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1. INTRODUCTION 

1.1. SKIN STRUCTURE  

The skin is the outermost epithelial tissue which forms an effective barrier between the body 

and the environment, preventing the invasion of pathogens and repelling chemical and 

physical aggressions, as well as avoiding the loss of water and solutes [1]. In addition, the 

skin has a role in homeostasis, regulating body temperature and blood pressure and acts as 

an important sensory organ [2]. Skin’s stratified structure is organised in three main layers: 

epidermis, dermis and subcutaneous tissue or hypodermis (Figure 1). 

 

Figure 1. Schematic representation of skin structure [3]. 

1.1.2. EPIDERMIS 

The epidermis is the outermost layer, exposed to the external environment. It is a stratified 

squamous keratinized epithelium, organized in different layers. Starting from the inside 

towards the surface of skin, these layers are: the stratum basale, stratum spinosum, stratum 

granulosum, stratum lucidum (not present in thin skin), and stratum corneum [4]. The 

principal cell type within the epidermis is the keratinocyte, and the different epidermal layers 

represent the differentiation of the keratinocytes proceeding from the deepest to the 

superficial layers [5]. During their differentiation, keratinocytes lose their nucleus and 

cytoplasmatic organelles, their cytoplasm becomes filled with keratin filaments and layers 
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of insoluble proteins and lipids are arranged on the inner surface of the plasma membrane to 

form a cornified lipid envelope [6].  

Other less-abundant and nonepithelial cells are the melanin-producing melanocytes, tactile 

Merkel cells and antigen-presenting Langerhans cells [4]. 

Stratum basale or stratum germinativum is composed of stem cells called basal cells, which 

divide to form keratinocytes then begin migrating superficially, contributing to epidermal 

renewal. Renewal of epidermis takes 15 to 30 days, and it is influenced by age, region of the 

body, and other factors [4]. The next layer is the stratum spinosum, the thickest layer of 

epidermis, whose name derives from the fact that keratinocytes in this layer form 

intercellular attachments via protein channels called desmosomes. The attachments are 

responsible for this layer’s spiny appearance beneath the microscope [5]. Cells contain 

nuclei, and the production of tonofilaments increases. These tonofilaments cluster together 

into bundles, forming tonofibrils as the cells migrate towards the surface [4]. Proceeding 

towards the surface we find the stratum granulosum, so called because of the keratohyalin 

granules visible in the cytoplasm [5]. These granules consist of filaggrin and other proteins 

related to the keratins of the tonofibrils. The cells are flattened and still have nuclei. In 

addition, small lamellar granules (lamellar bodies) are present in the cytoplasm, whose lipid 

content is released by exocytosis into the extracellular space. The lipids derived from the 

lamellar bodies are subsequently modified and rearranged into intercellular lamellae 

positioned approximately parallel to the cell surface [4,7]. The stratum lucidum, whose name 

derives by its translucent appearance under a microscope, is visible only in area of thick skin. 

It consists in a thin layer of extremely flat, highly refractive eosinophilic cells with thick cell 

membranes and rarely visible nuclei [4]. Finally, there is the stratum corneum, which, 

although only 10-15 cells deep, acts as the skin's primary barrier [2]. Here, keratinization is 

completed and cells, the so called “corneocytes”, are flat and anucleate; their cytoplasm is 

filled with keratin filaments and surrounded by a cornified envelope. Corneocytes are 

embedded in a hydrophobic matrix composed of a mixture of lipids (ceramides, free fatty 

acids, cholesterol and cholesterol esters) arranged in multiple lamellar layers. Its function is 

to counteract the loss of water and salts from the skin and avoid the penetration of 

hydrophilic substances [7]. The stratum corneum structure has been described as a brick wall 

in which the corneocytes represent the “bricks” in a matrix (or “mortar”) of intercellular 

lipids, and the desmosomes acts as molecular rivets between the cells [2]. Stratum corneum 

physical and biochemical properties enables it to protect the underlying living layers from 

chemical and physical injuries and attack by microorganisms. Additionally, these properties 
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permit selective absorption of compounds and the prevention of excessive loss of water from 

the body [6]. 

1.1.3. DERMIS 

The dermis lies between the epidermis and subcutaneous tissue. It is a layer of connective 

tissue that, unlike the epidermis, is highly vascularized and provided with a network of 

lymphatic vessels. Several structures and appendages are found or originate in this site, 

including hair follicles, nerve endings sweat and sebaceous glands [2]. The dermis is about 

2 – 5 mm in thickness and consists mainly of collagen and elastin fibrils that provide support 

and elasticity embedded within a mucopolysaccharide matrix. It can be divided in two 

indistinct layers: the superficial one is the papillary layer, and the deeper one is the reticular 

layer [4]. The primary cell type are fibroblasts, responsible for the synthesis and the renewal 

of extracellular matrix [7] but there are also mast cells involved in immune and inflammatory 

response, and melanocytes responsible for pigment production [2]. 

1.1.4. SUBCUTANEOUS TISSUE 

The subcutaneous tissue or hypodermis is the deepest layer, which in most cases consists 

largely of adipose tissue. It is attached to the deep fascia or periosteum and provides thermal 

insulation, protection from mechanical insults and acts as energy storage [4,7]. 

 

1.2. TOPICAL DRUG DELIVERY  

The topical application of substances on the surface of the skin for therapeutic purposes has 

a very ancient history. Nowadays, there is a very wide variety of products on the market for 

the topical application of active molecules designed to have a local or systemic action. 

Specifically, skin delivery can be classified into two types: dermal and transdermal drug 

delivery [8]. Dermal delivery involves administering a drug directly onto the skin, which is 

also the site of action, increasing the local concentration of the drug while reducing systemic 

undesired effects. In contrast, in the case of the transdermal delivery, the active compound 

is intended to reach the bloodstream and be absorbed and then exert a systemic activity. 

Dermal and transdermal ways of administration represent interesting alternatives to the 

conventional oral route. In fact, it is possible to avoid problems such as first-pass 

metabolism, adverse gastrointestinal environment, side effects and poor patient compliance, 

as well as allowing, in many cases, a prolonged release of the drug [2,9].  
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However, the skin, as an effective barrier, represents a challenge for scientists who work in 

the field of transdermal drug delivery. Precisely, stratum corneum is the main responsible 

for the barrier properties of human skin and for this reason limits drug transition through the 

skin [10,11]. Moreover, there are a number of physiological factors that can influence the 

characteristics of the skin barrier and thus its permeability. These include age, ethnicity, 

gender, anatomical site of application and skin disorders [2]. 

It is important to consider that, in order to reach the systemic circulation, it is sufficient for 

the active compound to reach the dermis, a richly vascularised area where most of the 

molecules that pass through the outer epidermis are rapidly diluted and transported away by 

the bloodstream. This washout allows to maintain a concentration gradient which represents 

the driving force for drug delivery through the skin [10]. 

1.2.1. ROUTES THROUGH THE EPIDERMIS 

A molecule applied to the skin surface has three main ways to cross the epidermis: through 

the skin appendages or across the continuous stratum corneum, which can occur via 

transcellular or intercellular route (Figure 2). 

 

Figure 2. Illustration of the three main pathways of active compounds through the epidermis: (a) 

intercellular route, (b) transcellular route and (c) appendageal/follicular route [12]. 

The appendageal route is based on crossing the epidermis via skin appendages such as hair 

follicles or sweat glands. In this case molecules will partition into sweat or sebum before 

diffusing against the outflow from the glands. Although this pathway represents a potential 

preferential route through the epidermis, sweat glands are filled with aqueous sweat and the 

follicular glands with lipoidal sebum; moreover, the area these structures occupy on the 
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surface of the skin is relatively small (0.1-1%). This route is particularly interesting for the 

delivery of nanosystems to hair follicles, where they could accumulate drugs and release 

them into the systemic bloodstream [8]. 

The transcellular route involves passing the molecule through the corneocytes of the stratum 

corneum. Specifically, it first requires the molecule to partition into the polar environment 

of the corneocytes, whose cytoplasm is filled with keratin. It then diffuses through them and 

partitions into the intercellular lipid bilayers. Therefore, crossing essentially requires a 

repeated partitioning between the polar environment of the corneocytes and the lipophilic 

domains surrounding the corneocytes [2,10].  

Lastly, the intercellular route requires the molecule to partition into the lipid bilayers of the 

extracellular domain between the corneocytes, and then diffuse via a tortuous direction 

across the mortar of the “brick wall” [10]. 

It must be taken into account that these pathways are not mutually exclusive, as most 

compounds likely penetrate the skin through a combination of these routes, with the 

contribution of each pathway depending on the physicochemical characteristics of the 

permeant molecule [2]. 

1.2.2. FACTORS AFFECTING THE PERMEATION 

The permeation process involves several stages: it begins with the release of the active 

molecule from the vehicle, followed by its diffusion through the stratum corneum. 

Subsequently, the molecule crosses the aqueous environment of the viable epidermis and can 

be absorbed into the blood circulation. Certainly, all of these steps are highly dependent on 

the solubility and diffusivity of the permeant within each environment. Additionally, as 

mentioned before, the characteristics and condition of the skin, including its hydration, can 

influence the ability of a molecule to be absorbed.  

Due to the predominantly hydrophobic nature of the stratum corneum, more lipophilic 

compounds are expected to cross it more easily than hydrophilic molecules. However, they 

may encounter difficulties in crossing the aqueous layers of the living epidermis or the 

hydrophilic domains of extracellular matrix of stratum corneum. Ideally, the partition 

coefficient (log P) should be in the range from 1 to 4, even if it is observed that some more 

lipophilic molecules, can also be effectively delivered [10]. 

Another relevant parameter is the size of the molecule. As a general principle, permeants 

selected for topical and transdermal administration generally tend to be less than 500 Da. 
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This “500 Dalton rule” is based on the fact that all common contact allergens and 

pharmacological compounds applied on the skin show a molecular weight under 500 Da 

[13]. 

In addition, drugs applied to the transdermal route of administration should have a melting 

point below 200 °C and not be irritating or immunogenic [14]. 

Hence the extent to which the transdermal route of administration is still prohibitive for 

many active molecules [15]. 

From a technological point of view, several strategies have been used to facilitate the 

penetration of an active compound across the skin barrier. These include not only traditional 

formulations like creams, ointments, or gels but also, for example, transdermal patches. 

Nevertheless, the active compunds that are appropriate for this type of administration must 

have a low molecular weight, be lipophilic, and be effective at low doses [15]. Moreover, 

there is a second generation of transdermal delivery systems which include the use of 

chemical penetration ehnancers or physical methods enhancing the skin permeability like 

iontophoresis and non-cavitational ultrasound. In addition, new transdermal technologies 

such as microneedles, thermoablation, microdermabrasion, electroporation and cavitational 

ultrasound have been developed [13,15]. 

However, although effective, many of these methods are still invasive as they are associated 

with skin irritation or pain, so they do not guarantee adequate patient acceptability [6]. For 

this reason, nanoparticulate drug delivery systems have shown great potential for dermal and 

transdermal drug delivery over the past years [8]. 

 

1.3. LIPID-BASED NANOSYSTEMS 

Nanotechnology-based products are becoming increasingly relevant in the medical field, 

both for diagnostic and therapeutic applications [16,17] due to their ability to improve 

bioavailability of drugs and enable the delivery of active compounds that would otherwise 

not be usable in therapy. They also offer the opportunity to reduce the invasiveness of certain 

treatments and minimise side effects [14]. In general, they represent innovative delivery 

systems designed to overcome the limitations associated to traditional pharmaceutical forms 

and make therapies more effective and acceptable to patients. 
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Nanocarriers employed for drug delivery include: polymer-based nanoparticles, solid 

nanoparticles (such as iron oxide, gold, silver and other metal-based nanoparticles), carbon-

based nanoparticles (i.e. carbon nanotubes), lipid-based nanoparticles, nanovesicles, 

nanoemulsions [17]. 

Among these, lipid-based nanosystems are of particular interest. First of all, because of their 

composition: essentially based on biocompatible and biodegradable lipids, they are able to 

prevent unwanted toxicity or accumulation phenomena. They also offer a number of 

advantages, including effectiveness in encapsulating lipophilic-poor soluble molecules as 

well as, in most cases, hydrophilic drugs. Besides, they are able to achieve a controlled 

release of the drug and to protect it against environmental degradation. Furthermore, the 

lipid composition is particularly suitable for topical application, due to its similarity to the 

intercellular lipids of the stratum corneum [6,11,18,19]. In addition, their occlusive effect 

increases the hydration and elasticity of the skin, facilitating drug permeation [8]. 

In addition, the use of natural, biocompatible and biodegradable lipids not only reduces the 

potential occurrence of adverse effects, but they can also be included in the “green 

economy”, a sustainable approach for both producers and consumers [18]. Moreover, the 

production methods generally do not involve the use of toxic organic solvents and high 

energy, in accordance with the intention of reducing energy consumption and making 

production more sustainable on an industrial level.  

Depending on the kind of nanosystem and its composition, it is possible to design lipid-based 

nanosystems to treat different skin disorders [8]. Specifically, lipid-based nanosystems 

comprise a wide variety of nanoplatforms, differing in composition and architecture, which 

are also closely dependent on the method of preparation. Particularly, lipid-core micelles, 

nanoemulsions, nanovesicles such as liposomes, transferosomes, ethosomes, 

transethosomes, or niosomes, and also nanoparticles, including solid lipid nanoaprticles, 

nanostructured lipid carriers, monoolein-based systems and cubosomes [13,18]. 

In the present doctorate project, three of these delivery systems were investigated more 

specifically: ethosomes, transethosomes and spongosomes.  

1.3.1. ETHOSOMES AND TRANSETHOSOMES 

Ethosomes (ET) are vesicular drug delivery systems which have been described for the first 

time by Touitou et al in 2000 [20] in order to overcome the limitations of conventional 

liposomes in delivering active compounds through the skin. Liposomes are nanovesicular 
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carriers typically composed of natural phospholipids such as lecithins, main constituent of 

most biological membranes, which have the ability to spontaneously self-assemble in 

aqueous media and to form bilayers delimiting aqueous compartments [11]. They have been 

extensively studied since the 1960s due to their advantageous characteristics for drug 

delivery. However, the potential of liposomes as a transdermal delivery system is limited by 

their inability to reach the deeper layers of the skin. In fact, the vesicles are supposed to 

remain relegated to the more superficial layers where, thanks to their affinity with the lipids 

of the stratum corneum, they can fuse and form a depot from which the active compounds 

are gradually released [19,21,22]. Some studies demonstrated that intact liposomes can reach 

the deeper layers only through skin appendages (hair follicles and sweat glands) [6,11]. 

Moreover, the use of liposomes is also limited by instability problems related to their 

constituents, which are based on phospholipids prone to oxidation and bilayer breakage, 

resulting in phase separation [13]. 

ET can therefore be considered as a second generation of liposomes, whose composition 

contains a high percentage of ethanol (20-45%), in addition to phospholipids and water. 

Ethanol exerts various effects on the physicochemical properties of ET: (i) it reduces vesicles 

size, (ii) it enhances the stability and flexibility with respect to classic liposomes, (iii) it 

increases the entrapment efficiency of both hydrophilic and lipophilic compounds, 

furthermore, (iv) it contributes to a negative surface charge to the system, preventing the 

vesicles aggregation and drug leakage [11,18,23]. The presence of ethanol is also crucial to 

allow penetration through the skin towards the deepest layers, not only because it greatly 

increases the flexibility and elasticity of the vesicles, as mentioned above, but also because 

of its well-known penetration enhancer behaviour, which synergizes that of phospholipids 

[12]. For these features, ET can be considered as transdermal vehicles, able to pass through 

stratum corneum and to reach the lower skin strata up to derma [13]. 

ET are effective in delivering both hydrophilic and lipophilic drugs under occlusive and non-

occlusive conditions. Regarding drug arrangement in the molecular ultrastructure, it is 

assumed that the hydrophilic active compounds remain within the aqueous core, while the 

amphiphilic and lipophilic ones interact and intercalate within the lipid bilayer [12,22] as 

shown in Figure 3. 

http://dx.doi.org/10.1016/j.ijpharm.2017.10.046


9 

 

 

Figure 3. Schematic representation of the ethosomal vesicle showing the arrangement of active 

compounds according to their characteristics. 

Transethosomes (TE) are a second generation of ET, first produced by Song et al. in 2012 

[24] to further increase the permeability of nanovesicles, combining the advantages of ET 

with those of transferosomes. In the case of TE, the composition is enriched by the presence 

of an edge activator which can further increase the penetration ability, making the vesicles 

even more malleable than ET [6]. Edge activators may be glycerol or surfactants, molecules 

capable of intercalating in the lipid bilayer of the vesicle and altering its packing. This results 

in variations in terms of size, permeability and flexibility of the nanovesicles, which may 

also depend on the nature as well as the concentration of the edge activator [24,25]. 

Figure 4 schematically shows the comparison between ET and TE. 

 

Figure 4. Schematic representation of ET and TE structure. 

The mechanism of ET and TE penetration through the skin is still being studied. As 

anticipated, a key role is certainly played by the synergism between ethanol and the 

phospholipids, both acting as penetration enhancers. Touitou and colleagues suggested a 

penetration mechanism in which ethanol first disrupts the organisation of stratum corneum 

lipids, increasing its fluidity and permeability. Thus, ethosomal nanovesicles, made flexible 
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by the presence of ethanol, are able to penetrate through the lipid bilayers of the stratum 

corneum. Finally, in the deeper skin layers, the release of the drug occurs, due to the fusion 

of the nanovesicles with the skin lipids [20]. 

Recent works by Costanzo et al. [26] and Sguizzato et al. [25] have shown that both ET and 

TE can be found intact within the cytoplasm of different cell types (i.e. fibroblast, 

keratinocytes, myoblasts), without alteration in cell organelles, confirming good 

biocompatibility. Moreover, nanovesicles were never observed inside endosomes, 

suggesting that the cellular uptake does not take place by endocitic process. Internalisation 

can be assumed to occur by virtue of the vesicles' affinity for the plasma membrane and the 

penetration enhancer action of ethanol, which is able to disorder the plasmalemma region 

making contact with the nanocarrier, allowing the passage inside the cytoplasm. 

Transmission electron microscopy images also showed how nanovesicles are degraded 

following physiological pathways and, above all, how TE undergo more rapid degradation 

than ET, evidenced by an accumulation of lipid droplets in the cytoplasm. This phenomenon 

is a consequence of the presence of the edge activator (Tween 80 in the case of the study), 

which significantly affects the packing of the bilayer, making it more susceptible to cellular 

elimination pathways. 

In addition, in recent work by Esposito et al. [27] ET and TE were tested through an ex vivo 

model consisting of human skin biopsies kept in a specific bioreactor able to maintain 

physiological conditions. Here again, the ability of the nanovesicles to penetrate through the 

skin is explained by virtue of their affinity for the intercellular lipids of the stratum corneum 

and the presence of ethanol, which makes them flexible and acts as a penetration enhancer. 

Entry into cells is hypothesised to occur by ethanol-mediated fusion. This study also 

evidenced the ability of ET to reach the deeper layers of the skin (papillary dermis) intact, 

while TE remained in the upper layers, probably undergoing faster degradation. Thus, the 

study showed that the ability to penetrate depends not only on the size and deformability of 

the nanoplatform, but also on its susceptibility to degradation pathways. Furthermore, it has 

been shown that nanovesicles cross the stratum corneum by the intercellular route and even 

penetrate the corneocytes, whereas the living layers of the epidermis are crossed mainly by 

the transcellular route. For this reason, the vesicles most susceptible to degradation are 

unable to reach the deep layers intact. 

In the light of these findings, it is clear that the choice of ET or TE as a vehicle for active 

compounds must depend on the type of skin pathology to be addressed [27]. 
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1.3.2. GLYCERYL MONOOLEATE LIQUID CRYSTALLINE PHASES – 

SPONGOSOMES 

Glyceril monooleate (GMO) is a biodegradable and non-toxic unsaturated monoglyceride, 

classified as GRAS (generally recognized as safe) and it is included in the FDA Inactive 

Ingredients Guide [28]. Its structure consists in a long hydrophobic chain with a cis double 

bond at carbon 9 attached to a glycerol backbone by an ester that forms a polar head group 

(Figure 5A). This gives to GMO amphiphilic properties that allow the molecules to self-

assemble in water into different liquid crystalline structures under varying conditions of 

temperature and concentration, known as “thermotropic” and “lyotropic” phases, 

respectively [29]. This aggregation is driven by the hydrophobic effect, which acts to 

minimise the interface between the hydrocarbon tails of the amphiphile and water [28,29]. 

In particular, once the concentration is equal to or greater than the critical micellar 

concentration, and the temperature is greater than the critical micellar temperature, 

amphiphilic molecules aggregate in water and give rise to micelles, spherical aggregates. 

[29]. As the concentration increases, more complex and ordered three-dimensional structures 

can be originated [30]. 

An important parameter influencing the formation of certain structures is the shape of the 

amphiphilic molecule which can be qualitatively described by the critical packing parameter 

(CPP). In the case of GMO, the cis double bond at the 9,10 position increases the steric 

hindrance of the hydrocarbon tail, leading to the formation of inverse micelles where the 

CPP value is above 1 [29]. 

 

 

Figure 5. GMO chemical structure (A) and sponge L3 phase schematic representation (B). 

In general, all of the lyotropic phases consist in three-dimensional assemblies in which lipid 

bilayers separate aqueous compartments in an ordered organisation that may be of varying 

complexity. Specifically, in the presence of water, the main lyotropic phases that an 

A B 



12 

 

amphiphilic molecule, like GMO, can originate are: lamellar (L), hexagonal (H) and cubic 

(Q) phases [31]. In addition, it is possible to find other two mesophases, such as sponge 

phase and ribbon phase [31]. 

Lipid polymorphism is of particular interest in a variety of different fields, from scientific to 

technological [29,31]. In particular, in recent years, liquid crystalline lyotropic phases have 

received particular attention for their excellent potential as drug vehicles due to their 

advanced characteristics, mainly associated with their well-organised and stable internal 

crystal structure, and have accordingly been studied as drug delivery systems for various 

routes of administration, including parenteral, oral, topical and transdermal route [30,31]. 

Their potential as drug delivery systems is also associated to their biocompatibility and 

biodegradability, efficacy in encapsulation of both hydrophilic and hydrophobic molecules, 

ability to control drug release, capability to protect the active compound against degradation 

and to improve its bioavailability, high versatility and easy and economic manufacture 

[31,32]. In this context, GMO is actually the most widely used lipid for the preparation of 

lyotropic liquid crystals for drug delivery [31]. 

Another advantage regards topical and transdermal administration. In fact, lyotropic phases 

are particularly suitable for topical administration of drugs both because of their structural 

similarity stratum corneum lamellar lipidic structure, but also because of the penetration 

enhancer activity of GMO [32,33]. Precisely, GMO is supposed to generate a temporary and 

reversible disruption of the lamellar structure of the intercellular lipids of the stratum 

corneum and, in this way, increasing intercellular lipid fluidity [28,34]. 

As mentioned before, the internal organization of lyotropic liquid crystalline phases allow 

the efficient solubilization of drugs with different polarities. Usually, hydrophilic drugs 

arrange themself in close proximity to the polar head groups or within the aqueous channel 

of a lipid bilayer. Conversely, lipophilic drugs are sequestered within the lipid bilayer itself, 

while amphiphilic drugs are preferentially located at the interface between the polar head 

groups and the lipid layer [30]. 

