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Abstract

:

Azelaic acid (AA), as a natural product, was proven to be effective in targeting multiple causes of acne and related dermatological conditions, as it is well tolerated using different classical formulations (gel, cream, etc.). However, its limited aqueous solubility and inadequate penetration across the stratum corneum might be related to different possible side effects such as itching and burning. The aim of our work was to elaborate a novel liposomal formulation based on azelaic acid, with enhanced biocompatibility, bio-availability, antimicrobial, antigenotoxic, and anti-inflammatory properties. The liposomal formulations were prepared by the lipid film hydration method with different concentrations of azelaic acid (15%, 20%, 25%) and characterized in terms of morphological features, physico-chemical properties, antimicrobial, cytotoxic, and in vitro wound healing effect. Successful encapsulation with 80.42% efficiency, with a size of up to 500 nm and good stability, was achieved, as demonstrated by FTIR spectroscopy (Fourier Transform Infrared Spectroscopy), DLS (dynamic light scattering), and zeta-potential measurements. In terms of antibacterial activity, all the liposomal formulations exhibited a better effect compared to free AA solution against Staphylococcus aureus and Enterococcus faecalis. Cytotoxicity assays and an in vitro “scratch” test performed with normal human dermal fibroblasts revealed an accelerating healing effect, while a comet assay evidenced the protective effect of AA liposomal formulations against hydrogen-peroxide-induced DNA damage in fibroblasts. The optimum formulation in terms of both the antimicrobial and wound healing effect was AALipo20% (liposomes with 20% azelaic acid included).
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1. Introduction


Azelaic acid (HOOC(CH2)7COOH) is a saturated dicarboxylic acid naturally found in grains like rye, barley, and wheat. In addition, it is produced by the fungus Malassezia furfur, a yeast that lives on the normal skin of mammals.



It has well-known effects, such as being antikeratinizing, antibacterial, anti-inflammatory, being well-tolerated by most people with dermatological diseases, and it can be safely used for years. It prevents acne-causing bacteria from growing on the skin and keeps the pores clean, as it is able to kill bacteria such as Propionibacterium acne and Staphylococcus epidermis by preventing them from producing cellular proteins. The pharmacological applications of azelaic acid (AA) include the treatment of inflammatory acne vulgaris with medium to moderate severity, skin pigmentation, and melasma [1,2,3,4]. It was demonstrated that AA exerts a bacteriostatic effect on both aerobic and anaerobic bacteria including Propionibacterium [5]. Azelaic acid produces a direct anti-inflammatory effect due to its ability to neutralize free oxygen radicals, and hence, acne and rosacea-related inflammation can be treated with topical medication based on azelaic acid applied to the skin [6]. The mechanism of action is based on the indirect activity against tyrosinase by inhibiting the interaction with thioredoxin reductase associated with the plasma membrane [7].



The traditional treatment of acne includes retinoids and retinoid-like drugs, benzoyl peroxide (BPO), antibiotics (clindamycin, erythromycin, alone or combined with BPO), adapalene combined with BPO [8,9,10,11], which are considered first-line treatments. It is well known that antibiotic overuse in the treatment of acne and other skin diseases has led to resistance patterns in Pseudomonas acnes, as both systemic and topical antibiotics are capable of changing the antibiotic-resistance patterns in bacteria [12]. Moreover, antibiotics used in the treatment of acne are also associated with the overgrowth of Streptococcus pyogenes and Staphylococcus aureus in the oral cavity, which in turn, may lead to the development of multiple pathologies [13].



In this context, azelaic acid, as a natural product, was proved to be effective in targeting multiple causes of acne, being well tolerated in numerous clinical trials [7] using different formulations (gel, cream, etc.) with an AA concentration in the range 10–20%. However, its limited aqueous solubility and inadequate penetration across the stratum corneum [14] might be related to different possible side effects such as itching and burning [15].



In order to overcome these limitations, researchers are focused on advanced and innovative formulations described as nanocarriers with versatile delivery systems for the effective management of acne and other cutaneous diseases [16]. Vesicular nanocarriers (liposomes, niosomes, ethosomes, cubosomes, etc.) and polymeric nanocarriers have been developed in order to increase its local efficacy while minimizing its side effects [17,18,19,20,21].



