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Abstract: Clove oil (CO) is a powerful antioxidant essential oil (EO) with anti-inflammatory, anes-

thetic, and anti-infective properties. It can be therefore considered a good candidate for wound-

healing applications, especially for chronic or diabetic wounds or burns, where the balance of reac-

tive oxygen species (ROS) production and detoxification is altered. However, EOs require suitable 

formulations to be efficiently administered in moist wound environments. Chitosan hydrophobi-

cally modified by an ionic interaction with oleic acid (chitosan oleate, CSO) was used in the present 

work to stabilize CO nanoemulsions (NEs). The dimensions of the NE were maintained at around 

300 nm as the volume distribution for up to six months, and the CO content did not decrease to 

under 80% over 4 months, confirming the good stabilizing properties of CSO. The antioxidant prop-

erties of the CO NE were evaluated in vitro by a 2,2-diphenil-2-picrylhydrazyl hydrate (DPPH) as-

say, and in fibroblast cell lines by electron paramagnetic resonance (EPR) using α-phenyl-N-tert-

butyl nitrone (PBN) as a spin trap; a protective effect was obtained comparable to that obtained with 

α-tocopherol treatment. In a murine burn model, the ability of CO formulations to favor macro-

scopic wound closure was evidenced, and a histological analysis revealed a positive effect of the 

CO NE on the reparation of the lesion after 18 days. Samples of wounds at 7 days were subjected to 

a histological analysis and parallel dosage of lipid peroxidation by means of a thiobarbituric acid-

reactive substances (TBARS) assay, confirming the antioxidant and anti-inflammatory activity of 

the CO NE. 
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1. Introduction 

Clove oil (CO) is an essential oil (EO) obtained from Syzygium aromaticum L., Myr-

taceae, containing mainly eugenol (about 70%) and a lower percentage (about 10%) of β-

caryophyllene [1], which is endowed with a variety of biological properties, including 

antioxidant and anti-inflammatory effects [2–4]. 

From the perspective of topical applications for tissue repair, both these activities are 

of special interest for supporting the healing process. In healing, four phases are generally 

recognized: hemostasis, inflammation, proliferation, and remodeling. After injuries, the 

inflammation phase has a positive role because it contributes to the removal of necrotic 

tissue and pathogens through leukocyte chemotaxis, while the production of reactive ox-

ygen species (ROS) and nitric oxide that occurs during this phase by neutrophils facilitates 

pathogen inactivation and removal. However, an excess of the inflammatory response in 

terms of intensity and duration and the presence of ROS characterizes non-healing and 
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chronic wounds [5]. This explains the wound-healing efficacy of some EOs with anti-in-

flammatory and antioxidant activity [6–8]. In addition, in diabetic wounds, an important 

role is played by excessive ROS production or insufficient ROS detoxification related to 

hyperglycemia. In this scenario, antioxidant agents such as polyphenols have been sug-

gested for diabetic wound treatment [9,10]. High oxidative stress is typical of burns, in 

which antioxidant therapy can be therefore promising [11], and even in corrosive esoph-

ageal burns, the use of antioxidants has been found to be effective at reducing inflamma-

tion and facilitating tissue healing [12]. 

CO is moreover characterized by analgesic and anesthetic effects. This last one, which 

has been largely exploited, especially in dentistry, can positively contribute to pain relief 

in wound treatment [2]. Anti-infective activity was also demonstrated towards Gram-pos-

itive (Staphylococcus aureus) and Gram-negative (Escherichia coli) bacteria, and towards 

Candida albicans for CO [13,14] as such, but also when formulated in chitosan nanoparticles 

(NPs) [15]. Eugenol antimicrobial activity was also pointed out by Antunes et al. [16] for 

CO and cinnamon leaf oil, both containing eugenol, loaded into chitosan and PVA films. 

The presence of EOs also increased the antibacterial activity observed for the unloaded 

chitosan against Staphylococcus aureus and Pseudomonas aeruginosa, microorganisms that 

often infect diabetic ulcers [16]. 

As with all the EOs, CO also requires suitable formulations to be administered in a 

moist environment, such as that of wounds. Some works have investigated the formula-

tion of CO in nanofibers, with a positive effect on wound reduction due to the presence of 

the EO [1,17]. 

Besides nanofibers, nanoemulsions (NEs) also present some advantages, such as 

physical stability, an enhanced delivery efficacy, and protection against EO degradation 

and volatility [18]. Only a few studies until now have involved the use of CO NEs for 

wound healing. A pioneering article compared the healing effect after an oral administra-

tion of free CO and CO formulated into an NE, with gentamycin as a reference substance, 

in an excision wound rat model [19], finding a faster epithelialization process with both 

the CO and CO NE compared to the control. 

In a further study, eugenol was formulated in an NE and the wound-healing effect 

was evaluated in an excision wound rat model through a topical application in compari-

son with pure eugenol (standard), with a faster wound closure observed after the treat-

ment with the NE with respect to the control and standard eugenol [20]. Pereira dos Santos 

et al., based on the good antimicrobial activity of CO, designed a chitosan film loaded 

with a CO NE, with a potential application for wound healing [13]. Most recently, a CO 

emulsion based on C20/22 alkyl polyglucoside as an emulsifier, capable of forming liquid 

crystal structures, was tested in rat incision and excision wound models. The healing pro-

cess was followed by a comparison with neomycin cream as a positive control. A statisti-

cally significant faster reduction in the wound area was observed with respect to the con-

trol for the CO emulsion. The peculiar structure due to the emulsifier was suggested as a 

relevant element for the healing improvement, as it contributed to wound hydration and 

protection [21].  

The combination of a bioactive polysaccharide material with a hydrophobic moiety 

to obtain an amphiphilic structure suitable for the physical stabilization of NEs has been 

previously exploited in the case of chitosan oleate (CSO), a hydrophobically modified chi-

tosan obtained through an ionic interaction with oleic acid [22]. Peculiar advantages can 

be derived from the maintenance in an NE of some biological activities of the polymer. It 

was demonstrated that CSO conserved the antimicrobial activity of both chitosan and 

oleic acid [23,24] and supported the antimicrobial activity of lemongrass EO towards bac-

terial strains with a synergic effect, improving the efficacy/toxicity ratio of the EO. In other 

cases, the combination of chitosan and EOs increased the antibacterial effect [22,25,26]. 

Moreover, for chitosan, some positive effects on wound healing have been described in 

the literature [27], and also, in the case of oleic acid, the evidence of its ability to activate 
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pro-inflammatory effects and reduce necrotic tissue in wounds by increasing the neutro-

phil recruitment has been reported [28]. Their combination in CSO was proven suitable 

for the stabilization of α-tocopherol NPs [29]. These were positively associated with silver 

sulphadiazine in dressings that demonstrated a good efficacy in wound healing [30], sup-

porting the relevance of antioxidant agents in tissue repair. 

To better highlight these aspects, in the present work, we developed a CSO NE 

loaded with CO EO (CSO–CO NE), and its effect on ROS reduction and wound healing 

was studied. CSO was used for the first time as a stabilizer of a CO NE obtained by spon-

taneous emulsification, and their physical stability was then evaluated. The antioxidant 

activity of the CSO–CO NE was evaluated both in vitro by a 2,2-diphenil-2-picrylhydrazyl 

hydrate (DPPH) assay and in fibroblast cell lines by electron paramagnetic resonance 

(EPR) using α-phenyl-tert-butyl-nitrone (PBN) as a spin trap. The use of this test to detect 

the occurrence of ROS in cell lines has not been commonly reported in the literature, and 

one aim of the present work was to highlight its suitability for assessing the in vitro be-

havior of molecules and formulations. A murine burn model was used to evaluate mac-

roscopic wound closure, and the skin reparation was evidenced through a histological 

analysis 18 days after the application of the developed CSO–CO NE. The literature does 

not describe, to our knowledge, the use of a burn model for the evaluation of the CO effect 

in wound healing; this approach could be useful to put in evidence the relevance of anti-

oxidant properties on tissue repair. At 7 days from the injury, a biopsy of the wound was 

subjected to a histological analysis and a parallel dosage of lipid peroxidation by means 

of a TBARS assay. For this evaluation, as with the in vitro DPPH assay and ROS occur-

rence in fibroblasts, a direct comparison of the CSO–CO NE with the α-tocopherol treat-

ment was performed, which is a feature that was not present for these aspects, to our 

knowledge, in previous literature works. 

2. Materials and Methods 

2.1. Materials 

Acetonitrile (CHROMASOLV for HPLC gradient grade), oleic acid, calcium chloride, 

chitosan (low molecular weight, deacetylation rate 80%), clove oil (lot number 

MKBQ4410V), dimethyl sulfoxide (DMSO), 2,2-diphenyl-2-picrylhydrazyl hydrate 

(DPPH), Hank’s balanced salt solution (HBSS), Dulbecco’s modified Eagle’s medium 

(DMEM), fetal bovine serum (FBS), penicillin, streptomycin, amphotericin, thiazolyl blue 

tetrazolium bromide (MTT), porcine gastric mucin, α-fenil-N-tert-butyl-nitrone (PBN), 

Dulbecco’s phosphate-buffered saline (PBS), trypan blue, and trypsin-EDTA, 5-bromo-2′-

deoxyuridine (BrdU) were purchased from Sigma Aldrich (Milan, Italy). A chemical char-

acterization of a clove oil sample from the same supplier has been reported in the litera-

ture [1]. Acetone, ethanol, methanol, hydrogen peroxide solution, potassium chloride, 

monobasic sodium phosphate, and bicarbonate sodium were obtained from Carlo Erba 

(Milan, Italy). Baby normal human dermal fibroblasts (bNHDFs) were obtained from Pro-

mocell (Heidelberg, Germany), while Natrosol®  hydroxyethylcellulose 250 HX and HHX 

were a kind gift from Hercules S.p.A. Aqualon Division, Castel Maggiore, Bologna, Italy. 