When lyotropic phases are dispersed in water, it is possible to originate liquid crystalline 

nanodispersions. In particular: lamellar phase gives rise to liposomes, whereas cubic phase 

and hexagonal phase maintain their integrity, forming cubosomes or hexosomes respectively 

[31]. Such colloidal dispersions can be prepared by homogenisation and/or the addition of 

stabilising surfactants, which enable the fragmentation and steric stabilisation of the bulk 

lyotropic phase into colloidal nanostructures and help prevent aggregation phenomena 

https://doi.org/10.1016/j.cis.2023.102867
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[30,34]. In general, colloidal dispersions of lyotropic liquid crystalline phases possess 

advantages over bulk forms. Firstly, because they have a lower viscosity that ensures flexible 

preparation and handling, but also because they can be easily functionalized on the surface 

[34]. All this while maintaining the advantages conferred by an orderly internal organisation, 

including high loading capacity, control over the release of the active compound, increased 

drug bioavailability, etc. Even in the context of topical application, liquid crystalline 

nanodispersions retain the advantages of the bulk forms previously mentioned, to which 

greater skin hydration is added [34]. For this reason, they are widely studied and described 

in the literature as drug delivery systems for the treatment of various skin diseases [34]. 

In the present doctorate project, the liquid crystalline lyotropic phase referred to as “sponge 

phase” or “L3” has been investigated more deeply. Sponge phase is a bicontinuous and 

disordered cubic phase formed by a bicontinuous 3D network of lipid bilayers highly 

interconnected (Figure 5B). This phase is less ordered and more fluid with respect to cubic 

phases [29,31]. The colloidal dispersion of this lyotropic phase can be defined as 

“spongosomes” and represents an interesting drug delivery system, which has not yet been 

much investigated. 

 

1.4. PHYTOCOMPOUNDS FOR SKIN DISEASES 

Nature is an almost inexhaustible source of active molecules of potential interest in both 

therapeutic and cosmetic fields. Plants, in particular, represent a very rich resource of 

bioactives, usually produced as secondary metabolites to protect against adverse 

environmental conditions.  

Also to be taken into account is that many of these bioactive molecules are often located in 

parts of the plant representing waste for the agro-food or textile industry. For this reason, the 

recovery of these resources could be an advantage not only to ensure greater sustainability 

of the production process, but also to identify new compounds of therapeutic interest. 

Among the innumerable phytocompounds, carotenoids, vitamins, polyphenols, flavonoids, 

stilbenes etc. possess healthy properties [6,23]. Indeed, these molecules are usually 

characterised by multiple biological activities, including antioxidant, anti-inflammatory and 

antimicrobial, and may represent interesting alternatives to synthetic molecules, often 

associated with undesired side effects, for the prevention or treatment of dermatological 

conditions. 

https://doi.org/10.3390/ph15040429
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However, despite their high therapeutic potential, many of these bioactives cannot be 

employed due to their poor bioavailability, usually associated with reduced solubility and 

rapid metabolic degradation [6]. In addition, such molecules are often highly susceptible to 

degradation by external agents such as light, oxygen and high temperature, representing 

drawbacks for storage and even for the preparation of a medicinal formulation. Of course, 

all of these factors also affect their possible application for dermatological conditions. 

Specifically, the lipophilic nature of most of these natural compounds, added to the intricate 

structure of the skin barrier, hampers their delivery through the epidermis [6]. 

In order to overcome these problems, lipid-based delivery systems may represent a viable 

strategy. In fact, on the one hand they are able to optimise adverse chemical-physical 

characteristics of natural active compounds, such as solubility and biological stability. On 

the other hand, they can promote their bioavailability while enhancing their biological 

activity [35]. In the literature, numerous examples of the use of these nanotechnologies can 

be find, as a tool for natural active compounds delivery to treat various skin diseases and 

cosmetic issues [6,13,35,36]. 

In the present doctorate project, the following active molecules will be examined: curcumin, 

piperine, gossypin and genistein, in order to assess their potential for the treatment or 

prevention of skin disorders, once trapped in an appropriate drug delivery system. 

1.4.1. CURCUMIN 

Curcumin (CUR) is the main active component that can be found in the rhizome of Curcuma 

longa (Turmeric) and in other Curcuma spp. Turmeric has an ancient history of use in 

traditional Oriental medicine, particularly in Indian Ayurvedic medicine, for both topical and 

oral use to counteract a wide variety of disorders [37,38]. Nowadays, CUR is still widely 

studied for its numerous therapeutic properties, mainly related to its antioxidant and anti-

inflammatory action. Moreover, it is marketed in several countries, inside a variety of 

different products, from the food to the cosmetics industry, not only for its medicinal 

properties but also as a preservative or colouring agent [39,40]. It has been approved by the 

US Food and Drug Administration (USFDA) as GRAS [40]. 

CUR is a low molecular-weight polyphenol, first chemically characterized in 1910, with the 

molecular formula of C21H20O6 (Figure 6). It has a molecular weight of 368.37 and a melting 

point of 183 °C. The log P is estimated to be 3.29. CUR is relatively insoluble in water, but 

dissolves in acetone, dimethylsulphoxide and ethanol and belongs to the Biopharmaceutical 

Classification System (BCS) class 2. 

https://doi.org/10.1146/annurev-food-072023-034528
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CUR is a bis-α,β-unsaturated β-diketone and exists in two tautomeric forms: keto and enol. 

In acidic conditions (pH 3-7), the keto form predominates, while in basic environment (pH 

> 8) CUR exists mainly in enol form. In acidic environment, CUR acts as a strong H-atom 

donor, because keto form dominates and the heptadienone linkage between the two 

methoxyphenol rings contains a highly activated carbon atom, so the C–H carbon bonds on 

this carbon are very weak due to delocalisation of the unpaired electron on the adjacent 

oxygens [37,41]. Beside this, in enol form, prevalent in basic environment, CUR acts mainly 

as an electron donor but it is also more susceptible to degradation. Moreover, CUR is also 

found to degrade when exposed to UV-visible light [37]. 

 

Figure 6. CUR chemical structure. 

CUR has been shown to exert a wide range of therapeutical properties, mainly associated to 

its antioxidant and anti-inflammatory activity [40]. 

CUR antioxidant activity is carried out by several different mechanisms. At first, it acts 

directly as a radical scavenger, neutralizing both reactive oxygen and nitrogen species (ROS 

and RNS, respectively) and being able to protect biological membranes against peroxidative 

damage [40,42]. Besides, CUR can modulate the activity of catalase (CAT), glutathione 

peroxidase (GSH), and superoxide dismutase (SOD) enzymes which are active in the 

neutralization of free radicals; moreover, it can inhibit enzymes such as lipoxygenase (LOX) 

and cyclooxygenase (COX) and xanthine hydrogenase/oxidase which are often involved in 

ROS generating mechanisms [40]. Moreover, it is worth mentioning that among CUR 

products of degradation there are ferulic acid and vannilin which are well known for their 

antioxidant activity [42]. 

CUR possesses an anti-inflammatory activity because it is involved in the inhibition of 

induction of COX, LOX, and inducible nitric oxide synthase (iNOS) enzymes, consequently 

also the production of inflammatory mediators, and is also implicated in the suppression of 

nuclear factor (NF)-kB and tumor necrosis factor (TNF) [42].  

Interference in these pathways also determines CUR’s anti-cancer action and also 

effectiveness against other inflammatory-mediated diseases. In particular, CUR has also 

shown potential for the treatment of atherosclerosis, neurodegenerative diseases, HIV, liver 



16 

 

fibrosis, diabetes, metabolic syndrome, anxiety, infections and autoimmune diseases like 

rheumatoid arthritis [38,40,42]. 

Regarding skin conditions, CUR resulted to be effective for the treatment of atopic and 

iatrogenic dermatitis, wound care, acne, pruritus, psoriasis, skin aging, skin cancer and 

infections [38,43]. Therefore, its topical use for the treatment of dermatological/cosmetic 

disorders is particularly promising. 

The main disadvantage of CUR use is associated with its poor solubility and bioavailability, 

which hinders its possible therapeutic application. Numerous papers in literature suggest that 

CUR possesses low absorption, biodistribution and rapid metabolism and elimination 

[39,40]. For this reason, cur has been the subject of several studies concerning its possible 

delivery through suitable drug delivery systems [43]. 

1.4.2. PIPERINE 

Piperine (PIP) is an alkaloid (Figure 7) that can be isolated from several members of the 

Piperaceae family, including P. nigrum (black pepper), a commonly used spice. This plant 

contains 2-7.4% PIP, which is responsible for the characteristic sharp flavour and numerous 

health benefits [44]. In fact, due to the pharmacological effects of PIP, the plants of 

Piperaceae family have been used in traditional Ayurvedic medicine (in a formulation 

known as “Trikatu”, consisting of black pepper, long pepper and ginger) to treat 

gastrointestinal disorders and improve digestion [45,46]. Moreover, this kind of plant was 

also employed for the alleviation of several other illnesses as antiseptic, diuretic, 

antibacterial and insecticidal [44,46]. 

 

Figure 7. PIP chemical structure. 

PIP was first isolated by Hans Christian Ørsted in 1819 and its chemical formula is 

C17H19NO3 [46]. Molecular weight is 285.34 g/mol and it has the melting point of 128–130 

°C. The log P value is 2.78 and it has poor solubility in water. According to FDA, PIP 

classified as GRAS [47]. 

https://doi.org/10.1016/j.hsr.2023.100138
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Today, PIP is studied for its numerous therapeutic effects, which include: hepatoprotective, 

anti-diarrheal, antidepressant, immunomodulatory, analgesic, antioxidant, anticancer, 

antidiabetic, anti-obesity, cardioprotective, antiaging, antimicrobial, anti-inflammatory and 

anti-allergic [44,46]. 

In addition, PIP has been shown to increase the bioavailability of several co-administered 

drugs, including curcumin [45,46]. In particular, the bioenhancer behaviour of PIP is 

associated to several different mechanisms including inhibition of many enzymes involved 

in metabolism of xenobiotics such as many cytochrome P450 isoforms, hepatic 

arylhydrocarbon hydroxylse and UDP-glucuronyltransferase [45,48]. Furthermore, it 

inhibits p-glycoprotein efflux pump, preventing the elimination of drugs from several 

tissues, it reduces glucuronic acid intestinal production and stimulates the absorption by 

amino acid transporters [45,48]. PIP acts also indirectly by increasing intestinal blood 

supply, reducing acid secretion, improving emulsifying content of the gut and stimulating 

enzymes like gamma-glutamyl transpeptidase involved in transportation of nutrients to the 

intestinal cells [45]. 

Concerning skin application, PIP has also proven effective in treating inflammatory skin 

diseases, such as psoriasis [49] and it is also described in the literature as a natural penetration 

enhancer [50].  

Despite its potential, the use of PIP in therapy is still limited by its low solubility and 

systemic absorption, in fact it belongs to class 2 of BCS [47]. In order to solve those 

drawbacks, many studies in literature describe the possibility to deliver PIP through 

innovative nanotechnological systems [47]. 

1.4.3. GOSSYPIN 

Gossypin (GOS) is a flavanol glucoside (Figure 8) which can be found in roots and flowers 

of several hibiscus species, belonging to the Malvaceae family, including H. esculentus, H. 

vitifolius, and G. indicum.  

GOS molecular formula is C21H20O13, molecular weight is 480.4 g/mol and melting point is 

229-230 °C. The presence of glucose makes the molecule soluble in water [51]. 



18 

 

 

Figure 8. GOS chemical structure. 

Nowadays GOS is employed in the chemical industry as a colourant in soaps, cosmetics, as 

well as dyes; and as insecticide and antioxidant [51].  

Derived from traditional Chinese medicine, GOS has recently received extensive attention 

from researchers due to its wide range of therapeutical properties [52]. In particular, its 

therapeutical activities include: anti-diabetic, anti-inflammatory, antiviral, anti-allergic, 

effect on the cardiovascular system, central nervous system and gastrointestinal system, to 

which an antioxidant and anti-proliferative/anti-tumor power is added [51,52].  

Antioxidant activity is associated to the radical scavenger action of GOS, as well as its ability 

to promote endogenous antioxidant systems levels (like SOD, CAT and glutathione) and 

counteract lipid peroxidation events [52].  

On the other hand, the antitumour action is associated with GOS's ability to arrest the cell 

cycle and inhibit proliferation by intervening in a number of different pathways, including 

inhibition of NF-kB and TNF-induced matrix-metalloproteinase-9 (MMP9) expression [52]. 

In this context, GOS has been studied for the treatment of melanoma, the most aggressive 

and metastatic form of skin cancer [53,54]. However, in order to reach the deeper skin layers, 

as required for the treatment of this type of disease, encapsulation in an appropriate drug 

delivery system is necessary. 

1.4.4. GENISTEIN 

Genistein (GEN) is an isoflavone (Figure 9) which has been firstly identified in Genista 

tinctoria L., from which its name is derived, but we can also find it in a wide variety of 

plants, including legumes, alfalfa and clover sprouts, cauliflower, broccoli, sunflower, 

barley, caraway and clover seeds. However, the main source of GEN is soybean [55].  

GEN, whose molecular formula is C15H10O5, has a molecular weight of 270.24 g/mol, 

melting point at 301.5 °C and log P value is 3.04, in fact is categorized as slightly soluble in 

https://doi.org/10.1155/2021/3268136
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water [56]. In nature it is mainly found in its glycosylated form, (genistin) which is converted 

to the aglyconic form in the intestinal microbiota [57,58]. 

 

Figure 9. GEN chemical structure. 

Regarding its biological activities, as an isoflavone, GEN is capable of exerting an estrogen-

like action, due to the structural similarity with 17β-estradiol. Specifically, carbons 4 and 7 

on GEN phenol rings are similar in structure and functionality to the phenol groups on 17β-

estradiol, and this makes the isoflavone able to bind both α and β estrogen receptor isoforms. 

In addition, endocrine effects of genistein can be also associated to its main metabolite (-)-

(S)-equol, a phytoestrogen generated by intestinal microbiota metabolism [55]. For those 

properties, GEN has been used as an alternative treatment for menopausal syndrome [59]. 

GEN biological activities, nevertheless, are not limited to this. Numerous studies have 

highlighted its antioxidant, anti-inflammatory, antimicrobial properties and pharmacological 

activities on diabetes and lipid metabolism [55]. 

About its antioxidant activity, several studies have highlighted the in vitro antioxidant power 

of GEN, even referred to other isoflavones [57,58]. Its action is essentially related to the 

polyphenolic structure of isoflavones, which can act as radical scavengers by donating 

hydrogen atoms and are also able to chelate metal ions [57]. Particularly relevant for the 

antioxidant activity are the hydroxyl group on C-4', of moderate importance that on C-5 and 

of negligible importance that on C-7, which could also be replaced by a glucose molecule. 

[57]. 

Additionally, GEN is widely studied for its chemopreventive and anti-cancer action, exerted 

through different pathways. It particular, GEN demonstrated a preclinical efficacy against 

various types of cancer including breast and lung cancers; brain tumors like neuroblastoma, 

pituitary cancer, glioblastoma; gastrointestinal cancers like pancreatic, colon, liver, gastric, 

esophageal, salivary gland and colon cancers, but also urinary tract and genitals cancers 

including kidney, prostate, uterine, ovarian and testicular cancers and also bone and skin 

cancers [55].  

https://doi.org/10.1155/2021/3268136
https://doi.org/10.1155/2021/3268136
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GEN exerts also a number of protective actions on the skin including: protection from the 

effects of UV radiation [59], antiaging effect, antioxidant action and stimulation of collagen 

synthesis [56]. 

Notwithstanding its high potential, GEN exhibits poor bioavailability, mainly due to its low 

solubility and rapid metabolic degradation. This obviously represents an obstacle to its 

therapeutic application both for systemic and topical use. For this reason, GEN represents 

the subject of numerous studies concerning its possible delivery through nanotechnological 

systems, whether polymeric, metallic or lipidic in nature, also with a purpose to promoting 

its bioavailability and permeation through the skin [56]. 

  

https://doi.org/10.1007/s12668-023-01118-w
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2. AIM AND ORGANIZATION OF THE THESIS 

The aim of the present doctorate project was to study innovative nanosystems for the 

delivery of active molecules through the skin for the treatment of dermatological and 

cosmetic conditions, by virtue of the advantages offered by the topical route of 

administration. In particular, the focus is centred on active compounds of plant origin, known 

for their several therapeutic properties but also for their poor bioavailability. Therefore, the 

goal is to exploit the potential of lipid-based delivery systems to enable their topical 

application and enhance their action, while ensuring safety and biocompatibility.  

Furthermore, one of the objectives of the research is to ensure the sustainability of the 

finished product as much as possible, in line with the principles of green chemistry. This was 

realised by selecting methodologies for the production of formulations that do not require 

the use of toxic organic solvents and high energy levels as well as excipients of natural origin. 

Also to be taken into account is that the choice of investigating active principles of plant 

origin appears attractive for two main reasons. The first concerns the need to find new 

therapeutic alternatives to synthetic molecules, which are often associated with resistance 

phenomena or toxicity. The second involves the possibility of establishing a connection 

between the agri-food chain and the pharmaceutical industry through the use of plants as raw 

materials from which to obtain active compounds, in line with principles of circular 

economy.  

The thesis is divided into 10 main chapters. After an introduction (chapter 1) focusing on the 

objectives and subjects of the research, the following chapters go into the merits of the 

experimental activity that has been undertaken. In particular, the research was divided into 

4 main projects, each one with specific purposes.  

Project 1 (chapter 5) describes the production and characterisation of ET separately loaded 

with CUR and PIP for their possible application in the prevention of skin damage caused by 

environmental pollutants, particularly diesel engine exhaust. The possible association of the 

two formulations (i.e. ET-CUR and ET-PIP) was investigated in vitro by antioxidant activity 

test. Moreover, biological activity was evaluated using an ex vivo model consisting of human 

skin biopsies that were exposed to diesel engine exhaust. A patch test was also performed on 

human volunteers to assess any irritation on the skin. 

Project 2 (chapter 6) can be seen as a continuation of the previous one, since here again the 

aim is the use of CUR and PIP in the prevention of skin damage caused by exposure to 
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pollutants. However, in this case it was possible to produce and study the combination of the 

two drugs in a single nanoplatform based on GMO: spongosomes. First, a preformulatory 

study was carried out, in which a new preparation method to produce GMO dispersions was 

developed and the optimal formulation composition was selected. Then, formulations 

containing CUR and PIP, both separately and in combination in two different ratios, were 

produced and characterized. Finally, their activity was evaluated again employing an ex vivo 

model consisting of human skin biopsies exposed to diesel engine exhaust. 

Project 3 (chapter 7) describes the production and characterisation of ET-gel formulation for 

the delivery of GOS, intended for the treatment of cutaneous melanoma. One of the 

objectives of the work was to investigate the method of ET preparation. Precisely, two 

different methods were compared: ethanol injection and water injection, in order to 

determine which would lead to the best formulation characteristics. ET dispersions were 

gelified using xanthan gum (X-Gum), whose percentage was selected by means of 

spreadability and leackage test. The antioxidant activity of gelified and non-gelified 

formulations was tested in vitro and their potentiality for melanoma treatment was evaluated 

on A375 melanoma cell line.  

Project 4 (chapter 8) aimed at the delivery of GEN, a promising photo- and chemo-

preventive agent intended for the protection against UV-induced skin disorders, particularly 

non-melanoma skin cancers. A preformulatory study was performed in order to identify the 

best vesicular vehicle (between ET and TE) and method of preparation. The selected 

formulation for GEN loading (i.e. TE) was characterised and its stability was evaluated in 

90 days of storage. Subsequently, in order to facilitate its possible skin application, it was 

gelified with X-Gum. TE-gels, loaded and unloaded with GEN, were characterized and their 

antioxidant activity was assessed in vitro. Finally, patch test and tape stripping evaluations 

were executed on human volunteers, comparing vesicular gel formulation with plain X-Gum 

GEN gel. 

In the end, chapter 9 reports the main conclusions and future perspectives concerning this 

research. 
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3. MATERIALS  

3.1 ACTIVE COMPOUNDS 

Curcumin (purity grade 94%) and piperine (purity grade 97%) were purchased from Merck 

Life Science S.r.l. (Milan, Italy). Gossypin (purity grade ≥ 95%) and Genistein (purity ≥ 

98%) were purchased by Cayman Chemical Company. 

 

3.2 EXCIPIENTS 

The soybean lecithin (PC) (purity 92%) Epikuron 200 was purchased from Lucas Meyer 

(Hamburg, Germany) and employed in Project 1, while in Project 3 and Project 4 

phosphatidilcholyne from soybean (PC) (purity 94%), acquired by A.C.E.F. Spa was 

employed. Glyceryl monooleate (GMO) was acquired from Ataman Chemicals (Instanbul, 

Turkey). Polysorbate 80 (polyoxyethylene sorbitan monooleate, Tween 80, TW80), sodium 

cholate hydrate (NaChol), casein sodium salt from bovine milk (NaCas) and xanthan gum 

(X-Gum) were bought from Merck Life Science S.r.l. (Milan, Italy).  

 

3.3 OTHERS 

Polytetrafluoroethylene (PTFE, Whatman®, Seoul, Republic of Korea) (pore size 0.2 µm), 

Nylon membranes (pore size 0.2 µm) and ® STRAT-M® membranes were purchased from 

Merck Life Science S.r.l. (Milan, Italy). Solvents were of an HPLC grade, and all other 

chemicals were of an analytical grade. 
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4. METHODS 

4.1 NANOSYSTEMS PRODUCTION 

4.1.1 PREPARATION OF ETHOSOMES AND TRANSETHOSOMES 

Two different approaches for the preparation of ET and TE were studied, specifically "water 

injection" method and "ethanol injection" method.  

Water injection method 

Water injection method is based on the gradual addition of bidistilled water to an ethanolic 

solution of PC kept under magnetic stirring. Such a method had previously been developed 

by our research group [25,60,61] both for ET and TE preparation. In specific, PC solution is 

prepared in advance by solubilizing the lipid in ethanol at room temperature through 

magnetic stirring (IKA RCT basic, IKA®-Werke® GmbH and Co. KG, Staufen, Germany) 

to a final concentration of 30 mg/mL. In the case of TE, TW80, selected as edge activator, 

is added to the PC-ethanol solution in a concentration of 10 mg/mL by solubilization at room 

temperature.  

The addition of water was performed drop by drop, continuously, on the ethanolic solution 

kept under magnetic stirring at 750 rpm up to a final 70:30 (v/v) water/ethanol ratio. 

Subsequently, the stirring was kept for 30 minutes. All steps were carried out at room 

temperature.  

Drug-loaded formulations were prepared by the previous solubilization of the active 

compound in the ethanolic solution. In the case of photosensitive compounds, the 

preparation was carried out in the dark.  

Ethanol injection method 

Ethanol injection methodology differs from the previous one by reversing the mixing mode 

of the two phases. In specific, the PC-ethanol solution (30 mg/mL), eventually added of 

TW80 in the case of TE, was gradually added to the bidistilled water kept under magnetic 

stirring at 750 rpm, and once the addition was completed, the magnetic stirring was 

maintained for 30 minutes. Final water/ethanol ratio was always 70:30 (v/v). Entire 

procedure was conducted at room temperature. As previously described, drug-loaded 

formulations were prepared by the previous solubilization of the active compound in the 

ethanolic solution, and eventually performing the preparation protected from light. 
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4.1.2 GELS PREPARATION 

Preparation of ET/TE gels 

ET and TE vesicular dispersions were gelified using X-Gum. Precisely, one day after the 

preparation, ET or TE (loaded or unloaded with drugs), were viscosified by direct addition 

of X-Gum to the dispersion kept under magnetic stirring. In order to avoid lump formation, 

the addition was performed gradually and stirring was mantained until the system became 

uniform. Different concentrations of X-Gum were studied (i.e. 0.5, 0.75 and 1% w/w) both 

for ET and TE gelification. All of the steps were conducted at room temperature and 

protected from light in case of drug-loaded formulations. 

