMSO Dimethyl Sulfoxide 
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