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Abstract 

The aim of this study was to develop azithromycin (AZT)-loaded liposomes (LP) and niosomes (NS) useful 

for the treatment of bacterial skin infections and acne. LP based on phosphatidylcholine from egg yolk (EPC) 

or from soybean lecithin (SPC), and NS composed of sorbitan monopalmitate (Span 40) or sorbitan 

monostearate (Span 60) were prepared through the thin film hydration (TFH) and the ethanol injection (EI) 

methods. The formulations were subsequently characterized for their physico-chemical and functional 

properties. Vesicles prepared through TFH showed higher average sizes than the corresponding formulations 

obtained by EI. All the vesicles presented adequate encapsulation efficiency and a negative ζ potential, 

which assured good stability during the storage period (except for LP-SPC). Formulations prepared with 

TFH showed a more prolonged AZT release than those prepared through EI, due to their lower surface area 

and multilamellar structure, as confirmed by atomic force microscopy nanomechanical characterization. 

Finally, among all the formulations, NS-Span 40-TFH and LP-EPC-TFH allowed the highest drug 

accumulation in the skin, retained the antimicrobial activity and did not alter fibroblast metabolism and 

viability. Overall, they could ensure to minimize the dosing and the administration frequency, thus 

representing promising candidates for the treatment of bacterial skin infections and acne. 
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1.0 Introduction 

In the last decade, the incidence of bacterial skin infections has been increasing at an alarming pace, 

establishing an important clinical and financial burden to health care systems [1]. The invasion of bacteria, 

such as Staphylococcus aureus, Cutibacterium acnes (formerly known as Propionibacterium acnes), 

Staphylococcus epidermidis and Streptococcus pyogenes, is the main cause of skin infections, which can be 

classified as localized superficial infections, like erysipelas, impetigo, acne folliculitis, rosacea, infected 

eczema, and deep tissue infections, such as cellulitis [2]. Among these infections, acne vulgaris is considered 

one of the most common skin diseases encountered worldwide, particularly affecting younger people [3]. 

Although it is not considered a typical infectious disease, it is characterized by an evident overgrowth of 

bacteria, like C. acnes, S. aureus and S. epidermidis [4–6]. C. acnes overgrowth triggers innate immune 

system activation, leading to cutaneous inflammation, follicular hyperkeratinization, lipogenesis, 

microcomedogenesis, and skin lesions of various morphologies, ranging from comedones, papules, and 

pustules to nodules and cysts [7].  

An important aspect linked to skin bacterial infections concerns the alarming global spread of multidrug-

resistant strains, which makes these pathologies difficult to treat, posing further a global threat to public 

health [8]. Particularly, the abuse or the misuse of antibiotics has contributed to the diffusion of increasing 

number of drug-resistant S. aureus and C. acnes strains, limiting treatment success [9].  

Currently, topical administration of antimicrobial molecules through conventional dosage forms (such as 

creams, ointments, gels, or sprays) represents the first approach for the treatment of skin bacterial infections, 

owing largely to its advantage of minimizing drug systemic exposure. However, topical formulations present 

some drawbacks related to the difficulty to reach adequate drug concentration at the infected site [10]. This 

in turns requires multiple administrations, thus impairing patient compliance and worsening the antibiotic-

resistance phenomenon [11]. The encapsulation of anti-infective agents into nanocarriers can represent an 

innovative approach useful to tackle the mentioned problems as well as to improve the therapeutic efficacy 

of anti-infective agents. In particular, peculiar characteristics of these drug delivery systems, like carrier size 

and surface charge, controlled release, the ability to interact with the main components of the skin, can allow 

to dramatically improve skin accumulation of the delivered drugs [12]. Additionally, multiple interactions of 

the nanosystems with the bacterial cell can promote cell wall and membrane disruption, membrane fusion 

and damage of bacterial intracellular components, thus improving the antimicrobial activity [13].  

Azithromycin (AZT) is a macrolide antibiotic targeting the 50S bacterial ribosomal subunit, which inhibits 

protein synthesis, thus hindering the growth of bacteria [14]. Although AZT is mainly administered by oral 

and intravenous route, for the treatment of skin infections topical antibiotic therapy is crucial to avoid high 

dose and side effects [15]. Until now, only few papers have reported the use of nanosystems containing AZT 

for the topical treatment of skin infections. Particularly, Rukavina and colleagues [16] developed different 

types of AZT-loaded liposomes (conventional, deformable and containing PEG) to locally treat skin 

infections caused by methicillin-resistant S. aureus (MRSA) strains and demonstrated that all the prepared 

liposomes retained the drug inside the skin more efficiently than the control. Our recent study reported the 
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preparation of AZT based microemulsions, which were able to guarantee a prolonged drug release and to 

promote drug accumulation inside the porcine skin [17]. In the current study, for the first time two different 

types of AZT-loaded vesicles, i.e., liposomes and niosomes (LP and NS) are proposed as useful nanocarriers 

for the treatment of skin bacterial infections and acne. Furthermore, to the best of our knowledge, this is the 

first study in which AZT-loaded LP and NS were prepared with different excipients by employing two 

different manufacturing methods (thin film hydration and ethanol injection) allowing to evaluate the 

influence of formulation and process factors on the physico-chemical and functional properties of the final 

products. 

LP and NS are vesicles formed by self-assembly of phospholipids and non-ionic surfactants, respectively, 

which both present the ability to encapsulate hydrophilic and hydrophobic drugs [18,19]. LP also possess the 

unique property of being biocompatible since their lipid bilayer structure mimics cell membranes and allows 

fusion with bacterial membranes [20]. However, one of the main limitation of LP regards their chemical 

instability linked to phospholipid hydrolysis or oxidation [21]. On the other hand, NS are generally 

characterized by higher chemical stability and longer shelf-life, intrinsic skin penetration enhancing 

properties and lower costs due to the availability of ingredients with reasonable cost compared to 

phospholipids [21].  

Briefly, the main steps of this work were: 1) to prepare LP and NS with different excipients through the thin 

film hydration and ethanol injection methods; 2) to characterize them in terms of size, polydispersity index, ζ 

potential, encapsulation efficiency, morphology, nanomechanics and stability; 3) to investigate LP and NS 

ability to release the drug and to promote its accumulation within porcine skin; 4) to select the best 

formulations and to evaluate their antimicrobial activity and safety on fibroblast cells.  

  

2.0 Materials  

L-α-phosphatidylcholine from egg yolk (EPC, purity = 80.1 % of L-α-phosphatidylcholine), sorbitan 

monostearate (Span 60), cholesterol (Chol), L-cysteine, azithromycin dihydrate (AZT), erythrosine B and all 

the solvents were obtained from Sigma-Aldrich (Milan, Italy). Phospholipon 90G from soybean lecithin 

(SPC, containing not less than 94% L-α-phosphatidylcholine) was a kind gift from LIPON GmbH 

(Ludwigshafen, Germany). Sorbitan monopalmitate (Span 40) was purchased from Fluka (Milan, Italy). 