Preparation of GEN gel 

In the case of Project 4, a GEN X-Gum-gel was prepared as comparison with TE-gel 

formulation for in vivo tests. This gel was obtained by dispersion of the drug in water 

followed by the addition of X-Gum under magnetic stirring. Agitation was maintained until 

complete dispersion of the polysaccharide. The gel was prepared at room temperature and 

protected from light. 

4.1.3 PREPARATION OF SPONGOSOMES 

Preparation of spongosomes was performed by new method consisting on thin-film 

hydration followed by homogenization. First step consisted on GMO and NaChol 

solubilization in ethanol at room temperature. Subsequently ethanol was evaporated using 

rotavapor (Heidolf vv2000, Schwabach, Germany) at 60° C of temperature, leading to thin 

lipidic film formation. The film was hydrated with water (pre-heated at the same 

temperature) or NaCas water solution alternatively, and then vortexed for 5 min. Final step 

consisted on homogenization of the pre heated dispersion (60°C) using ULTRA-TURRAX 

T 10 basic (IKA WERKE) at 25000 rpm for 1 min. Subsequently, the formulation was cooled 

down to room temperature and water was added to restore any lost volume to final 5 mL.  

In case of drug-loaded formulations, active compounds were previously solubilized in 

ethanol used in the very first production step.  
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4.2. NANOSYSTEMS CHARACTERIZATION 

4.2.1 MORPHOLOGIAL CHARACTERIZATION 

Transmission electron microscopy (TEM) 

TEM analysis was employed for the evaluation of ET, ET-CUR and ET-PIP morphology 

(Project 1). Analyses were carried out at the University of Ferrara electron microscopy centre 

(CME).  

Samples were negatively stained by depositing a sample drop on a TEM grid covered with 

a formvar film. The excess drop was removed after 1 min from the grid with filter paper to 

keep a thin veil of the sample on the supporting substrate. A drop of 2% phosphotungstic 

acid was placed on the grid for 1 min and then removed with filter paper to surround the 

nanosystems deposited on the grid and adhere to their surface. Then, the grid was observed 

with a TALOS L120C G2 Transmission Electron Microscope (Thermo Fisher Scientific, 

Eindhoven, The Nederland). 

Cryo transmission electron microscopy (CRYO-TEM) – (Project 2) 

The morphology of GMO dispersions (Project 2) was evaluated by Cryo-TEM. Analyses 

were performed by Dr. Markus Drechsler from Bavarian Polymer Institute (BPI), University 

of Bayreuth, (Germany). 

This technique requires sample vitrification. Specifically, in order to vitrify the samples, a 2 

µL droplet was put on a lacey carbon-filmed copper grid (Science Services, Munich, 

Germany) for 30 s. Subsequently, blotting paper was used to remove most of the liquid, 

resulting in a thin film stretched over the lace holes. The specimens were instantly shock 

frozen by rapidly immersing them into liquid ethane cooled to approximately 90 K by liquid 

nitrogen in a temperature-controlled freezing unit (Leica EMGP, Leica, Germany). All the 

steps of sample preparation were conducted at a controlled temperature.  

A Zeiss/Leo EM922 Omega EFTEM Microscopy (Zeiss Microscopy GmbH, Jena, 

Germany) was employed to examine the vitrified specimens with reduced doses ≈1000–

2000 e/nm2 at 200 kV, keeping the samples at a temperature below 100 K. A CCD digital 

camera (Ultrascan 1000, Gatan, Munich, Germany) was used to record the Zero-loss filtered 

images (ΔE = 0 eV) and the GMS 1.9 software (Gatan, Munich, Germany) was employed to 

analyze the images. 
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Cryo transmission electron microscopy (CRYO-TEM) – (Project 3 and Project 4) 

The morphology of ET and TE dispersions, prepared by the two different methodologies 

(Project 3 and Project 4) was evaluated by Cryo-TEM. In this case analyses were performed 

by Dr. Marc C.A. Stuart from University of Groningen (Netherlands).  

3 μl of formulation was placed on a holy carbon coated grid (Quantifoil 3.5/1), blotted and 

vitrified in ethane (Vitrobot). Frozen hydrated grids were observed in a Tecnai T20 electron 

microscope operating at 200 keV. Images were recorded with a slow-scan CCD camera under 

low-dose conditions. 

4.2.2 PHOTON CORRELATION SPECTROSCOPY (PCS) 

PCS technique was employed to measure the size distribution of the nano-sized 

formulations. Thanks to this procedure, it is possible to derive the values of Z-Average, 

which is the mean hydrodynamic diameter, and Dispersity index (DI). The method is based 

on the correlation of the fluctuation of the intensity of scattered radiation from the sample to 

the particle size in the dispersed phase. 

In specific, a Zetasizer Nano-S90 (Malvern Instr., Malvern, England) was employed for the 

analyses. The instrument is equipped with a 5 mW helium neon laser that produces a 

wavelength output of 633 nm. The analyses were conducted at 25° C with a 90° detection 

angle and 120 seconds equilibration time. The samples were diluted 1:10 (v/v) with bi-

distilled water. Size distribution was obtained by the “CONTIN” method. Each analysis was 

carried out in triplicate from which the mean is derived.  

4.2.3 ZETA POTENTIAL  

Zeta potential (Z-potential) determination was performed using Zetasizer Pro (Malvern 

Instr., Malvern, England). This technique involves the measurement of scattering of incident 

laser light by moving particles according to their electrophoretic mobility. The instrument is 

equipped with a 4 mW helium neon laser that produces a wavelength output of 632.28 nm. 

The analyses were conducted at 25° C. The samples were diluted 1:10 (v/v) with bidistilled 

water inside plastic tube and then put (1 mL) inside cuvette DTS1070 (Malvern Instr., 

Malvern, England).  

4.2.4 pH MEASUREMENT 

Formulations’ pH was measured using Crison Basic C20 pH meter (Crison Instruments,S.A., 

Alella, Barcellona, Spain) equipped with a pH 50 12 - Hach electrode.  
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4.2.5 SMALL-ANGLE X-RAY SCATTERING (SAXS) 

SAXS technique was employed to investigate the inner supramolecular organization of 

nanosized dispersion. Experiments were performed at SAXS beamline at the Elettra 

Synchrotron in Trieste (Italy) thanks to the collaboration with Prof. Paolo Mariani 

(Università Politecnica delle Marche). 

SAXS – Project 2 

The wavelength of the incident beam was λ = 0.154 nm and the explored Q-range extended 

from 0.1 to 0.4 nm−1 (Q is the modulus of the scattering vector, defined as 4π sin θ/λ, where 

2θ is the scattering angle). Scattering data were recorded on a 2-dimensional Pilatus3 1M 

Detector and exposure times of 300 s per frame were used to avoid radiation damage. 

Samples were placed in a polycarbonate capillary with a diameter of 1 mm and measured 

both at 25°C and 37°C. Two-dimensional (2D) data were corrected for background, detector 

efficiency, and sample transmission and then radially averaged to derive I(Q) vs. Q curve. 

Errors were around 0.02 nm for the hexagonal lattice parameter and around the 5% for L3 

data. 

SAXS – Project 3 and Project 4 

SAXS experiments were part of the CERIC proposal number 20242026. The samples were 

located in an apposite quartz capillary with a diameter of 1.5 mm thermostated within a KPR 

(Peltier heating/cooling) sample holder (Anton Paar, Graz, Austria) at 37°C. Two samples 

(ETWI and ET-GOSWI) were also measured in a wide temperature range (from 15 to 60°C, 

each 5°C). Each sample was irradiated by the X-ray beam with an exposition time of 10 

seconds and by repeating 18 frames. Two-dimensional (2D) data were corrected for 

background, detector efficiency, sample transmission and then radially averaged to derive 

the differential scattering cross-section, more simply scattered intensity I(Q), as a function 

of the modulus of the scattering vector, Q, defined as 4π sinθ/λ (where 2θ is the scattering 

angle and λ the X-ray wavelength). The explored Q-range was between 0.1 and 5 nm-1. The 

detector used for the measurement was a 2D Pilatus3 1M Detector System with a pixel size 

of 172x172 μm2 and a discrete energy of 8 keV (corresponding to the beam wavelength of 

0.154 nm). An additional Wide-Angle X-ray Scattering (WAXS) detector was used in Project 

3 to simultaneously monitor diffraction patterns in the high-angle range from 8 to 17 nm-1. 
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4.2.6 ANTIOXIDANT ACTIVITY EVALUATION 

Different methods were used to assess the antioxidant activity of the formulations produced. 

All the experiments were carried out thanks to the collaboration with Prof. Anna 

Baldisserotto from University of Ferrara (Department of Life Science and Biotechnology). 

FRAP (ferric reducing antioxidant power)  

In case of Project 1, FRAP test was employed to test antioxidant activity of CUR and PIP 

loaded formulations. The test measures the reducing ability of antioxidants against Iron ions. 

It is a method based on electron transfer, in which iron ions change from Fe3+ to Fe2+. Under 

certain pH conditions (3.6) and in the presence of TPTZ (2,4,6-tris(2-pyridyl)-s-triazine), 

these ions form complexes with different characteristics, in particular the reduced derivative 

(Fe2+-TPTZ) takes on a blue coloration that exhibits a maximum absorption at 593 nm that 

can be measured spectrophotometrically. The reducing capacity of an antioxidant substance 

can then be measured as the change in absorbance of the solution containing the oxidant at 

the established wavelength by comparison with the change relative to a standard (e.g., 

Trolox, a water-soluble analogue of Vitamin E). Precisely, reaction is carried out by mixing 

1.9 mL of FRAP reagent to 0.1 mL of sample appropriately diluted in methanol. Methanol 

was used as control. All samples were then incubated in the dark at 37 °C for 10 min, 

followed by a measurement of their absorbance at 593 nm with a UV-Vis spectrophotometer 

(UV-31 SCAN ONDA Spectrophotometer, Giorgio Bormac spectrophotometer Srl, Carpi 

(MO), Italy).  

FRAP solution reagent should be prepared fresh each time and stored in an oven at 37 °C for 

the time of sample preparation. In particular, the reagent preparation involves the mixing of 

several components: 25 mL of the buffer solution, 2.5 mL of TPTZ and 2.5 mL of ferric 

chloride hexahydrate (10/1/1 ratio). Buffer solution is prepared by dissolution of 3.1 g of 

sodium acetate in 16 mL acetic acid and made up to 1 L with demineralized water; checking 

the final pH to be 3.6. TPTZ is 10 mmol/L solution of 2,4,6-tri(2-pyridyl)-5-triazine (TPTZ) 

in 40 mmol/L HCl, prepared by solubilization of 31.23 mg of TPTZ in 10 mL of 40 mmol/L 

HCl. HCl 40 mmol/L solution is previously prepared by diluting 3.3 mL of concentrated HCl 

and bring to volume of 1 L with demineralized water. Finally, ferric chloride hexahydrate 

solution is prepared dissolving 5.406 g FeCl3 6H2O with demineralized water and made up 

to 1 L volume; final concentration is 20 mmol/L. Trolox was used as the standard for the 

calibration curve, so the results are expressed as µmol Trolox equivalent (TE) per gram of 

sample.  
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DPPH radical scavenging assay  

DPPH assay was employed to test antioxidant activity of GOS-loaded formulations in 

Project 3. Using this assay it is possible to estimate of the ability of an antioxidant substance 

to convert the stable free radical DPPH to 1,1-diphenyl-2-picrylhydrazyl by hydrogen-

donation. The reaction is monitored and measured by means of a UV-Vis spectrophotometer 

(UV/VIS ONDA Touch UV-31 Scan Spectrophotometer, Sinergica Soluzioni S.r.l., Milan, 

Italy), evaluating the reduction in absorbance at 517 nm, which corresponds to a colorimetric 

change from violet to light yellow, as described previously [62]. Solutions at different 

concentrations were prepared for each sample (SOL GOS, ET-GOSEI, ET-GOSEI-0.5%gel), 

and 0.750 mL of each of these solutions was added to 1.5 mL of DPPH in methanolic 

solution. From the calibration curve obtained for each sample, the IC50 (µg/mL) value is 

obtained, given as the mean of three independent experiments with standard deviation. 

Photochemiluminescence (PCL) test 

PCL test was selected in Project 4 to test the antioxidant activity of GEN-loaded 

formulations. The test is based on the reaction of a specific radical species, the superoxide 

anion (O2
•-), photochemically generated by UV radiation, with a compound capable of 

emitting chemiluminescence, according to the method of Popov and Lewin [63]. The marker 

used was luminol, a molecule that, oxidized by free radicals, emits light that can be measured 

with a special instrument (Photochem®, Analytik Jena, Leipzig, Germany). The presence of 

antioxidant substances in the mixture of the reaction deactivates the radical species by 

inhibiting the emission of chemiluminescence. PCL analysis is very fast and sensitive. 

Indeed, the application of two different analytical protocols, named ACW (antioxidant 

capacity of water-soluble compounds) and ACL (antioxidant capacity of lipid-soluble 

compounds) enables to evaluate the contributions to the total antioxidant capacity of both 

the water-soluble molecules and the fat-soluble one. The kinetic light emission curve, which 

exhibits no lag phase in ACL studies, was monitored for 180 s and expressed as micromoles 

of Trolox (selected as standard) per gram of sample. The areas under the curves were 

calculated using the PCL soft control and analysis software. As greater concentrations of 

Trolox working solutions were added to the assay medium, a marked reduction in the 

magnitude of the PCL signal and hence the area calculated from the integral was observed. 

This inhibition was used as a parameter for quantification and related to the decrease in the 

integral of PCL intensities caused by varying concentrations of Trolox. The observed 

inhibition of the signal was plotted against the concentration of Trolox added to the assay 

medium. The concentration of the added sample solution was such that the generated 
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luminescence during the 180 s sampling interval fell within the limits of the standard curve. 

At least two blank-measurements should be done (only reagents of ACL-kit without sample 

and/or Trolox): 2.3 mL of ACL-Diluent, 0.2 mL of Reaction buffer, and 0.025 mL of Luminol 

stock solution. Samples of TEEI, TEEI gel, SOL GEN, TE-GENEI, TE-GENEI gel were 

suitably diluted in methanol prior to analysis. The antioxidant assay was carried out in 

triplicate for each sample, and the results expressed as µmol Te/g. 

 

4.3 GELS CHARACTERIZATION 

4.3.1 SPREADABILITY TEST 

The characteristics of the ET/TE gels were evaluated one day after the preparation through 

the spreadability test. The test is based on evaluating the area occupied by the formulation 

when a constant weight is applied on it. Precisely, 100 mg of gel were placed in the centre 

of a glass petri dish (3 cm diameter) and then subjected to pressure by a glass dish carrying 

a 50 g mass. Thereafter, 10 s were waited before measuring the diameter of the surface 

occupied by the formulation. Spreadability value (S) was measured following the equation: 

S = m x l/t (1) 

Where “m” is the applied weight (expressed in g), “t” is the application time (10 s), and “l” 

is the diameter (expressed in cm) of the area occupied by the gel. The trial was performed at 

room temperature, three times for each tested formulation.  

4.3.2 LEAKAGE TEST 

To test leakage and adhesion of ET/TE gels, it was evaluated their sliding ability on agar 

gels. Agar gels were previously prepared by agar solubilization (1.5 % w/w) in hot water (95 

°C) under magnetic stirring. The hot agar solution was poured inside petri dishes (3 cm 

diameter) and allowed to cool. Once room temperature is reached, gelation of the solution 

occurs and it becomes suitable for the test. In parallel, gels were dyed by directly dissolving 

a spatula tip of coomassie blue (Merck Life Science S.r.l., Milan, Italy) into them. 

The test is performed by placing 50 mg of formulation at one end of the agar slide and then 

positioning it vertically (90° angle with the supporting surface). The agar surface was pre 

heated at 32-35 °C to mimic physiological conditions. Afterwards, the distance travelled by 

the gel in 10 seconds is measured. Gel leakage, expressed as the running distance of the gel, 

was measured three times for each formulation.  
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4.3.3 RHEOLOGICAL ANALYSIS (PROJECT 4) 

TEEI, TEEI-gel, TE-GENEI and TE-GENEI-gel (Project 4) were subjected to rheological 

analysis, performed by using an Anton Paar MCR702e MultiDriver Rheometer. Tests were 

performed thanks to the collaboration with Prof. Paolo Mariani (Università Politecnica delle 

Marche). 

Each sample was placed between two appropriate cone-plate geometries (diameter 50 mm, 

cone truncation 0.1 mm and cone angle 1°). The parameter investigated through this 

technique was the viscosity (expressed as Pa∙s) calculated as a function of the shear rate 

(expressed as 1/s). Measurements were performed on the samples at 25 °C and 37 C° and 

the humidity was 20 %. Both temperature and humidity were kept constant throughout the 

analysis. 

 

4.4 DRUG QUANTIFICATION 

4.4.1 ENTRAPMENT CAPACITY 

In order to quantify the entrapment of the active agents within the nanocarrier, ultrafiltration 

method was employed. This method consists in the segregation of the particulate fraction 

and quantification of the associated drug through high-performance liquid chromatography 

(HPLC) analysis. In specific, one day after the preparation, 500 µL of colloidal dispersion 

underwent ultrafiltration (Spectrafuge™ 24D Digital Microcentrifuge, Infitek Inc., Spokane, 

WA, USA) using specific filters (Microcon centrifugal filter unit with YM-10 membrane, 

NMWCO 10 kDa, Sigma-Aldrich, St. Louis, MO, USA), at a centrifugal force of 4000 rpm 

for 20 min. The retentate samples were then diluted in ethanol (1:10 v/v) and agitated with 

a magnetic stirrer for 30 minutes in order to disrupt the nanostructures. An aliquot (100 µL) 

of the total dispersion was treated similarly to determine the actual drug content within the 

formulation. Prior to HPLC analysis, the disgregated samples were filtered using nylon 

syringe filters (0.22 µm). Finally, the entrapment capacity (EC), was calculated as:  

EC = D/TD × 100 (2) 

In the equation, D represents the amount of drug retained by the vesicles, and TD refers to 

the real drug content in the entire formulation. 
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4.4.2 HPLC ANALYSIS 

The HPLC analyses were performed using Perkin Elmer Series 200 HPLC Systems 

(PerkinElmer, Waltham, MA, USA), equipped with a micropump, an auto sampler, and an 

UV detector. A stainless steel C-18 reverse-phase column (15 × 0.46 cm) packed with 5 µm 

particles (Hypersil BDSC18 Thermo Fisher Scientific S.p.A., Milan, Italy) was eluted under 

isocratic conditions at a flow rate of 1 mL/min with a mobile phase and wavelength selected 

depending on the drug as reported in Table 1.  

Table 1. HPLC analysis conditions employed for CUR, PIP; GOS and GEN. 

Drug Wavelength (nm) Mobile Phase Retention Time (min) 

CUR 360 MeOH/H2O 80:20 (v/v) 2.3 

PIP 243 MeOH/H2O 80:20 (v/v) 2.7 

GOS 260 CH3CN/H2O 30:70 (v/v) + TFA 0.1% 2.9 

GEN 260 CH3CN/H2O 40:60 (v/v) + TFA 0.1% 4.1 

 

4.5 PRELIMINARY STABILTIY STUDIES 

In the case of Project 1 and Project 3, the dimensional stability of the colloidal dispersions, 

stored at room temperature and protected from light, was assessed by repeating the PCS 

analysis 60 days after preparation.  

In the case of Project 2, in contrast, the formulations were stored at a temperature of 4 °C 

for 2 months and then PCS analyses was repeated as previously reported. 

In Project 4, on the other hand, a stability study was carried out on TE formulations 

evaluating both dimensional stability and Z-potential stability, repeating analyses at different 

time intervals. Specifically, PCS analyses were repeated after 1, 15, 30, 60 and 90 days of 

storage and Z-potential analyses were repeated after 1, 15, 30 and 60 days. Formulations 

were stored at 4 °C and protected from light. In addition, the chemical stability of GEN was 

evaluated repeating disgregation and HPLC analysis after 90 days of storage in the same 

conditions. 
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4.6 FRANZ CELLS EXPERIMENTS 

To perform in vitro release test (IVRT) and in vitro permeation test (IVPT) were employed 

Franz vertical diffusion cells (orifice diameter 0.9 cm; PermeGear Inc. Hellertown, PA, 

USA), assembled with appropriate membranes according to the intended study. Specifically, 

PTFE and NY membranes were used for IVRT while STRAT-M® membrane was employed 

for IVPT. The receptor compartment was filled with 5 mL of receiving phase consisting in 

ethanol/water 50:50 (v/v). The receiving phase was kept under magnetic stirring at 500 rpm 

and 32 °C of temperature throughout the duration of the experiment. The presence of ethanol 

and magnetic stirring guarantee the required sink conditions. Before Franz cells assembly, 

the membranes were rehydrated by immersion in ethanol/water 50:50, v/v for 1 h. The donor 

compartment was filled with 1 mL of the tested formulation, and then sealed to avoid 

evaporation.  

The experiment is carried out by periodic withdrawals (1 per hour over the period from 0 to 

24 h) of 0.5 mL from the receiving compartment, then analysed at HPLC to quantify the 

amount of drug that passed through the membrane. Each removed sample was replaced with 

an equal volume of fresh receiving phase.  

4.6.1 IN VITRO RELEASE TEST (IVRT) 

For data analysis, in the case of Project 1, the amount of released drug (expressed as µg/cm2) 

was graphed as a function of the square root of time and in Project 3, the amount of released 

drug (expressed as µg/cm2) was graphed as a function of time. From the linear portion of the 

release profile, “R” and “A” values can be obtained. In specific, “R”, the release rate, is 

obtained by the slope of the curve, while “A” is the amount of drug released at the final 

sampling point.  

Furthermore, to elucidate the mechanism of drug release acted by our nanosystems, data 

were analysed according to mathematical models such as the zero-order kinetics (cumulative 

% drug released vs time), first-order kinetics (log cumulative % drug remaining vs. time), 

Higuchi (cumulative % drug released vs square root of time) and Peppas (log cumulative % 

drug released vs. log time). The suitability of the model fits was verified using the DDsolver 

add-in for Excel 2016 (Version 2312 Build 16.0.17126.20126). 
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4.6.2 IN VITRO PERMEATION TEST (IVPT) 

In the case of IVPT, for data analysis, the amount of permeated drug (expressed as µg/ cm2) 

was plotted as a function of time. According to Fick's law, under sink conditions, the drug 

concentration in the receptor compartment is negligible compared with that in the donor 

compartment, which is equal to the concentration gradient. The linear portion of the curve 

describes the steady-state permeation through the skin, from which we can calculate a set of 

descriptive parameters of the process. The steady state flux of drug per unit area “Jss”(µg 

cm-2h-1) is the slope of the curve and can be described by the equation: 

Jss = P x Cd x D/e (3) 

“P” is the partition coefficient, “Cd” is the drug concentration in the donor compartment, 

“D” is drug diffusion coefficient, and “e” is the thickness of the membrane. Drug 

permeability coefficients “Kp” value were calculated from Jss according to the equation: 

Kp = Jss/Cd (4) 

Lag time (“Tlag”), which is the time needed to reach steady-state conditions, could be 

obtained from the intersection of the line with the x-axis and “D” value was calculated from 

Tlag by the equation: 

Tlag = e2/6 x D (5) 

At last, P was achieved considering the equation: 

Kp = D x P/e (6) 

 

4.7 BIOLOGICAL ACTIVITY STUDIES 

In order to evaluate the biological activity of the studied formulations, different tests were 

carried out according to the therapeutic target. 