2.2. Preparation of Nanoemulsions 

Chitosan oleate (CSO) salt was prepared through an ionic interaction between poly-

mer-deacetylated amino groups and oleic acid carboxyl groups. Using this method, am-

phiphilic-modified chitosan occurs, able to spontaneously aggregate to form micelle struc-

tures that can be loaded with hydrophobic compounds. 

Micelles of plain CSO were prepared using the solvent evaporation method: an oleic 

acid solution (1% w/v in ethanol) was added to a chitosan HCl solution (0.1% w/v in bi-

distilled water) (molar ratio of 1:1 between deacetylated amino groups and carboxyl 

groups) [22]. Ethanol was then evaporated using nitrogen evaporation (1 h) and bi-dis-

tilled water was added to return the solution to the starting volume. 
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To prepare the NE clove oil (CO), the same procedure used to obtain plain CSO mi-

celles was used, but the EO was solubilized in an ethanol solution with oleic acid to obtain 

chitosan–oleate/clove oil NE (CSO–CO NE). Two different formulations were prepared 

by varying the ratio between CSO and CO (CSO:CO), which was set to 2:1 or 1:1, corre-

sponding to the theoretical loading of 50 and 100% w/w of the CO in the systems (CSO–

CO 50 and CSO–CO 100, respectively) and the final CO concentrations of 1.2 and 2.4 

mg/mL, respectively. Plain CSO at the same concentration as the NE was used as a control. 

2.3. Particle Size Characterization 

Photon correlation spectroscopy (PCS; N5 submicron particle size analyzer, Beckman 

Coulter, Milan, Italy) was used to determine the mean particle size and the polydispersity 

index (PI) of the NE. Each sample was diluted in filtered (0.22 µm) distilled water accord-

ing to the apparatus instructions and the analyses were carried out at 25 °C and a 90° 

detection angle. 

The NE physical stability was evaluated by preserving formulations at 4 °C for 6 

months; at defined time points, the particle size distribution was evaluated to define the 

physical stability of all formulations. 

2.4. Clove Oil Loading Evaluation 

CO loaded in an NE was quantified by a spectrophotometric analysis (Perkin Elmer 

Instrument Lambda 25 UV/Vis Spectrometer, Monza, Italy) at 280 nm. Briefly, for each 

formulation, 50 µL of the NE was diluted with an acetonitrile/acetate buffer (80:20 v/v) 

mixture to reach a final volume of 2 mL. The total CO content was evaluated from the 

standard calibration curve (r2 = 0.9997) obtained by analyzing a CO concentration range 

of 9–63 µg/mL. 

The EO loading capacity (LC %) of each formulation was calculated as follows: 

𝐿𝐶 % =
𝑐𝑙𝑜𝑣𝑒 𝑜𝑖𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡

𝑐ℎ𝑖𝑡𝑜𝑠𝑎𝑛 𝑜𝑙𝑒𝑎𝑡𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 + 𝑐𝑙𝑜𝑣𝑒 𝑜𝑖𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 
× 100  

The loading efficiency (LE %) was calculated as follows: 

𝐿𝐸 % =
𝑐𝑙𝑜𝑣𝑒 𝑜𝑖𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡

𝑐𝑙𝑜𝑣𝑒 𝑜𝑖𝑙 𝑢𝑠𝑒𝑑 𝑓𝑜𝑟 𝑛𝑎𝑛𝑜𝑒𝑚𝑢𝑙𝑠𝑖𝑜𝑛 𝑝𝑟𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛 
× 100  

2.5. Preparation of the Formulations Based on HEC 

From the perspective of NE delivery to skin or mucosa, the CSO–CO 50, chosen as 

the model, was mixed at a 1:1 (w:w) ratio with hydroxyethyl cellulose (HEC) to obtain 

semi-solid formulations, suitable for topical applications. The HEC solutions were pre-

pared in distilled water at concentrations of 1.5% and 3% (w/w) for HEC HX, and 1% and 

1.5% (w/w) for HEC HHX. After complete polymer solubilization, they were mixed in a 

1:1 (w/w) ratio with the CSO–CO 50 sample and left under magnetic stirring until complete 

homogenization was achieved. 

2.6. Viscosity Determination of Nanoemulsions 

All formulations were characterized in terms of their rheological properties. The vis-

cosity measurements were carried out at three different temperatures, 25 °C, 32 °C (skin 

temperature), and 37 °C, using a rotational rheometer (Rheostress RS600, Haake, Karls-

ruhe, Germany) equipped with a cone plate combination C60/1 (diameter = 60 mm; angle 

= 1°), applying increasing shear rate values in the range of 10–300 s−1. 
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2.7. In Vitro Mucoadhesion Test 

The formulations HEC HX 3%–CSO–CO 50 and HEC HHX 1.5%–CSO–CO 50 were 

subject to a tensile test, conducted using TA.XT plus a texture analyzer (ENCO, Spinea, 

Venice, Italy) equipped with a 1 Kg load cell and an A/MUC (mucoadhesion test ring) 

measurement system. The A/MUC measurement system consisted of a cylindrical sub-

strate holder thermostated at 37 °C, into which a filter paper disc could be inserted. The 

filter paper was hydrated with 40 µL of 8% (w/w) gastric porcine mucin (type II, Sigma-

Aldrich, Milan, Italy) or with 40 µL of simulated saliva in the case of blank measurements. 

Simulated saliva was prepared with NaHCO3 (0.42 mg/mL), NaH2PO4.H2O (0.91 mg/mL), 

NaCl (0.43 mg/mL), KCl (1.49 mg/mL), and CaCl2 (0.22 mg/mL) [31]. A preload force of 

2.5 N was applied for 180 s. The probe was raised at 2.5 mm s−1 until the complete separa-

tion of the interface. Three replicates were performed for each sample. 

The force (mN) required to detach the probe from the substrate was measured and 

the work of adhesion A (mN.mm) was calculated as the area under the curve of the mu-

coadhesion force (Fmax) vs. distance (mm). 

In parallel, the contribution of HEC to mucoadhesion was evaluated by preparing 

two solutions of the polymer, HEC HX 3% (w/w) and HEC HHX 1.5% (w/w), and diluting 

them in a ratio of 1:1 (w/w) with bi-distilled water. 

2.8. ROS-Scavenging Activity Assay 

The ROS-scavenging activity of CSO–CO 50 and CSO–CO 100 NE was evaluated us-

ing the DPPH assay. Briefly, CSO–CO 50 and CSO–CO 100 NE were diluted with bi-dis-

tilled water to obtain a final CO concentration of 0.17 and 0.3 mg/mL, respectively. A total 

of 50 µL of each sample was mixed with 1950 µL of DPPH methanolic solution (6 × 10−5 

M); the obtained mixtures were incubated and protected from light for 60 min and then 

spectrophotometrically analyzed at 515 nm (Perkin-Elmer Instrument Lambda 25 UV/Vis 

Spectrometer, Monza Brianza, Italy). α-tocopherol was considered a positive control, 

while as a negative control, a reaction mixture composed of water and DPPH solution in 

the ratio of 1:40 (v/v) was analyzed. 

The percentage of ROS scavenging activity was calculated according to the following 

equation: 

𝐷𝑃𝑃𝐻• 𝑠𝑐𝑎𝑣𝑒𝑛𝑔𝑖𝑛𝑔 𝑒𝑓𝑓𝑒𝑐𝑡 (%) = (1 −
𝐴𝑐

𝐴𝑠
) × 100  

where Ac is the absorbance of the negative control and As is the absorbance of each sam-

ple. 

The analyses were performed in three replicates. 

2.9. In Vitro Cytotoxicity Evaluation 

The cytotoxicity of all formulations was evaluated on baby normal human dermal 

fibroblasts (bNHDFs, Promocell, Heidelberg, Germany) cultured with Dulbecco’s modi-

fied Eagle’s medium (DMEM) enriched in 10% fetal bovine serum (FBS), penicillin (100 

IU/mL), streptomycin (100 μg/mL), and amphotericin B (2.5 μg/mL). Cells were seeded in 

a 96-well plate (35000 cells/well) and then treated with the chitosan derivative (CSO) and 

with the two NE formulations (CSO–CO 50, CSO–CO 100) diluted with culture medium 

(1:10, 1:20, and 1:40 (v/v) dilution rate). Untreated cells were considered controls. 

After 3 and 24 h of incubation, at 37 °C and 5% CO2, all samples were aspirated and 

the cells were washed with 100 µL of Hank’s balanced salt solution (HBSS). 

Then, 50 µL of thiazolyl blue tetrazolium bromide (MTT) solution was added to each 

well; viable cells, assessed by mitochondrial activity, metabolized the monotetrazolium 

salt in water-insoluble formazan crystals. After 3 h of incubation, the MTT solution was 

discarded and 100 µL of DMSO was added to induce formazan crystal solubilization. The 
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optical density (OD) of the so-obtained solution was measured using an iMark™ micro-

plate reader (Bio-Rad Laboratories S.r.l., Milan, Italy) at 570 nm and 670 nm (reference 

wavelength). 

Cell viability (%) was calculated as: 100 × (OD treated cells/OD control cells). Un-

treated cells were considered controls. 