Among these, the advantages of the liposomal formulations are related to their unique composition, as cholesterol is able to reduce vesicle sizes in order to control skin permeation and deposition, along with significantly enhanced drug release [22].



The aim of our work was to elaborate a novel azelaic-acid-based liposomal formulation with enhanced biocompatibility, bio-availability, antimicrobial, antioxidant, antigenotoxic, and anti-inflammatory properties. For this purpose, the liposomes were formulated using the lipid film hydration technique and characterized in terms of physico-chemical and morphological features. The antibacterial effect of liposomal formulations was assessed in comparison to free azelaic acid against the most common Gram+ and Gram- germs. The cytotoxicity and viability assays were also performed for the liposomal formulations containing different concentrations of AA, using normal human dermal fibroblasts (NHDF). The evaluation of the wound healing effect using the “scratch” method was monitored in order to determine the optimum concentration of AA loaded in liposomes. Moreover, the protective effect of AA liposomal formulations against H2O2-induced DNA damage in the fibroblasts was highlighted by a comet assay.




2. Materials and Methods


2.1. Preparation of Liposomal Formulation


The lipid film hydration technique [23] was chosen for liposomes formulation, as described in Figure 1.



Thus, as a first step, the lipid phase containing phosphatidylcholine and cholesterol in a ratio of 3:1 was formulated. For their homogenization and solubilization, the mixture of organic solvents methanol and dichloromethane was used in a ratio of 2:3 (v/v). The lipid phase was subsequently subjected to the removal of organic solvents (37 °C, 110 rpm) so that at the end of the first stage, the lipid film was obtained, and this adhered to the walls of the flask.



The second step consists of the hydration of the lipid film, basically the formation of the oil-in-water (O/W) emulsion by adding the homogeneous mixture of phosphate buffer pH = 7.6 and azelaic acid solution in propylene glycol of different concentrations (15%, 20%, 25%) in ratio 10:1 v/v.



For the homogenization and formation of liposomes with AA of different concentrations, the phase II mixture is sonicated for 30 min, then centrifuged for 30 min at 10,000 rpm in order to obtain liposomes of smaller sizes [24,25].



The liposomes obtained are to be characterized (phase III).




2.2. Physico-Chemical and Morphological Characterization


FTIR spectroscopy was applied in order to demonstrate the successful inclusion of AA in the liposomes. FTIR spectra of the lyophilized liposomes with and without AA incorporated, along with pure AA (powder), were recorded with SHIMADZU FT 8400 S (Shimadzu Co., Kyoto, Japan) FTIR spectrophotometer operating in the range of 400–4000 cm−1, the spectral acquisition conditions being: wavelength resolution 2.00 cm−1, Happ-Genzel apodization, and 3 scans/spectrum.



DLS (dynamic light scattering) and zeta-potential measurements were carried out using ZEN3690 (Malvern Instruments, Malvern, UK) to determine the liposomes size distribution and zeta potential. For this purpose, the lyophilized powder was resuspended in distilled water and sonicated for 10 min before each measurement, to avoid aggregation. Determination of the surface electric charge or zeta potential is important because it indicates the stability of the liposomal emulsion [26,27].



Liposomes were observed using an Olympus CX40 inverted light microscope, through a 40× objective in phase-contrast mode, and the images were captured by a Hitachi CCD camera [28].




2.3. Encapsulation Efficiency Determined by Electrochemical Assay


The determination of azelaic acid encapsulation in liposomes was performed by potentiometric titration with a solution of 0.1 M NaOH as titrant using a pH meter equipped with pH electrode (WTW Inolab pH 7310).




2.4. Antimicrobial Activity against Gram (+) and Gram (−) Strains


The following strains were selected for antimicrobial assay: Staphylococcus aureus ATCC 25923, Enterococcus faecalis ATCC 29212, Escherichia coli ATCC 25922, and Pseudomonas aeruginosa ATCC 27853, along with the antibiotics (micro-compressed) Vancomycin 30 µg, Ampicillin 2 µg, Ceftriaxone 30 µg, and Ceftazidime 30 µg as controls. The diffusion method was employed [29] using three different concentrations of pure azelaic acid AA15% (azelaic acid in concentration 15%), AA20% (azelaic acid in concentration 20%), AA 25% (azelaic acid in concentration 25%), as well as the corresponding liposomal formulations.