4.7.1 IN VITRO STUDIES (PROJECT 3) 

In order to evaluate the biological activity of GOS-containing formulations against 

melanoma (Project 3), in vitro studies were conducted on A375 melanoma cell line. In vitro 

experiments were carried out thanks to the collaboration with Prof. Mascia Benedusi from 

University of Ferrara (Department of Neurosciences and Rehabilitation, University of 

Ferrara) 
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MTT assay 

A375 melanoma cells were cultured in Dulbecco’s modified Eagle’s medium High Glucose 

(DMEM), (Lonza, Milan, Italy), supplemented with 10% FBS (foetal bovine serum), 100 

U/mL penicillin, 100 μg/mL streptomycin and 2 mM L-glutamine. Cells were incubated at 

37 °C for 24 h in 95% air/5% CO2 until 80% confluence. 

For cell treatments, the different vehicles were at first dissolved in cell culture medium to 

obtain the stock solutions containing GOS 300 µg/mL, then further diluted to reach different 

concentrations of GOS (from 0.5 to 50 μg/mL). 

Specifically, A375 cells were grown in 96-well plates at a density of 2 × 104 cells/well in 

200 μL of media for MTT assay. The day after the cells were treated with different doses of 

unloaded and GOS-loaded formulations with GOS concentrations ranging from 0.5 μg/mL 

to 50 μg/mL for 24 and 48 hours. Then, the treatment was completely removed and 50 μL of 

serum-free media and 50 μL MTT (0.5 mg/mL) were added. After 3h incubation (37 °C, 5% 

CO2) the formed insoluble purple formazan crystals were dissolved in 100 μL of dimethyl 

sulfoxide (DMSO) for 15 min at 37 °C, 5% CO2. After 5 min shaking, the solution 

absorbance was read with a spectrophotometer at 590 nm, using 670 nm as reference 

wavelength. Finally, the values were converted into a percentage of cell viability, compared 

to control (T0). 

Wound healing assay 

A375 melanoma cells were grown on 24-well plates at a density of 5 × 104 cells/well in 

complete DMEM medium to confluent monolayer. The day after the cells were first 

mechanically scratched with a 200 μL sterile pipette tip and then cellular debris were re-

moved by two washes with 1X PBS (Phosphate Buffer Solution). Based on the MTT assay 

results, A375 cells were immediately exposed to 0.5 μg/mL of GOS-loaded and unloaded 

formulations, followed by incubation at 37 °C. Finally, images of the scratches were 

recorded at different time points (viz. 0, 3, 6, 12, 24 and 48h post- scratch) and the wound 

healing rate was analyzed by means of ImageJ software (National Institutes of Health, 

Bethesda, MD, USA) and com-pared to the wound area at T0. 

Migration assay 

2.2 × 106 A375 melanoma cells were seeded in 10 cm2 petri dishes and pretreated with 0.5 

μg/mL of GOS-loaded and unloaded formulations for 24 h; then, 100,000 cells were re-

suspended in 400 μL of serum-free media and seeded in 8 μm pore size transwells (Falcon® 
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Permeable Support for 12-well Plate with 8.0 µm Transparent PET Membrane, Sterile) 

coated with 0.15 mg/mL bovine collagen IV. After 30 min, 1100 μL of complete media was 

added at the bottom of each well, acting as a chemoattractant. After 24 hours the transwell 

inserts were first fixed with 70% ethanol (for 10 min), then stained with 0.02% of Coomassie 

Blue (15 min), and rinsed with double-distilled water. The remaining A375 cells that have 

not migrated from the upper part of the transwell were gently removed with a cotton swab, 

and pictures of 5 randomly selected fields were acquired (at 20X magnification). 

The number of migrated cells present in five fields/well was counted using ImageJ program. 

Data were reported as percentage of migrated cells, compared to control condition. 

4.7.2 EX VIVO STUDIES (PROJECT 1 AND PROJECT 2) 

The biological activity of CUR- and PIP-loaded formulations, aimed as protective agents 

against damage caused by environmental pollutants (Project 1 and Project 2) was evaluated 

using ex vivo models consisting of human skin explants. The experiments were carried out 

at the foreign company TEN BIO Technologies, based at the North Carolina Research 

Campus, in Kannapolis, NC (USA) under the supervision of Prof. Giuseppe Valacchi (NC 

State University, Plants for Human Health Institute, Animal Science Dept., NC Research 

Campus).  

Human specimens 

Human skin explants were obtained from elective abdominoplasties from 3 different donors 

(Caucasian females) after the approval of the Institutional Biosafety (IBC) Committee at NC 

State University. Skin biopsies (12 mm) were collected with a punch, and the subcutaneous 

fat was removed with sterile scissors. The skin biopsies were washed in PBS and then 

transferred into 6-well plates prefilled with 1 mL of DMEM High Glucose supplemented 

with 10% Fetal Bovine Serum (FBS), 100 IU/mL penicillin and 100 mg/mL streptomycin 

(complete medium) using a sterile technique [64]. The samples were incubated at 37 °C in a 

5% CO2/95% air atmosphere for overnight recovery.  

Treatment with formulations and DEE exposure 

After overnight recovery, the skin biopsy medium was replaced with 1 mL of fresh complete 

medium, and the samples were treated with the indicated formulations. Briefly, 10 µL 

(Project 1) or 7.5 µL (Project 2) of each formulation were applied topically on the skin 

explants and spread using a sterile glass rod. For the combined treatments (ET PIP + ET 

CUR and SOL PIP + SOL CUR requested in Project 1), 5 µL of each formulation were 
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applied to the skin and evenly mixed. Some samples were kept untreated as controls. The 

plates were incubated in a humidified 5% CO2/95% air atmosphere for 60 min (Project 1) or 

30 min (Project 2) before exposure to the diesel engine exhaust (DEE) insult. For all the 

donors, the experiment was performed in triplicate for each condition. One hour after the 

first treatment, the skin biopsies were exposed to DEE for 60 min (Project 1) or 30 min 

(Project 2), as previously described [64], by using a Kubota RTV-X900 diesel engine 

(KUBOTA Corporation, Gainesville (GA), USA) (3-cylinder, 4-cycle diesel with overhead 

valves, 1123 cc that has 24.8 HP at 3000 rpm). The untreated control samples (CTRL) were 

left in the incubator whereas some samples were only exposed to DEE as positive controls 

(DEE). After DEE exposure, the tissue samples were incubated in a humidified 5% CO2/95% 

air atmosphere until the following day. The next day, treatment and exposure were repeated 

in the same way and samples were collected.  

Tissue collection and immunofluorescence assay  

The skin explants were fixed in 10% neutral buffered formalin for 48 h at 4 °C, dehydrated 

and embedded in paraffin. Then, 5 μm-thick sections were deparaffinized in xylene (10 min 

bath) and then rehydrated through a series of decreasing ratios of alcohols to water (30 sec 

bath each). The immunohistochemical analysis was performed as previously described [64], 

selecting antibodies depending on the study. In particular, the tissues were incubated with 

primary antibodies for 4HNE (dil. 1:400) (AB5605, Millipore Corporation, Burlington, MA, 

USA), type I collagen (dil. 1:200) (AB138492, Abcam, Cambridge, UK), filaggrin (dil. 1:50) 

(sc-66192, Santa Cruz Biotechnology, Inc., Dallas, TX, USA) or involucrin (dil. 1:50) (sc-

21748, Santa Cruz Biotechnology Inc., USA), in 0.25% BSA in PBS overnight at 4 °C, and 

with fluorochrome-conjugated secondary antibodies (Alexa Fluor 568, A11004 or Alexa 

Fluor 488, A11055) diluted 1:1000 in 0.25% BSA in PBS at room temperature for 60 min. 

Nuclei were stained with DAPI (dil. 1:50,000) (D1306, Invitrogen, Waltham, MA, USA) in 

PBS. Coverslips were mounted onto glass slides using Fluoromount-G™ Mounting Medium 

(00-4958-02, ThermoFisher Scientific, Waltham, MA, USA). The tissues were examined 

using a Zeiss Z1 AxioObserver LSM10 confocal microscope at 40× magnification, and the 

images were quantified using ImageJ software 1.53a (Java 1.8.0_172, National Institutes of 

Health, Bethesda, MD, USA). 

Statistical analysis 

GraphPad Prism 9 (Version 9.4.1 (458), GraphPad Software Inc., La Jolla, CA, USA) was 

used to perform the statistical analysis. For each of the variables tested, an analysis of 
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variance (1-way or 2-way ANOVA), followed by Tukey’s post-hoc test, was assessed. The 

data are expressed as the mean ± standard deviation of triplicate determinations obtained in 

three independent experiments, and a p value < 0.05 was considered statistically significant. 

For all the experiments, the control values were set to 1.0, and the other values were 

expressed as a fold change. 

4.7.3 IN VIVO BIOLOGICAL STUDIES  

Patch Test (Project 1 and Project 2) 

In order to assess the skin irritation potential, tests on human volunteers were performed 

thanks to the contribution of the University of Ferrara Cosmetology Center. The study 

observed the standardized protocols for evaluating the skin compatibility of cosmetic 

ingredients that might be irritants, as outlined by SCCNFP/0245/99. The protocol was 

approved by Ethics Committee (study number: 170583). The irritant potential on the skin 

after single application of the formulations was evaluated. Each test was carried out on 20 

healthy and randomly selected male and female volunteers, which have consented in writing 

to participate. Exclusion of individuals with dermatologic conditions, a history of allergic 

skin reactions, or those currently undergoing anti-inflammatory treatments was ensured. 

Each volunteer was administered with 10 mg of formulation containing CUR and PIP, using 

aluminum Finn chambers (Bracco, Milan, Italy) affixed through adhesive tape to the forearm 

or back.  

Samples were deposit into the chambers using an insulin syringe, and skin contact was 

maintained for 48 h. Skin reactions, including erythema and/or edema, were assessed after 

15 min and again after 24 h, after the removal of the chambers and the cleansing of any 

residual formulation. Erythema was categorized into three levels: mild, readily apparent and 

moderate to severe. From the sum of the edema and erythema scores, an average irritation 

index was calculated. Irritation index values can be interpreted as follows: more than 0.5 

means slight irritation, between 2.5 and 5 refers to moderate irritation, between 5 and 8 

denotes significant irritation. 

Patch Test (Project 4)  

In case of Project 4, the patch test was performed at the facilities of COMPLIFE ITALIA 

S.r.l.(Pavia, Italy). Twenty male and female volunteers with healthy, intact skin were 

recruited for patch testing in accordance with the principles of the Helsinki Declaration 1964. 

Thirty percent of volunteers with sensitive skin were included. Subjects with spots or marks 

in the test area, with dermatological problems, on local or systemic drug therapy, with a 
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previous clinical history of dermatitis, or with a positive history of atopy were excluded. The 

tested formulation (TE-GEN-gel and GEN-gel) was applied using the Finn Chamber, an 8 

mm diameter aluminum disc. The Finn Chamber was affixed to the skin with a tape that had 

previously been tested for its safety and ensured the occlusive application of the product. A 

sufficient amount of product was applied to fill the chamber. The formulations were applied 

on the back and left in contact with the skin surface for 48 hours. Skin reactions were 

analyzed at 15 min, 1 hour, and 24 hours after removal of the Finn chamber. A Finn chamber 

containing an absorbent paper disc soaked in demineralized water was also applied as a 

negative control. The erythematous reactions were categorized into five groups, according 

to the degree of erythema: absent, light, clearly visible, moderate, and severe. The edematous 

reactions were similarly categorized into five groups, according to the degree of edema: 

absent, light, clearly visible, moderate, and severe. The mean Irritation Index (IIM) was 

calculated for each experimental time, represented by the sum of the mean erythema value 

and the mean edema value recorded. This index was used to classify the product under 

investigation as: non-irritating, slightly irritating, moderately irritating, or highly irritating. 

Tape Stripping (Project 4) 

The percutaneous absorption of the TE-GEN-gel and GEN-gel formulations was monitored 

in vivo using the tape stripping method, which is a relatively non-invasive technique that 

allows stratum corneum samples to be taken from the skin [65]. Experiments were carried 

out thanks to the collaboration with Prof. Stefano Manfredini from University of Ferrara 

(Department of Life Science and Biotechnology). 

Twenty both male and female volunteers with healthy, intact skin were recruited for tape 

stripping after giving written consent. Subjects with spots or marks in the test area, with 

dermatological problems, on local or systemic drug therapy, with a previous clinical history 

of dermatitis or with a positive history of atopy, were excluded. The study was carried out in 

a partly air-conditioned room at a temperature of 22 ± 2 °C. The anatomical sites chosen 

were seven areas (10 cm2) of the inner forearm. Three areas, A, B and C were treated with 

200 µL of TE-GEN-gel formulation each, while areas D, E and F were treated with 200 µL 

GEN-gel formulation each. Area G was the negative control. Tape stripping was conducted 

at three distinct time points. One hour post-application of the products, tape stripping was 

performed on areas A, D, and G. Three hours post-application, tape stripping was executed 

on areas B and E. Six hours post-application, tape stripping was carried out in areas C and 

F. Rectangular sections of adhesive tape were applied to the skin, adhering precisely to the 

previously demarcated areas of the forearm (2 cm x 5 cm). The stratum corneum of the 
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treated area was removed through 11 successive tape strippings using '3M' (3M, 

Minneapolis, MN, USA) invisible adhesive tape. The tape was applied to the test site using 

forceps, uniformly flattened twice, and removed gently with moderate and even traction. 

Due to the potential for surface contamination and to eliminate surface lipids, the first 

(uppermost) tape stripping was discarded. Subsequent tapes were then placed, adhesive side 

downwards, into a glass container with 15 mL of MeOH (HPLC grade) and subsequently 

subjected to 30 min of treatment at 99% power in an ultrasonic bath. Solutions were then 

purified via centrifugation (10 min at 4000 cycles/s) to separate small horny layer particles. 

The supernatant was than filtered using nylon syringe filters (0.22 µm) and analysed using 

HPLC. 
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5. PROJECT 1 – Ethosomes for curcumin and piperine 

cutaneous delivery for the prevention of pollution-induced skin 

damage  

5.1. INTRODUCTION 

Environmental pollution is a worldwide recognized serious concern, affecting human health 

and the ecosystem. Indeed, many harmful solids, liquids and gases are hugely introduced 

into the environment due to modern unprecedented urbanization and industrialization, 

resulting in deleterious effects, involving cardiovascular, respiratory, reproductive and skin 

damage [66,67,68]. Among pollutants, diesel engine exhaust (DEE) is a complex mixture of 

gases and particulate matter, responsible for a plethora of systemic pathologies as well as 

skin conditions spanning from atopic dermatitis, eczema and ageing to melanoma [69,70]. 

Indeed, since the skin is an outer body organ, it represents, on the one hand, the first barrier 

against environmental factors and, on the other, the common route by which chemicals can 

enter the body. Nonetheless, since the skin’s defensive potential in some cases can be 

insufficient to counteract the effect of environmental stressor exposure, a therapeutic and/or 

protective approach is desirable [71,72]. 

Many phytocompounds, such as CUR and PIP, possess therapeutic properties due to their 

pleiotropic potential [73,74]. CUR, besides being employed as a food additive, is recognized 

for its wide range of pharmacological activities [43,75,76]. In addition, its potential in the 

treatment of many skin conditions, has also been demonstrated [38].  

Notwithstanding CUR’s tolerability even at high doses, it is scarcely bioavailable, mainly 

because of its poor absorption, rapid metabolism and rapid elimination, limiting its 

therapeutic potential [40]. To increase its absorption, CUR has been investigated in 

association with PIP, acting as a natural enhancer [48,77,78,79]. The alkaloid PIP, is a natural 

dietary supplement with a distinct pungent flavour. Besides its therapeutic potential due to 

its several biological activities [44,74,80] is remarkably studied for its role as a 

biopotentiator, being able to increase the bioavailability and biological effectiveness of the 

drugs with which it is associated, inhibiting drug efflux transporters and modulating drug 

resistance pathways [48,81]. Recently, the synergistic effects of CUR with some 

phytochemicals, such as PIP, have been found, enabling CUR efficacy to be improved in 

many pathologies as well as in cancer treatment, suggesting the possibility of administering 

the two drugs in combination [77]. 
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Regarding skin application, PIP has demonstrated its suitability (i) in the treatment of 

inflammatory skin diseases such as atopic dermatitis and psoriasis [49] and (ii) in enhancing 

the skin permeation ability of CUR in the form of a composite double-layer CUR/PIP 

delivery system [82]. Despite their pharmacological potential, both CUR and PIP are 

characterized by scarce solubility and chemical instability, restricting their therapeutic use 

[78]. To overcome these drawbacks, nanotechnology approaches have been undertaken 

aimed at solubilizing, protecting and delivering the drugs through different routes through 

nanoencapsulation. For instance, the co-loading of CUR and PIP in human serum albumin 

nanoparticles was investigated against breast cancer cells [83] while recently, a self-

nanoemulsifying drug delivery system demonstrated the therapeutic efficiency of CUR and 

PIP in an animal model of Alzheimer’s disease [84]. Remarkably, the drugs have been 

individually loaded in monoolein aqueous dispersions, nanoemulsions and polymeric and 

lipid nanoparticles, as well as in vesicular systems, including liposomes and ET [85-90]. 

Nevertheless, to the best of our knowledge, the effect of the topical administration of 

nanoencapsulated CUR in combination with nanoencapsulated PIP has not been investigated 

yet. 

In the present investigation ET were selected as proper drug delivery system. As previously 

described (chapter 1.3.1), ET can be thought of as transdermal delivery systems, being able 

to promote the permeability of encapsulated drugs through different skin strata. Moreover, 

their simple and low-energy-consuming production protocol, together with the 

biocompatibility of the excipients, make these systems particularly attractive for 

dermatological applications, as demonstrated by the increasingly growing number of related 

research articles [12,91,92]. 

Thus, the aim of the present study is to evaluate the capability of CUR and PIP loaded in ET 

to prevent skin damage induced by environmental pollution. Particularly, both CUR and PIP 

were loaded separately in ET prepared by water injection method. The antioxidative effect 

of the drug-loaded ET, as well as the drug release and permeability, were studied in vitro. 

Their efficacy against cutaneous oxidative and structural damage was investigated on skin 

explants pre-treated with ET and exposed to DEE, selected as one of the most toxic air 

pollutants. At last, a patch test was performed on human volunteers to investigate their 

possible irritation effect under cutaneous administration. 

The present results have been the object of the published paper: “Ethosomes for curcumin 

and piperine cutaneous delivery to prevent environmental-stressor-induced skin damage”. 
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5.2. RESULTS AND DISCUSSION 

5.2.1. PREPARATION OF ETHOSOMES 

ET nanovesicles were designed as biocompatible nanocarriers for the dermal and 

transdermal delivery of drugs. As previously described (chapter 1.3.1), with respect to other 

nanoparticulate systems, such as liposomes, ET can effectively load large amounts of 

lipophilic drugs while maintaining their stability. Moreover, their ability to allow drug 

penetration into the deeper skin layers is due to the presence of ethanol, which acts as a 

penetration enhancer in synergism with PC [93,94,95]. In the present investigation, water 

injection method was employed for the preparation. Composition (0.9% w/w PC and 30% 

v/v ethanol) was selected from previous studies carried out by our research group.  

In case of drug-loaded ET, the active compound was previously solubilized in the PC–

ethanol solution. The result is a homogeneous milky dispersion, with a characteristic yellow 

colour in the case of ET–CUR (Figure 10). Remarkable is that the methodology, which is 

simple and scalable, is conducted entirely at room temperature. This aspect is of particular 

relevance when working with sensitive drugs such as active molecules of natural origin, 

which could be degraded by high temperatures. In addition, excessive energy consumption 

is avoided.  

This method enabled us to efficiently load either CUR or PIP in the ET, which composition 

is reported in Table 2.  
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Figure 10. ET-CUR (A) and ET-PIP (B) prepared by water injection method. 

Noteworthy, the simultaneous entrapment of the two compounds in a single ET formulation 

was not achievable, possibly because at the employed concentration (0.25 mg/mL), the drugs 

in the PC–ethanolic solution exceeded the point of saturation. However, co-administration 

of the two formulations with PIP e CUR separately encapsulated inside ET could be an 

advantage in terms of delivery and pharmacological efficacy. 

Table 2. Composition of indicated formulations. 

Formulation 
PC¹  

(%, w/w) 

Ethanol 

(%, w/w) 

H2O 

(%, w/w) 

PIP² 

(%, w/w) 

CUR³ 

(%, w/w) 

ET 0.9 29.100 70 - - 

ET-PIP 0.9 29.075 70 0.025 - 

ET-CUR 0.9 29.075 70 - 0.025 

1: soy phosphatidylcholine; 2: piperine; 3: curcumin. 

5.2.2. SIZE DISTRIBUTION  

ET formulations were characterized by size one day after the preparation using PCS method. 

Results are summarized in the Table 3. No size differences were found between ET-CUR 

and ET-PIP, whose mean diameter, expressed as Z-Average, was slightly higher with respect 

to empty ET. The dispersity index was always below 0.2, indicating homogeneous size 

distributions. 

After 2 months of storage at room temperature, a slight Z-Average increase was detected, 

but the system kept its narrow size distribution (Table 3).  

 

 

ET-CUR ET-PIP 
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Table 3. Size distribution parameters of ET as determined by PCS. 

Formulation Time (days) Z-Average (nm) ± s.d. Dispersity index ± s.d. 

ET 
1 206.32 ± 33.22 0.144± 0.012 

60 230.36 ± 23.11 0.155± 0.032 

ET-PIP 
1 213.13 ± 13.18 0.129 ± 0.019 

60 269.8 ± 15.13 0.196 ± 0.069 

ET-CUR 
1 213.03 ± 8.25 0.127 ± 0.046 

60 242.85 ± 9.97 0.189 ± 0.00 

s.d.: standard deviation; data are the mean of 3 independent determinations on different batches. 

5.2.3. ENTRAPMENT CAPACITY EVALUATION 

The EC was obtained through the ultrafiltration method, which consists in the separation of 

the vesicular fraction from the aqueous dispersing phase. Subsequently, in order to quantify 

the amount of drug associated to ET, retentate fraction was diluted in ethanol and subjected 

to magnetic stirring (chapter 4.4.1) to promote vesicles disaggregation. Similarly, also the 

total dispersed formulation was diluted in ethanol to quantify the real drug concentration 

inside the whole formulation. HPLC analysis method was employed for the quantification 

of the samples. As shown in Table 4, in both cases, most of the drug results associated to the 

nanovesicles. The EC was higher in the case of ET–CUR (97%) with respect to ET–PIP 

(79%), probably due to different physiochemical properties. In fact, CUR has higher 

lipophilicity (log P 3.29) and molecular weight (368.4 g/mol) with respect to PIP (log P 2.78; 

molecular weight: 285.34 g/mol) suggesting that CUR could possibly be more efficiently 

retained within the PC double layers of the ET vesicles [96,97]. 