2.10. In Vitro Cytoprotective Effect against Oxidative Stress 

bNHDFs were seeded in a 96-well plate (35,000 cells/well) and treated with CSO–CO 

50 and CSO–CO 100 NE diluted with culture medium (dilutions of 1:10, 1:20, and 1:40 

(v/v). After 3 h of incubation, the cells were washed with PBS and treated with hydrogen 

peroxide (H2O2, 1 mM and 1.5 mM) for 1 h. At the end of the incubation time, an MTT 

assay was performed to evaluate the cell’s metabolic activity. Untreated cells were con-

sidered controls. Each condition was tested in triplicate. 

2.11. Intracellular ROS Evaluation by EPR Method 

In a 12-well plate (Cellstar®  tissue culture plate, Greiner Bio-One, Cassina de’ Pecchi, 

Italy), 4 × 105 cells/well were seeded and left to incubate for 24 h. The medium was aspi-

rated and the antioxidant samples were introduced, consisting of either 1 mL of α-tocoph-

erol in a CSO sample [29] at the final α-tocopherol concentration of 10 µM or 1 mL of CS-

CO 100 diluted to 1:20 (v/v) with the medium. Both the samples were left in contact with 

the cells for 3 h. A negative control consisting of untreated cells (100% damage) was also 

evaluated. The samples were removed and the damage was induced with 1 mM H2O2 for 

1 h. Each well was washed with 1 mL of PBS and then 1 mL of an 18 mg/mL α-phenyl-N-

tert-butyl-nitrone (PBN) spin trap solution was added and left for 30 min. The PBN solu-

tion was removed, a further washing of the wells was carried out, and the cells were sub-

ject to trypsinization to detach them from the bottom of the plate. After centrifugation, the 

supernatant was eliminated and for each analysis, the pellet obtained by joining two wells 

was used, taken up with 200 µL of Hank’s balanced salt solution (HBSS). The analysis was 

conducted with an EPR spectrometer (BRUKER EMX/12 with an ER4102ST cavity and a 

window for UV/Vis radiation, Bruker, Milan, Italy). 

2.12. In Vivo Efficacy on Rat Wound Model 

All animal experiments were carried out in full compliance with the standard inter-

national ethical guidelines (European Communities Council Directive 86/609/EEC) and 

were approved by the Italian Health Ministry (D.lgs.vo 116/92). The study protocol was 

approved by the Local Institutional Ethics Committee of the University of Pavia for the 

use of animals. Three male rats (Wistar, 200–250 g) were anesthetized with equitensine (3 

mL/kg) and shaved to remove all hair from the site of injury. Three full-thickness burns, 

having a circular diameter of 4 mm, were produced on the animal’s back by contact with 

a brass rod (105 °C for 40 s). The day after, three 6 mm full-thickness excisional wounds 

were outlined using a punch biopsy tool on each animal’s back. The wounds were photo-

graphed with a digital camera and treated either with 100 µL of CO samples diluted to 1:1 

(v/v) with an HEC solution (HX 3% w/w) or with a physiological solution (100 µL). The 

wounds were covered with sterile gauze and the rats’ backs were wrapped with a surgery 

stretch (Safety, Monza Brianza, Italy). At prefixed times after treatment (3, 7, 10, and 14 

days), the three lesions were treated with 100 µL of CSO–CO NE samples diluted to 1:1 

(v/v) with an HEC solution (HX 3% w/w) or wetted with a saline solution (NaCl, 0.9% 

w/v). At the end of the treatments (18 days), the lesions were photographed and the ani-

mals were labeled in vivo with a sterile solution of 10 mg/mL 5-bromo-2′-deoxyuridine 

(BrdU) by an intraperitoneal injection (100 mg/kg). After 60 min, the animals were sacri-

ficed, full-thickness biopsies were obtained, and an immunohistochemical analysis of the 

excised tissues was carried out. 
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2.13. Microscopic Analysis 

The tissue samples were bisected along the widest line of the wound, then fixed in 

4% w/v neutral-buffered paraformaldehyde for 48 h, dehydrated with a gradient alcohol 

series, cleared in xylene, and embedded in paraffin. Sections (8 μm) were obtained using 

a Leitz (Wetzlar, Germany) microtome and were stained with hematoxylin and eosin 

(H&E) or subjected to the immunohistochemical detection of BrdU. The slices were exam-

ined at a magnification of 5× under a light microscope, Axiophot Zeiss (Oberkochen, Ger-

many), equipped with a digital camera (Sigma SD14, Sigma Mtrading s.r.l., Opera, Italy)  

2.14. Immunohistochemical Detection of BrdU 

Sections (8 µm) were deparaffinized in xylene and hydrated in a series of graded 

alcohols to water, and then slides were immersed in a blocking reagent (Biocare’s Peroxi-

dazed 1 blocking reagent, Biocare, Yorba Linda, CA, USA) for 5 min at room temperature 

(RT) and subsequently washed in distilled water. For heat-mediated antigen retrieval, the 

slides were placed in Rodent Decloaker buffer (Biocare, Yorba Linda, CA, USA) and 

heated to 100 °C for 30 min by a steamer; when the slides became cold, Rodent Block M 

(Biocare, Yorba Linda, CA, USA) was applied for 30 min. After washing with tris-buffered 

saline (TBS), the primary antibody (monoclonal anti bromodeoxyuridine, Biocare, Yorba 

Linda, CA, USA) was applied in a ratio of 1:100 (v/v) for 2 h at RT. This antibody reacts 

with BrdU in single-stranded DNA, for BrdU attached to a protein carrier or free BrdU. It 

detects nucleated cells in the S-phase that have had BrdU incorporated into their DNA. 

The samples were subsequently washed in TBS and then covered with Mouse-on-Mouse 

HRP-Polymer (Biocare, Yorba Linda, CA, USA) for 20 min at RT. After thoroughly wash-

ing in TBS, the slides were incubated for 5 min with a chromogen solution (Biocare’s DAB, 

Biocare, Yorba Linda, CA, USA). Positive and negative controls were performed as well. 

2.15. Lipidic Peroxidation Evaluation by Thiobarbituric Acid (TBA) Assay 

Three more animals, subject to burn and excision wounds as described above, were 

each treated with a saline solution (NaCl, 0.9% w/v) as a positive control, with CSO–CO 

100, or with α-tocopherol (0.33 mg/mL) in CSO micelles prepared as previously described 

[30], for comparison purposes. The rats were, in this case, sacrificed after 7 days of treat-

ment, and a thiobarbituric acid-reactive substances (TBARS) measurement was conducted 

on full-thickness biopsies as described in the literature [32]. Briefly, tissues were homog-

enized in a KCl solution (1.15% w/v). An amount of 100 µL of each homogenized tissue 

was added to the reaction mixture (70 µL of 8.1% sodium dodecyl sulfate (SDS), 500 µL of 

20% acetic acid with a pH of 3.5, 500 µL of 0.8% TBA, and 70 µL of distilled water). The 

obtained mixtures were boiled (1 h, 95 °C) and then centrifuged (3000× g, 5 min). 

The supernatants were analyzed using a microplate reader (Synergy HT, BioTek, 

Swindon, UK) at 570 nm (OD570). Malondialdehyde solutions (0.05, 0.1, 0.25, and 0.5 mM) 

were prepared and analyzed with the same method to obtain a calibration curve (R2 = 

0,9995). 

Healthy cutaneous tissues were considered as a negative control. 

2.16. Statistical Analysis 

The statistical analyses of the data were carried out with a statistical software package 

(Statgraphics Centurion 16, Statistical Graphics Co., Rockvillle, MD, USA). Student’s t-test 

for independent variables was performed to compare the means of two sets of data. For 

the statistical analysis of multiple samples, one-way analysis of variance (1-way ANOVA) 

was performed, followed by a Fisher’s least significant difference (LSD) procedure to ev-

idence which means were significantly different from the others. 
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3. Results and Discussion 

3.1. Particle Size Characterization of Nanoemulsions 

Table 1 reports the results of the dimensional characterization, given by the mean 

diameter from the number and volume distributions and the polydispersion index (PI) for 

the NE obtained with CSO at two different CO ratios (CSO–CO 50 and CSO–CO 100), 

corresponding to final CO concentrations of 1.2 and 2.4 mg/mL, respectively. The NEs 

were prepared by spontaneous emulsification using ethanol as the organic phase. It must 

be noted that ethanol is one of the most acceptable solvents, considering not just health 

and safety concerns, but also the environmental impact, from the perspective of a green 

industrial approach [33]. 

Table 1. Dimensions and polydispersion index (PI) of NEs (mean ± sd; n = 3). 

Formulation 
Mean Number Diameter 

(nm) 

Mean Volume Diameter 

(nm) 
PI 

CSO–CO 50 83 ± 12 220 ± 2 0.226 ± 0.048 

CSO–CO 100 79 ± 38 242 ± 25 0.208 ± 0.001 

In both formulations, the dimensions were quite small, with a mean diameter be-

tween 200 and 250 nm, and the PI, remaining below 0.5, was compatible with a homoge-

neous distribution independently of the CO concentration tested. It must be noted that 

the use of volume distribution resulted in mean diameters higher than those obtained us-

ing a number distribution. This last factor resulted in values compatible with the strict 

definition of a nanomaterial (at least 50% of the distribution lower than 100 nm). The vol-

ume distribution was selected as an identifying parameter due to its better ability to put 

in evidence instability phenomena such as aggregation or coalescence. 