The microbial inoculum was prepared in saline solution with a density of 0.5 McFar-land for each bacteria using the McFarland densitometer (Den-siCHEK Plus from bioMerieux, Inc., Durham, NC, USA), spread using a sterile cotton swab evenly over the entire surface of the agar plate to obtain uniform growth. The culture medium was Mueller–Hinton Agar medium. A small hole of 6 mm diameter (the same size as micro-compressed antibiotics) was prepared for each AA concentration and liposomal formulation in Petri dish and filled immediately with equal volumes from each sample. After 24 h incubation at 37 °C, the diameter of the inhibition area was measured. The assay was performed in triplicate and expressed as mean value ± standard deviation.




2.5. Cell Viability


Cell viability was determined using the trypan blue assay, an efficient and economical method for counting and testing cell viability. Normal human dermal fibroblast cells were seeded in 24-well plates at 1 × 105 cells/well and incubated at 37 °C with 5% CO2 for 24 h. The following treatment was applied in each separate plate: AALipo15%, AALipo 20%, AALipo 25%, and blank liposomes. After 24 h, the cells were trypsinized (Trypsin/EDTA solution (0.25 mg/mL), LONZA), neutralized (TNS—Trypsin Neutralization Solution, LONZA), and centrifuged (1000 rpm/5 min). The resultant pellets were suspended in culture medium and cell viability was determined using the EVE Automatic devices (NanoEnTek Inc., Seoul, Republic of Korea) [26,30].



The percentage of cell viability was calculated according to the Formula (1) and the results were expressed as a percentage of the cell viability of the treated cells compared to the control (untreated cells–CTRL). Measurements were performed in triplicate and data were represented as mean ± standard deviation (SD).


  Cell   viability   ( % ) =   number   of   live   cells   number   of   total   cells     ×   100  



(1)








2.6. Cytotoxicity Assays (MTS Assay)


The MTS assay is based on the reduction of the MTS tetrazolium compound by viable cells (human fibroblasts) to generate a colored formazan dye that is soluble in cell culture media.



To perform the cytotoxicity assay, cells were seeded in sterile 98-well plates at a density of 2 × 105 /mL by adding 50 µL of suspension cell growth medium. After 24 h, the samples (AALipo15%, AA Lipo20%, AALipo25%, and blank Lipo) were applied in volume 50 µL. Blank Lipo represented the positive control for liposomal forms, while untreated cells (containing only cell growth medium) were considered as control (CTRL). Cytotoxicity was determined at T0 h and T24 h.



10 µL MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-methoxyphenyl)-2-(4-sulfophenyl) 2H tetrazolium) solution containing PMS (phenazine) was added in to each well, incubated for 2 h at 37 °C, and then the soluble formazan produced was recorded at 492 nm, with a reference wavelength of 630 nm using a microplate reader (Stat Fax 2100, Palm City, Sunnyvale, CA, USA) [31,32].



Results were expressed as percentage of cell viability compared to control. Tests were performed in triplicate.




2.7. Assessing the Healing Effect of AALipo Using the “Scratch” Method


The scratch method is widely used to model in vivo cell migration, based on quantifying the rate at which cells repopulate an artificial gap or scratch created in a confluent monolayer of cells. The evolution over time was monitored following the applied treatment.



24-well plates were seeded at a cell density of 4 × 105/cm2 and incubated at 37 °C and 5% CO2 until the confluence was reached and there was a formation of a cellular monolayer. The culture medium was Dubelcco’s modified Eagle’s medium containing 10% fetal bovine serum, gentamicin 50 mg/mL, and recombinant fibroblast growth factor hFG (CC-4065) 1 mg/mL. Scratching was done vertically in each well with a sterile 100 µL pipette tip and the cell debris was gently removed and the wells were washed with PBS solution. The treatments were applied by adding 500 µL of each of the studied samples (AALipo15%, AALipo20%, AALipo 25% and blank Lipo) to each well, while the control (CTRL) was considered the same volume of cell growth medium. The test was performed in triplicate, with the evolution of fibroblasts motility and gap closure monitored using the CytoSMART Lux3BR® (Eindhoven, The Netherlands) device at different time points: T0 h, T12 h, T24 h, and T36 h [33].