Table 4. Entrapment capacity of the indicated formulations. 

Formulation EC¹ (%) ± s.d. 

ET-PIP 78.95 ± 6.47 

ET-CUR 96.87 ± 4.31 

1: Entrapment capacity, as defined in Equation (2); data are the mean of 6 independent experiments± s.d. 

5.2.4. MORPHOLOGICAL CHARACTERIZATION 

The assessment of ET morphology was carried out by TEM. Figure 11 shows TEM 

micrographs of empty ET (Figure 11a), ET-CUR (Figure 11b), ET-PIP (Figure 11c).  
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It is possible to appreciate the spherical or ovoidal shape of the nanovesicles and also the 

characteristic internal multilamellarity. By the way, the presence of the two drugs (both CUR 

and PIP) did not affect the supramolecular structure of the nanovesicles. 

 

Figure 11. TEM micrographs of ET (a), ET-CUR (b) and ET-PIP (c). The bar corresponds to 150, 

100 and 200 nm in panels (a), (b), (c), respectively. 

5.2.5. ANTIOXIDANT ACTIVITY EVALUATION 

By means of the FRAP test, the in vitro antioxidant activity of the formulations loaded with 

the two active compounds (ET-CUR and ET-PIP) was evaluated and compared with CUR 

and PIP solutions (SOL-CUR and SOL-PIP). In addition, empty ET were assayed, as were 

the combinations of ET–PIP + ET–CUR (PIP: 0.125 mg/mL; CUR: 0.125 mg/mL) and SOL–

PIP + SOL–CUR at the same drug concentration. Results are summarized in Table 5. 

FRAP test allows to evaluate the ferric ion (Fe3+) reduction potential of the tested sample. 

The results show that the ET, ET–PIP and SOL–PIP have no antioxidant activity, while the 

well-known antioxidant activity of CUR was confirmed (p >0.6) [98]. In specific, ET-CUR 

and SOL-CUR showed very similar values demonstrating that the activity of CUR was not 

masked or reduced by the encapsulation. Since FRAP is a very fast test, it is assumed that 

the vesicles are not structurally altered by sample preparation and remain intact during the 

course of the assay.  
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Table 5. Antioxidant activity of indicated formulations as resulted from FRAP test.  

Formulation FRAP¹ (µmol TE/g) 

ET n.a.¹ 

SOL-PIP n.a.¹ 

ET-PIP n.a.¹ 

SOL-CUR 3042.86 ± 191.73 

ET-CUR 3097.27 ± 112.83* 

SOL-PIP + SOL-CUR 2996.50 ± 95.54 

ET-PIP + ET-CUR 3408.87 ± 68.80* 

1: not active ; each value is the mean of at least three different experiments (mean ± SEM). * p < 0.035. 

From a practical point of view, since in the FRAP assay, SOL–CUR and ET–CUR were 

diluted in the same solvent, the antioxidant activity of CUR was expected to be the same for 

the two samples, demonstrating that the drug loaded in the ET did not undergo any chemical 

degradation. CUR antioxidant or pro-oxidant behaviour depends on its structural form; 

specifically, the molecule can exist in two tautomeric forms: keto and enol. The CUR 

antioxidant activity is exerted by the keto form, which is able to donate protons whereas the 

enol form is more susceptible to degradation [43]. FRAP test is performed in acidic 

environment which favours the keto form. This occurred equally both for CUR loaded in ET 

and free in solution. Thus, in both cases, CUR resulted directly available to react with Fe3+ 

complexed with TPTZ and reduce it to Fe2+.  

Noteworthy is that the combination of the two drugs in the solution showed the same 

antioxidant power of CUR detected for ET-CUR and SOL-CUR whereas the combination of 

the vesicular formulations (ET–PIP + ET–CUR) resulted in a statistically significant (p< 

0.035) increase in its antioxidant power compared to ET–CUR. This result allows us to state 

that the combination of ET–PIP and ET–CUR enhances the antioxidant effect of CUR, 

confirming the evidence published also in other studies [98,99]. 

5.2.6. IVRT 

The IVRT was performed using Franz cells as previously described (chapter 4.6). The 

membrane chosen to carry out the experiment was a synthetic PTFE membrane. Such a 

membrane serves only as an inert support to separate the upper compartment from the lower 

compartment. According to the guidelines [100] the membranes chosen for IVRTs must not 

interfere in any way with the process of releasing the drug from the vehicle. The aim of the 

experiment was to compare the release kinetics of CUR and PIP, both loaded within ET and 

free in ethanol solution. As shown in graph (Figure 12), ET resulted able to control both 
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CUR and PIP release as compared to the drug solutions. This result is in agreement with 

expectations and demonstrate their effectiveness as release control systems. Moreover, PIP 

release was much faster with respect to CUR one, both in ET and solution formulations. As 

reported in Table 6, the release rate (R) obtained for ET-PIP was 1.75 times higher with 

respect to ET-CUR. It is likely that, in agreement with the findings for the EC parameter, by 

virtue of its chemical and physical properties, CUR is more retained by the nanosystem and 

is released more slowly.  

The percentage release profile of the drugs, expressed as a percentage of the drug released, 

as reported in Figure 12B, confirms the trend obtained by plotting the mass units (µg) per 

unit area (cm2) and revealed that the percentage of drug release with respect to the drug 

loaded in the formulation was 57%, 33%, 24% and 15% in the cases of SOL–PIP, ET–PIP, 

SOL–CUR and ET–CUR, respectively. 

 

Figure 12. CUR and PIP release kinetics from ET–CUR (red circles), SOL–CUR (blue squares), 

ET–PIP (green circles) and SOL–PIP (black squares), as determined by Franz cells associated with 

the PTFE membrane. In panel (A) data are expressed as µg/cm2 versus the square root of time, while 

in panel (B) data are expressed as percentage of released drug (referred to the amount of drug loaded 

in the formulation) versus time. Data are the mean of 6 independent experiments ± s.d. 

In order to elucidate the mechanism of drug release from the ET, four different mathematical 

models were applied to release profiles of selected formulations ET-CUR and ET-PIP, and 

corresponding solutions, as controls. In specific, zero-order plot, first-order plot, Higuchi 

plot and Peppas plot were applied [101]. Table 6 reports R2 values obtained by plotting the 

release data with the linearization conditions for the different models. It results that CUR 

and PIP release from ET followed Higuchi kinetics possibly due to the initially controlled 

drug diffusion through the matrix, as found by other authors [102]. The Peppas equation 

fitting revealed a Fickian diffusion mechanism with a release exponent (n) of around 0.5 for 

both ET-CUR and ET-PIP. 
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Table 6. IVRT parameters and kinetic data of the indicated formulations. 

Formulation 
R¹  

(µg/cm2/h) 

A2  

(µg/cm2) 

Zero Order  

Plot (R2) 

First Order  

Plot (R2) 

Higuchi  

Plot (R2) 

Peppas 

 Plot (n/R2) 

ET-CUR 15.96 ± 2.52 43.87 ± 8.28 0.935 0.947 0.996 0.54/0.995 

SOL-CUR 25.67 ± 5.41 67.75 ± 5.50 0.892 0.912 0.985 0.57/0.977 

ET-PIP 27.88 ± 6.04 76.65 ± 7.52 0.805 0.843 0.967 0.43/0.954 

SOL-PIP 52.08 ± 4.24 148.49 ± 10.45 0.839 0.917 0.984 0.43/0.982 

1: release rate; 2: amount of CUR/PIP released after 8 h; CUR and PIP concentration was 0.25 mg/mL; data are the mean 

of 6 independent Franz cell experiments ± s.d. 

5.2.7. IVPT  

The IVPT was conducted using the same Franz cells apparatus and conditions employed for 

IVRT but selecting STRAT-M® as membrane to separate the donor to the receptor 

compartments. Since these formulations are intended for topical application, a membrane 

able to mimic skin hydrophobicity and porosity was chosen. In specific, STRAT-M® is a 

synthetic membrane made of two polyether sulfone layers overlapped by one polyolefin 

bottom layer and impregnated with synthetic lipids. Due to this peculiar architecture, is 

considered as valuable model for stratum corneum barrier properties [61,103]. Figure 13 

show the CUR (a,b) and PIP (c,d) diffusion profiles through the STRAT-M® membrane and 

Table 7 reports the diffusion parameters. Drug diffusion across the skin is a complex process 

that can be summarized in two main steps. The first one is described by the P coefficient, 

which reflects the preferred distribution of the drug in the skin/membrane or vehicle. The 

second step, described by the D and Kp coefficients, refers to the diffusion of the drug 

through the skin (or membrane), depending on its characteristics and vehicle properties 

[100,104,105]. 
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Figure 13. CUR (a,b) and PIP (c,d) permeability kinetics from ET-CUR (red circles), SOL-CUR 

(blue squares), ET-PIP (green circles) and SOL-PIP (black squares) as determined by Franz cells 

associated to STRAT-M® membrane. (a,c) show the linear part of the kinetic profile; (b,d) show 

diffusion profile occurred in 0-24 h. Data are the mean of 6 independent experiments ± s.d. 

Table 7. IVPT parameters of the indicated formulations. 

IVPT Parameters ET-CUR SOL-CUR ET-PIP SOL-PIP 

Jss1 (μg/cm2/h) 0.70 ± 0.21 0.32 ± 0.1 5.27 ± 2.2 8.85 ± 3.1 

Kp2 (cm/h) x 103 3.12 ± 0.94 1.28 ± 0.40 23.11 ± 9.65 43.81 ± 15.35 

Tlag3 (h) 5.03 ± 0.81 4.74 ± 0.33 1.06 ± 0.052 1.84 ± 0.23 

D4 (cm2 h-1) x 105 3.33 ± 0.54 3.53 ± 0.25 15.80 ± 0.76 9.10 ± 1.14 

P5 membrane/vehicle 2.97 ± 1.37 1.15 ± 0.44 4.64 ± 2.16 15.26 ± 7.25 

A6 (µg/cm-2) 24.67 ± 4.1 3.92 ± 0.42 38.40 ± 5.67 48.66 ± 7.44 

1: Steady-state flux per unit area ; 2: permeability coefficient ; 3: lag-time ; 4 diffusion coefficient; 5 partition coefficient ; 6 

cumulative amount of drug diffused at 24 h; CUR and PIP concentration was always 0.25 mg/mL; data are the mean of 6 

independent Franz cell experiments ± s.d. 

As shown in the graph, PIP diffused much faster with respect to CUR both in the case of ET 

and solution formulations. A lag time was detected in all the diffusion kinetics, which was 

longer for CUR with respect to PIP, particularly in the case of ET–CUR it was five-fold 
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higher than ET–PIP, which confirms a stronger association of CUR with the vesicular 

system. As previously discussed, the higher lipophilicity of CUR with respect to PIP results 

in a stronger affinity for the drug delivery system and therefore greater retention by 

nanovesicles and slower diffusion. Comparing the vesicular system with the solution, we 

can clearly assert that CUR diffusion was much faster from ET with respect to the 

corresponding solution. Noteworthy, the amount of drug diffused after 24 h (A) was 6.29 

times higher in the case of ET-CUR with respect to SOL-CUR. This finding strengthens the 

hypothesis about the potential of ET as systems capable of promoting the penetration of 

lipophilic drugs through the skin. In the opposite, in the case of PIP, the drug diffusion was 

faster in the solution SOL–PIP with respect to ET–PIP, with a slope decline after 9 h. This 

means that PIP loading in ET did not have a significant impact on its permeability. The Kp 

values followed the order SOL–PIP > ET–PIP > ET–CUR > SOL–CUR. Particularly in the 

case of ET–PIP, the Kp value was 7.4-fold higher with respect to ET–CUR. Similarly, the P 

values suggest in the case of ET–CUR a higher drug partition towards the membrane with 

respect to the solution, while an opposite behavior was found in the case of PIP. This result 

suggests that CUR loading in ET could promote a drug interaction towards the STRAT-M® 

membrane, so the skin. Finally, the highest D value was found in the case of ET–PIP, around 

five times higher with respect to ET–CUR.  

5.2.8. PATCH TEST 

In order to evaluate in vivo if ET–CUR and ET–PIP could induce an irritative reaction when 

applied to the skin, a patch test was performed, on 20 healthy volunteers. The count of 

irritative reactions noted 15 minutes and 24 hours after the removal of the Finn Chamber 

was recorded and expressed as irritation indexes. The single application of ET-CUR or ET-

PIP resulted in average 0.1 irritation index score, while the combination of the two vesicular 

formulations led to 0.2 irritation index score. Since we can consider a reaction slightly 

irritating with an irritation index score above 0.5, we can say that in all cases the reactions 

were not relevant. For this reason, the formulations can be considered as non-irritating when 

applied on human skin, either individually or in combination.  

5.2.9. BIOLOGICAL ACTIVITY – EX VIVO EXPERIMENT 

Once characterised, it was decided to test the biological activity of the formulations via an 

ex vivo model consisting of human skin biopsies. The objective was to assess the protective 

action of the two active compounds (CUR and PIP) delivered within the ET formulations, 

against cutaneous oxidative and structural damage induced by DEE. For this purpose, the 
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skin explants were pre-treated with the different formulations and exposed to DEE. As a 

comparison, some of the tissues were pre-treated with the solutions of the drugs (SOL-CUR 

and SOL-PIP). Moreover, in order to evaluate a potential synergism between CUR and PIP, 

the combination of the two formulations (both ET and solutions), was also studied. Exposure 

to environmental pollutants is known to cause oxidative and inflammatory reactions within 

the human skin that can ultimately result in skin structural damage and premature aging 

[106]. Thus, in order to evaluate DEE effect on the skin and the activity of the treatments, 

immunohistochemical analysis was performed, quantifying the expression of three different 

markers: 4-hydroxy-nonenal (4HNE), filaggrin and collagen type-I.  

As shown in Figure 14a, the exposure to DEE induced a significant increase in 4HNE levels 

in the human skin explants compared to the controls. 4HNE is a reactive aldehyde produced 

by lipid peroxidative events, which can affect skin proteins’ functionality by forming adducts 

that cause such proteins to lose their activity and be degraded [107]. ROS induced by air 

pollutants can promote lipid peroxidative events that culminate in the production of 

secondary mediators, such as 4HNE, that can propagate cutaneous oxidative damage 

throughout the skin layers [107]. Results show that ET–CUR, ET–PIP and the combination 

of the drug solutions SOL–PIP + SOL–CUR were found to be the most effective 

formulations in reducing the levels of 4HNE at basal conditions. In the other hand, SOL-

CUR and SOL PIP treatments failed to prevent oxidative damage by DEE, aligning with 

previous findings on the lack of antioxidant activity of SOL-PIP and the poor permeability 

of SOL-CUR. Noteworthy is that SOL–CUR cannot properly pass the stratum corneum, so 

it is not available to exert its antioxidant properties. On the contrary, when delivered via ET, 

CUR can reach the skin layers and be available for the cells, explicating its antioxidant 

activity. These results are in line with previous work, where ET have been found to be able 

to reach the deeper layers of the skin, thus allowing the release of a drug within the cutaneous 

tissues [27]. 

Of note, CUR has been shown to protect from lipid peroxidative events, behaving as a chain-

breaker antioxidant [42]. Indeed, the functional groups present in CUR’s structure, such as 

the ß-diketo group, carbon and phenyl rings, and carbon–carbon double bonds, are able to 

donate H-atoms, thus protecting biomembranes against peroxidative damage [41,108]. 

Although PIP was also demonstrated to possess antioxidant properties by quenching ROS, 

free radicals and reactive metabolic intermediates, its antioxidant activity is strictly related 

to the dose used [44,80,109]. Thus, we believe that at this concentration, PIP was not able to 
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exert an evident antioxidant property, whereas CUR prevented the lipid peroxidation cascade 

occurring within the skin upon DEE exposure. 

Moreover, the enhanced permeability of ET-loaded CUR together with its slower release 

suggests that the skin administration of ET–CUR could promote a prolonged protective 

effect, while the association with ET–PIP could potentiate CUR action against secondary 

responses to oxidative stress in the skin. Oxidative stress is typically an immediate response 

to an insult, but the ensuing cascade can lead to a sustained skin response.  

Besides, DEE exposure is associated with reduced levels of filaggrin, a key protein in the 

skin cornified cell envelope, essential for maintaining structural integrity, hydration and 

cutaneous barrier properties.  

The oxidative and inflammatory events promoted by air pollutants can alter the skin cell 

differentiation and proliferation processes, affecting skin structural proteins and thus skin 

integrity and functionality, and rendering the cutaneous tissue more susceptible to being 

affected by other environmental insults [106,110,111]. The treatment of the skin with natural 

antioxidant and anti-inflammatory compounds was found to counteract the air pollutants’ 

damage and restore skin homeostasis [64,110,112,113]. In this context, natural antioxidants 

and anti-inflammatory agents have been shown to counteract pollutants’ effects and restore 

skin equilibrium [114,115].  

Thus, the cutaneous structural damage was evaluated by measuring the expression levels of 

filaggrin. In our study, as expected, the skin explants exposed to DEE showed reduced levels 

of filaggrin, indicating structural damage promoted by the pollutant. Conversely, the 

treatment with the different formulations, especially ET–PIP and the combination of ET–PIP 

+ ET–CUR, efficiently counteracted the DEE-induced skin damage (Figure 14b). This result 

suggests that while CUR alone did not demonstrate protective effects, the presence of PIP 

may have enhanced CUR’s efficacy at the selected dose.  

CUR, indeed, is known to exert anti-inflammatory properties by suppressing prostaglandin 

synthesis, interfering with the signaling mechanisms involved in COX-2 enzyme 

transcription and inhibiting the LOX pathway [42]. Moreover, CUR has been shown to 

modulate the activation of the NF-κB by preventing its translocation to the nucleus, which 

is necessary for the transcription of genes involved in the inflammatory response 

[42,116,117,118]. Considering the strict link between oxidative and inflammatory responses, 

CUR has been shown to regulate oxidative stress via both ROS and NF-κB pathways [119]. 

PIP, as well, has been reported to be a potent inhibitor of NF-κB translocation in melanoma 
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[120] and to attenuate cigarette-smoke-induced oxidative stress and lung inflammation by 

upregulating Sirtuin1 (SIRT1) and promoting the inhibition of NF-κB and the activation of 

the antioxidant response via nuclear factor erythroid 2-related factor 2 (Nrf2) [121]. It should 

be mentioned that skin structural damage is often a consequence of a combination of 

oxidative and inflammatory reactions; therefore, it is possible that CUR at the dose applied 

in this study is not able to exert a protective role, whereas PIP might contribute to the anti-

inflammatory response of the skin. Moreover, PIP permeability and diffusion were higher in 

the case of ET–PIP with respect to ET–CUR, suggesting its capability to counteract 

structural damage earlier than CUR under our experimental conditions. It is worth recalling 

that, whereas ROS production is a quick event occurring right after exposure to 

environmental insults, cutaneous structural damage is the result of a later response of the 

skin to ox-inflammatory damage. The slower drug diffusion and permeability in the case of 

ET–CUR could account for its protective effect displayed after a prolonged exposure time. 

Further experiments are needed to better elucidate the possible protective effect of ET–CUR 

on chronic exposure. 

Finally, type I collagen expression, a protein expressed in the dermis, essential for skin 

elasticity and strength, which is degraded during ageing, was quantified (Figure 14c). It 

resulted that all the formulations, besides SOL-CUR, were able to prevent the degradation 

of collagen-I. Noteworthy, the combination of CUR and PIP, both as SOL–PIP + SOL–CUR 

and as ET–CUR +ET–PIP, was the most efficient in preventing the damage, suggesting that 

PIP might act as a biopotentiator of CUR to counteract the skin aging process induced by air 

pollutants and also their synergistic effect in preserving collagen, suggests their potential in 

protecting against the skin inflammation process [122]. Nevertheless, although PIP 

biopotentiator/bioenhancer action is widely studied for the oral route, there is still little 

knowledge about its effect when co-administered topically. Additional studies will certainly 

be required to investigate this aspect further. 

Indeed, the premature skin aging process induced by exposure to air pollutants is mainly 

accompanied by a loss of proteins that confer elasticity and mechanical strength to the skin, 

such as type I collagen. Indeed, the activation of metalloproteinases (MMPs) in the 

extracellular matrix in response to environmental stressors can promote the degradation of 

this protein, promoting wrinkle formation and other signs of aging [123]. Notably, CUR can 

promote type I collagen induction via the inhibition of ROS [124] and modulate MMP 

activation, as can PIP [120,125]. Taken together, our results show that the combination of 
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CUR and PIP may be helpful in regulating many inflammatory and oxidative stress 

pathways, thus broadly protecting the skin from harmful external stimuli. 

 
Figure 14. Immunofluorescence staining for 4HNE (a) filaggrin (b) and collagen type I (c) in human 

skin biopsies treated with the indicated formulations and exposed to DEE. Red or green stainings 

represent the selected proteins and the blue staining (DAPI) represents nuclei. Images were taken at 

40x  magnification. The fluorescent signal of the different markers was quantified using the ImageJ 

software 1.53a (Java 1.8.0_172) and expressed in the graphs. Data are the results of the averages of 

at least three different experiments, with  *,#,$ p < 0.05; **,##,$$ p < 0.005; ***,###,$$$p < 0.001; ****,####,$$$$ 

p < 0.0001 by 2-way ANOVA followed by Tukey’s post-hoc comparison test [126]. DEE, SOL–
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CUR+DEE, SOL–PIP+DEE, SOL–PIP+SOL–CUR+DEE, ET–CUR, ET–PIP, ET–PIP+ET–

CUR+DEE vs. Ctrl (*); CTRL, SOL–CUR+DEE, SOL–PIP+DEE, SOL–PIP+SOL–CUR+DEE, 

ET–CUR, ET–PIP, ET–PIP+ET–CUR+DEE vs. DEE (#); SOL–PIP+SOL–CUR+DEE vs. SOL–

CUR+DEE ($). 
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6. PROJECT 2 – Co-delivery of curcumin and piperine within 

spongosomes: a second strategy to prevent pollution-induced 

skin damage 

6.1. INTRODUCTION 

The present project is intended as a continuation of the previous one. In particular, the 

therapeutic objective addressed is still the prevention of skin damage caused by exposure to 

pollutants. In fact, since the skin is the first defence line between the body and the outside 

world, prolonged exposure to external insults such as pollutants leads to the formation of 

ROS and the generation of bioactive molecules that can affect cellular structure and 

functions [127]. However, endogenous antioxidant defences may not be able to counteract 

the damaging effects induced by ROS, resulting in cellular impairment and disturbance of 

skin barrier function. Alterations in stratum corneum lipid metabolism as well as the 

functionality of protein components can promote the development of several skin diseases 

and disorders [127]. It has been widely recognized that excessive exposure to UV rays, as 

well as many air pollutants including smoke exposure, factory emissions, automobile 

exhaust, can be associated with the development of skin conditions [64,128]. 