The NEs with both CO concentrations have been studied in terms of their physical 

stability by maintaining them at 4 °C for 6 months, and the results obtained over different 

times of storage are illustrated in Figure 1. For both NEs, after an initial slight increase in 

dimensions, a stabilization was observed with dimensions of around 300 nm during the 

remaining period of storage. In addition, the PI showed an initial increase followed by a 

stabilization at values mainly below 0.5, indicating an acceptable dimensional dispersion 

and the ability of CSO to stabilize the systems. 
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Figure 1. Dimensions (histogram bars) and PI (black symbols) of CSO–CO 50 (a) and CSO–CO 100 

(b) NEs at different times of storage (4 °C) (mean ± sd; n = 3). 

Because the hydrophobically modified chitosan, used here as the only stabilizer of 

the NEs, was obtained by an ionic interaction, to assess that its performance was not af-

fected by a pH variation and/or by the medium ionic strength, the physical stability of 

NEs was also carried out in a slightly acidic solution (acetate buffer, pH of 4.0) and a saline 

solution (0.9% (w/v) NaCl), and the effects of these two different conditions on the dimen-

sions and PI (Figure 2) were also verified. 
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Figure 2. Dimensions (histogram bars) and PI (black symbols) of CSO–CO 50 and CSO–CO 100 

maintained in acidic pH and saline solution (NaCl 0.9% w/v) after different times up to 37 days 

(mean ± sd; n = 3). 

Both NE formulations appeared unchanged in the saline solution for up to 1 month, 

while in the acidic medium, only a slight increase in dimensions was observed, with the 

PI values in all cases below 0.5. This suggests, despite the ionic character of the polymer 

derivative, a suitable physical stability of the NEs for their potential application in a com-

plex physiological environment. 

Many reasons encourage the research of new emulsifiers, among which a growing 

interest is in natural emulsifiers. These meet the increasing request for all-natural formu-

lations, and from this perspective, biopolymers such as proteins and polysaccharides offer 

a wide range of choices [34,35]. All emulsifiers act at the oil–water interface by decreasing 

the interfacial tension, and quite often, the stabilization by macromolecules relies on the 

steric effect that follows adsorption at the droplet surface and impairs flocculation, coa-

lescence, and Ostwald ripening [36]. Polysaccharides are quite efficient in this mechanism 

thanks to their large molecular weight, and they are less susceptible to changes in envi-

ronmental pH and ionic strength than proteins. However, among the limits of polysac-

charide-based surfactants is that they are not suitable for low-energy emulsification meth-

ods such as self-emulsification [36]. The self-assembly of chitosan and oleic acid to form 

the amphiphilic chitosan derivative CSO in situ represents an exception, and the NE is 

formed and stabilized under mild stirring without any homogenization step. This can rep-

resent an advantage, especially for the formulation of substances such as EOs, which are 

easily subject to degradation and evaporation at the high temperatures that develop dur-

ing high shear homogenization [37]. The thickness of the shell that forms around the drop-

lets by macromolecule adsorption can moreover protect volatile EOs from loss more effi-

ciently than a thin layer of a small-molecule surfactant. 

3.2. Clove Oil Loading in Nanoemulsions 

Figure 3 shows the CO loading in the obtained NEs, expressed as the loading yield 

efficiency, which indicates the percentage of CO found in the final emulsion with respect 

to the theoretical one and the loading capacity %, which takes into account the presence 

of the stabilizer CSO. For both the samples, some decrease with respect to the theoretical 
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concentrations was observed; in particular, the theoretical values decreased from 1.2 and 

2.4 mg/mL to 0.85 ± 0.04 and 1.74 ± 0.12 mg/mL in the CSO–CO 50 and CSO–CO 100 sys-

tems, respectively, with a loss lower than 30%. This result seems to be in accordance with 

the results obtained for the encapsulation of eugenol in other systems, such as in chito-

somes [38]. 

 

Figure 3. Loading efficiency (LE (%)), loading capacity (LC (%)), and final concentration of CO in 

the CSO–CO 50 and CSO–CO 100 NE samples just after the preparation (mean ± sd; n = 3). 

Considering the high volatility of EOs, the observed decrease was conceivably due 

to the CO loss that occurred during the preparation of the systems, especially in the most 

critical steps, such as EO/ethanol dropping and the subsequent removal of the organic 

phase by evaporation. 

In Figure 4, the amount of CO quantified in the NEs is reported during 4 months of 

storage in a refrigerator (4 °C) after the preparation. With respect to the initial amount, 

considered here to be 100%, a decrease could be observed for both samples in the first 4 

weeks; after that, the CO value became quite stable, confirming the stabilizing effect of the 

CSO NE for volatile substances such as EOs. 
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Figure 4. CO assay (%) in the CSO–CO 50 and CSO–CO 100 NE samples during storage at 4 °C 

(mean ± sd; n = 3). 

3.3. Viscosity and Mucoadhesion Properties of Nanoemulsions 

From the perspective of NE delivery to skin or mucosa, the CSO–CO 50 NE, chosen 

as the model, was mixed in a ratio of 1:1 (w/w) with hydroxyethyl cellulose (HEC) to ob-

tain semisolid formulations, which were suitable to be applied using spray or drop de-

vices. HEC is an easily soluble viscosity modifier that was chosen because, for its non-

ionic nature, it seemed less prone to react with both chitosan and oleic acid. In Figure 5, 

the results of the rheological characterization of the 1:1 (w/w) mixtures with high (HHX)- 

or low (HX)-molecular-weight HEC are given. Solutions of each molecular weight of HEC 

were tested at two concentrations, 1.5% and 3% (w/w) for HX and 1% and 1.5% (w/w) for 

HHX, to modulate the viscosity. All the formulations were tested at 25 °C and 32 °C (Fig-

ure 5a,b) to evaluate their behavior at simulated room and skin temperature. It was pos-

sible to identify two more viscous and markedly pseudoplastic formulations (HX 3% and 

HHX 1.5%) suitable to be delivered by a drop device (VP6 dropper, Aptar Mezzovico SA, 

Mezzovico, Switzerland). The formulation with the lower-viscosity HX (1.5% w/w) 

seemed suitable to be delivered by a spray device (VP6 dropper, Aptar Mezzovico SA, 

Mezzovico, Switzerland). The variability in the amount of the tested formulations deliv-

ered from the dropper and the spray VP6 devices (the latter in the case of the low-viscosity 

HX 1.5%) is illustrated in Figure 5c. The two most viscous formulations (HHX 1.5% and 

HX 3%) were also tested after 1 and 2 weeks of storage (T1 and T2). In all cases, the quite-

low standard deviation indicated a homogeneous dispensed amount obtained with both 

the devices, and for HHX 1.5% and HX 3%, it also indicated quite a good physical stability 

during the tested times. The viscosity of the two most viscous formulations was also tested 

at 37 °C (Figure 5d), envisaging an application to mucosal lesions. The possible application 

of the CSO–CO NE for the treatment of mouth herpetic stomatitis lesions could also be 

suggested by the antiviral activity reported in the literature for eugenol [39]. For a possible 

mucosal administration, for the two formulations, HX 3% and HHX 1.5%, a mucoadhesion 

test was also performed, the results of which are illustrated in Figure 6. 
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Figure 5. Viscosity curves of CSO–CO 50 diluted to 1:1 w/w with HEC low (HX) and high (HHX) 

molecular weights at different concentrations at 25 °C (a) and 32 °C (b) (mean ± sd; n = 3). Delivered 

amounts of HHX 1% and HX 1.5% through VP6 dropper and VP6 spray devices at T0 and after 1 

week (T1) and 2 weeks (T2) (c) (mean ± sd; n = 10). Viscosity curves of the two most viscous samples, 

HX 3% and HHX 1.5%, at 37 °C (d) (mean ± sd; n = 3). 
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Figure 6. The maximum force of detachment, Fmax (a), and work of adhesion (b) for the samples, 

HX 3% and HHX 1.5%, and for the HEC alone at the same concentrations (w/o EO NE) (mean ± sd; 

n = 3). * Indicates samples statistically different from the corresponding blanks (Student’s t-test, p < 

0.05). 

For both samples and both mucoadhesion parameters considered (Fmax and adhe-

sion work), it was observed that all the results obtained with the blanks (without mucin) 

were comparable. All the formulations except the HEC HHX 1.5% without the CO NE 

showed a statistically significant positive interaction with the mucin compared to the 

blank (without mucin), both in terms of maximal mucoadhesion force and adhesion work 

(Student’s t-test, p < 0.05). In the case of the HEC HX 3% sample, for which even the poly-

meric solution alone was mucoadhesive, a more marked increase in the interaction with 

the mucin was obtained after mixing with the NE, confirming the ability of the chitosan 

shell of the droplets to maintain the known mucoadhesive property. The Fmax increase 

was 22.78% and 23.73%, respectively, for the formulations with HEC HX 3% and HEC 

HHX 1.5%, while the work performed was higher by 35.93% and 24.63%. It is possible that 

in the case of the 3% HX sample, the lower molecular weight corresponds to a higher 

polymer chain mobility and interactions with the mucin chains. 
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It is worth observing that in the present system, the mucoadhesion effect due to chi-

tosan was localized at the surface of every single droplet. This allowed for better contact 

of the encapsulated oil with the mucosal surface, further optimized by the increased sur-

face/volume ratio due to the nanometric dimensions of the droplets. 