The percentage of wound closure (W%) was calculated using the formula [26,30]:


  W   ( % ) =   Average   area   of   wound _ sample    (  µ  m 2   )    at   time   t   Average   area   of   wound _ sample    (  µ  m 2   )    at   time   t = T 0   × 100  



(2)







The obtained results were statistically interpreted.




2.8. Comet Assay


The protective effect of azelaic acid against DNA damage was assessed using the comet assay. The fibroblast cells were cultivated according to protocols described in the previous paragraph. The experimental design to evidence the protective effects of azelaic acid against DNA damage induced by hydrogen peroxide (H2O2) consisted of the following steps:




	(a)

	
Cells treatment. The fibroblasts were incubated with 75 µM H2O2 for 10 min to induce DNA damage, then a part of cells was washed with HEPES preheated to 37 °C and treated with 10% azelaic acid, and the cells were maintained in incubator (5% CO2, 37 °C) for 60 min (H2O2 + AZE sample). Other parts of cells after treatment with 75 µM H2O2 were used immediately for comet assay and represents the positive control (CTRL +). The negative control (CTRL −) consists of the cells treated with PBS (solvent where azelaic acid was dissolved).




	(b)

	
Comet assay (neutral single cell gel electrophoresis) was performed according to Purcarea et al. [34]. Briefly, the fibroblasts (1.5–2 ×·105 cells) were embedded into 0.7% low-melting-point agarose gel (Thermo Scientific, Waltham, MA, USA) and deposited on microscopic glass slide pre-covered with 1% normal-melting-point agarose, covered with other glass slide and left for 5 min on ice. Then, the slides were immersed in lysis buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Tris-HCl, 1% N-lauroilsarcozine, pH 9.5) with freshly added 0.5% Triton X-100 and 10% DMSO (dimethyl sulfoxide) for 1 h at 4 °C. Subsequently, the slides were washed three times for 5 min/time with electrophoresis buffer (300 mM sodium acetate, 100 mM Tris-HCl, pH 8.3) and then subjected to horizontal electrophoresis (14 V, 0.5 V/cm, 11–12 mA) for 1 h, in the dark at 4 °C. The slides were then washed three times with cold distilled water (neutralization step) and stained with 2 mg/mL ethidium bromide. Cells were visualized using Bio Systems fluorescent microscope equipped with a 546 nm excitation filter and a 590 nm emission filter and images were photographed and processed with Comet Score software (Comet Score 2.0.0.38; TriTek Corp., Sumerdock, VA, USA).










2.9. Statistical Analysis


All values were represented as mean ± (SD) standard deviation and all experiments were performed in triplicate (n = 3). Data were statistically processed usingGraphPadPrism (GraphPad Software, Inc., La Jolla, CA, USA) and one-way analysis of variance, followed by Tukey’s multiple comparison test at p < 0.05, was used to indicate a statistically significant difference.





3. Results and Discussions


3.1. Physico-Chemical and Morphological Characterization


Figure 2 presents the FTIR spectra of liposomes loaded and unloaded with azelaic acid, along with the FTIR spectrum of powder azelaic acid (AA).



Azelaic acid possesses two carboxylate groups with the fingerprints at 724, 929, 1200, 1460, 1705 (very strong), and a pair at 2865/2962 cm−1, with similar FTIR peaks reported by other studies [6,35]. The fingerprints of phosphatidylcholine-based liposomes are visible as prominent bands of phosphate groups P-O-C asymmetric and symmetric stretching bands near 1200 and 1064 cm−1, and the (CH3)3N stretching band at about 970 cm−1, while the band at 1720 cm−1 corresponds to a strong C=O vibration due to the ester groups present in the phospholipid molecule. In the high wavenumber region, CH2 symmetric and asymmetric stretching vibrations are visible at 2860 and 2925 cm−1 [36,37]. The loaded liposomes preserve the characteristic features of AA and blank liposomes, but some peaks are shifted or broadened, such as the 1700 cm−1 and 1064 cm−1 ones, which also decreased in intensity. These findings demonstrate the successful encapsulation of azelaic acid in phosphatidylcholine-based liposomes.




3.2. Microscopic Characterization


As presented in Figure 3, it can be observed that the shape and appearance of the blank liposomes (Figure 3a) are not different from the AA-loaded liposomes (AALipo 15–25%) with different AA concentrations (Figure 3a–c). The spherical shape is characteristic of liposomes formulated by the lipid film hydration method [38].