As described in the previous chapter, diesel engine emissions are the most common outdoor 

pollutants worldwide, affecting human health. DEE comprise a complex mixture of solid, 

condensed, and gaseous fractions, which composition consists in elemental carbon, metals 

and metal-oxides, toxic inorganic gases, such as carbon dioxide, carbon monoxide, nitric 

oxide and nitrogen dioxide, as well as a mixture of polyaromatic hydrocarbons, aldehydes 

and heterocyclic aromatic compounds [129]. Both short- and long-term exposure to such 

toxicants is associated with oxidative stress and inflammation, which can accelerate the skin 

aging process, or the onset of diseases such as atopic dermatitis, acne, psoriasis, androgenetic 

alopecia, and skin cancers [130,131]. In this respect, the administration of molecules able to 

prevent the skin oxidative insult can represent a strategy to restore the homeostasis skin 

defence mechanism [132,133]. In particular, phytocompounds such as CUR and PIP 

possessing anti-oxidant and anti-inflammatory properties, could represent green alternatives 

to synthetic molecules. As mentioned above, however, despite its wide and well-known 

therapeutic potential, including directed at skin diseases, CUR is characterised by a low 

bioavailability that hinders its use in therapy [38,39,40,43]. On the other hand, PIP, in 

addition to being known for its therapeutic potential, presents itself as an interesting way to 

increase the bioavailability of co-administered molecules [44,45]. Notably, some studies 
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have demonstrated the efficacy of PIP in increasing CUR topical absorption, suggesting a 

penetration enhancer role [50,82]. 

In this regard, already in Project 1 we demonstrated the potential of CUR and PIP, loaded 

separately in the ET, in preventing skin damage caused by exposure to DEE. Owing to these 

encouraging results, in the present study, we further explored the possibility of administering 

both molecules on the skin using a single delivery system. In particular, lipid supramolecular 

systems based on GMO have been investigated. 

GMO is a biodegradable and non-toxic unsaturated monoglyceride which, due to its 

amphiphilic character, can self-assemble in water leading to different liquid crystalline 

structures [29]. The dispersion of GMO in water under a high energy input and specific 

temperature in the presence of surfactants results in the formation of lipid nanostructures 

with an inner phase consisting of lyotropic liquid crystalline phases. As previously described, 

(chapter 1.3.2) these lipid supramolecular systems represent attractive nanoplatforms for 

drug delivery [31], in particular for topical administration of active compounds, due to the 

structural similarity of GMO dispersions with stratum corneum lipid structure [8,32,33]. 

Preparation modalities and type of surfactants chosen influence the formation of lipid 

nanostructures with different inner organization, such as cubosomes, hexasomes, or 

spongosomes (SP). The latest are characterized by an inner “sponge” mesophase 

organization, a bicontinuous phase less ordered and more fluid compared to cubic phases 

and classified as “L3” [29,134,135]. The SP architecture presents open structures consisting 

of a highly convoluted and interconnected three-dimensional network, in which 

bicontinuous lipid bilayers intersect with nanometer-sized aqueous channels allowing to 

entrap either hydrophilic or hydrophobic molecules [135]. 

With respect to liposomes, cubosomes and spongosomes possess a nanochannel network 

organization enabling a higher drug encapsulation efficacy and sustained release. In addition, 

cubosome and spongosome advantages with respect to liposomes are related to their larger 

specific surface area and longer stability, enabling to storage them for long time without 

phase separation or particle size increase [8,29,31]. 

As previously reported by other authors, CUR can be efficiently co-loaded in SP; for 

instance, Rakotoarisoa et al. investigated the neuroprotective potential of these 

nanostructures as delivery systems of CUR in association with fish oil. Indeed, the SP’s large 

lipid/water interface area enables to solubilize both hydrophilic and lipophilic drugs [135].  
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In the present study, the possibility of co-loading PIP and CUR in SP was investigated to 

obtain a single lipid-based dispersion suitable for topical administration. Particularly, the 

formulation should improve CUR oxinflammatory power [136] and protect the skin against 

environmental-induced skin damage. After selection of the production method and 

composition, the GMO dispersions were thoroughly characterized for their physicochemical 

parameters, as well as their capability to control CUR and PIP diffusion. Afterwards the SP 

efficacy against cutaneous oxidative and structural damage was investigated on skin explants 

exposed to DEE, evaluating the skin levels of some proteins such as filaggrin, involucrin, 

and type I collagen. 

The present results have been the object of the published paper: “Spongosome-based co-

delivery of curcumin and piperine: a novel strategy for mitigating pollution-induced skin 

damage” [Bondi, A.; Ferrara, F.; Pula, W.; Mariani, P.; Pepe, A.; Drechsler, M.; Montesi, L.; 

Manfredini, S.; Valacchi, G.; and Elisabetta Esposito.] Colloid and Interface Science 

Communications 2024, 63, 100811. https://doi.org/10.1016/j.colcom.2024.100811 

 

6.2. RESULTS AND DISCUSSION 

6.2.1. PREPARATION AND CHARACTERIZATION OF GMO DISPERSIONS – 

PREFORMULATORY STUDY 

The purpose of the present investigation is to apply GMO-based liquid crystalline structures 

for the transdermal delivery of CUR and PIP in combination. Joint loading of bioactive 

compounds in nanoplatforms has been employed to improve their bioavailability and 

stability. For instance, many studies in the food field have demonstrated the advantages of 

simultaneously administering phytocompounds such as CUR, PIP, quercetin, genistein, and 

coenzyme Q10 to improve their bioaccessibility and control their chemical degradation 

[137].  

In particular, SP, new promising platforms for skin delivery, were proposed in the present 

work as tool for CUR and PIP skin delivery, with the purpose of the prevention of 

environmentally induced skin damage. As mentioned above, exposure to pollutants can lead 

to the onset or exacerbation of numerous diseases, from skin aging to cancer [138,139].  

In a previous investigation, our research group demonstrated the suitability of GMO 

dispersions, stabilised by NaChol and NaCas, to load CUR, resulting in different liquid 
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crystalline structures. The ability to affect cell proliferation by inhibiting the activation of 

the NFkB/cyclin D1 pathways suggests the possibility of employing GMO dispersions to 

deliver CUR through the skin [140]. Based on the previous preliminary findings, in the 

present research study we further explored the GMO dispersion potential as cutaneous 

delivery system for CUR co-loaded with PIP.  

In the first part of the work, we conducted a preformulatory study to obtain GMO dispersions 

suitable for CUR and PIP solubilization. Table 8 reports the composition of GMO 

dispersions stabilized by NaChol (GD1), or by a mixture of NaChol and NaCas (GD2). Both 

dispersions appeared milky, homogeneous, and free from both aggregation and 

sedimentation. 

Table 8. Composition of GMO dispersions. 

Formulation 
GMO1 

%w/w 

NaChol2 

%w/w 

NaCas3 

%w/w 

H2O 

%w/w 
Z Average(nm) ± s.d. DI4± s.d. 

GD1 4.50 0.15 - 95.350 198.38 ± 23.67 0.20 ± 0.04 

GD2 4.50 0.15 0.07 95.325 214.65 ± 11.10 0.21 ± 0.01 

1 Glyceryl monoolein; 2 Na cholate; 3 Na caseinate; 4Dispersity index.  

In the present investigation, we also decided to modify the method previously employed by 

our research group for the preparation of GMO aqueous dispersions [85,141,142], which 

was based on lipid phase melting and emulsification, followed by homogenization of the 

dispersion, resulting for instrumental reason in 50 mL volumes for each batch. Precisely, in 

order to reduce material waste and costs, we succeeded in developing a procedure based on 

the hydration of a GMO thin film followed by homogenization, enabling a 10-fold reduction 

in the preparation volume to 5 mL. 

GMO dispersion size distribution parameters, obtained by PCS analysis the day after the 

preparation, are shown in Table 8. Mean diameters, expressed as Z-Average, are around 200 

nm, suitable for promoting drug penetration through the skin [8], only slightly larger in the 

case of GD2, which is enriched with NaCas in its composition. Dispersity indexes were 

always around 0.2, demonstrating homogeneous size distribution.  

6.2.2. MORPHOLOGY AND SAXS CHARACTERIZATION 

In order to investigate the morphology and the inner supramolecular structure of GMO 

dispersions, Cryo-TEM and SAXS were employed.  
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The Cryo-TEM micrographs reported in Figure 15 show spheroidal and hexagonal structures 

with the typical irregular inner organization of sponge phase, both in the case of GD1 (A) 

and GD2 (B) [29].  

 

Figure 15. Cryo-TEM micrographs of GD1 (A) and GD2 (B) formulations. 

Figure 16 reports the SAXS spectra of GD1 and GD2 measured at 25 °C (Figure 16A) and 

37 °C (Figure 16B) in order to mimic the temperature conditions of storage and cutaneous 

application.  
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Figure 16. SAXS diffraction spectra of GD1 (red line), GD2 (blue line), SP CUR0.25 (black line), and 

SP PIP0.25 (yellow line). Analyses were performed at 25 °C (A, C) or 37 °C (B, D). 

For all samples, the SAXS profiles are characterized by a broad correlation peak, centred at 

Qc  1.6 nm-1, and by a low-intensity narrow peak, centred at Qp  1.42 nm-1. From a 

qualitative point of view and based on results on dispersed GMO systems [143,144,145], the 

observed profiles indicate that two coexisting stable lyotropic liquid-crystalline phases occur 

simultaneously within the GMO dispersions: a sponge L3 phase, indicated by the broad 

band, and a hexagonal phase, suggested by the presence and position of the narrow peak. 

The two-phase system is very stable: the SAXS profiles do not change with temperature and 

composition, indicating that the two phases are in equilibrium with each other [146]. 

The structural properties of the sponge phase can be derived considering that GMO in water 

forms at least 3 different inverted, long-range ordered bicontinuous cubic phases [144], 

whose structure is described in terms of Infinite Periodic Minimal Surfaces, e.g., infinite 

arrays of connected saddle surfaces (where lipid monolayers are draped) with zero mean 

curvature at every point on that surface [147]. In some cases, such as after the addition of 

NaChol [145], the formation of a “molten cubic phase” (the sponge L3-type phase), always 

characterized by multiconnected saddle-shaped membranes but without long-range order, 

A B 

C D SP CUR0.25 

SP PIP0.25 
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has been reported. According to the absence of long-range order, the SAXS profile of the 

sponge L3 phase shows only one broad peak, just as observed in the present case (Figure 

16). This broad peak is related to the cell-cell bilayer correlations: structural parameters can 

be then obtained by fitting this peak with Equation (7),  

I(Q) = c / ( -2 + (Q-Qc)
2) (7) 

where c is a normalization constant,  is the correlation length and L = 2/Qc is a 

characteristic lipid bilayer correlation distance [143]. Results obtained in the present case 

are reported in Table 9. 

The SAXS profile in Figure 16 also shows the presence of a narrow peak, superposed to the 

broad band. To assign this peak, two aspects were taken into consideration: first, the value 

of the hexagonal lattice parameter a, calculated by the peak position Qp using Equation (8), 

a = 4 / (Qp √3) (8) 

(see Table 9), matches well the ones observed for the hexagonal phase occurring in 

monoolein systems [143,144,148]. Second, an inverted hexagonal phase was reported to 

form in the phase diagram of a similar monoolein mixture between the cubic and the sponge 

phase at room temperature and in excess of aqueous medium [143]. Therefore, the presence 

of an inverted hexagonal phase, which co-exists in equilibrium with the sponge phase within 

the analysed GMO dispersions, was suggested. It should be noticed that the peak 

corresponding to the hexagonal phase is narrow but of low intensity, so that a very minimal 

structuring of the dispersed GMO system should occur in this regard, and considering the 

pre-eminence of the sponge phase, the nanostructures constituting the spheroidal particles 

observed in the GMO dispersion can be defined as “spongosomes” [143]. 

Table 9.  Structural parameters for the hexagonal and the sponge L3 phases.  

25 °C  37 °C 

Formulation a1 (nm) L2 (nm) Qc
3 (nm-1) 4(nm)  a1 (nm) L2 (nm) Qc

3 (nm-1) 4 (nm) 

GD1 5.11 3.94 1.59 2.34  5.09 3.87 1.63 2.47 

GD2 5.00 3.82 1.65 2.35  4.99 3.75 1.68 2.49 

SP CUR0.25 5.13 3.97 1.58 2.30  5.09 3.89 1.61 2.49 

SP PIP0.25 5.13 3.99 1.57 2.33  5.09 3.90 1.61 2.48 

1 Inverted hexagonal lattice parameter; 2 L3 sponge cell characteristic distance; 3 Position of the correlation peak of the 

sponge; 4 Bilayer correlation length. 
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As already underlined, Figure 16 shows that temperature did not affect the SAXS profiles, 

indicating the same phase co-existence at 25 °C and 37 °C. Namely, structural parameters 

change by a small value: on heating, the hexagonal unit cell reduces as well as slightly reduce 

the bilayers correlation distance in the sponge phase, indicating a shrinking of the bilayer 

because a higher fluidity of the hydrocarbon chains. By contrast, an increase of the 

correlation length  is observed at 37 °C, suggesting increased thermal fluctuations inside 

the sponge L3 phase. 

Notably, X-ray and cryo-TEM analyses demonstrated that the preparation procedure 

influences the supramolecular organization of the GMO dispersion. Indeed, the previous 

method led to unilamellar nanovesicles, cubosomes and hexasomes [85], while the new one 

resulted in nanodispersions with internal sponge phase organization in both GD1 and GD2. 

Whereas, by the new developed procedure, different kinds of nanodispersions were obtained, 

characterized by internal sponge phase organization in both GD1 and GD2. Notably, no 

previously reported aggregation phenomena were observed, confirming the importance of 

the applied method in the preparation of lyotropic liquid crystalline nanodispersions. 

6.2.3. PREPARATION OF DRUG LOADED SPONGOSOMES  

The preliminary formulative study showed similar size distribution, morphology, and inner 

structure in GD1 and GD2. Thus, GD1 was selected, being based on GMO associated with 

the single surfactant NaChol, to simplify as much as possible the vehicle composition in 

view of drug loading. As first approach, CUR and PIP were separately loaded by previous 

solubilization in ethanol (0.25 or 0.5 mg/mL), resulting in SP dispersions, whose names and 

compositions are reported in Table 10. The addition of the drugs did not affect macroscopical 

appearance, except in the case of CUR-loaded formulations whose resulted in the typical 

yellow colour.  

As reported in Table 10, the presence of the drugs led to a slight increase (25-35 nm) in the 

Z-Average mean diameters with respect to the empty GD1. Dispersity index values slightly 

increased in the case of the 0.5 mg/mL drug concentration. 
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Table 10. Composition and size distribution parameters of SP loaded with CUR and/or PIP.  

Formulation 
GMO1 

%w/w 

NaChol2 

%w/w 

H2O 

%w/w 

PIP3 

%w/w 

CUR4 

%w/w 

Z-Average (nm) 

± s.d. 
DI5 ± s.d. 

SP CUR0.25 4.50 0.15 95.325 - 0.025 223.7 ± 14.4 0.16 ± 0.03 

SP PIP0.25 4.50 0.15 95.325 0.025 - 228.4 ± 13.6 0.18 ± 0.05 

SP CUR0.5 4.50 0.15 95.255 - 0.050 241.1 ± 34.5 0.24 ± 0.02 

SP PIP0.5 4.50 0.15 95.255 0.050 - 232.2 ± 7.6 0.26 ± 0.05 

SP CUR0.25/PIP0.25 4.50 0.15 95.255 0.025 0.025 243.0 ± 27.2 0.24 ± 0.05 

SP CUR0.4/PIP0.1 4.50 0.15 95.255 0.010 0.040 264.0 ± 62.2 0.23 ± 0.05 

1 Glyceryl monoolein; 2 Na cholate; 3 piperine; 4 curcumin; 5Dispersity index. Size distribution parameters refer to the mean 

values of PCS measurements conducted on 6 different independent batches for each type of SP. 

SAXS analyses performed on SP CUR0.25 and SP PIP0.25 (Figure 16), confirmed the band and 

the peak typical of unilamellar vesicles and sponge phase L3, found in the case of the empty 

GD1 dispersion. According to previous results, the key parameters suggest that the presence 

of the drugs (CUR and PIP) does not alter the characteristics of the dispersed system: in 

particular, the characteristic distance L related to the correlations between the lipid bilayers 

in the sponge is quite constant. The value is around 3.95 nm, larger than the GMO bilayer 

thickness, which is around 3.2 nm; such observation suggests that the hydration level of 

GMO in the L3 phase remains low, even when the composition of the dispersion is changed 

(presence of one or two surfactants, presence of the drugs). 

As second approach, both CUR and PIP were simultaneously loaded into SP dispersions, 

following two different associations, namely 1:1 and 1:4 CUR-PIP w/w ratios. Composition 

of the formulations, as well as size distribution parameters obtained by PCS analysis are 

summarized in Table 10. Z-Average mean diameters underwent a slight increase (20 nm) in 

the case of SP CUR0.4/PIP0.1, while Dispersity index was still below 0.25, reflecting a 

homogeneous size distribution. 

6.2.4. ENTRAPMENT CAPACITY EVALUATION  

To evaluate the amounts of drug associated to SP, the formulations were subjected to 

ultrafiltration (chapter 4.4.1), to separate the particulate lipidic fraction to the dispersing 

aqueous phase. Subsequently, disaggregation through ethanolic dilution was performed both 

on the retentate fraction and on the whole formulation. HPLC analysis allowed the 

quantification and calculation of EC values summarized in Table 11. 
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Table 11. Entrapment capacity of indicated formulations.  

Formulation 
EC1 % ± s.d. 

CUR PIP 

SP CUR0.25 83.11 ± 13.69 - 

SP PIP0.25 - 82.68 ± 4.80 

SP CUR0.5 78.85 ± 17.23 - 

SP PIP0.5 - 78.23 ± 5.30 

SP CUR0.25/PIP0.25 76.86 ± 24.90 73.88 ± 23.33 

SP CUR0.4/PIP0.1 74.34 ± 19.07 71.34 ± 17.27 

1 Entrapment capacity, as defined in Equation (2). 

EC values indicated that the drug loaded within the lipid disperse phase ranged between 71 

and 83 %, both for CUR and PIP, which means that the most of the drug is associated to the 

SP nanoplatforms. For sure the composition of SP and their peculiar open structure, 

consisting of a convoluted and interconnected three-dimensional network, confer a high 

capability to encapsulate lipophilic molecules [29]. Accordingly, a high encapsulation 

efficiency was observed for both phytocompounds. 

It is noteworthy that the production procedure enabled to simultaneously load both CUR and 

PIP in two different ratios: SP CUR0.4/PIP0.1 and SP CUR0.25/PIP0.25.  

6.2.5. IVPT 

IVPT was employed to predict the in vivo permeation of CUR and PIP separately or jointly 

loaded in SP CUR0.5, SP PIP0.5, SP CUR0.25/PIP0.25, and SP CUR0.4/PIP0.1. Owing to their 

penetration enhancer potential, both GMO and PIP [33] play a key role in promoting CUR 

penetration through the stratum corneum. Furthermore, liquid crystals are characterized by 

high bioadhesivity and affinity between their inner structure and the architecture of the 

stratum corneum [8,31]. 

STRAT-M® membrane was selected because of its ability to mimic the barrier properties of 

the stratum corneum. Drug diffusion profiles are shown in Figure 17, while Table 12 

summarizes the calculated diffusion parameters. 
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Figure 17. CUR (blu circles) and PIP (orange circles) diffusion profiles from SP CUR0.5 (A), SP 

PIP0.5 (B), SP CUR0.4/PIP0.1 (C), and SP CUR0.25/PIP0.25 (D), as determined by Franz cells associated 

with the STRAT-M® membrane. The insets in each panel refer to the respective 0-24 h kinetics. Data 

are the mean of 3 independent experiments ± s.d.  

Figure 17 clearly shows that in any case PIP diffused much faster respect to CUR. A lag time 

was detected in all the diffusion kinetics, longer for CUR with respect to PIP, suggesting that 

CUR was more strongly retained into the SP ultrastructure, due to the major lipophilic 

character of the drug (log P 3.29) with respect to PIP (log P 2.78).  

Remarkably, in the case of SP CUR0.5, CUR was undetectable in the receptor compartment 

until 8 h, which hampered a detailed evaluation of IVPT parameters, while in case of SP 

CUR0.25/PIP0.25 and SP CUR0.4/PIP0.1, where CUR was combined with PIP, a slow CUR 

diffusion was observed. This phenomenon suggests a possible competition between CUR 

and PIP within the ultrastructure, which favoured the expulsion of CUR in the presence of 

PIP. It could be hypothesized that the joint presence of CUR and PIP in SP 

CUR0.25/PIP0.25and SP CUR0.4/PIP0.1 can affect the hydrophobic interaction between the 

drugs and the matrix, with respect to the individually CUR-loaded SP CUR0.5, finally 

improving CUR diffusion [137,149]. 
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Table 12. IVPT parameters of indicated formulations calculated for CUR and PIP respectively. 

IVPT 

Parameters 
SP CUR0.5 SP PIP0.5 SP CUR0.25/PIP0.25 SP CUR0.4/PIP0.1 

   CUR PIP CUR PIP 

Jss1 (μg/cm2/h) - 2.35 ± 0.73 0.26 ± 0.01 0.96 ± 0.12 0.26 ± 0.02 0.29 ± 0.12 

Kp2 (cm/h) × 103 - 4.71 ± 1.46 1.04 ± 0.02 3.82 ± 0.25 0.64 ± 0.08 2.86 ± 0.92 

Tlag 3 (h) - 2.04 ± 0.04 4.09 ± 0.21 1.15 ± 0.15 2.98 ± 0.16 1.10 ± 1.18 

D4 (cm2 h−1) × 105 - 8.20 ± 1.03 4.09 ± 1.51 14.61 ± 2.52 5.63 ± 0.13 15.20 ± 3.22 

P5 - 1.82 ± 0.02 0.80 ± 0.01 0.83 ± 0.05 0.36 ± 0.02 0.60 ± 0.02 

A6 (μg/cm−2) 6.35 ± 0.03 71.38 ± 26.22 4.65 ± 0.71 29.45 ± 0.31 6.15 ± 1.08 8.60 ± 1.71  

1Steady-state flux per unit area; 2permeability coefficient; 3lag-time; 4diffusion coefficient; 5partition coefficient 

(membrane/vehicle); 6cumulative amount of drug diffused at 24 h; data are the mean of 3 independent Franz cell 

experiments ± s.d. 

Notably, Kp values of PIP were roughly 4-fold higher with respect to CUR, both in the case 

of SP CUR0.25/PIP0.25 and SP CUR0.4/PIP0.1. Surprisingly, Kp value for CUR was 1.6-fold 

minor in the case of SP CUR0.4/PIP0.1 with respect to SP CUR0.25/PIP0.25, suggesting that the 

higher the amount of CUR, the stronger its retention in the donor phase. The faster 

permeation of PIP with respect to CUR in all tested formulations indicates a stronger 

hydrophobic interaction between CUR and the lipophilic supramolecular structure of the 

spongiform dispersed phase, whose 3D network architecture involves interconnected 

internal compartments. Moreover, D values of PIP were 3-fold higher with respect to CUR, 

both in the case of SP CUR0.25/PIP0.25 and SP CUR0.4/PIP0.1, indicating that PIP was more 

promptly available for diffusion and partition to the membrane with respect to CUR. 

Comparing the co-loaded formulations with SP PIP0.5, in the case of PIP, higher P and Kp 

values were observed, whilst the D values of PIP in the case of SP CUR0.25/PIP0.25 and SP 

CUR0.4/PIP0.1 were roughly double with respect to SP PIP0.5, suggesting that the association 

of CUR and PIP can promote the diffusion of both drugs. After 24 h, as expected, the amount 

of diffused PIP was much higher with respect to CUR, in all tested formulations, while the 

highest value was obtained for SP PIP0.5 formulation, containing a higher drug amount. 

Furthermore, the combination of these two phytocompounds was effective in promoting both 

PIP and CUR diffusion across the STRAT-M® membrane.  