3.4. ROS-Scavenging Activity Evaluation 

Figure 7 shows the antioxidant activity in the DPPH test of unloaded CSO, at the 

same concentration of the NE samples, and of CO, as such and encapsulated in a CSO NE, 

at two different concentrations: 0.17 and 0.36 mg/mL. A comparison with α-tocopherol at 

the same concentrations is reported too, chosen as a reference because of its well-known 

antioxidant activity. 

 

Figure 7. DPPH scavenging effect of the unloaded CSO NE, α-tocopherol, free clove oil (CO), and 

CO encapsulated in NEs at two concentrations (CSO–CO 50 and CSO–CO 100) (mean ± sd; n = 3). 

It can be seen that the CO activity is comparable with that of α-tocopherol, and it is 

maintained even after encapsulation in an NE. There is no statistical difference, at the 

same concentration, between CO as such and encapsulated CO (Student’s t-test, p < 0.05). 

3.5. Cytotoxicity Evaluation 

In Figure 8, the results of the cytotoxicity test for the two NE samples are given after 

3 h (Figure 8a) and 24 h of contact (Figure 8b). The same concentrations of CSO present in 

the NE samples were also tested under the same conditions and considered as a blank. 
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Figure 8. Fibroblast viability after 3 h (a) and 24 h (b) of treatment with unloaded CSO as a blank 

and with the CSO–CO 50 and CSO–CO 100 NE samples at different dilutions with culture medium 

(1:10, 1:20, and 1:40 v/v) (mean ± sd; n = 8). 

After 3 h of contact, for all samples, only the highest concentration corresponding to 

the 1:10 (v/v) dilution resulted in a significant decrease in cell viability compared to the 

control (ANOVA 1-way, Fisher’s LSD test, p < 0.05). 

For CSO, both the samples diluted to 1:20 and 1:40 (v/v) were compatible with the 

cells over short and long contact times. After 24 h, an increase in viability due to the pro-

liferative effect of CSO was seen, which is in line with previous evidence [40]. 

In the case of the CSO–CO 50 and CSO–CO 100 NE samples, the viability of the 1:40 

(v/v) dilution was close to 100% up to 24 h, and not statistically different from that of the 

controls (ANOVA 1-way, Fisher’s LSD test, p < 0.05). The 1:20 (v/v) dilution resulted in 

biocompatibility after 3 h of contact, but at 24 h, it showed a decrease in viability that 

seemed to be due mainly to CO, as the corresponding CSO sample was still biocompatible. 

3.6. EPR Results 

The antioxidant effect of the CSO NE was also studied in fibroblast cell lines, putting 

in evidence the ROS production by employing electron paramagnetic resonance (EPR). In 

this case, fibroblasts were treated with H2O2 at 1 mM and 1.5 mM, with and without a 

previous treatment with CSO and the CSO-loaded samples (CSO–CO 50 and CSO–CO 

100) at a 1:20 (v/v) dilution, which was previously identified as safe for the cells for a 3 h 

exposure time (Figure 8). An MTT test was carried out to determine the cell viability in 

the presence of H2O2 (Figure 9). 
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Figure 9. Cell viability (%) of fibroblasts treated with H2O2 with and without a previous treatment 

with CSO–CO 50 and CSO–CO 100, both diluted to 1:20 (v/v) (mean ± sd; n = 4). 

All the cells, even those treated with H2O2 only, maintained a high level of viability. 

The cells treated with H2O2 (1 mM) with and without a previous treatment with CSO–CO 

100 NE (1:20 v/v) were studied for ROS presence using the EPR test. Fibroblasts subject to 

the same treatment with H2O2 and with 3 h of protective treatment with α-tocopherol en-

capsulated in CSO at a concentration of 10 µM, as previously described and characterized 

[29], were tested under the same conditions for comparison purposes. 

The EPR signal intensity was linearly correlated with the number of trapped radicals. 

The results are expressed in arbitrary units, normalized depending on the number of scans 

(which might differ from sample to sample). 

The results are illustrated in Figure 10. The signal in Figure 10a, concerning fibro-

blasts without protective treatment, is clearly higher (16,429/scans) than that of Figure 

10b,c (which have enlarged y-axes), corresponding to a signal of 923/scans and lower than 

250/scans, respectively. The protective effect of the CO NE appears to be very clear in this 

case, close to that of α-tocopherol thanks to the higher sensitivity of the ROS quantification 

method used, which is capable of detecting high ROS levels before the damage of the cells 

becomes high enough to lead them to death. 

The term ROS describes a group of all the chemical species that contain oxygen, com-

ing from the incomplete reduction of oxygen, among which are various free radicals such 

as superoxide radicals and hydroxyl radicals, but also including non-radical oxidizing 

agents. They are highly reactive species and cause damage to nucleic acids and proteins, 

leading to cell death. The high reactivity is also the reason for the short lifetime of ROS, 

explaining why it is quite difficult to detect them inside cells. EPR is the main technique 

used to detect ROS and radical species, but the use of redox probes or spin traps is re-

quired to detect the transient ones. These probes interact with the ROS present inside the 

cell, forming paramagnetic compounds that are stable for long times, and therefore de-

tectable by EPR [41]. 

The EPR spin probe technique has been proposed in vivo in rat models for evaluating 

ROS generation and decay in different lesion models [42]. The use of the method specifi-

cally in cell cultures has also been proposed [43]. 

Although qualitative, the results obtained here show that the use of EPR with a PBN 

probe is effective for the detection of ROS inside cells after oxidative stress, such as that 

caused by H2O2 here, even when their levels are still too low to cause cell death. Fibroblasts 

exposed to H2O2 showed 80% viability, but a clear signal was visible in EPR (Figure 10a). 
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Quite clear results in these conditions were also given by the reduction in the signal ob-

served in cells exposed to H2O2 with the protection given by the two antioxidant samples 

(Figure 10b,c), which were maintained in contact with the cells for 3 h before their removal 

and the addition of H2O2. These findings also confirmed the high sensitivity of the EPR 

technique, combined with the use of a suitable spin trap, to detect and quantify radical 

species [44]. 

 

Figure 10. EPR signal due to the ROS inside the cells damaged after exposure to H2O2 without pre-

vious treatment (a) and with treatment with CSO–CO 100 (1:20 (v/v)) (b) or α-tocopherol (10 µM) 

encapsulated in CSO (c). 

3.7. In Vivo Study—Macroscopic Evaluation, Histological Examination, and Immunohistochem-

ical Detection of BrdU 

The images obtained for the wounds at the time of excision, that is, 24 h after the 

thermal injury, are reported in Figure 11a,c,e. The images of the same wounds after 18 

days of the different treatments are given in the right part of the figure, in Figure 11b,d,f. 

The quite fast closure of the wound treated with the sample CSO–CO 100 was observed 

(Figure 11d). The CSO–CO 50 effect (Figure 11b) seemed to be intermediate between that 

of the CO at the highest concentration and of the saline solution (Figure 11f), suggesting, 

although qualitatively, a dose-dependent response. 
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Figure 11. Representative images of third-grade excisional wounds 24 h after thermic injury (a,c,e) 

and after 18 days of treatment with CSO–CO 50 (b), CSO–CO 100 (d), or saline solution (NaCl, 0.9% 

w/v) as a reference (f). One square of the reference grid corresponds to 1 mm2. 

Looking at the histological results illustrated in Figure 12, after 18 days of treatment 

with CSO–CO 50 (Figure 12a,b), the epidermal layer was not yet fully restored, and ne-

crotic material was detectable over the lesion. The underlying connective tissue contained 

just a fair inflammatory infiltrate; granulation tissue as well as dilated vessels were pre-

sent in a limited area just beneath the not yet re-epithelized part, while hereinafter, colla-

gen fibers were already organized in large bundles typical of the reticular layer of the 

dermis. On the contrary, in the saline-treated samples, the underlying connective tissue 

was affected by an abundant inflammatory infiltrate with numerous dilated vessels, while 

the collagen fibers were dispersed and not yet organized. In the CSO–CO 100-treated spec-

imens (Figure 12c,d), on the other side, the epidermal layer appeared thick and well orga-

nized in several cell layers and showed a fair degree of keratinization (cornification). In-

flammatory infiltrate and abnormally dilated vessels were almost completely absent. 

These results are in accordance with other published data; in particular, Aman and col-

leagues demonstrated that the vehiculation of CO in nano-sized emulsions facilitates the 

cellular uptake of EOs by the cells involved in inflammatory reactions [45]. A fine network 

of collagen fibers was restored at the dermo-epidermal junction and the bundles of colla-

gen fibers in the dermis had a normal size. The hair follicles were reforming. Although 
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the samples treated with CSO–CO 50 were in a more advanced stage of wound healing 

compared to the saline-treated ones (Figure 12e,f), in which the part that had not re-epi-

thelized appeared on average to be more extended in all the analyzed samples, the fea-

tures of the CSO–CO 100-treated samples better resembled a deeply intact skin picture 

(Figure 12g,h), displaying a well-organized epidermis in several cell layers and a high 

degree of keratinization. The underlying connective tissue had large bundles of collagen 

fibers, typical of the reticular layer of the dermis, as observed in the physiological assess-

ment. In fact, skin appendages such as hair follicles and glands were detectable and well 

defined. To confirm that the samples treated with CSO–CO were in a more advanced stage 

of wound healing, the proliferative activity in the treated samples—pointed out by nu-

clear staining for BrdU—appeared less developed than that in the saline solution-treated 

specimens, where labeled nuclei were more present both in the dermis and epidermis lay-

ers. The saline solution controls, therefore, could be considered to be in the “proliferative 

phase”, a more rearward phase compared to the “remodeling phase”, presumably in 

which were the CSO–CO-treated specimens. 