Phosphate buffer at pH 7.4 (PBS) was composed of 2.38 g/L Na2HPO4 × 12 H2O, 0.19 g/L KH2PO4 and 8.00 

g/L NaCl. Ultrapure water (18.2 MW cm) was obtained by means of a MilliQ apparatus by Millipore 

(Milford, MA, USA). Human primary fibroblast cells (Coriell Institute for Medical Research, Camden, New 

Jersey, USANIGMS Human Genetic Cell Repository at the Coriell Institute for Medical, Camden, New 

Jersey, USA #GM08402) were used for cell viability analysis and for metabolic activity measurement using 

the Resazurin Cell Viability Assay Kit (alamarBlue™) (Biotium, Fremont, CA, USA). Dulbecco’s Modified 

Eagle’s Medium-4.5 g/L of glucose (H-DMEM) (Incorporated Corning, NY, USA) supplemented with 10% 

Fetal Bovine Serum (FBS; Gibco, Waltham, MA, USA) and antibiotics (1% Penicillin-Streptomycin 
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Solution; Thermo-Fisher Scientific, Waltham, MA, USA) was used as standard medium for fibroblast cell 

culture. 

 

2.1 Preparation of liposomes and niosomes  

2.1.1 Thin film hydration (TFH) method  

Unloaded and loaded liposomes (LP) and niosomes (NS) were prepared using the thin film hydration (TFH) 

method as described elsewhere [22] with some modifications. For LP preparation, EPC (70 mg) or SPC (70 

mg) and Chol (30 mg) were dissolved in a mixture of CHCl3-CH3OH (5 mL, 9:1 v/v) in a round-bottomed 

flask. The organic phase was subsequently evaporated using a rotary evaporator (Buchi Rotavapor R-200, 

Flawil, Switzerland) operated under reduced pressure (80 mbar) at 60 °C for 90 min. The dried thin lipid film 

formed on the inner wall of the flask was hydrated with 10 ml of PBS (pH 7.4) by rotating the flask at 210 

rpm for 1 h. Later, the obtained milky suspension was extruded through a polycarbonate membrane with a 

pore size of 100 nm (LiposoFast manual syringe extruder, Avestin Europe GmbH, Mannheim, Germany). 

Fifteen cycles of extrusion were performed in order to reduce and homogenize vesicle size [23]. For NS 

preparation, the same mentioned procedure was conducted by replacing phosphatidylcholine with a same 

amount of surfactant (Span 40 or Span 60).  

For the preparation of loaded vesicles, AZT was solubilized in the organic phase obtaining a final drug 

concentration of 3 mg/mL. The different formulations were named according to their composition as follows: 

LP-EPC-TFH, LP-SPC-TFH, NS-Span 40-TFH, NS-Span 60-TFH. 

 

2.1.2 Ethanol injection method (EI) 

For vesicle preparation through the ethanol injection method, an appropriate weighed amount of EPC, SPC, 

Span 40 or Span 60 (70 mg) in combination with Chol (30 mg) was dissolved in 5 mL of ethanol 96%. Then, 

this solution was injected with a syringe at a flow of 1 mL/min into 10 mL of PBS, under continuous stirring 

at 400 rpm. After 20 minutes, ethanol was removed by means of rotary evaporation under vacuum at 60 °C 

for 10 min with stirring at 210 rpm. The different formulations were named according to their composition as 

follows: LP-EPC-EI, LP-SPC-EI, NS-Span 40-EI, NS-Span 60-EI. 

 

2.2 Determination of vesicle size, polidispersity index (PDI) and ζ potential 

The prepared vesicles were characterized in terms of size, polydispersity index (PDI) and ζ potential. Particle 

size and PDI were measured at 25 °C by photon correlation spectroscopy (PCS) using a Brookhaven 90-

PLUS instrument (Brookhaven Instruments Corp., Holtsville, NY, USA) with an He-Ne laser beam at a 

wavelength of 532 nm (scattering angle of 90°). For measurements, vesicle suspensions were dispersed in 

ultrapure water (18.2 MW cm, MilliQ apparatus by Millipore, Milford, MA, USA) with a dilution of 1:1000 

(v/v). ζ potential measurements were carried out at 25 °C on a Malvern Zetasizer 3000 HS instrument 

(Malvern Panalytical Ltd., Malvern, UK) after the same dilution. 
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2.3 Determination of encapsulation efficiency  

To quantify the amount of AZT not incorporated into the vesicles, three different techniques were employed: 

1) dialysis, 2) centrifugation, 3) and filtration through Vivaspin tubes [24]. For the first technique, a method 

previously described [25] with some modification was followed. Specifically, 0.5 mL of the vesicle 

suspensions were placed inside a Visking Tubo Dialysis membrane (Medicell International Ltd., London, 

UK) with a cut-off size of 14,000 Dalton. The tube was then immersed into 50 mL of PBS (external phase) 

and kept at 25 °C under stirring at 100 rpm. After 2 h, 4 h, 6 h and 24 h, aliquots of the external phase were 

collected and analyzed through high-performance liquid chromatography (HPLC) [17] to determine free 

AZT. In the case of the second technique, vesicles suspensions were centrifuged at 15000 rpm (ALC 4239R 

centrifuge; Milan, Italy) at + 4°C for 1 h; subsequently the supernatant was collected and analyzed through 

HPLC in order to quantify the amount of non-entrapped drug. For the third technique, vesicle suspensions 

were centrifuged at 5000 rpm and 25 °C for 30 minutes using a Vivaspin 500 centrifugal concentrator 

(Sartorius, Milan, Italy, MW cut off = 5,000 Da) and the resultant filtrate was analyzed through HPLC.  

HPLC determination of AZT was carried out following the method previously reported [17], by using a 

chromatographic system based on a Shimadzu (Milan, Italy) LC-10ATVP chromatographic pump and a 

Shimadzu SPD-10AVP UV-vis detector set at 215 nm. The column was a Phenomenex (Torrance, CA, 

USA) Kinetex (150 mm × 4.6 mm I.D., 5 mm) coupled to a Phenomenex (Torrance, CA, USA) Security 

Guard C18 guard cartridge (4 mm x 3.0 mm I.D., 5 mm). The mobile phase was prepared by mixing a buffer 

(KH2PO4 0.01 M adjusted at the pH 7.5 with 10M KOH) with methanol and acetonitrile (10/50/40, v/v) and 

a flux rate of 0.8 mL/min. Solutions of AZT in methanol at drug concentrations ranging from 13 μg/mL to 

400 μg/mL were analysed to obtain a standard curve (R2 = 0.9964). For in vitro drug release and 

permeation/retention results, another calibration curve of AZT was obtained, by using AZT solution in PBS 

pH 7.4/ ethanol (80:20, v/v) with drug concentrations ranging from 0.5 μg/mL to 50 μg/mL (R2 = 0.9943). 