6.2.6. PATCH TEST 

To evaluate the safety of the loaded and unloaded SP applied to the skin, a patch test was 

conducted on 20 healthy volunteers.  
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Specifically, formulations GD1, SP CUR0.5, SP PIP0.5, and SP CUR0.4/PIP0.1 were tested to 

evaluate the number of irritative reactions 15 min and 24 h after the removal of the Finn 

Chamber. Since the reaction was negligible in all cases, the formulations could be classified 

as non-irritating to the human skin, so suitable for topical application. These findings are 

critical for the development of safe and effective dermatological products. 

6.2.7. BIOLOGICAL ACTIVITY - EX VIVO EXPERIMENT 

To assess the structural damage produced on the skin by DEE and to evaluate the protective 

activity of the SP formulations, ex vivo test was performed using human skin biopsies as a 

model.  

Specifically, skin biopsies were pre-treated with SP CUR0.5, SP PIP0.5, SP CUR0.25/PIP0.25 

and SP CUR0.4/PIP0.1 formulations and then exposed to DEE; CTRL biopsies remained 

untreated and unexposed while DEE biopsies were exposed to the pollutant but without 

treatment. Then, immunofluorescence assays were carried out on skin tissue to evaluate the 

expression of key protein involved in the processes of differentiation of the epidermis 

(involucrin), in the formation of the skin barrier (filaggrin), and in conferring support to the 

skin (type I collagen), in response to DEE exposure. The altered expression of these proteins 

is in fact an indication of a structural damage of the skin tissue. Specifically, filaggrin is a 

late differentiation marker, located in stratum corneum in which binds to keratin intermediate 

filaments, causing their aggregation into macrofibrils. This process contributes to cellular 

compaction and permits the extensive crosslinking of keratin intermediate filaments to form 

a highly insoluble keratin matrix [150]. Involucrin is a cytoplasmic protein that is 

synthesized in human squamous epithelial cells. This protein is present in the maturing cells 

of the upper stratum spinosum and stratum granulosum and is a marker of keratinocytes 

maturation that immediately precedes the final events of terminal differentiation [151]. Type 

I collagen, is one of the main types of collagens present in the skin, known to give elasticity 

and mechanical resistance to the cutaneous tissue, as well as to be involved in the 

regenerative processes of the skin [152]. A reduction in type 1 collagen, as previously 

reported, is often associated with the skin aging process, of which exposure to atmospheric 

agents is now one of the main causes (premature skin aging) [106].  

As expected, DEE exposure caused a depletion in all three markers expression levels, 

confirming the harmful action of the pollutant, even after a short exposure. However, pre-

treatment with SP PIP0.5 could prevent the loss in filaggrin expression levels compared to 

DEE samples (Figure 18A), suggesting that this formulation is able to counteract the 
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cutaneous barrier damage induced by the environmental pollutant exposure. On the other 

hand, SP CUR0.5 was unable to prevent stress-induced filaggrin loss promoted by DEE 

exposure. Interestingly, in the case of the filaggrin marker, CUR alone had no effect, while 

the association with the smaller amount of PIP and higher CUR was even found to be the 

most effective, suggesting a possible enhanced diffusion of the two phytocompounds, as 

recently found in the case of ET (Project 1). An opposite trend could be observed in the case 

of involucrin (Figure 18B), in which topical application of SP CUR0.5 significantly prevent 

the decrease in involucrin expression levels in comparison with untreated biopsies exposed 

to the pollutant (DEE); whilst SP PIP0.5 showed almost no protective effect against involucrin 

loss. In both cases, SP CUR0.4/PIP0.1 showed a higher protective effect with respect to SP 

CUR0.25/PIP0.25, indicating that the 1:4 w/w CUR-PIP association seems more efficient with 

respect to the 1:1 w/w association, maybe due to the higher CUR amount.  

Regarding type I collagen expression, on the contrary, no significant difference between 

treated and untreated tissues was detected by 2-way ANOVA analysis (Figure 18C). 

However, it is still possible to recognize a trend from the graph, which suggest a slightly 

protective effect exerted especially by SP CUR0.4/PIP0.1. This result may propose a protective 

action of the formulations after prolonged treatment. In fact, considering that the process of 

skin aging is due to a continuous and prolonged exposure to environmental pollutants, 48 h 

of exposure to DEE may not yet be sufficient to appreciate a significant protective effect of 

the formulations. Moreover, it is likely that, over the duration of the experiment, CUR and 

PIP were not able to penetrate deep enough to carry out their protective action on the dermis. 

In contrast, the action of the formulation was more effective on the superficial layers of the 

epidermis, as evidenced by the levels of the markers filaggrin and involucrin. A possible 

long-term efficacy of the SP formulation could then be proposed.  
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Figure 18. Immunofluorescence staining for filaggrin (A), involucrin (B), and type I collagen (C) in 

human skin biopsies treated with the indicated formulations and exposed or not to DEE. Red or green 

staining represents the indicated proteins, and the blue staining (DAPI) represents nuclei. Images 

were taken at 40× magnification. The fluorescent signal of the different markers was quantified using 

ImageJ software 1.53a (Java 1.8.0_172) and expressed in the graphs. Data are the results of the 

averages of at least three different experiments, with:*,$, p < 0.05;**, $$,##, p < 0.005; ***, p = 

0.0001; and ****,####,$$$$, p < 0.0001, by 2-way ANOVA followed by Tukey’s post-hoc 

comparison test [126]. DEE, SP CUR0.5, SP PIP0.5, SP CUR0.25/PIP0.25, SP CUR0.4/PIP0.1, vs. CTRL 

(*); CTRL, SP CUR0.5, SP PIP0.5, SP CUR0.25/PIP0.25, SP CUR0.4/PIP0.1 vs. DEE (#); SP CUR0.5, SP 

CUR0.25/PIP0.25, SP CUR0.4/PIP0.1 vs. SP PIP0.5 and SP CUR0.5 vs SP CUR0.4/PIP0.1 ($). 
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7. PROJECT 3 – Gossypin-loaded ethosomal gel for the 

topical treatment of cutaneous melanoma: a preliminary 

study 

7.1. INTRODUCTION  

Cutaneous melanoma (hereafter, melanoma) is the most aggressive form of skin cancer. 

Based on epidemiological data, in 2020 more than 300 000 new melanoma cases and about 

60 000 deaths occurred [153]. Moreover, a 50% increase in new cases and deaths over the 

next two decades has also been estimated. The incidence of this human cancer varies greatly 

between countries, not only due to differences in skin phenotype and sun exposure, but also 

due to easier or lesser access to early diagnosis and treatments [154,155,156]. 

Notwithstanding recent significant advancements in the clinical management of advanced 

melanoma through targeted therapies and immunotherapy, treatment failures, severe adverse 

effects, and resistance to current therapies still persist [157]. These challenges emphasize the 

need for alternative treatment options. One possible solution can be found in active 

compounds of natural origin. Indeed, nature represents a very rich resource of bioactives, 

particularly derived from plants, with promising therapeutical properties as anti-cancer 

drugs, or as adjuvants [158,159]. Nevertheless, their use in cancer treatment is still limited 

by their low stability, scarce solubility and bioavailability. At this regard, the development 

of nanotechnological delivery systems could represent a smart approach to overcome these 

drawbacks. 

GOS, as previously reported (chapter 1.4.3) is a flavanol glucoside which can be found in 

roots and flowers of several hibiscus species, belonging to the Malvaceae family. GOS 

possesses a wide range of activities of therapeutic interest, but those that most caught our 

attention in the present research are the antioxidant and antitumor activities [51,52]. 

Specifically, it can arrest the cell cycle and inhibit proliferation, these effects are achieved 

through the modulation of various cellular pathways. One key mechanism involves the 

inhibition of NF-κB, a protein complex that plays a crucial role in inflammation and cell 

survival. By inhibiting NF-κB, GOS can reduce inflammation and promote tumor cell death. 

In addition, GOS inhibits the TNF-induced MMP9 expression: TNF can stimulate the 

production of MMP9, an enzyme that degrades the extracellular matrix and facilitates tumor 

invasion and metastasis. By inhibiting TNF-induced MMP9 expression, GOS can hinder 

tumor spread [52]. 
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In this context, GOS has been proposed for the treatment of melanoma [53,54]. Rajkumar 

and colleagues have pioneered research into the potential transdermal application of GOS 

by means of vesicular gel formulations, namely proniosomal gels [54]. Therefore, the present 

study takes part of this area of research, aimed at identifying alternative therapeutic strategies 

for the treatment of cutaneous melanoma, which would be minimally invasive, exploiting 

the advantages of the topical route of administration [2]. 

For this purpose, GOS delivery though ET has been proposed, due to their promising 

potential as transdermal delivery systems. As previously described (chapter 1.3.1), high 

ethanol content is a key aspect allow nanovesicles to penetrate to the deeper layers of the 

skin. Due to its well-known penetration-enhancer behaviour, ethanol is able to transiently 

disorganize the stratum corneum barrier, allowing transdermal penetration by nanovesicles, 

made more malleable by ethanol itself [6,12,18]. Noteworthy, in a recent study by our 

research group [27], TEM images confirmed the ability of ET to reach the deeper skin layers 

intact. For this reason, ET emerge as an effective delivery system for the treatment of 

diseases involving deep skin layers such as melanoma. 

This study aimed to develop and characterize ET for the topical delivery of GOS to treat 

cutaneous melanoma. Two different methodologies were employed to produce ET, which 

were then compared to identify the optimal method for GOS loading. The resulting colloidal 

dispersions were thoroughly characterized, evaluating particle size and morphology, GOS 

entrapment capacity, as well as in vitro release and permeation. To enhance the applicability 

and residence time of the formulations on the skin, the ET dispersions were thickened using 

X-Gum. The ethosomal gels thus produced were then characterized by leakage and 

spreadability tests and their antioxidant activity was also evaluated in vitro. The internal 

structural organization was studied using SAXS and WAXS techniques. Finally, the 

biological activity of the formulations was tested by in vitro tests on A375 melanoma cell 

line. 

 

7.2. RESULTS AND DISCUSSION 

7.2.1. PREPARATION OF ETHOSOMES 

In order to enhance GOS penetration through the skin, ET were selected as a proper vehicle. 

Furthermore, in the present investigation, two different methods of producing ET were 

compared. The first method, “water injection”, has already been employed by our research 
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group [25,60,61] being able to obtain stable vesicles with an average diameter of around 200 

nm and homogeneous size distribution. As described in previous section (chapter 4.1.1), this 

method is based on the gradual and continuous addition of water to a PC ethanol solution 

kept under magnetic stirring. The second method here proposed involves an inversion in the 

way the two phases are mixed. It is defined as “ethanol injection” method precisely because 

in this case the PC ethanol solution that is gradually added to water, under magnetic stirring.  

In Table 13 it is possible to find the composition of the ET dispersions, prepared using water 

injection (ETWI) or ethanol injection (ETEI) method. 

Table 13. Composition of indicated formulations. 

Formulation 
PC¹ 

(%, w/w) 

Ethanol 

(%, w/w) 

H2O 

(%, w/w) 

GOS² 

(%, w/w) 

ETWI/EI 0.9 29.1 70 - 

ET-GOSWI/EI 0.9 28.8 70 0.03 

1: soy phosphatidylcholine; 2: gossypin. 

Both methods resulted in homogeneous formulations with an opaque and stable appearance 

over time. For this reason, both of the techniques were then used to produce GOS-loaded ET 

(ET-GOS), by the pre-solubilization of GOS in PC-ethanol solution. Loaded formulations’ 

composition is reported in Table 13. Both of the methodologies allowed the loading of 0.3 

mg/mL of GOS and resulted to be free of sedimentation phenomena. Noteworthy is that ETEI 

appear much transparent with respect to the one prepared with water injection method and 

this difference in terms of opacity occurred also in ET-GOS, which showed also a yellowish 

color due to GOS presence (Figure 19).  
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Figure 19. (A) Empty ET prepared by water injection and ethanol injection methods. (B) GOS-

loaded ET prepared with water injection and ethanol injection methods. 

7.2.2. SIZE DISTRIBUTION AND STABILITY 

Size characterization was evaluated by PCS one day after ET preparation. The results 

reported in the Table 14 suggested that the preparation method affected ET size. Precisely, 

as the formulations are identical in composition, dimensional variations must be attributed 

to the preparation method alone. It can therefore be deduced that simply reversing the way 

the two phases are mixed is capable of bringing about significant changes in terms of size. 

In particular, vesicle mean diameter (Z-Average) of ETEI, was 50-60 nm smaller with respect 

to ETWI, while with both methods, homogeneous size distributions were obtained, as 

evidenced by the Dispersity index minor than 0.2.  

To justify the size difference some aspects can be considered. It is known that vesicles form 

spontaneously by self-assembly of PC units at the ethanol-water interface, a process 

promoted by mixing. Specifically, a mutual diffusion between the ethanol and water solvents 

at the interface occurs, forcing the PC units to associate in bilayered structures, which then 

fold to form vesicles. It can be assumed that in the case of the ethanol injection method, in 

which the organic solution is gradually added in an excess of water, a rapid depletion of the 

organic solvent takes place, resulting in a thinning of the diffusion length. As previously 

observed in microfluidic systems [160], a rapid depletion of the organic solvent leads to an 

acceleration of the bilayer closure and thus to smaller vesicles. In contrast, with the water 

injection method, where water is added in an excess of PC-ethanol solution, the length of 

the diffusion layer tends to be increased and vesiculation occurs more gradually, favoring 

larger structures. 

In case of GOS-loaded formulations, it was found that the presence of the drug did not affect 

the size of the nanovesicles, and it was observed the same size reduction between ET-GOSEI 

ETWI ETEI 
ET 

GOSEI 

ET 

GOSWI 
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and ET-GOSWI. Dispersity index was always below 0.2, meaning homogeneous size 

distribution also in loaded formulations. 

Table 14. Size distribution parameters and Entrapment capacity of indicated formulations. 

Formulation Time (days) Z-Average (nm) ± s.d. Dispersity index ± s.d. EC1 (%)± s.d. 

ETWI 
1 213.73 ± 9.72 0.15 ± 0.01 - 

60 243.20 ± 0.00 0.26 ± 0.00 - 

ETEI 
1 146.78 ± 4.10 0.19 ± 0.02 - 

60 155.33 ± 6.14 0.20 ± 0.00 - 

ET-GOSWI 
1 197.13± 11.43 0.15 ± 0.03 89.9 ± 7.5 

60 202.67 ± 5.45 0.16 ± 0.06 - 

ET-GOSEI 
1 148.70 ± 7.75 0.17 ± 0.02 94.3 ± 4.5 

60 165.25 ± 4.74 0.19 ± 0.02 - 

1 Entrapment capacity calculated following Equation (2). data are the mean of 4 independent determinations on different 

batches. 

The size stability of the formulations was also assessed by repeating the analysis by PCS 

after 60 days of storage at room temperature and protected from light. As shown in Table 14, 

a slight increase in the average diameter over time was observed while size distribution 

remained homogeneous, with a Dispersity index increase after 2 months in the case of ETWI. 

 

7.2.3. MORPHOLOGICAL CHARCTERIZATION 

The morphology of the nanovesicles produced by the two different methods: ETEI and ETWI 

was assessed using Cryo-TEM. The images obtained for the two formulations are shown in 

Figure 20. 
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Figure 20. Cryo-transmission electron microscopy (Cryo-TEM) images of ETWI (A) and ETEI (B). 

Bar correspond to 100 nm in panel (A) and (B) and 50 nm in the inset of panel (A) and (B). 

In both cases the formation of mostly spherical or ovoidal vesicles was observed, the size of 

which corresponds to that obtained through PCS analysis. In the case of ETWI (panel A and 

inset), a prevalence of multilamellar and oligolamellar vesicles is observable. In contrast, in 

case of ETEI (panel B and inset), a majority of unilamellar and oligolamellar vesicles is 

evident, suggesting the different preparation method influence on vesicle morphology. It is 

possible to assume that the rapid depletion of the organic solvent in the ethanol injection 

method leads to quicker vesiculation, thereby hindering the formation of multilamellar 

structures. On the contrary, the addition of water to the excess PC-ethanol solution not only 

promotes more gradual vesiculation, leading to the formation of larger structures, but also 

the assembly of multiple bilayers, resulting in a predominance of oligolamellar and 

multilamellar vesicles. 

7.2.4. ENTRAPMENT CAPACITY EVALUATION 

Entrapment capacity was evaluated through the ultrafiltration method which allows us to 

separate the vesicular fraction from the aqueous dispersing phase. Retentate fraction and 

whole formulations were disaggregated by dilution in ethanol and HPLC analysis allowed 

to quantify GOS concentration: Results, reported in Table 14, show, as expected, that the 

most of the drug is associated to nanovesicles. Moreover, a higher entrapment capacity was 

found for ET-GOSEI with respect to ET-GOSWI, evidencing the higher potential of ethanol 

injection method for GOS loading. This aspect certainly represents an advantage in order to 

exploit the properties of the nanocarrier for drug delivery. 

 

A B 
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7.2.5. IVRT 

Franz cell apparatus was employed to perform IVRT with the objective to evaluate the ET 

capability to control GOS release. Synthetic nylon membrane was selected as an inert 

support to separate the upper and lower compartments. In the study, the release of GOS from 

ET-GOSWI and ET-GOSEI was compared to a 30:70 ethanol/water GOS solution (SOL-GOS) 

containing GOS 0.3 mg/mL. As expected, the ET achieved control of GOS release with 

respect to SOL-GOS. Indeed, as shown in Figure 21, GOS release from SOL-GOS was much 

faster respect to the ET formulations. No particular differences were observed between the 

release profiles obtained in the case of ET-GOSWI and ET-GOSEI. 

 

Figure 21. GOS release kinetic from ET-GOSWI (green circles), ET-GOSEI (red circles), SOL–GOS 

(black circles), as determined by Franz cells associated with the nylon membrane. Data are the mean 

of 4 independent experiments ± s.d. 

Zero-order plot, first-order plot, Higuchi plot and Peppas plot were applied in order to clarify 

the mechanism of drug release from the ET. Table 15 shows the R2 values obtained by 

plotting the release profile of the formulations according to the different mathematical 

models. It can be observed that for both ET-GOSWI and ET-GOSEI the profile can be better 

described by First order kinetic model, while the n values obtained from the Peppas plot, 

reveal a non-Fickian diffusion mechanism. 
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Table 15. IVRT parameters and kinetic data of the indicated formulations. 

Formulation 
R¹ 

(µg/cm2/h) 

A2 

(µg/cm2) 

Zero Order 

Plot (R2) 

First Order 

Plot (R2) 

Higuchi 

Plot (R2) 

Peppas 

Plot (n/R2) 

ET-GOSWI 10.77 ± 2.57 146.15 ± 5.15 0.968 0.973 0.909 1.46/0.950 

ET-GOSEI 9.27 ± 1.70 147.60 ± 9.12 0.970 0.975 0.896 1.66/0.936 

SOL-GOS 43.27 ± 7.14 199.14 ± 29.69 0.972 0.989 0.924 1.93/0.729 

1: Release rate; 2: amount of GOS released after 24 h (ET-GOSWI and ET-GOSWI) and 5 h (SOL-GOS); GOS 

concentration was 0.3 mg/mL; data are the mean of 4 independent Franz cell experiments ± s.d. 

7.2.6. IVPT 

IVPT was performed using Franz Cells apparatus associated with STRAT-M® membrane, 

selected because of its capability to mimic the barrier properties of the stratum corneum. The 

aim of the test is to evaluate the ability of ET to enhance GOS diffusion in vitro, comparing 

ET-GOS prepared with ethanol injection and water injection methods, with respect to GOS 

free in solution. The diffusion profiles (0-24h) are shown in the Figure 22 and calculated 

diffusion parameters are reported in Table 16. 

  

Figure 22. GOS diffusion profiles from ET GOSEI (blue circles), ET GOSWI (orange circles) and 

SOL GOS (grey circles), as determined by Franz cells associated with the STRAT-M® membrane. 

(A) shows 0-8 h linearized profile and (B) 0-24 h diffusion. Data are the mean of 6 independent 

experiments ± s.d. 

As shown in Figure 22, the diffusion of GOS from SOL-GOS was much slower with respect 

to the ET formulations, confirming the potential of the vesicular systems in increasing 

diffusion of GOS drug through the skin. A certain lag-time was found in all cases, following 

the order: ET-GOSEI > SOL-GOS > ET-GOSWI. In particular, Kp values of ET-GOSWI and 

ET-GOSEI were respectively 3 and 4.5-fold higher with respect to SOL-GOS. Interestingly, 

the P value obtained in the case of the ET-GOSEI was 3.35-fold higher with respect to ET-

A B 
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GOSWI, suggesting a greater GOS partitioning towards the membrane. The amount of drug 

permeated after 24 h (A value in Table 16) was only 0.26 μg/cm2, thus roughly 140-fold 

lower with respect to the amount permeated in the case of ET-GOSWI and ET-GOSEI. 

Table 16. IVPT parameters of the indicated formulations. 

IVPT Parameters ET-GOSWI ET-GOSEI SOL-GOS 

Jss1 (μg/cm2/h) 0.241 ± 0.192 0.387 ± 0.267 0.077 ± 0.020 

Kp2 (cm/h) x 103 0.737 ± 0.547 1.115 ± 0.600 0.248 ± 0.063 

Tlag3 (h) 1.498 ± 0.858 2.846 ± 0.667 1.894 ± 1.554 

D4 (cm2 h-1) x 105 13.377 ± 7.662 6.141 ± 1.646 5.590 ± 10.936 

P5 membrane/vehicle 0.164 ± 0.035 0.550 ± 0.145 0.098 ± 0.096 

A6 (µg/cm2) 38.306 ± 4.057 35.452 ± 12.640 0.260 ± 0.000 

1: Steady-state flux per unit area ; 2: permeability coefficient ; 3: lag-time ; 4 diffusion coefficient; 5 partition coefficient ; 6 

cumulative amount of GOS diffused at 24 h; GOS concentration was always 0.3 mg/mL; data are the mean of 6 independent 

Franz cell experiments ± s.d. 

7.2.7. ETHOSOMAL GEL PREPARATION AND CHARACTERIZATION 

In order to facilitate topical application of the formulations, ET were thickened by X-Gum, 

a natural biocompatible polysaccharide widely used in various fields including food, 

pharmaceuticals and cosmetics [161]. ET gels were prepared by direct addition of X-Gum 

to ethosomal dispersion (both ETWI and ETEI) kept under magnetic stirring until the complete 

gum dispersion.  

In order to identify the best characteristics of the gel, 3 different X-Gum concentration were 

evaluated (i.e. 0.5, 0.75 and 1 % w/w). Homogeneous gels were obtained in all three cases. 

No macroscopical differences were detected between ETWI gel and ETEI gel, showing an 

increase of thickening and opacity, as a function of the X-Gum amount.  

The best composition was selected based on spreadability and leakage assays, the results of 

which are summarized in Table 17. It is observed that an increased percentage of X-Gum 

leads to lower leakage and spreadability values. No differences between ETWI gel and ETEI 

gel were detected. 
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Table 17. Spreadability and leakage test results of reported formulations. 

Formulation X-Gum % (w/w) Spreadability1 (g cm/s) Leakage2 (cm) 

ETWI gel 

0.5 % 23.33 ± 1.52 1.96 ± 0.15 

0.75 % 18.67 ± 0.58 0.87 ± 0.20 

1 % 17.67 ± 0.58 0.50 ± 0.10 

ETEI gel 

0.5 % 24.00 ± 3.60 1.73 ± 0.06 

0.75 % 20.00 ± 1.00 0.87 ± 0.06 

1 % 18.00 ± 1.00 0.63 ± 0.15 

1:calculated as reported in Equation (1); 2: running distance along the slide; data are the mean of 3 independent 

measurements ± s.d. 