 

Figure 12. Haematoxylin and eosin staining (a,c,e,g) and BrdU sections (b,d,f,h) of skin specimens. 

Light microphotographs (5×) of skin sections 18 days after treatment with CSO–CO 50 (a,b), CSO–

CO 100 (c,d), or saline solution (NaCl, 0.9% w/v) (e,f). Light microphotograph (5×) of intact tissue is 

illustrated in panel (g,h). Skin structures are labeled as follows: epidermis = bracket; vessel = star; 
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inflammatory infiltrate = black arrows; hair follicle = triangle; organized collagen bundles = white 

arrow; necrotic material = asterisk; BrdU-labelled nuclei = white pentagon. Scale bar = 200 µm. 

These results, therefore, confirm what was previously observed in the literature by 

Banerjee [21], although a direct comparison is made difficult by the different wound mod-

els, which in the present case involved an initial burn, likely to cause a strong inflamma-

tory response and the generation of high ROS levels. To put in evidence the role of these 

aspects in lesion healing, three more rats were subject to the same burn and excision treat-

ment, but were sacrificed after only 7 days and two treatments with the NE samples (at 

the time of excision, and after 3 days). In this case, the comparison was performed between 

the CSO–CO 100 sample, which seemed the most promising, and a sample containing α-

tocopherol at 0.33 mg/mL encapsulated in CSO according to Bonferoni et al. [29], to allow 

for the comparison of the CO NE with a well-known antioxidant treatment. 

In Figure 13, it is possible to see the sections of healthy rat skin (Figure 13a) and of 

the wounds after 1 week of treatment with the saline solution (Figure 13b), with α-tocoph-

erol (Figure 13c), or with CSO–CO 100 (Figure 13d), with 100 µL of each. In the healthy 

skin, the pluristratified and cornified epithelium completely covered the surface, the der-

mis was organized in large acidophilic bundles, and numerous skin appendages were ev-

ident (hair follicles and sebaceous glands). It can be seen that in the lesion with the saline 

solution, the re-epithelialization process was not yet appreciable on the injured part, from 

which the necrotic material partially detached; the dermis was rich in inflammatory 

cells—in which the basophil nuclei were visible—and in the blood vessels, some of which 

appeared very dilated. In the case of treatment with α-tocopherol, the surface of the lesion, 

not yet re-epithelialized, was covered by acidophilic necrotic material, while the part im-

mediately below the area infiltrated by inflammatory cells—in which the basophilic nuclei 

could be seen—was thin. However, numerous blood vessels were evident, some of which 

were dilated. In the wound treated with CSO–CO 100 (Figure 13d), the re-epithelialization 

process was not yet appreciable on the injured part, from which the necrotic material par-

tially detached; no inflammatory cells were seen in the dermis, even though numerous 

blood vessels were present. 
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Figure 13. Section of healthy skin (a) and wounds after 7 days of treatment with saline solution (b), 

α-tocopherol (c), or CSO–CO 100 (d), stained with hematoxylin and eosin (bracket: pluristratified 

and cornified epithelium; triangles: large acidophilic bundles; star: skin appendages). 

3.8. Thiobarbituric Acid (TBA) Assay Results 

To verify the relationship between the inflammatory conditions of the tissues and the 

level of lipid peroxidation, and to highlight how the lower inflammation detected in the 

presence of the formulations with α-tocopherol and CSO–CO 100 could be related to their 

antioxidant action, a method for the quantification of thiobarbituric acid-reactive sub-

stances (TBARS), products of peroxidation, was applied to wound biopsies taken at 7 days 

[32]. Based on a calibration curve using malondialdehyde as the standard, the TBARS pre-

sent in rat skin samples were determined: samples of healthy skin and samples of burnt 

skin after 7 days of treatment with a saline solution, α-tocopherol (0.33 mg/mL) in CSO, 

or CSO–CO 100 (Figure 14). A statistical analysis (ANOVA 1-way, Fisher’s LSD test, p < 

0.05) showed that the TBARS levels of both the CSO–CO 100 and α-tocopherol samples 

were statistically different from those of healthy skin and the saline solution samples, 

while no statistically significant difference was found between them. The burnt plug re-

moved at T0 was also assessed for TBARS content, and a value of 1.35 ± 0.17 nmol/mg skin 

was found, indicating a high level of peroxidation induced by the thermal lesion. After 1 

week, even with the saline solution treatment, the TBARS level was reduced, although it 

appeared clear that both the treatments with antioxidants (α-tocopherol and CO) reduced 

the peroxidation levels faster, making them closer to those of the healthy skin after just 1 

week of treatment. 
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Figure 14. TBARS levels in healthy skin and wounds after 1 week of treatment with α-tocopherol 

and CSO–CO 100 (mean ± sd; n = 3). 

The formulation of anti-inflammatory and antioxidant EOs in NEs can further sup-

port their efficacy thanks to the high surface-to-volume ratio of the droplets, improving 

the interaction with the biological substrate. A further advantage can be derived from 

natural surfactants with peculiar biological activities that are able to support the thera-

peutic application of the oil phase. An example is given in the present case by CSO. 

Chitosan is well known for having a lot of effects that are useful during wound heal-

ing, such as the previously mentioned anti-infective properties, and some antioxidant ef-

fects have been found for chitosan with a high deacetylation degree (DDA) and a low 

molecular weight (MW) [46,47]. Anti-inflammatory activity has been studied for chitosan 

by many authors, and a reduction in pro-inflammatory cytokines has been observed, es-

pecially with low-molecular-weight samples [46]. Properties such as the MW and DDA 

can also strongly affect the pro-inflammatory or anti-inflammatory response to chitosan, 

contributing to the complex scenario of results regarding its role in cytokine induction 

and macrophage activation and polarization [48]. Similarly, studies investigating the ef-

fect of oleic acid on inflammation have put in evidence an anti-inflammatory effect in-

duced by an increase in IL10 levels and a reduction in COX-2 levels [28]. This is in line 

with the improvement of skin wound healing that was observed in rats following supple-

mentation with fatty acids [49] and with findings of topical oleic acid anti-inflammatory 

activity [50]. However, other authors have found a high expression of pro-inflammatory 

TNF and IL-17 in oleic acid-treated wounds [28]. This result is supported by Pereira et al. 

[51], who found that oleic acid induced proinflammatory effects on wound healing, the 

stimulation of neutrophil migration to the lesions, and the release of VEGF and IL-1. These 

different results can be interpreted by taking into account that inflammation in the early 

phase is important to activate the processes that lead to wound healing. In the case of 

chitosan and oleic acid, therefore, a complex balance of pro- and anti-inflammatory activ-

ities plays a role in the modulation of repair processes, explaining the positive effect that 

is observed in the literature and in the present study for their use in wound healing. 

4. Conclusions 

The stabilization of CO with CSO results in low dimensions and a physically stable 

NE with good protection of the volatile EO encapsulated, conceivably due to the thick 

shell of polysaccharides around each EO droplet. 

The low dimensions of the dispersed phase improve the interaction with the biolog-

ical substrate, allowing the efficient spreading of the EO. For the application of NEs to 

skin wounds, the effect due to the contact of the oil with the wet wound area is moreover 
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potentially supported by the antimicrobial, anti-inflammatory, and wound-healing favor-

ing effect of chitosan and oleic acid. In the case of mucosal lesions, further advantages can 

arise from chitosan’s mucoadhesion properties, which allows the prolonged contact of the 

EO with the application site. 

Although qualitative, the EPR analysis of ROS in cells treated with H2O2 confirms the 

protective effect of the CSO–CO NE, which was comparable to that obtained with the well-

known antioxidant α-tocopherol. The combination of EPR with a PBN probe was con-

firmed as a highly sensitive method for the detection of ROS inside the cells after oxidative 

stress. 

The in vivo results confirm the promising effect of CO in wound healing, as previ-

ously observed in the literature, even in the rat model used here, based on the thermal 

lesion and excisional wound. Inflammation and peroxidation reduction were quite clear 

in this model for the most promising CSO–CO 100 sample, the activity of which was com-

parable, even in this case, with that of α-tocopherol. 

Author Contributions: Conceptualization, M.C.B.; methodology, A.G., C.B., A.I.C., A.I., D.D., and 

G.M.; validation, S.P. and L.C.; formal analysis, A.G., A.I., S.L., and M.S.; investigation, A.G., A.I., 

and S.L.; resources, C.C. and M.C.B.; data curation, S.P. and L.C.; writing—original draft prepara-

tion, L.C., S.P., and M.C.B.; writing—review and editing, M.S. and C.C.; visualization, S.P., L.C., 

M.S., and C.C.; supervision, M.C.B.; project administration, S.P. and L.C. All authors have read and 

agreed to the published version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: The study was conducted in accordance with the Declara-

tion of Helsinki, and approved by the Local Institutional Ethics Committee of the University of Pavia 

for the use of animals and by the Italian Health Ministry (77/2013-B, 25 March 2013). 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Data supporting the reported results are contained within the article 

or are available from the corresponding author. 

Acknowledgments: The authors wish to thank Aptar Mezzovico SA, Mezzovico, Switzerland for 

the kind gift of the dispenser devices (VP6 dropper and spray), and the Hercules s.p.a., Aqualon 

Division, Castel Maggiore, Bologna, Italy for the kind gift of Natrosol®  hydroxyethylcellulose. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Hameed, M.; Rasul, A.; Waqas, M.K.; Saadullah, M.; Aslam, N.; Abbas, G.; Latif, S.; Afzal, H.; Inam, S.; Shah, P.A. Formulation 

and Evaluation of a Clove Oil-Encapsulated Nanofiber Formulation for Effective Wound-Healing. Molecules 2021, 26, 2491. 

https://doi.org/10.3390/molecules26092491. 