The EE % was calculated using the following equation: 

 

𝐸𝐸 % =
(Total amount of AZT − Amount in the external phase/supernatant/filtrate) × 100

Total amount of AZT
 

 

2.4 Morphology and Nanomechanics 

Single-particle quantitative morphometry and nanomechanical characterization of LP and NS obtained via 

TFH and EI methods were performed as described elsewhere [26,27]. Briefly, samples were deposited on a 

substrate having a controlled surface charge density; upon adhesion, vesicles deform into oblate spheroids 

whose surface contact angle is proportional to their mechanical stiffness. Atomic force microscopy (AFM) 

was then employed to measure several hundred vesicles for each sample; quantitative morphometry then 

allowed us to reconstruct the diameter and surface contact angle of each individual vesicle and to pool them 

into representative size and stiffness distributions. 

AFM experiments were performed in liquid at RT on a Bruker Multimode8 operated in Peakforce mode and 

equipped with a Nanoscope V controller using Bruker ScanAsyst FluidPlus probes (triangular cantilever, 
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nominal tip curvature radius 2-12 nm, nominal spring constant 0.7 N/m) calibrated with the thermal noise 

method. A 10 μl-droplet of the sample was deposited on a PLL-functionalized glass slide prepared as 

described elsewhere [28] and left to adsorb for 30 minutes at 4°C, then inserted in the AFM fluid cell. 

Applied force was kept under 400 pN to minimize vesicle damage during scanning. Images were analyzed 

with Gwyddion 2.53 [29] and custom Python scripts as described elsewhere [26]. 

    

2.5 In vitro drug release studies 

AZT release from vesicle suspensions was assessed through a Franz cell diffusion system under sink 

conditions using cellulose filter (MF-Millipore Membrane, mixed cellulose esters, pore size = 0.22 µm) and 

a heating circulator set to 32±1.0 °C [30]. Specifically, a Franz-type static glass diffusion cell (15 mm 

jacketed cell with a flat ground joint and clear glass with a 12 mL receptor volume; diffusion surface area = 

1.77 cm2), equipped with a V6A Stirrer (PermeGear Inc., Hellertown, PA, USA) was used. A fixed amount 

of vesicle suspension (0.5 mL) was introduced in the donor compartment, whereas the receiver one was 

filled with PBS/ethanol mixture (80:20, v/v), maintained at 32±1.0 °C by means of a surrounding jacket. At 

0.5, 1, 2, 3, 4, 5 and 6 h, samples (0.2 mL) were withdrawn from the receiver compartment, replaced with 

fresh medium and analysed using HPLC. A control sample based on a mixture of ethanol and water (60:40, 

v/v) containing an equivalent amount of AZT was also tested. Results are shown as cumulative drug amount 

released (expressed as fractional amount Mt/M0, where Mt represents the amount of AZT released at each 

time and M0 the total AZT mass loaded into vesicle suspensions or control) plotted as a function of time. 

 

2.6 Vesicle physical stability 

The physical stability of the prepared vesicles was monitored during a storage period of 180 days at 4-8 °C 

or 25 °C. At determined time intervals (7, 14, 30, 60, 90, 150 and 180 days), aliquots of vesicle suspensions 

were diluted in ultrapure water as described in Section 2.2, and changes in vesicle size and PDI were 

monitored using PCS. Appearance of sedimentation processes was monitored during the storage period.  

 

2.7 In Vitro Skin Permeation/Retention Studies 

For the determination of AZT ability to diffuse or to be retained inside the skin, in vitro studies were 

performed by employing the porcine ear skin isolated as previously described [17]. For the experiments, the 

skin was mounted in the Franz diffusion cells with the stratum corneum side facing upwards. The receptor 

chamber was filled with 12 mL of PBS and ethanol (80:20, v/v) and maintained at 32±1.0 °C. At time zero 

0.5 mL of the formulation were placed in the donor chamber and at fixed time intervals until 24 h, samples 

(0.2 mL) were collected from the receiver chamber, replaced with the same amount of fresh medium and 

analysed using HPLC. A control sample based on a mixture of ethanol and water (60:40, v/v) containing an 

equivalent amount of AZT was also tested.  

For determining skin retention of AZT from developed LP and NS, after 24 h, the residual formulations 

contained in the donor compartment were wiped off and the skin surface was carefully rinsed with methanol 
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(0.5 mL). Both fractions were diluted in methanol and analysed through HPLC to determine the non-

penetrated drug (AZT in the donor compartment). Subsequently, the skin was gently removed, cut into very 

small pieces and placed in methanol (5 mL) for 5 h under magnetic stirrer (300 rpm) to extract the drug. Skin 

was then withdrawn and the solution was centrifuged at 14,500 rpm for 20 min and analysed through HPLC 

to determine AZT amount retained within the skin. The results of in vitro permeation/retention studies are 

shown as percentage of drug amount inside the donor compartment, the skin and the receptor chamber. 

 

2.8 Antimicrobial and antibiofilm activity 

The antimicrobial activity of AZT-loaded vesicles and AZT (ethanol and water 60:40, v/v containing an 

equivalent amount of AZT) was determined against S. aureus and C. acnes strains, belonging to the 

collection of the Department of Pharmacy and Biotechnology, University of Bologna. S. aureus ATCC 

29213, S. aureus strain #7 (resistant to beta-lactams, fluoroquinolones, ansamycins), S. aureus strain #83 

(resistant to betalactams, fluoroquinolones) and S. aureus strain #88 (resistant to aminoglycosides) were 

routinely grown in nutrient broth (NB, Difco, Detroit. MI), at 37°C [17,31]. C. acnes BC106 was routinely 

grown in de Man, Rogosa, Sharpe medium (MRS, Difco) supplemented with 0.05% L-cysteine, at 37°C in 

anaerobic jars containing GasPak EZ (Becton, Dickinson and Co., Milan, Italy).  

To assess minimal inhibitory concentrations (MIC, corresponding to the lowest concentration of 

antimicrobial agent that completely inhibits growth of the organism in the microdilution wells as detected by 

the unaided eye) of AZT and AZT-loaded vesicles, a microdilution assay was carried out on a 96-well plate, 

following NCCLS standard guidelines [32]. Briefly, AZT solution and vesicle suspensions were 2-fold 

serially diluted in appropriate culture medium and added to bacterial suspensions. AZT tested concentrations 

were in the range 0.05–30 g/mL. MIC values were determined after 24 h of incubation. In order to 

determine whether the formulations retained their antimicrobial activity over the storage period, MIC was 

also determined after that AZT-loaded vesicles were stored for 180 days at +4-8 °C. 

The antibiofim activity was tested on the same bacterial strains following the procedure reported in our 

previous study [31] with slight modifications. Briefly, bacterial suspensions were inoculated in flat bottom 

96-well plates in the presence of AZT-loaded vesicles at concentrations equal to MIC and 2 x MIC and 

allowed to grow for 72 h. Unloaded NS and LP were also tested at the same dilutions of the corresponding 

AZT- loaded vesicles. Biofilm formation was assessed and quantified by crystal violet staining and reading 

OD595 by using an EnSpire Multimode Plate Reader (PerkinElmer Inc., Waltham, MA). Inhibition of 

bacterial biofilm formation was expressed in percentage relative to the control wells, based on the average of 

four biological replicates  [31]. 