The images also show the homogeneous dispersion in the field of the microscope, evidencing the stability of the formulation and successful inclusion of AA in the liposomes, the results being comparable to those reported by Gibis et al. [27].




3.3. DLS (Dynamic Light Scattering) and Zeta-Potential Measurements


According to the size distribution diagram (Figure S1), 77.39% of the blank liposomes presented a diameter below 500 nm, while AALipo15%, AALipo20%, and AALipo25% showed 85.39%, 85.73%, and 77.3% size distribution, respectively, below 500 nm, as tabulated in Table 1.



The electric surface charge of the liposomes with or without AA was also determined, and it was noticed that, regardless of the empty or loaded liposomes, the zeta potential value was negative, ranging between −16.6 mV and −20 mV, which denotes a good stability of the formulations.



The stability of liposomal emulsions is a very important feature because a lower stability is associated with a faster release (or even spontaneous release) of the incorporated molecules, and therefore a controlled and targeted release cannot be achieved [27].



Also, the instability of liposomal particles is followed by the phenomenon of aggregation and fusion of the particles, increasing their size, which leads to a shorter lifetime of liposomal transport systems [27,39]. The zeta potential or the electric surface charge of the liposomes is required to be highly negative so that the particles repel each other. According to literature [38], the electrical surface charge of the particles is also influenced by the hydrophilic phase used for the lipid film hydration; in this case, the hydration was carried out using a phosphate buffer (which provides the negative electrical charge).




3.4. Encapsulation Efficiency Determined by Electrochemical Assay


The graphic representation of the first-order derivative of the potentiometric titration curve (Figure 4) led to the determination of the equivalence volume of the 0.1 M NaOH solution required to neutralize the two -COOH groups from the azelaic acid structure. In this acid–base titration, the quantity of azelaic acid which was not incorporated into the liposomes was neutralized by the NaOH titrant, while recording the changes of the pH (potential). The encapsulation efficiency determined by this electrochemical method revealed a percentage of 80.42%, which indicates an efficient incorporation of azelaic acid into the liposomes.




3.5. Antimicrobial Activity against Gram (+) and Gram (−) Strains


Table 2 summarize the antimicrobial activity of pure AA and liposomal formulations with different concentrations of AA.



Based on the results, the first notable observation is expressed as the maximum antibacterial effect of the liposomal formulation AALipo 20% against S. aureus, the effect being even more intense compared to the antibiotic (Vancomycin) or compared to pure AA solutions. The second observation refers to the very good antimicrobial activity of both liposomal formulations and AA solutions (regardless of the concentration) against E. faecalis, while the antibiotic (Ampicillin) shows no effect. On the other hand, only modest results were obtained against the gram (−) strains (E. coli and P. aeruginosa), as neither the AA solutions nor the liposomal formulation presented a superior effect compared to antibiotics.



The antimicrobial assay results indicated that the optimum liposomal formulation is AALipo 20%.



Increasing the AA concentration in the liposomes from 20% to 25% does not have an increased antimicrobial effect. However, for all the tested germs, the liposomal formulations exhibited a better effect compared to the free AA solution, except for P. aeruginosa.



According to literature, the top ten bacteria present in sebaceous sites are Pseudomonas acnes, S. epidermidis, Corynebacterium tuberculostearicum, Staphylococcus capitis, Corynebacterium simulans, Staphylococcus mitis, Staphylococcus hominis, Corynebacterium aurimucosum, Corynebacterium kroppenstedtii, and Corynebacterium amycolatum [40]. Altering the skin microbiome with a topical antibiotic treatment can have significant effects on the cutaneous host defense, and some skin bacteria (such as Micrococcus luteus) have been found to enhance S. aureus pathogenesis [41,42]. In this context, it is important to know the relative effects of antimicrobial agents on human microbiota in order to understand their potential to foster resistance and alter the microbiome composition. The first observation that AA may exert a bacteriostatic effect on aerobic and anaerobic bacteria (including Propionibacterium) appeared in 1983 as a comment in a clinical report [43]. Three years later, a clinical trial noted a 224-fold reduction in the population of Micrococcaceae and 30-fold decrease in the density of Propionibacterium sp. on the skin following the application of a 20% azelaic acid cream (compared to no effect from tetracycline) [44].