2. Pramod, K.; Ansari, S.H.; Ali, J. Eugenol: A Natural Compound with Versatile Pharmacological Actions. Nat. Prod. Commun. 

2010, 5, 1999–2006. 

3. Chaieb, K.; Hajlaoui, H.; Zmantar, T.; Ben Kahla-Nakbi, A.; Rouabhia, M.; Mahdouani, K.; Bakhrouf, A. The chemical composi-

tion and biological activity of clove essential oil, Eugenia caryophyllata (Syzigium aromaticum L. myrtaceae): A short review. 

Phytother. Res. 2007, 21, 501–506. https://doi.org/10.1002/ptr.2124. 

4. Gulcin, I.; Elmastas, M.; Aboul-Enein, H.Y. Antioxidant activity of clove oil—A powerful antioxidant source. Arab. J. Chem. 2012, 

5, 489–499. https://doi.org/10.1016/j.arabjc.2010.09.016. 

5. Schaefer, M.; Werner, S. Oxidative stress in normal and impaired wound repair. Pharmacol. Res. 2008, 58, 165–171. 

https://doi.org/10.1016/j.phrs.2008.06.004. 

6. Lin, T.K.; Zhong, L.L.; Santiago, J.L. Anti-Inflammatory and Skin Barrier Repair Effects of Topical Application of Some Plant 

Oils. Int. J. Mol. Sci. 2018, 19, 70. https://doi.org/10.3390/ijms19010070. 

7. Perez-Recalde, M.; Arias, I.E.R.; Hermida, E.B. Could essential oils enhance biopolymers performance for wound healing? A 

systematic review. Phytomedicine 2018, 38, 57–65. https://doi.org/10.1016/j.phymed.2017.09.024. 

8. Alaminos, M.; Perez-Koehler, B.; Garzon, I.; Garcia-Honduvilla, N.; Romer, B.; Campos, A.; Bujan, J. Transdifferentiation Po-

tentiality of Human Wharton’s Jelly Stem Cells Towards Vascular Endothelial Cells. J. Cell. Physiol. 2010, 223, 640–647. 

https://doi.org/10.1002/jcp.22062. 



Antioxidants 2023, 12, 273 25 of 27 
 

9. Hu, W.G.; Yu, H.; Zhou, X.Q.; Li, M.; Xiao, L.; Ruan, Q.F.; Huang, X.D.; Li, L.; Xie, W.G.; Guo, X.L.; et al. Topical administration 

of pterostilbene accelerates burn wound healing in diabetes through activation of the HIF1? signaling pathway. Burns 2022, 48, 

1452–1461. https://doi.org/10.1016/j.burns.2021.10.019. 

10. Andjic, M.; Bozin, B.; Draginic, N.; Kocovic, A.; Jeremic, J.N.; Tomovic, M.; Samanovic, A.M.; Kladar, N.; Capo, I.; Jakovljevic, 

V.; et al. Formulation and Evaluation of Helichrysum italicum Essential Oil-Based Topical Formulations for Wound Healing in 

Diabetic Rats. Pharmaceuticals 2021, 14, 813. https://doi.org/10.3390/ph14080813. 

11. Parihar, A.; Parihar, M.S.; Milner, S.; Bhat, S. Oxidative stress and anti-oxidative mobilization in burn injury. Burns 2008, 34, 6–

17. https://doi.org/10.1016/j.burns.2007.04.009. 

12. Topaloglu, B.; Bicakci, U.; Tander, B.; Ariturk, E.; Kilicoglu-Aydin, B.; Aydin, O.; Rizalar, R.; Ayyildiz, S.H.; Bernay, F. Biochem-

ical and histopathologic effects of omeprazole and vitamin E in rats with corrosive esophageal burns. Pediatr. Surg. Int. 2008, 24, 

555–560. https://doi.org/10.1007/s00383-008-2126-8. 

13. dos Santos, E.P.; Nicacio, P.H.M.; Barbosa, F.C.; da Silva, H.N.; Andrade, A.L.S.; Fook, M.V.L.; Silva, S.M.D.; Leite, I.F. Chi-

tosan/Essential Oils Formulations for Potential Use as Wound Dressing: Physical and Antimicrobial Properties. Materials 2019, 

12, 2223. https://doi.org/10.3390/ma12142223. 

14. de Siqueira, L.B.D.; Matos, A.P.D.; Cardoso, V.D.; Villanova, J.C.O.; Guimaraes, B.; dos Santos, E.P.; Vermelho, A.B.; Santos-

Oliveira, R.; Ricci, E. Clove oil nanoemulsion showed potent inhibitory effect against Candida spp. Nanotechnology 2019, 30, 

425101. https://doi.org/10.1088/1361-6528/ab30c1. 

15. Hadidi, M.; Pouramin, S.; Adinepour, F.; Haghani, S.; Jafari, S.M. Chitosan nanoparticles loaded with clove essential oil: Char-

acterization, antioxidant and antibacterial activities. Carbohydr. Polym. 2020, 236, 116075. https://doi.org/10.1016/j.car-

bpol.2020.116075. 

16. Antunes, J.C.; Tavares, T.D.; Teixeira, M.A.; Teixeira, M.O.; Homem, N.C.; Amorim, M.T.P.; Felgueiras, H.P. Eugenol-Contain-

ing Essential Oils Loaded onto Chitosan/Polyvinyl Alcohol Blended Films and Their Ability to Eradicate Staphylococcus aureus 

or Pseudomonas aeruginosa from Infected Microenvironments. Pharmaceutics 2021, 13, 195. https://doi.org/10.3390/pharmaceu-

tics13020195. 

17. Qin, M.; Mou, X.J.; Dong, W.H.; Liu, J.X.; Liu, H.; Dai, Z.; Huang, X.W.; Wang, N.; Yan, X. In Situ Electrospinning Wound 

Healing Films Composed of Zein and Clove Essential Oil. Macromol. Mater. Eng. 2020, 305, 1900790. 

https://doi.org/10.1002/mame.201900790. 

18. Cimino, C.; Maurel, O.M.; Musumeci, T.; Bonaccorso, A.; Drago, F.; Souto, E.M.B.; Pignatello, R.; Carbone, C. Essential Oils: 

Pharmaceutical Applications and Encapsulation Strategies into Lipid-Based Delivery Systems. Pharmaceutics 2021, 13, 327. 

https://doi.org/10.3390/pharmaceutics13030327. 

19. Alam, P.; Ansari, M.J.; Anwer, M.K.; Raish, M.; Kamal, Y.K.T.; Shakeel, F. Wound healing effects of nanoemulsion containing 

clove essential oil. Artif. Cells Nanomed. Biotechnol. 2017, 45, 591–597. https://doi.org/10.3109/21691401.2016.1163716. 

20. Ahmad, N.; Alam, M.A.; Ahmad, F.J.; Sarafroz, M.; Ansari, K.; Sharma, S.; Amir, M. Ultrasonication techniques used for the 

preparation of novel Eugenol-Nanoemulsion in the treatment of wounds healings and anti-inflammatory. J. Drug Deliv. Sci. 

Technol. 2018, 46, 461–473. https://doi.org/10.1016/j.jddst.2018.06.003. 

21. Banerjee, K.; Madhyastha, H.; Sandur, V.R.; Manikandanath, N.T.; Thiagarajan, N.; Thiagarajan, P. Anti-inflammatory and 

wound healing potential of a clove oil emulsion. Colloids Surf. B-Biointerfaces 2020, 193, 111102. 

https://doi.org/10.1016/j.colsurfb.2020.111102. 

22. Bonferoni, M.C.; Sandri, G.; Rossi, S.; Usai, D.; Liakos, I.; Garzoni, A.; Fiamma, M.; Zanetti, S.; Athanassiou, A.; Caramella, C.; 

et al. A novel ionic amphiphilic chitosan derivative as a stabilizer of nanoemulsions: Improvement of antimicrobial activity of 

Cymbopogon citratus essential oil. Colloids Surf. B-Biointerfaces 2017, 152, 385–392. https://doi.org/10.1016/j.colsurfb.2017.01.043. 

23. Zheng, C.J.; Yoo, J.S.; Lee, T.G.; Cho, H.Y.; Kim, Y.H.; Kim, W.G. Fatty acid synthesis is a target for antibacterial activity of 

unsaturated fatty acids. Febs Lett. 2005, 579, 5157–5162. https://doi.org/10.1016/j.febslet.2005.08.028. 

24. Xing, K.; Chen, X.G.; Kong, M.; Liu, C.S.; Cha, D.S.; Park, H.J. Effect of oleoyl-chitosan nanoparticles as a novel antibacterial 

dispersion system on viability, membrane permeability and cell morphology of Escherichia coli and Staphylococcus aureus. 

Carbohydr. Polym. 2009, 76, 17–22. https://doi.org/10.1016/j.carbpol.2008.09.016. 

25. Motelica, L.; Ficai, D.; Ficai, A.; Trusca, R.D.; Ilie, C.I.; Oprea, O.C.; Andronescu, E. Innovative Antimicrobial Chitosan/ZnO/Ag 

NPs/Citronella Essential Oil Nanocomposite—Potential Coating for Grapes. Foods 2020, 9, 1801. 

https://doi.org/10.3390/foods9121801. 