 

2.9 Resazurin-based metabolic assay 

The impact of the AZT-loaded formulations on cell functionality was assessed by measuring metabolic 

activity in human primary fibroblasts using the Resazurin Cell Viability Assay Kit. Resazurin is a redox 

indicator used to evaluate metabolic function and cellular health [33]. When this compound is added to 
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standard culture medium, metabolically active cells reduce the Resazurin non-fluorescent dye to a highly 

fluorescent molecule, Resorufin. Fibroblast cells were seeded at density of 3000 cells/cm2 in a 96-well plate 

(Corning Incorporated, Corning, NY, USA), in standard medium and cultured in standard conditions at 37 °C 

with 5% carbon dioxide (CO2) in a humidified atmosphere. After 24 hours, cells were treated with the AZT 

solution (in ethanol and water, 60:40, v/v) at different concentrations (75, 30, 8, or 4 µg/mL) or with LP or 

NS containing the same AZT concentrations (obtained from the starting suspensions after adequate dilution 

in PBS). Untreated cells (CTR, cells cultured in standard medium) were used as a positive metabolic control. 

Formulations were added to the standard culture medium containing 10% of Resazurin compound. Resorufin 

fluorescence was measured 24 hours after treatment by employing the Wallac 1420 Victor2 Multilabel 

Counter (Perkin Elmer, Waltham, MA, USA) at 590 nm, using an excitation wavelength of 560 nm. Each 

condition was assayed in triplicate; negative controls (standard medium with 10% of Resazurin with or 

without formulations) and the completely reduced Resazurin (100% reduced Resazurin) were included. The 

100% reduced Resazurin was obtained by autoclaving at 121°C the standard medium with 10% of Resazurin 

for 15 minutes. Metabolic activity was expressed as a percentage of Resazurin reduction according to the 

following formula:  

% Resazurin reduction: = (FI 590 of test agent- FI 590 of negative control)/(FI 590 of 100% reduced 

Resazurin-FI 590 negative control) × 100 where FI is the fluorescence intensity. 

 

2.10. Cell viability 

Human primary fibroblast cells were seeded in a 6-well plate (Corning Incorporated, Corning, NY, USA) at 

a density of 5000 cells/cm2 and were maintained for 24 hours in standard conditions. Then, cells were treated 

for 24 hours with AZT solution (in ethanol and water, 60:40, v/v) (30µg/mL) or with LP or NS containing 

the same AZT concentration (obtained from the starting suspensions after adequate dilution in PBS). 

Untreated cells (CTR, cells cultured in standard medium) were used as a positive viability control. Cell 

viability was assessed by manual cell count using erythrosine B, a dye which stained in red dead cells [34]. 

Briefly, cells were detached by trypsin–EDTA and were resuspended in a medium containing 50% 

erythrosine B 0.2% in PBS. Unstained viable cells and red-stained dead cells were counted using the 

Neubauer hemocytometer (BRAND GmbH, Wertheim, Germany) under a light microscope Leica Labovert 

FS inverted Microscope (Leica Microsystems, Wetzlar, Germany). The number of viable and dead cells were 

calculated according to the manufacturer’s instructions; cell viability was obtained by calculating the 

percentage of living cells compared to the total number of cells.  

 

2.11 Statistical analysis  

All experiments were done in triplicate, except for in vitro skin permeation/retention studies which were 

performed in five replicas. Microbiological tests were done at least in four replicas. Results are expressed as 

mean ± SD. t-test was used to determine statistical significance, one-way ANOVA and Dunnett’s multiple 

comparison test were applied to biofilm inhibition data. The criterion for statistical significance was p < 0.05. 
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Results and discussion 

3.1 Preparation of LP and NS 

The objective of this work was to develop new nano-sized drug delivery systems useful to be employed for 

the treatment of bacterial skin infections and acne. With this aim, firstly we prepared AZT-loaded LP and NS 

by employing two manufacturing methods (TFH and EI) and different excipients. Subsequently, we 

investigated the impact of the composition and the preparation method on the physico-chemical as well as 

the functional properties of the developed vesicles. TFH method is the main technique used for the 

preparation of LP and NS and generally it allows to obtain large multilamellar vesicles which can be reduced 

in size by a post-manufacturing step. This method is particularly employed for the loading of hydrophobic 

molecules, thanks to the presence of several phospholipids/surfactants-based bilayers able to include 

lipophilic drugs [35]. However, the need of several steps, which negatively impair the potential industrial 

scale process, combined to the use of organic solvents has reduced the interest of researchers towards this 

technique, shifting the attention on alternative preparation methods. Among these, the EI method is 

characterized by relevant advantages such as simplicity, absence of potentially unsafe solvents, and easy 

scaling-up; moreover, it allows preparing vesicles with low size and homogenous distribution without the 

need for post-manufacturing size reduction steps and with high reproducibility. Another advantage of EI with 

respect to TFH is the time required for obtaining vesicles since the preparation procedure takes minutes in 

the case of EI, and different hours in the case of TFH. On the other hand, different parameters used with the 

EI method, such the flow rate, the lipid concentration, as well as the stirring rate, can affect vesicle properties 

[36]. Furthermore, some other drawbacks, related to the difficulty of removing ethanol specifically after 

azeotrope formation, could negatively affect the method efficacy, thus limiting its potential application. 

Another limitation is linked to the solubility of lipids/surfactants and drugs, together with their possible 

degradation in ethanol, which influence the vesicle formation and the encapsulation efficiency [36].    

In addition to the preparative methods, the influence of using different excipients on the final functional 

properties of vesicles was also investigated. Specifically, LP were developed by using EPC or SPC, which 

differ in terms of source and purity as well. In fact, EPC and SPC are phosphatidylcholines derived from egg 

yolk and soybean, respectively; EPC presented a purity of 80.1%, conversely SPC was based on not less than 

94% L-α-phosphatidylcholine (as indicated in manufacturer specifications for the employed batches). Our 

previous works reported the use of these types of phosphatidylcholines for the design of liposomes able to 

deliver drugs or biosurfactants [23,31,37,387]. Instead, Span 40 and Span 60 were selected for NS 

preparation. Span 40 and Span 60 present different length of alkyl chain (C16 and C18 for Span 40 and Span 

60, respectively), transition temperature (42°C and 53 °C for Span 40 and Span 60, respectively), and HLB 

(7.6 and 4.7 for Span 40 and Span 60, respectively). It has been reported that all these factors contributed to 

the formation of NS with different properties in terms of size, encapsulation efficiency and drug release [18]. 

Finally, Chol was added since it has known that it can promote the packing of lipid chains and bilayer 

formation, and consequently influence the drug release as well as vesicle stability [35]. 
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3.2 Determination of vesicle size, polidispersity index (PDI) and ζ potential 

The measurement of vesicle size and PDI represents an important evaluation in the case of vesicles intended 

for skin application. In fact, previous research reported that small vesicles could penetrate deeper into the 

skin layers than the larger ones. Particularly, vesicles with an average size > 600 nm were not able to 

penetrate in deep layers of the skin and mostly remained on the surface of the stratum corneum, forming a 

layer of lipid, while vesicles with an average diameter of 300 nm could penetrate deeper into skin layers 

[398]. Vesicle size can also influence drug release and consequently its diffusion/retention inside the skin; 

generally, larger particles present a reduced surface area, which results in a reduced diffusion of the drug out 

of the system [3940]. Simultaneously PDI determination is fundamental to estimate the sample homogeneity. 