Azelaic acid inhibits the synthesis of cellular protein in aerobic and anaerobic micro-organisms, such as P. acnes, and does not induce bacterial resistance [45]. In the microbiome of healthy skin, S. epidermidis may limit the overcolonization of P. acnes strains and reduce P. acnes-induced IL-6 and TNF-α production by keratinocytes.



On the other hand, P. acnes may limit the proliferation of S. aureus and S. pyogenes by promoting triglyceride hydrolysis and propionic acid secretion. As a result, an acidic pH is maintained in the pilosebaceous follicle. A change of the microbiome composition may lead to a disturbed skin barrier and inflammation.



Studying cutaneous samples, Hall et al. observed that when P. acnes was present, Pseudomonas species typically were not, and vice versa [46].



Interestingly, antibiotic treatment for acne that decreases P. acnes colonization on the skin may also result in Gram-negative folliculitis caused by Pseudomonas [46].



Megyeri et al. recently proposed that P. acnes strains may be implicated in antimicrobial defense pathways by triggering a local increase in the autophagic activity of keratinocytes [47]. However, it is generally accepted that advanced formulations of AA (hydrogel, micro- or nano-emulsions, etc.) possess enhanced pharmaceutical bio-availability compared to conventional cream based on AA [48].




3.6. Cell Viability and Cytotoxicity (MTS Assay) of Normal Human Dermal Fibroblast Culture under Different Treatments with Liposomal Formulations


The percentage of cell viability based on trypan blue exclusion upon different treatment with liposomal formulations is presented in Table 3.



The MTS assay was employed to evaluate the potential cytotoxicity of both empty liposomes (Lipo) and different liposomal formulations with AA, in comparison to the untreated “wound” (CTRL sample) using NHDF cells (Figure 5).



Our results showed that in the case of AA, there is a concentration-dependent decrease in cell viability. At the highest concentration tested (25%), a significant decrease of cell viability (p < 0.05) can be observed compared to the CTRL sample (Figure 5). Cell viability is significantly increased (p < 0.01) when the cells are treated with liposomes compared to the control sample. On the other hand, if azelaic acid is included in the liposomes, significant decreases in cell viability are observed compared to the Lipo sample, except for the AALipo20% sample. In contrast, the samples containing AA in the liposomes show no statistical significance in comparison to the CTRL, indicating that these formulas are not toxic to fibroblasts.



The obtained results are in concordance with recently reported data in literature, according to which AA in liposomal form or combined with different vegetable oils is non-toxic. According to Lacatusu et al. [49], the use of liposomes with a natural content based on phospholipids combined with AA led to obtaining a non-toxic preparation that allows the gradual release of the incorporated active principles, along with increasing in the viability and proliferation of the fibroblast-type cells [49].




3.7. Assessing the Healing Effect of AALipo by “Scratch” Method


The collective migration of human dermal fibroblasts and the “wound closure” phenomenon under the effect of liposomal formulations with and without AA was monitored for 36 h, as shown in Figure 6. At the end of the interval, it can be noticed that there was a complete coverage of the gap created in the fibroblasts layer when AALipo20% was applied, while the control sample (no treatment) indicated a very poor healing effect. The quantitative results are presented comparatively in Figure 7, assessing the wound healing process in the presence of liposomal formulations compared to control, according to formula (2). The statistical interpretation revealed a significant difference between the samples even after the first 12 h. Increasing the concentration of AA in the liposomes from 20% to 25% does not have an increased effect in terms of fibroblast migration and gap coverage.



When comparing with similar works reported in literature, we noticed a study conducted in 2019 by Apriani et al. [19] using an ethosomal formulation to deliver azelaic acid. Ethosomes are deformable and elastic carriers and the authors highlighted that ethanol contained in vesicles is responsible for the temporary disorganization of the lipid structure of the stratum corneum, increasing the permeability of AA in the cytoplasm of P. acne. In this study, azelaic-acid-based ethosomes were made up of 35% (w/w) ethanol and included in a cream formulation, which showed better antibacterial activity when compared to commercial Zelface® cream.



Burchacka et al. [48] elaborated a method to prepare an azelaic acid liposomal gel formulation based on phospholipon 50 IP, methyl parahydroxybenzoate, prophyl parahydroxybenzoate, prophylene glycol, and 10%AA as organic phase. They found that the new formulation presented a high accumulation of an active substance in the stratum corneum in comparison to a reference formula represented by commercially available cream with 20% of azelaic acid. However, this study was limited only to physico-chemical and antibacterial characterization, with a focus on the trans-dermal permeation of azelaic acid and in vitro release, while the biocompatibility and cytotoxicity assays were completely missing.