26. Rapa, M.; Gaidau, C.; Mititelu-Tartau, L.; Berechet, M.D.; Berbecaru, A.C.; Rosca, I.; Chiriac, A.P.; Matei, E.; Predescu, A.M.; 

Predescu, C. Bioactive Collagen Hydrolysate-Chitosan/Essential Oil Electrospun Nanofibers Designed for Medical Wound 

Dressings. Pharmaceutics 2021, 13, 1939. https://doi.org/10.3390/pharmaceutics13111939. 

27. Bano, I.; Arshad, M.; Yasin, T.; Ghauri, M.A.; Younus, M. Chitosan: A potential biopolymer for wound management. Int. J. Biol. 

Macromol. 2017, 102, 380–383. https://doi.org/10.1016/j.ijbiomac.2017.04.047. 

28. Cardoso, C.R.; Favoreto, S.; Oliveira, L.L.; Vancim, J.O.; Barban, G.B.; Ferraz, D.B.; Silva, J.S. Oleic acid modulation of the im-

mune response in wound healing: A new approach for skin repair. Immunobiology 2011, 216, 409–415. 

https://doi.org/10.1016/j.imbio.2010.06.007. 

29. Bonferoni, M.C.; Riva, F.; Invernizzi, A.; Dellera, E.; Sandri, G.; Rossi, S.; Marrubini, G.; Bruni, G.; Vigani, B.; Caramella, C.; et 

al. Alpha tocopherol loaded chitosan oleate nanoemulsions for wound healing. Evaluation on cell lines and ex vivo human 



Antioxidants 2023, 12, 273 26 of 27 
 

biopsies, and stabilization in spray dried Trojan microparticles. Eur. J. Pharm. Biopharm. 2018, 123, 31–41. 

https://doi.org/10.1016/j.ejpb.2017.11.008. 

30. Bonferoni, M.C.; Sandri, G.; Rossi, S.; Dellera, E.; Invernizzi, A.; Boselli, C.; Cornaglia, A.I.; Del Fante, C.; Perotti, C.; Vigani, B.; 

et al. Association of Alpha Tocopherol and Ag Sulfadiazine Chitosan Oleate Nanocarriers in Bioactive Dressings Supporting 

Platelet Lysate Application to Skin Wounds. Mar. Drugs 2018, 16, 56. https://doi.org/10.3390/md16020056. 

31. Sandri, G.; Bonferoni, M.C.; Rossi, S.; Ferrari, F.; Mori, M.; Del Fante, C.; Perotti, C.; Scudeller, L.; Caramella, C. Platelet lysate 

formulations based on mucoadhesive polymers for the treatment of corneal lesions. J. Pharm. Pharmacol. 2011, 63, 189–198. 

https://doi.org/10.1111/j.2042-7158.2010.01208.x. 

32. Mariotto, S.; Esposito, E.; Di Paola, R.; Ciampa, A.; Mazzon, E.; de Prati, A.C.; Darra, E.; Vincenzi, S.; Cucinotta, G.; Caminiti, 

R.; et al. Protective effect of Arbutus unedo aqueous extract in carrageenan-induced lung inflammation in mice. Pharmacol. Res. 

2008, 57, 110–124. https://doi.org/10.1016/j.phrs.2007.12.005. 

33. Capello, C.; Fischer, U.; Hungerbuhler, K. What is a green solvent? A comprehensive framework for the environmental assess-

ment of solvents. Green Chem. 2007, 9, 927–934. https://doi.org/10.1039/b617536h. 

34. McClements, D.J.; Gumus, C.E. Natural emulsifiers—Biosurfactants, phospholipids, biopolymers, and colloidal particles: Mo-

lecular and physicochemical basis of functional performance. Adv. Colloid Interface Sci. 2016, 234, 3–26. 

https://doi.org/10.1016/j.cis.2016.03.002. 

35. Bouyer, E.; Mekhloufi, G.; Rosilio, V.; Grossiord, J.L.; Agnely, F. Proteins, polysaccharides, and their complexes used as stabi-

lizers for emulsions: Alternatives to synthetic surfactants in the pharmaceutical field? Int. J. Pharm. 2012, 436, 359–378. 

https://doi.org/10.1016/j.ijpharm.2012.06.052. 

36. Tadros, T. Polymeric surfactants in disperse systems. Adv. Colloid Interface Sci. 2009, 147–148, 281–299. 

https://doi.org/10.1016/j.cis.2008.10.005. 

37. Solans, C.; Sole, I. Nano-emulsions: Formation by low-energy methods. Curr. Opin. Colloid Interface Sci. 2012, 17, 246–254. 

https://doi.org/10.1016/j.cocis.2012.07.003. 

38. Sebaaly, C.; Haydar, S.; Greige-Gerges, H. Eugenol encapsulation into conventional liposomes and chitosan-coated liposomes: 

A comparative study. J. Drug Deliv. Sci. Technol. 2022, 67, 102942. https://doi.org/10.1016/j.jddst.2021.102942. 

39. Tragoolpua, Y.; Jatisatienr, A. Anti-herpes simplex virus activities of Eugenia caryophyllus (Spreng.) Bullock & S. G. Harrison 

and essential oil, eugenol. Phytother. Res. 2007, 21, 1153–1158. https://doi.org/10.1002/ptr.2226. 

40. Bonferoni, M.C.; Sandri, G.; Dellera, E.; Rossi, S.; Ferrari, F.; Mori, M.; Caramella, C. Ionic polymeric micelles based on chitosan 

and fatty acids and intended for wound healing. Comparison of linoleic and oleic acid. Eur. J. Pharm. Biopharm. 2014, 87, 101–

106. https://doi.org/10.1016/j.ejpb.2013.12.018. 

41. Victoria, H.F.V.; Ferreira, D.C.; Filho, J.B.G.; Martins, D.C.S.; Pinheiro, M.V.B.; Safar, G.D.M.; Krambrock, K. Detection of singlet 

oxygen by EPR: The instability of the nitroxyl radicals. Free. Radic. Biol. Med. 2022, 180, 143–152. https://doi.org/10.1016/j.fre-

eradbiomed.2021.12.303. 

42. Utsumi, H.; Yamada, K. In vivo electron spin resonance-computed tomography/nitroxyl probe technique for non-invasive anal-

ysis of oxidative injuries. Arch. Biochem. Biophys. 2003, 416, 1–8. https://doi.org/10.1016/s0003-9861(03)00285-6. 

43. Abbas, K.; Babic, N.; Peyrot, F. Use of spin traps to detect superoxide production in living cells by electron paramagnetic reso-

nance (EPR) spectroscopy. Methods 2016, 109, 31–43. https://doi.org/10.1016/j.ymeth.2016.05.001. 

44. Suzen, S.; Gurer-Orhan, H.; Saso, L. Detection of Reactive Oxygen and Nitrogen Species by Electron Paramagnetic Resonance 

(EPR) Technique. Molecules 2017, 22, 181. https://doi.org/10.3390/molecules22010181. 

45. Aman, R.M.; Abu Hashim, II; Meshali, M.M. Novel Clove Essential Oil Nanoemulgel Tailored by Taguchi’s Model and Scaffold-

Based Nanofibers: Phytopharmaceuticals with Promising Potential as Cyclooxygenase-2 Inhibitors in External Inflammation. 

Int. J. Nanomed. 2020, 15, 2171–2195. https://doi.org/10.2147/ijn.s246601. 

46. Kim, S. Competitive Biological Activities of Chitosan and Its Derivatives: Antimicrobial, Antioxidant, Anticancer, and Anti-

Inflammatory Activities. Int. J. Polym. Sci. 2018, 2018, 1708172. https://doi.org/10.1155/2018/1708172. 

47. Chang, S.H.; Wu, C.H.; Tsai, G.J. Effects of chitosan molecular weight on its antioxidant and antimutagenic properties. Carbo-

hydr. Polym. 2018, 181, 1026–1032. https://doi.org/10.1016/j.carbpol.2017.11.047. 

48. Chou, T.C.; Fu, E.; Shen, E.C. Chitosan inhibits prostaglandin E-2 formation and cyclooxygenase-2 induction in lipopolysaccha-

ride-treated RAW 264.7 macrophages. Biochem. Biophys. Res. Commun. 2003, 308, 403–407. https://doi.org/10.1016/s0006-

291x(03)01407-4. 

49. Hokynkova, A.; Novakova, M.; Babula, P.; Sedlackova, M.; Paulova, H.; Hlavacova, M.; Charwatova, D.; Stracina, T. Fatty Acid 

Supplementation Affects Skin Wound Healing in a Rat Model. Nutrients 2022, 14, 2245. https://doi.org/10.3390/nu14112245. 

50. Pegoraro, N.S.; Camponogara, C.; Cruz, L.; Oliveira, S.M. Oleic acid exhibits an expressive anti-inflammatory effect in croton 

oil-induced irritant contact dermatitis without the occurrence of toxicological effects in mice. J. Ethnopharmacol. 2021, 267, 

113486. https://doi.org/10.1016/j.jep.2020.113486. 

51. Pereira, L.A.; Hatanaka, E.; Martins, E.F.; Oliveira, F.; Liberti, E.A.; Farsky, S.H.; Curi, R.; Pithon-Curi, T.C. Effect of oleic and 

linoleic acids on the inflammatory phase of wound healing in rats. Cell Biochem. Funct. 2008, 26, 197–204. 

https://doi.org/10.1002/cbf.1432. 



Antioxidants 2023, 12, 273 27 of 27 
 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 