In general, PDI values below 0.3 are representative of homogenous samples [410].  

Table 1 shows the size and PDI values of LP and NS with (loaded) or without drug (unloaded).  

Vesicles obtained through the TFH method showed larger average sizes than those obtained from the same 

formulations via the EI method (p < 0.05). In particular, vesicles obtained through TFH followed by the 

French Press step showed average sizes ranging from 249.2 nm to 757.7 nm and PDI values from 0.224 to 

0.315. The EI method provided vesicles with size ranging from 151.6 nm to 329.0 nm and PDI values from 

0.106 to 0.237. This result can be correlated to the intrinsic mechanisms of vesicle formation, involved in the 

different employed methods. As reported in literature, the TFH method usually yields large multilamellar 

vesicles, and their successive extrusion through the French Press provides a reduction in size and PDI 

[421,423]. It is worth pointing out that after this this step, extruded vesicles can still be larger than the filter's 

pore size, due to their reversible elastic deformation upon extrusion as previously reported [3940]. On the 

other hand, the EI method leads to the formation of smaller unilamellar vesicles following the addition of 

ethanol solution inside the aqueous phase [423] (see section 3.4). 

Regarding LP composition, it was possible to highlight that vesicles composed of EPC were characterized by 

a larger size with respect to vesicles based on SPC (p < 0.05). This behaviour can be linked to the lower 

purity (as previously indicated) of EPC, which could favour the formation of larger vesicles than SPC. 

Instead, as regards NS, the employment of Span 40 led to the formation of vesicles with lower size with 

respect to Span 60 (p < 0.05). This result can be attributed to the different chain length of surfactants: Span 

40, which possess a C16 alkyl chain determined the formation of smaller vesicles than Span 60 composed of 

C18 alkyl chain, according to previous studies [443,445]. Additionally, by comparing LP and NS it was 

possible to observe that NS were larger in size with respect to LP (p < 0.05), probably due to the different 

self-assembling of phosphatidylcholines and anionic surfactants and to the presence of a larger aqueous 

compartment in the case of NS. Finally, unloaded vesicles presented a lower size than the loaded ones (p < 

0.05), as a consequence of the presence of drug molecules inside the structures which determined an increase 

in their dimension [3725,465,476].  

Another important property of LP and NS is the superficial charge, which was determined through the 

measurement of ζ potential. It has been reported that ζ potential can impact on the vesicle ability to be 
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retained inside the skin as well as on their stability. Particularly, Gillet and co-workers reported that 

negatively charged nanosystems can greatly accumulated inside the skin with respect to neutral or positively 

charges ones [478]. Moreover, it has been widely recognized that ζ potential values lower than – 30 mV or 

higher than + 30 mV can limit vesicle aggregation, thus improving their stability [498]. Formulations 

obtained in this study showed ζ potential values which varied from -78 mV to -45 mV. The negative charge 

can be correlated to the presence of hydroxylic groups of cholesterol and surfactants (in the case of NS) and 

phosphate groups of phosphatidylcholine (in the case of LP), in agreement with previous findings 

[3725,5490,510]. Generally, vesicles obtained through TFH presented a more evident negative surface in 

comparison to vesicles obtained through EI, probably due to the different organization of hydrophilic portion 

in the bilayers during the production steps. Furthermore, LP composed of EPC showed a more negative ζ 

potential value (p < 0.05) with respect to vesicles based on SPC, due to the presence of fatty acids in the 

composition of EPC able to further reduce the surface charge. As regards NS, Span 60 provided the 

formation of vesicles with a less negative ζ potential values (p < 0.05) than Span 40, as consequence of the 

lower hydrophilic properties of Span 60 (HLB Span 40 = 7.6, HLB Span 60 = 4.7) which, according to other 

previous results, decreased the surface free energy of the surfactant [512]. 

Finally, in the presence of loaded vesicles an increase in ζ potential value was observed with respect to the 

unloaded ones (p < 0.05), probably due to the presence of positive charges of AZT (pKa = 8.5) at the 

experimental pH (7.4), which led to the formation of vesicles with a less negative surface charge [532]. 

 

3.3 Determination of encapsulation efficiency  

Encapsulation efficiency (EE%) is a key characterization parameter that demonstrates the vesicle’s capacity 

for drug encapsulation. The encapsulation efficiency was measured by exploiting three different techniques. 

Dialysis method allowed to measure the non-encapsulated AZT amount able to diffuse through the 

membrane and reach the external phase. Aliquots of the external phase were withdrawn after 2, 4, 6 and 24 h 

and results demonstrated that the AZT amount in the external phase did not change over the time. This 

method permitted to obtain results after 2 hours by consuming only a small amount of vesicle suspensions. 

The second method based on centrifugation provided the isolation of a supernatant consisting of free AZT, at 

the expense of using a higher amount of vesicle suspension (minimum of 10 ml with our instrumentation) 

with a consequent wastefulness of excipients and drug. The latter method allowed to isolate the free amount 

of drug by exploiting the filtration process through Vivaspin tubes; despite the possibility of using a small 

amount of vesicle suspensions (lower than 500 μl), this method was the most expensive among the three 

methods used for the determination of encapsulation efficiency because of the tube cost. However, when 

analysing the same samples with the different methods no differences were observed (p > 0.05). Figure 1 

shows the encapsulation efficiency values obtained with dialysis method. Vesicles obtained through TFH 

method were characterized by higher value of EE% with respect to vesicles obtained through EI (p < 0.05), 

suggesting that their multilamellarity (see section 3.4) might enhance drug incorporation. However, no 

significant difference was observed between EPC and SPC-based LP, as well as between Span 40 and Span 
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60 based NS (p > 0.05). Furthermore, LP tendentially allowed the encapsulation of a greater amount of drug 

with respect to NS (p < 0.05). This result can be probably attributed to the pore-formation characteristics in 

the bilayer of NS, in agreement with previous results [534]. In all cases, the inclusion of AZT inside LP and 

NS allowed to obtain vesicle suspensions with a final drug concentration equal to 3 mg/mL, thus achieving 

an increase of drug solubility (AZT solubility in water equal to 0.14 ± 0.02 mg/mL; [17]). The presence of a 

greater amount in the solubilized form represents an important advantage in order to reach the bioavailability 

of the drug at the target site and fulfil the therapeutic action [545].  