3.8. Comet Assay


The comet assay is based on the separation from the double helix strand of DNA loops containing strand breaks and fragments that become free to migrate out of the nucleus towards the anode when alkaline electrophoresis is applied. Following the implementation of the comet assay, a variety of descriptors are evaluated, of which the most frequently and recommended for the evaluation and interpretation of the results is % DNA fragments in the head and tail. The neutral comet assay is a simple way to quantitatively evaluate DNA damage and visualize fragmented strands. Figure 8 shows the effect of the liposomal formulation on DNA damage in fibroblasts upon treatment with H2O2, while the quantitative analysis of the extent of the DNA damage, monitored as % DNA fragmentation in head and tail, is presented in Figure 9.



A quantitative analysis of the neutral comet assay showed a significant increase in the % DNA in the tail after a 75 µM H2O2 treatment compared to control (Figure 9), as reactive hydroxyl radicals produced from H2O2 by the Fenton reaction can bind to DNA at metal-binding sites and induce strand breaks associated with DNA damage, mutations, and genetic instability indicating DNA damage [50,51]. Our results indicate that liposomal formulations containing 20% azelaic acid exhibited a protective effect against H2O2-induced damage, highlighted by a significant decrease in the percent of DNA fragments in the tails.





4. Conclusions


Following the lipid film hydration method applied in this study, we can conclude that liposomes with azelaic acid of different concentrations (AALipo15%, AALipo20%, AALipo25%) were successfully formulated, highlighting the characteristic spherical shape and encapsulation efficiency between 77.3–85.73%, framed with a size of up to 500 nm and good stability, as demonstrated by FTIR spectroscopy, DLS, and zeta-potential measurements.



The antimicrobial activity of AA was tested in comparison with the corresponding liposomal formulation in the same concentrations, against Gram-positive and Gram-negative bacteria, demonstrating that the liposomal formulation confers a superior antibacterial effect regardless of concentration, compared to free AA.



The non-toxic effect of the new liposomal formulation was demonstrated by an MTS assay, while the in vitro wound healing effect was assessed by the “scratch assay” performed on human dermal fibroblasts. Moreover, by using a comet assay, the protective effect of the new liposomal formulation was demonstrated against H2O2- induced cellular DNA damage. After corroborating the results, we can state that the optimal liposomal formulation in terms of antimicrobial effect, wound, and protective effect is AALipo20%.



Along with their safety considerations, these findings represent a good premise in order to develop further topical formulations as a dermato-cosmetic product with superior therapeutic potential, designed for the advanced treatment of complex skin disorders.
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Figure 1. Preparation of phosphatidylcholine liposomes, loaded with azelaic acid. 
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Figure 2. FTIR spectra of powder azelaic acid (a), blank liposomes (b), and azelaic-acid-loaded liposomes (c). 






Figure 2. FTIR spectra of powder azelaic acid (a), blank liposomes (b), and azelaic-acid-loaded liposomes (c).



[image: Applsci 12 13039 g002]







[image: Applsci 12 13039 g003 550] 