 

3.4 Morphology and Nanomechanics 

In order to evaluate vesicle morphology, we performed single-vesicleparticle AFM morphometric 

characterization [27] of loaded LP and NS (LP-EPC and NS-Span 40) obtained via both TFH and EI (Figure 

2). Although the resulting diameter distributions are non-normally distributed, comparing their averages ± 

standard deviations still allows performing a rough comparison between them. NS-Span 40-TFH and LP-

EPC-TFH were found to have average diameters of 187±107 and 197±155 nm, while NS-Span 40-EI and 

LP-EPC-EI showed averages of 107±43 and 100±87 nm. As expected, the size distributions of vesicles 

obtained via TFH show both larger diameters and higher variances with respect to those prepared by EI. The 

apparent discrepancy of all distributions being shifted to lower average values with respect to their 

counterparts listed in Table 1 can be reconciled by considering that geometrical particle sizes as measured 

via microscopy techniques such as AFM are almost always lower than hydrodynamic particle sizes obtained 

by PCS techniques. In contrast, we recently showed how, for several different classes of membranous 

particles, size distributions reconstructed with our AFM-based method are practically coincident with those 

obtained via cryogenic electron microscopy [28]. In addition, AFM morphometry was used to measure the 

vesicles’ average contact angle (CA), which is representative of their mechanical stiffness [26]. It is well 

known that multilamellar vesicles display higher mechanical stiffness than their unilamellar equivalents 

[556]. When compared to EI-derived samples, vesicles obtained via TFH yielded significatively broader CA 

distributions, even though the main modes of these distributions remained the same as the EI samples. This 

result suggests that the sharper EI distributions correspond to unilamellar vesicles, while TFH formulations 

comprise a mix of uni- and multilamellar vesicles, thus resulting in the observed higher variance of 

mechanical compliances. 

 

3.5 In vitro drug release studies 

Drug release from the different vesicles can be influenced by several parameters, like the presence of the 

different bilayers and the drug distribution inside the vesicle structure as well as the vesicle size and 

composition. Figure 3A and 3B show the in vitro drug release profiles obtained for the vesicles prepared 

through TFH and EI methods, respectively, compared with the control sample. Generally, all the developed 

vesicles determined the release of a lower amount of AZT with respect to the control (p < 0.05) over the 

time. This behaviour is obviously related to the different ability of drug to diffuse from the samples or 
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control towards the receptor compartment. Particularly, in the control AZT was completely dissolved and 

rapidly diffused through the membrane, reaching the maximum amount in the receptor compartment after 

180 minutes. On the other side, a controlled release of AZT was obtained in the case of LP and NS; this is 

strictly linked to the partition steps between the bilayers, to which the drug is subjected before reaching the 

receptor compartment. Moreover, vesicles obtained through EI method provided the release of a greater 

amount of AZT over the time with respect to vesicles prepared through TFH method (p < 0.05). Specifically, 

vesicles obtained through EI method allowed to reach the maximum amount of the released drug after 240 

minutes for NS-Span 60 and after 300 minutes for the other formulations. On the other side, vesicles 

prepared with TFH method showed a more sustained AZT release over the time, and only in the case of NS-

Span 60 the plateau was reached (after 300 minutes). This result can be correlated to 1) the higher size of 

vesicles obtained through TFH with respect to the corresponding formulations prepared by EI method, and 

consequently to their lower surface area able to limit the drug release [4039], 2) the higher multilamellarity 

of vesicles obtained through TFH method, which further limited AZT release; 3) the presence of a lower 

amount of free drug in vesicle suspension obtained through TFH with respect to than prepared with EI 

method (EE% of TFH-vesicles > EE% EI-vesicles). However, despite the differences in size between EPC 

and SPC based LP (size of EPC-LP > SPC-LP) or between Span 40 and Span 60 based NS (Span 60-NS > 

Span 40-NS), a different trend was observed. As regard LP, the presence of EPC provided the release of a 

higher amount of drug with respect to SPC (p < 0.05), probably due to the presence of impurities in EPC, 

like fatty acids, which could improve drug solubilization and its release. Furthermore, NS-Span 60 provided 

the release of a greater amount of drug with respect to NS-Span 40, probably due to the longer alkyl chain 

length of Span 60 able to promote the drug release [576]. Among all the formulations, NS-Span 40-TFH, LP-

EPC-TFH e LP-SPC-TFH guaranteed the most sustained release of AZT over the time. This aspect is of 

fundamental importance in order to reach adequate local concentration of the drug over the time and to 

facilitate a prolonged topical therapy [4039]. Lastly, these factors could consequently allow to reduce the 

dosage and the administration frequency, thus finally improving the efficacy of the treatment as well as the 

patient compliance [587].  

 

3.6 Vesicle physical stability 

Stability study was carried out by keeping the formulations at storage conditions (refrigerated temperature 

and room temperature) for 180 days. The effect of storage on size of LP and NS is reported in Figures 4 and 

5, respectively. For all the developed formulations (with except for LP-SPC), no variation in size and PDI 

was observed over the storage period (PDI data not shown). The maintenance of vesicle size during the 180 

days indicated the good stability of these formulations. Stability was guaranteed by the negative ζ potential 

values, which favour the electrostatic repulsion and consequently limit vesicle fusion or aggregation. In the 

case of LP-SPC, after 180 days an increase in size of 25 % and 15 % was observed for LP obtained with the 

TFH method and stored at +4-8 ° C and 25 °C, respectively; while for LP-SPC-EI the increase in size was 

equal to 99% and 70% at +4-8 °C and 25 °C, respectively. This result was probably attributed to the process 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



15 
 

of phospholipid hydrolysis and oxidation which were reported as the main causes of LP instability  [589]. 

Particularly, differently to EPC, which contains free unsaturated fatty acids able to reduce oxidation of 

phosphatidylcholine [6590], SPC presents a high percentage of L-α-phosphatidylcholine (not less than 94% 

of L-α-phosphatidylcholine) and probably it was more susceptible to hydrolysis and oxidation than EPC 

[610]. Furthermore, no significant sedimentation phenomena were observed in all the formulations during 

the storage period, with except for LP-SPC which presented sedimentation after 120 days of storage. Hence, 

further studies on LP-SPC were not performed. 

 

3.7 In Vitro Skin Permeation/Retention Studies 

In the field of skin disease treatment, one of the most remarkable challenges is to deliver sufficient 

concentration of drug to the target site in the skin and minimize at the same time the diffusion of the drug 

toward the systemic circulation. Hence, in vitro skin permeation/retention studies were carried out to 

evaluate the amount of AZT able to reach the receptor compartment or to be retained inside the skin. This 

kind of evaluation allows to predict the possibility to maintain the drug inside the skin and therefore to obtain 

an improvement of the treatment of skin infections.  

Several factors, like size, surface charge, composition of the vesicles as well as the drug release behaviour 

can influence drug retention and diffusion through the skin [398]. Our results demonstrated that after 6 hours 

from LP and NS application, no detectable amount of AZT was measured in the receptor compartment, while 

the control sample provided the diffusion of 8.79 ± 0.77% of the total amount of drug. Figure 6 shows the 

cumulative amount percentage, obtained after 24 hours from the application of the different formulations and 

the control, in the donor compartment, in the skin and in the receptor compartment. As can be seen, the 

control sample determined the presence of a greater amount of drug (67.51 ± 5.98 %) in the receptor 

compartment with respect to the other samples (p < 0.05). This result can be attributed to the release 

behaviour: samples, which determined the release of a greater amount of drug, were able to greatly promote 

drug diffusion across the skin. For the same reason, in the presence of vesicles obtained through TFH method 

a lower amount of AZT was found in the receptor compartment with respect to vesicles prepared with EI 

method (p < 0.05). Among all the formulations, LP-EPC-TFH and NS-Span 40-TFH provided the lowest 

drug permeation after 24 hours from the sample application (33.86 ± 4.52 % and 32.29 ± 1.66 %, 

respectively). This finding is of particular importance considering the need of reducing the drug systemic 

absorption, which represents a basic requirement for local treatment. In fact, for the treatment of skin 

diseases, it is more effective and safer to retain drugs deep in the skin than to favour their absorption into the 

blood circulation. Moreover, in the case of the administration of antibiotic molecules, the possibility of 

limiting the systemic exposure is another attractive point especially considering the increasing demand of 

restraining the antimicrobial resistance development. 

As regard drug retention inside the skin, AZT was greatly retained in the presence of all the formulations 

with respect to the control sample: this finding can be probably related to the release behaviour as well as to 

the presence of phospholipid or surfactants able to interact with the skin components and consequently to 
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favour drug accumulation [612,632]. Moreover, among all the formulations, LP-EPC-TFH and NS-Span 40-

TFH allowed to achieve the highest drug accumulation inside the skin (40.18 ± 3.41 % and 46.32 ± 2.78 %, 

respectively). This result can be also correlated to the ζ potential values of these formulations (-61.75 ± 1.75 

mV e -66.17 ± 2.08 mV, respectively) and was in agreement with previous findings. In fact, it has been 

recognized that vesicles with a negative ζ potential can improve the retention of drug [487]. Although 

promising results have been obtained in this study, future studies will be performed in order to evaluate the 

distribution of the formulations in the pig skin through fluorescence or confocal microscopy and to determine 

their efficacy on animal models. However, tThe possibility of reaching an improved drug accumulation 

inside the skin with the application of vesicle formulations represent an important advantage in the topical 

treatment of skin infections. In fact, this interesting property can overcome the major limit of topical 

administration of conventional dosage forms, that is a low drug retention at the infection site. Moreover, the 

long residence of drug in skin layers is desirable as it can ascertain depot formation, which can prolong drug 

action [587]. As consequence, all these aspects could permit to reduce drug dosage and administration 

frequency, thus increasing patient compliance and limiting the risk of antibiotic overuse.  

Results obtained from this study revealed that LP-EPC-TFH and NS-Span 40-TFH were able to better 

localize AZT in the skin and prevent AZT to escape to the receptor fluid and for this reason they were 

selected for further studies.  

 

3.8 Antimicrobial properties activity 

Free AZT, LP-EPC-TFH and NS-Span 40-TFH were tested towards S. aureus and C. acnes, as 

representatives of skin pathogens. For S. aureus, a reference strain (ATCC 29213) and antibiotic resistant 

clinical isolates (strains #7 and #83 are MRSA, strain #88 is resistant to aminoglycosides) were used. MIC 

values were determined at 24 h by microdilution assay and reported in Table 2.  

S. aureus MIC values are in accordance with previously reported data [17,634], confirming a slightly less 

susceptibility of clinical isolates with respect to reference strain ATCC 29213. When AZT was included in 

LP-EPC-TFH and NS-Span 40-TFH, two-fold MIC values were registered for S. aureus ATCC 29213 and S. 

aureus #7 (only for loaded LP-EPC-TFH), and four-fold MIC values were determined for S. aureus #83 and 

#88 clinical isolates. C. acnes BC106 displayed a MIC of 0.2 g/mL and, even for this bacterium, the 

formulation of AZT into LP-EPC-TFH and NS-Span 40-TFH vesicles led to increased MIC (two-fold). AZT 

antimicrobial activity vs S. aureus and C. acnes was thus retained, although the inclusion of AZT in LP-

EPC-TFH and NS-Span 40-TFH determined slightly increased MIC values. This result could be correlated to 

the in vitro release behaviour, in agreement with previous findings [64]. In fact, as previously described, the 

encapsulation of AZT in LP and NS determined a more sustained drug release than the control and for this 

reason a low amount of AZT was available to immediately act, thus getting slower their overall antimicrobial 

activity. Finally, MIC values of the selected formulations were maintained after the storage period of 180 

days at 4-8 °C, thus demonstrating that LP-EPC-TFH and NS-Span 40-TFH retained their antimicrobial 

activity upon storage. 
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To better characterize the antimicrobial properties of LP-EPC-TFH and NS-Span 40-TFH, their ability to 

interfere with bacterial biofilms was also investigated. Biofilm development inhibition was calculated and 

reported in Figure 7. Microbial biofilms represent a major issue in topic infections and heavily impact on 

health care system and social costs; thus, the efficacy of a drug, also included in a delivery system, on the 

development of microbial biofilms is of great importance and can represent an added value. Free AZT 

administered at doses corresponding to 2 x MIC values, reduced biofilm formation by 50.69% in average 

(range 38.43 - 62.74%), depending on the microbial strain. A complete abolishment of biofilm formation was 

never observed at the tested concentration of drug (2 x MIC), this behaviour is not surprising since biofilm 

susceptibility to antibiotics is expected to be lower than planktonic cultures, mainly due to limited drug 

diffusion and different metabolic state of adherent cells. Unloaded LP-EPC-TFH and NS-Span 40-TFH did 

not significantly reduce S. aureus and C. acnes biofilm formation; AZT-loaded LP-EPC-TFH and NS-Span 

40-TFH significantly inhibited bacterial biofilms and, their activity is comparable to the one of free AZT for 

all strains (p>0.05), except for  LP-EPC-TFH on S. aureus strain #83, for which the inclusion of AZT into 

LP slightly decreased its effect.  

 

3.9 Metabolic activity and cell viability in vitro assays  

To evaluate the safety of AZT-loaded formulations, in vitro assays were performed to assesassess both 

metabolic activity and cell viability of primary fibroblasts after AZT, LP-EPC-TFH and NS-Span 40-TFH 

exposure. As shown in Figure 87, when fibroblasts were incubated for 24 hours with AZT solution (75, 30, 

8, or 4 µg/mL), LP-EPC-TFH or NS-Span 40-TFH (containing the same concentrations of AZT), no 

difference was observed in cell metabolism compared to untreated cells (CTR, positive metabolic control; p 

> 0.05). These data demonstrated that the selected formulations did not alter cell functionality, thus 

suggesting the absence of cytotoxic effects on cells, even when the highest concentrations of AZT were used. 