Figure 3. Inverted light microscopy in phase-contrast mode of: (a) blank liposomes; (b) loaded liposomes with 15% AA; (c) loaded liposomes with 20% AA; (d) loaded liposomes with 25% AA. White arrows indicate homogeneous dispersion of spherical, stable liposomes with and without AA included. 
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Figure 4. Potentiometric titration with NaOH of azelaic acid and the corresponding first derivative. 
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Figure 5. Cytotoxicity assay of different concentration of azelaic acid and liposomes loaded with azelaic acid (AALipo15%, AALipo20%, AALipo25%) compared to the untreated sample (CTRL) and the positive control (Lipo) with respect to human dermal fibroblasts. All values were expressed as mean ± SD. Samples (Lipo, AA15%, AA20%, and AA25%) were compared with CTRL (# p < 0.01, ## p < 0.05), and liposomes loaded with different doses of azelaic acid were compared with Lipo sample (* p < 0.01, ** p < 0.05). 
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Figure 6. Evolution of wound healing by “scratch” method and fibroblast migration until complete coverage of the gap, influenced by different treatments: CTRL—no treatment; Lipo—blank liposomes; AALipo15%, AALipo20% and AALipo25%—liposomes loaded with AA in concentrations 15%, 20%, and 25% respectively. 
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Figure 7. Quantitative measurements of “wound closure” at different time points (12, 24, and 36 h) with respect to each liposomal treatment. +++ (p < 0.001); ++++ (p < 0.0001)—significant difference compare to control at 12 h, ** (p < 0.01); **** (p < 0.0001)—significant difference compared to control at 24 h; #### (p < 0.0001)—significant difference compare to control at 36 h; ns—no significant difference. 
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Figure 8. Comet assay applied for three different treatments: (a) control fibroblasts (no treatment); (b) fibroblasts treated with H2O2 for 10 min; (c) fibroblasts exposure to H2O2 for 10 min, and then treated with AALipo20% for 60 min. 
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Figure 9. The percentage of DNA in head and tail in control sample (CTRL, cells without treatment), in CTRL + (cells treated with 75 µM H2O2), and H2O2 + AALipo20%. Results are expressed as mean ± SD and significant differences shown when compared with % DNA in the head (*** p < 0.0001) and tail (### p < 0.0001) of the control, CTRL. 
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Table 1. DLS results (size distribution and zeta potential) and EE% of AA in liposomal formulas (AALipo15%, AALipo20%, AALipo25%).
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	Formulation
	Size Percentage Up to 500 nm
	Zeta Potential (mV)
	EE%

AA





	Lipo
	77.39%
	−16.6
	0 a



	AALipo15%
	85.39%
	−17.02
	77.3



	AALipo20%
	85.73%
	−19.85
	85.73



	AALipo25%
	77.3%
	−20.00
	79.25
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Table 2. Antimicrobial activity of AA and AALipo formulations against gram (+) (Staphylococcus aureus and Enterococcus faecalis) and gram (−) strains (Escherichia coli and Pseudomonas aeruginosa) expressed as diameter of inhibition zone.
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Bacteria

	
S. aureus

	
E. fecalis

	
E. coli

	
P. aeruginosa




	
Samples

	

	
Inhibition Zone ± SD (mm)






	
AA15%

	
20 ± 0.12

	
20 ± 0.11

	
13 ± 0.11

	
9 ± 0.30




	
AA20%

	
23 ± 0.15

	
21 ± 0.15

	
15 ± 0.15

	
10 ± 0.12




	
AA25%

	
22 ± 0.20

	
20 ± 0.11

	
20 ± 0.12

	
11 ± 0.30




	
AALipo15%

	
22 ± 0.14

	
22 ± 0.10

	
18 ± 0.20

	
9 ± 0.11




	
AALipo20%

	
26 ± 0.20

	
24 ± 0.13

	
19 ± 0.14

	
10 ± 0.20




	
AALipo25%

	
20 ± 0.30

	
20 ± 0.20

	
16 ± 0.12

	
11 ± 0.12




	
Van 30 µg

	
18 ± 0.40

	
-

	
-

	
-




	
Amp 2 µg

	
-

	
0

	
-

	
-




	
Ctx 30 µg

	
-

	
-

	
33 ± 0.40

	
-




	
Ctz 30 µg

	
-

	
-

	
-

	
24 ± 0.30








Legend: AA15%—Azelaic acid solution 15%, AA20%—Azelaic acid solution 20%, AA25%—Azelaic acid solution 25%, AALipo15%—liposomes loaded with AA in a concentration of 15%, AALipo20%—liposomes loaded with AA in a concentration of 20%, AALipo25%—liposomes loaded with AA in a concentration of 25%, Van—Vancomycin, Amp—Ampicillin, Ctx—Ceftriaxone, Ctz—Ceftazidime.
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Table 3. Effect of different liposomal formulations on cell viability.
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	Samples
	% Cell Viability





	CTRL
	93.25 ± 5.21



	Lipo
	94.15 ± 3.50



	AALipo15%
	93.35 ± 4.90



	AALipo20%
	94.11 ± 8.11



	AALipo25%
	94.48 ± 5.24







Lipo—blank liposomes; AALipo15%, 20%, 25%—liposomes loaded with AA in concentration of 15%, 20% and 25% respectively; CTRL—no treatment.
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