To strengthen these results, fibroblast viability was assessed by counting live and dead cells after 24 hours 

exposure to AZT alone, LP-EPC-TFH or NS-Span 40-TFH (30 µg/mL, selected drug concentration among 

all those tested since it was the first concentration higher than the MIC values measured in section 3.8). As 

shown in Table 3, Tthe percentage of living cells treated with AZT alone (96.12 ±1.03%), LP-EPC-TFH 

(97.81% ±0.11%) or NS-Span 40-TFH (97.34% ±0.51%) was comparable to that of untreated cells (97.05 

±0.57% CTR, positive viability control) confirming the safety of the selected formulations. 

 

Conclusions 

Currently, bacterial skin infections are classified among the most common infections in primary care, often 

leading to hospital admissions. Additionally, the rapid development of multi-drug resistant bacteria has 

determined a higher risk of invasive disease and failure of the treatment. Among skin infections, acne 

vulgaris represents a common skin condition, largely affecting adolescents and young adults, which have a 

negative effect on their self-esteem, mood and quality of life. In this context, effective strategies are urgently 

sought for limiting the widespread of bacterial skin infections. In the present study, for the first time AZT 
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based LP and NS were successfully prepared by employing two different manufacturing methods and several 

excipients and proposed for the treatment of skin infections and acne. Data allowed concluding that the 

preparation method as well as the composition influenced the functional properties of the vesicles. In 

general, vesicles obtained through TFH showed a larger size with respect to the vesicles obtained through EI 

method and determined a more sustained release of AZT. All the prepared vesicles presented a negative ζ 

potential, which assured their stability over the storage period. Among all the formulations, LP-EPC-TFH 

and NS-Span 40-TFH permitted to obtain the greatest accumulation of the drug inside the skin, determining 

at the same time the lowest drug absorption. They did not exhibit any cytotoxicity and retained antimicrobial 

activity. From all the mentioned characteristics, the selected formulations can be considered promising 

topical delivery nanosystems for AZT delivery, able to improve the treatment outcomes of bacterial skin 

infections and acne.  
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Figure 1. Encapsulation efficiency (EE%) values obtained for the different formulations. 

 

Figure 2: (A) representative AFM micrographs of NS-Span 40 (top row) and LP-EPC (bottom row) prepared 

via TFH (left column) and EI (right column). All images are 5x5 µm. (B) box plot of vesicle diameters, 

showing larger sizes and dispersions in TFH samples. (C) box plot of vesicle contact angles (proportional to 

mechanical stiffness), showing that TFH samples have similar median values but higher variances with 

respect to EI samples, suggesting an higher degree of multilamellarity. 

 

Figure 3. Cumulative drug amount (expressed as fractional amount Mt/M0, where Mt represents the amount 

of AZT released at each time and M0 the total AZT mass) released from vesicles obtained through TFH (A) 

and EI (B) methods and control plotted as a function of time. Data are expressed as means ± SD, n = 3. 

 

Figure 4. Size variation for loaded LP during 180 days of storage at +4–8 °C (A) and +25 °C (B). Data are 

expressed as means ± SD, n = 3. 

 

Figure 5. Size variation of loaded NS during 180 days of storage at +4–8 °C (A) and +25 °C (B). Data are 

expressed as means ± SD, n = 3. 

 

Figure 6. Percentage amount of AZT in the receptor compartment, within the skin and in the donor 

compartment obtained after 24 hours from the application of control, LP or NS. Data are expressed as means 

± SD, n = 5. 

 

Figure 7: Inhibition of biofilm formation exerted by AZT, unloaded LP-EPC-TFH (LP) and NS-Span 40-

TFH (NS), and loaded LP-EPC-TFH (LP-AZT) and NS-Span 40-TFH (NS-AZT), administered at 2 x MIC 

concentrations on S. aureus strains and C. acnes BC106. Biofilms were quantified by crystal violet (CV) 

staining and inhibition of biofilm formation was calculated with respect to untreated biofilms. Data are 

expressed as means ± SD, n = 4. * p<0.05 vs untreated biofilms. 

 

Figure 87: The metabolic activity of human primary fibroblast cells was measured in untreated (CTR, 

positive metabolic control) or in treated cells with AZT solution (75, 30, 8, or 4 μg/mL), LP-EPC-TFH or 

NS-Span 40-TFH (containing the same concentrations of AZT) for 24 hours using the Resazurin reduction-

based assay. Data are expressed as mean percentages of reduced Resazurin ± standard deviations (SD), n = 3.  
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Table 1. Size, PDI and ζ potential values of unloaded and loaded LP and NS. 

 

 
Size (nm) PDI ζ potential (mV) 

Unloaded Loaded Unloaded Loaded Unloaded Loaded 

LP-EPC-TFH 363.1 ± 21.7 456.7 ± 2.7 0.310 ± 0.017 0.315 ± 0.020 -66.5 ± 1.0 -61.8 ± 1.7 

LP-SPC-TFH 249.2 ± 22.9 311.7 ± 10.0 0.293 ± 0.015 0.311 ± 0.014 -51.1 ± 0.2 -52.0 ± 1.9 

LP-EPC-EI 180.2 ± 4.2 247.5 ± 1.3 0.154 ± 0.090 0.138 ± 0.089 -56.7 ± 1.4 -48.9 ± 0.1 

LP-SPC-EI 151.6 ± 3.3 176.9 ± 3.4 0.106 ± 0.011 0.153 ± 0.012 -48.9 ± 0.7 -45.1 ± 0.9 

NS-Span 40-TFH 549.8 ± 49.8 676.3 ± 21.1 0.315 ± 0.009 0.293 ± 0.053 -78.0 ± 1.8 -66.2 ± 2.1 

NS-Span 60-TFH 591.4 ± 55.1 757.7 ± 28.2 0.224 ± 0.047 0.307 ± 0.044 -67.5 ± 3.5 -58.2 ± 0.8 

NS-Span 40-EI 231.3 ± 5.9 299.6 ± 6.5 0.137 ± 0.019 0.175 ± 0.025 -67.5 ± 0.8 -60.3 ± 0.7 

NS-Span 60-EI 280.9 ± 1.0 329.0 ± 8.1 0.136 ± 0.024 0.237 ± 0.011 -52.8 ± 0.6 -45.4 ± 0.2 
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Table 2: MIC (g/mL) of free AZT and AZT-loaded vesicles. 

Bacterial strain AZT LP-EPC-TFH NS-Span 40-TFH 

S. aureus ATCC 29213 1 2 2 

S. aureus #7 4 8 15 

S. aureus #83 2 8 8 

S. aureus #88 2 8 8 

C. acnes BC106 0.2 0.5 0.5 
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Table 3: Cell viability of human primary fibroblast was assessed by counting live and dead cells after 24 

hours of treatment with AZT solution (30 μg/mL), LP-EPC-TFH or NS-Span 40-TFH (containing the same 

concentrations of AZT). Untreated cells (CTR) were used as a positive viability control. Data are expressed 

as mean percentages of living cells /total number of cells ± standard deviations (SD), n = 3 

 

Group % of living cells ÷ SD 

CTR 97.05 ± 0.57 

AZT 30 µg/mL 96.12 ± 1.03 

LP-EPC-THF 30 µg/mL 97.81 ± 0.11 

NS-Span 40-THF 30 µg/mL 97.34 ± 0.51 
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