In the light of these results, 0.5% X-Gum was selected as corresponding to a higher 

spreadability. Spreadability parameter is particularly relevant to ensure smooth and 

comfortable application of the product on the skin and easy extrusion from the container. 

The leakage parameter, on the other hand, although lower, is still acceptable for application 

on the skin. 

7.2.8. X-RAY SCATTERING ANALYSES 

SAXS allowed to investigate the structure of ET prepared by ethanol injection and water 

injection methods, as well as their semi-solid forms, considering also the effect of 

temperature. The characteristic SAXS profile of these vesicular nanosystems measured at 

25°C is illustrated in Figure 23A where the broad band between 0.6 and 1.3 nm-1 indicates 

the presence of the lipid bilayer of ET. The main difference regards a small Bragg-peak 

observed at Q = 0.87 nm-1 for the formulation ETWI (see the black vertical line). This result 

should reflect the multilamellar vesicle that characterized this sample, confirming the results 

obtained by Cryo-TEM, and providing an interlamellar distance of 7.22 nm, in agreement 

with previous results on similar drug-delivery systems [162]. Moreover, the peak remains 

stable also in the presence of X-Gum (ETWI 0.5% gel) and GOS (ET-GOSWI 0.5% gel) 

(Figure 23C), indicating that the lamellar organization is maintained. Concerning the 

formulation ETEI, Figure 23B shows the absence of changes when X-Gum and GOS are 

present in the system. The SAXS data obtained in the presence of X-Gum (green and grey 

curves) illustrate a profile that masks the band of the lipid bilayer because of the high signal 

of the polymer in this component. However, the presence of the lamellar bilayer in ETWI 

sample is still visible in Figure 23C, as indicated by the Bragg-peak highlighted by the 

vertical line. 



83 

 

 

Figure 23. Comparison among the SAXS profiles of ETEI and ETWI (A), ETEI, ET-GOSEI, ET-GOSEI 

0.5% gel (B), and ET-GOSWI 0.5% gel (C). The black vertical line in panel C indicates a peak in the 

Q position of 0.87 nm-1 visible in each profile. Comparison between WAXS profiles of ETEI and ET-

GOSEI (D). 

Regarding the WAXS measurements, a few results are indicated in Figure 23D, being very 

similar for each analysed sample. WAXS data related to samples ETEI and ET-GOSEI show 

the same scattering profile, suggesting the absence of differences in the single lipid 

composition of the vesicle bilayer. Both SAXS and WAXS profiles of ETEI and ET-GOSEI 

samples are similar to plurethosome profiles, previously investigated by our research group 

[162]. 

SAXS measurements were performed also at 37 °C, as shown in Figure 24. A comparison 

between the situation occurring at 25 °C and 37 °C is highlighted, indicating the stability of 

ET formulation also at body temperature. A slight difference is observed for the formulation 

ETWI where SAXS data illustrates a lower intensity of the peak in the position Q=0.87nm-1.  
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Figure 24. SAXS profiles of ETEI (A), ET-GOSEI (B), ETEI 0.5% gel (C), ETWI (D), ET-GOSWI (E), 

ETWI 0.5% gel (F) at 25°C and 37°C.  

Based on this result, a temperature scan from 15 to 60 °C was performed for both ETWI and 

ET-GOSWI samples, to study a possible alteration of the vesicle structure due to the storage 

of these formulations. The results obtained from the temperature scan are reported in Figure 

25, considering both sample ETWI (Figure 25A) and ET-GOSWI (Figure 25B).  
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Figure 25. SAXS profile of ETWI (A) and ET-GOSWI (B) obtained through a temperature scan 

between 15°C and 60°C both in heating and cooling. 

The result shown in Figure 25A regards only three curves to provide a clearer understanding 

and here two situations can be emphasized. On one side, the characteristical Bragg-peak has 

a lower intensity by increasing temperature, indicating that a possible alteration of some lipid 

lamellar of these vesicular nanosystems occurs, without destroying the ET structure. This 

aspect is also confirmed by the reversible nature of ETWI sample. Indeed, when the 

temperature returns to 15 °C by cooling down the sample, the peak shows the same starting 

position. Conversely, in the case of ET-GOSWI the SAXS profiles as a function of 

temperature are not altered, indicating that this formulation remains stable also at high 

temperature (Figure 25B).  

Based on the obtained results, the ethanol injection method was selected for subsequent tests. 

ET-GOSEI were in fact characterized by (a) smaller vesicles with respect to ET-GOSWI, 

possibly improving penetration through the skin and cell uptake, (b) higher GOS EC values, 

and (c) higher stability as a function of temperature, as suggested by SAXS results.  

7.2.9. ANTIOXIDANT ACTIVITY EVALUATION 

In order to assess the antioxidant activity of GOS loaded in ET, a DPPH test was performed. 

The antioxidant activity of free GOS in solution (SOL-GOS) was compared with that of the 

active compound loaded in ET (ET-GOSEI) and in the thickened formulation ET-GOSEI-

0.5%gel. IC50 values are shown in Table 18. 
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Table 18. Antioxidant activity of indicated formulations as resulted from DPPH test. 

Formulation DPPH IC50 (µg/mL) 

ET-GOSEI 6.77 ± 0.283 * 

ET-GOSEI-0.5%gel 10.625 ± 0.163 * 

SOL-GOS 7.435 ± 0.403 

Each value is the mean of at least 3 different experiments (mean ± SEM). * p < 0.005 

By comparing the IC50 values, it is evident that the antioxidant activity of GOS is maintained 

even when loaded within ET. Conversely, the IC50 values obtained for ET-GOSEI are 

significantly lower with respect to ET-GOSEI-0.5%gel (p < 0.005). This result can be 

attributed to the 3D structure of the gel, which slows GOS release from the vesicles, possibly 

resulting in a prolonged effect of the drug.  

On the other hand, empty formulations (i.e. ETEI and ETEI-0.5%gel) tested as controls, did 

not show any antioxidant activity (data not shown), confirming that the activity detected for 

drug loaded formulations is attributable to the contribution of GOS. 

7.2.10. BIOLOGICAL ACTIVITY – IN VITRO EXPERIMENTS 

Wound healing and migration assays were conducted on A375 melanoma cells to investigate 

the potential of GOS loaded in ET and in ET gel in the treatment of melanoma. Indeed, some 

studies indicate the anticancer effects of GOS and its role in melanoma progression [53]. 

Particularly, the formulations: ET-GOSEI, ET-GOSEI-0.5%gel, SOL-GOS, were tested and 

compared with unloaded formulations: ETEI, ET-0.5%gel and vehicle (EtOH/H2O 30:70 

v/v). 

Mtt assay 

First, cytotoxicity of formulations was determined by MTT assay on A375 melanoma cell 

line. Specifically, cells were treated with different amounts formulations (i.e. 0.5, 1, 2.5, 5, 

10, 20 and 50 µg/mL) and viability was evaluated after 24 h and 48 h from the treatments.  

As depicted in Figure 26, while after 24 h cell viability decreased only for doses higher than 

2.5 µg/mL (panel a) after 48 h a decrease (viability under 80% threshold), in cell viability 

was detected just at lower dosages of GOS compared to untreated cells (panel b). Therefore, 

we selected 0.5 µg/mL dose of GOS-loaded and unloaded formulations for the next 

experiments, as the non-toxic concentration that did not induce a reduction in cell viability 

higher than 25%. 
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Figure 26. A375 melanoma cells viability evaluated by MTT test after 24 h (a) or 48 h (b) of 

treatment with GOS-loaded or unloaded formulations. Data are the results of three independent 

experiments performed in triplicate. Data appear as the mean ± SE. * p < 0.05 by two-way ANOVA 

(Post-hoc test: Tukey Test) Ctrl vs treated cells. 

Wound healing assay 

To evaluate the possible effect of GOS-loaded and unloaded formulations on melanoma cell 

migration, the wound healing assay was performed on A375 cell line. As depicted in Figure 

27, cells treated with ET-GOSEI, ET-GOSEI-0.5%gel and SOL-GOS showed a delayed 

wound closure compared to the control cells. In addition, when GOS was loaded inside ET-

GOSEI the wound closure rate was slightly slower than in case of the solution, confirming 

the controlled-release potential of the nanocarrier. Furthermore, when the cells were treated 

with the gelified formulation (ET-GOSEI-0.5%gel), wound closure was even more delayed, 

with 75% still open after 48h. This result is not only statistically significant compared to the 

a 

b 
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control, but also significantly different from those obtained upon A375 cells treatment with 

the other two formulations containing GOS. Taken together the wound healing data, firstly 

confirm the potential antitumoral effect of GOS, then strengthens the hypothesis concerning 

the ability of the viscous formulation to prolong and further control the release of the 

encapsulated drug. 

 

 

Figure 27. Effect of treatment with 0.5 µg/mL of GOS-loaded or unloaded formulations on the 

wound closure in A375 melanoma cells. (a) Scratch was performed on confluent monolayer of A375 

cells, and different images were taken to measure wound area at different time points (0, 3, 6, 12, 24 

and 48 h; scale bar 200 μm). (b) Quantification of the wound area at each time point via ImageJ. Data 

are shown as percent of 0 h. Data are the results of 3 independent experiments performed in triplicate. 

a: p < 0.05 vs. Ctrl by one-way ANOVA. 

 

a 

b 
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Transwell migration assay 

Since the in vitro scratch assay cannot distinguish the effects of proliferation from migration, 

the transwell migration assay was conducted to better understand the possible role of GOS-

loaded or unloaded formulations on melanoma cells migration. As shown in Figure 28, after 

24 h of pretreatment of A375 melanoma cells with vehicle, or with GOS-unloaded 

formulations no migratory effect was observed, excluding, any potential migratory effect 

due to the empty vehicle. Conversely, upon SOL-GOS, ET-GOSEI and ET-GOSEI-0.5%gel a 

significant reduction of cellular migration was noticed. This effect was particularly 

significant in the case of ET-GOSEI-0,5%gel; indeed, in this case, the migratory ability was 

not only reduced when compared to control condition, but also when compared to SOL-GOS 

and ET-GOSEI confirming the delayed wound closure results above reported (Figure 27).  

 

 

Figure 28. A375 melanoma cells migration after treatment with with 0.5 µg/mL of GOS-loaded or 

unloaded formulations. (a): representative images of A375 transwell migration after 24 h incubation 

with the different formulations (scale bar 200 μm). (b): ImageJ quantification of the migrated cells. 

Data are shown as average of 5 picture fields (20× magnification). * p < 0.05 treatment vs. CTRL; 

# p < 0.05 GOS-loaded vs. SOL-GOS by two-way ANOVA. 

  

a b 
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8. PROJECT 4 – Genistein-loaded transethosomal gel for the 

prevention of non-melanoma skin cancers: a preliminary study 

on human volunteers 

8.1 INTRODUCTION 

It is well known that chronic exposure to UV radiation is associated with the onset of several 

skin disorders, that can go from skin ageing to cancer [127,163,164]. In particular, it is 

estimated that around 90% of non-melanoma skin cancers (NMSC) and 65% of melanomas 

can be attributed to UV radiation [165]. The interest of the present study is focused on 

NMSC, which represent the most common human cancers and whose incidence is still 

increasing [166,167,168]. The term “NMSC” (or keratinocyte carcinomas) encompasses 

different cutaneous neoplasms, but is mainly used to define basal-cell carcinomas and 

squamous-cell carcinomas which are the most recurrent [166,167,168]. 

The main mechanism by which UV radiation (particularly UVA and UVB) causes damage 

to epidermal cells is through the production of reactive oxygen species (ROS). Despite the 

activity in our skin of endogenous antioxidant systems, both of enzymatic and non-

enzymatic in nature, their capacity may be exceeded by excessive ROS accumulation, 

leading to oxidative stress [127,133]. Added to this is the direct action of UV radiation on 

macromolecules, in particular DNA, which is subject to mutations that can lead to 

carcinogenic transformations. Moreover, UV radiations possess also immunosuppressive 

effect, which may be crucial for the development of skin cancers [127,169]. 

With a perspective of identifying new photo- and chemo-preventive treatments, interest in 

active molecules of natural origin, in particular polyphenols, has recently grown [163]. In 

particular, in the present investigation, we pointed our attention on GEN. GEN, as previously 

reported (chapter 1.4.4), is an isoflavone, characterized by a wide range of biological 

activities, not only associated to its estrogen-like action but also antioxidant [57,58], anti-

inflammatory, antimicrobial effect, and it has been widely studied for its chemopreventive 

and anti-cancer action against several types of tumors [55]. Moreover, it has been the subject 

of several studies for its potential in preventing skin damage, particularly UV-induced 

photodamage and as a chemopreventive agent [56,59,170,171]. 

In particular, Wei et.al [59] demonstrated that GEN administration was effective in 

preventing UVB-induced skin carcinogenesis in mouse models, resulting even more 

efficacious when applied topically than when administered orally. Moreover, topical 

https://doi.org/10.1155/2021/3268136
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application of GEN efficaciously protected against UVB-induced skin photodamage on 

human skin in clinical trial and PUVA-induced photodamage in hairless mouse skin [59]. 

However, GEN low solubility and metabolic susceptibility represents a hindrance to its 

therapeutic application. Thus, in the present study, in order to overcome GEN limitations, its 

delivery though vesicular nanosystems such as ET and TE have been proposed, by virtue of 

their promising potential for topical drug delivery. As mentioned above (chapter 1.3.1), TE 

differs from ET for the presence of an edge activator in their composition, which further 

enhances the flexibility of the nanovesicles [6,24]. 

GEN has already been investigated for its incorporation into nano-based delivery systems 

for dermatological purposes [56], but to the best of our knowledge, its delivery via ET and 

TE has not been considered yet. 

Accordingly, the first part of the work consisted in a preformulatory study with the purpose 

to select the best vehicle for GEN delivery. ET and TE have been prepared by the two 

methodologies: water injection and ethanol injection. The selected colloidal dispersions were 

then characterised in terms of size, pH, Zeta potential and morphology. Entrapment capacity 

as well as in vitro permeation of GEN was evaluated. Then, in order to simplify the 

application of the dispersion to the skin surface and increase its permanence in situ, colloidal 

dispersions were gelified with X-Gum. The amount of X-Gum was selected by means of 

leakage and spreadability tests and then formulations were characterized by rheology and 

SAXS. Antioxidant activity was also evaluated in vitro by PCL test. Finally, in vivo 

evaluations on healthy human volunteers were performed to prove the safety of the 

formulations and the potentiality of the vesicular vehicle for the skin delivery of GEN. 

 

8.2. RESULTS AND DISCUSSION 

8.2.1. PREPARATION OF ETHOSOMES AND TRANSETHOSOMES – 

PREFORMULATORY STUDY 

Lipid nanovesicular systems such as ET and TE were chosen in order to deliver GEN through 

the skin. As previously reported (chapter 1.3.1), such nanovesicular systems are designed to 

improve transdermal delivery of drugs, given the presence of ethanol in their composition. 

TE can be seen as a second generation of ET, firstly produced by Song et al. in 2012 [24] to 

further increase the permeability of nanovesicles thanks to the addition of an edge activator 
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in the composition. Specifically, the composition of ET and TE formulations produced in the 

present project, which is itself based on previous studies conducted by our research group 

[25,26,61] is shown in Table 19. It is worth noting that the content of PC, EtOH and water 

is almost unchanged between ET and TE, what changes is the presence of Tween 80 (TW80), 

a non-ionic surfactant, selected as edge activator in the case of TE. 

ET and TE were produced using the two different methods: the water injection method (WI) 

already standardised by our research group, and the ethanol injection (EI) one, which was 

introduced for the first time in Project 3, for GOS delivery. 

The aim of this first part of the work, thus, is to identify the most appropriate nanosystem 

(and method) for the delivery of GEN. 

Table 19. Composition and size distribution parameters of indicated formulations. 

Formulation 
PC1 

(%, w/w) 

Ethanol 

(%, w/w) 

TW802 

(% w/w) 

H2O 

(%, w/w) 

Z-Average 

(nm) ± s.d. 

Dispersity index 

 ± s.d. 

ETWI 0.9 29.1  70 203.88 ± 9.53 0.18 ± 0.05 

ETEI 0.9 29.1  70 145.40 ± 5.95 0.21 ± 0.02 

TEWI 0.9 28.8 0.3 70 136.15 ± 10.99 0.14 ± 0.01 

TEEI 0.9 28.8 0.3 70 107.78 ± 3.48 0.13 ± 0.01 

1: soy phosphatidylcholine; 2: tween 80; s.d.: standard deviation; data are the mean of 4 independent determinations on 

different batches. 

All formulations appear macroscopically homogeneous and free of separation phenomena 

(Figure 29). The colour is opaque white in the case of ETWI, more transparent in the case of 

ETEI. TE result more transparent than ET and no differences in their appearance are 

noticeable between TEWI and TEEI. 

 

Figure 29. ET (A) and TE (B) prepared by water injection (WI) and ethanol injection (EI) methods. 



93 

 

Table 19 also shows size distribution results, again obtained by PCS analysis on the day after 

preparation. All formulations show a homogeneous size distribution, confirmed by the 

Dispersity indexes values, always around or less than 0.2. Regarding the Z-Average results, 

in order from largest to smallest there are: ETWI > ETEI > TEWI > TEEI. Previous studies had 

already pointed out that the presence of TW80 in TE led to a reduction in nanovesicle size 

when compared to ET prepared with the same PC content. It is likely that the surfactant 

intercalates in the bilayer, altering the lipid packing and leading to a size decrease. 

Furthermore, the result obtained in the previous study (Project 3) is confirmed, as the switch 

from water injection to ethanol injection led to a reduction in the average diameter of the 

nanovesicles. This change is more significant in the case of ET, but it is also visible in TE, 

where there is a size decrease of about 20 nm. 

In light of these results, both ET and TE prepared with the two different methodologies 

appear promising for the delivery of GEN. Therefore, the next phase of the preformulatory 

study saw the loading of the drug into the nanosystems. In particular, both ET and TE were 

produced at different concentrations of GEN (in range between 0.5-0.2 mg/mL) using both 

methods (ethanol injection and water injection) in order to identify which vehicle could be 

used to load the maximum content of active principle. As described in chapter 4.1.1, in order 

to load GEN, the active compound was solubilised in the ethanol solution prior to mixing 

the two phases.  

It was found that ET loaded with GEN at all concentrations greater than or equal to 0.2 

mg/mL showed phase separation. In contrast, it was possible to load TE up to 0.25 mg/mL 

of GEN. No differences were observed between the two preparation methods. This result is 

probably a consequence of the interaction of GEN with the vesicles and its arrangement 

within the phospholipid bilayer. In the case of ET, excessively high concentrations of GEN 

led to an alteration of the phospholipid packing resulting in vesicle rupture and phase 

separation. In the case of TE, however, the presence of TW80 led to a stabilisation of the 

system.  

Thus, TE prepared by both water injection and ethanol injection methods were selected for 

subsequent characterization steps. Table 20 shows the composition of TE-loaded 

formulations (TEWI/EI GEN). 
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Table 20. Composition of indicated formulations. 

Formulation 
PC1 

(%, w/w) 

Ethanol 

(%, w/w) 

TW802 

(% w/w) 

H2O 

(%, w/w) 

GEN3 

(% w/w) 

TEWI/EI 0.9 28.800 0.3 70 - 

TEWI/EI GEN 0.9 28.775 0.3 70 0.025 

1: soy phosphatidylcholine; 2: tween 80; 3: genistein. 

8.2.2. NANOVESICLES CHARACTERIZATION 

The day after preparation, the selected formulations (TEWI/EI loaded and unloaded with GEN) 

were characterized in terms of size, Z-potential and pH. The results of the various analyses 

are shown in Table 21.  

Table 21. Z-Average, Dispersity index, pH and Z-potential of indicated formulations.  

Formulation 
Z-Average 

(nm) ± s.d. 

Dispersity index 

± s.d. 
pH ± s.d. 

Z-potential  

± s.d. 

TEWI 136.15 ± 10.99 0.14 ± 0.01 5.35 ± 0.07 -21.86 ± 2.80 

TEEI 107.78 ± 3.48 0.13 ± 0.01 5.28 ± 0.18 -23.80 ± 6.34 

TE-GENWI 144.65 ± 9.26 0.20 ± 0.08 5.34 ± 0.06 -24.62 ± 5.36 

TE-GENEI 111.99 ± 2.61 0.14± 0.01 5.65 ± 0.32 -19.59 ± 5.01 

s.d.: standard deviation; data are the mean of 4 independent determinations on different batches. 

The results of the PCS analyses revealed a homogeneous size distribution of all samples, 

evidenced by the Dispersity index value never higher than 0.2. Similar to what has already 

been observed in the case of ET (Project 3), a discrete difference in the average diameter of 

the vesicles prepared with the two different methods is also evident in the case of TE. In 

particular, the use of the ethanol injection method leads to smaller nanovesicles, both in the 

case of formulations with and without the active compound. As previously discussed, 

(Project 3), we can suppose that the rapid depletion of the organic solvent that occurs in 

ethanol injection method leads to a faster closure of the bilayer, thus to smaller nanovesicles.  

The presence of GEN seems to bring a slight increase in the size of vesicles prepared by both 

methodologies, but it is not particularly significant. 

In each case, the pH value is weakly acidic and not affected by the presence or absence of 

GEN and the method of preparation. As the skin is weakly acidic (stratum corneum 

physiological pH is in the range 4.1-5.8 [172]), the pH of the formulations can be considered 

as suitable for a topical application. 
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The Z-potential assumes, as expected, a negative value due to the presence of PC and ethanol 

in the composition of the nanovesicles. Furthermore, it is noted that in each case it is around 

-20 mV, which is in support of a stabilisation of the system realised as a result of an 

electrostatic repulsion of the nanovesicles that hinders their aggregation over time. 

The assessment of entrapment capacity was evaluated the day after preparation using the 

ultrafiltration method. As expected, since GEN is a lipophilic molecule, complete association 

with the nanovesicles was observed (EC = 100%). No differences were detected between 

ethanol injection and water injection methods. 

8.2.3. MORPHOLOGICAL CHARACTERIZATION 

To gain insights into the morphology of the produced TE, visualization was carried out using 

Cryo-TEM. Specifically, the images obtained for TEWI and TEEI are shown in Figure 30. 

  

Figure 30. Cryo-transmission electron microscopy (Cryo-TEM) images of TEWI (A) and TEEI (B). 

Bar corresponds to 100 nm. 

In both cases, spherical, unilamellar vesicles were found, the size of which is consistent with 

the data obtained from the PCS analysis. Unlike what was observed in the case of ET (Project 

3), there are no morphological differences in TE produced by the two different methods. The 

final morphology of the vesicles is therefore predominantly dependent upon the presence of 

TW80. The surfactant, in fact, arranges itself by intercalating into the phospholipid bilayer 

and exposing its polar head outward, creating steric hindrance that prevents the assembly of 

multiple bilayers, thus promoting a unilamellar structure. The result aligns with previous 

findings from our research group [26,27], where TE produced with the same composition 

(using water injection method) showed a unilamellar structure.  

No differences were detected between loaded and unloaded formulations (data not shown), 

meaning that GEN do not affect supramolecular organization of the nanovesicles. 

A B 
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Considering the obtained results, and seeing substantial similarities between the TE 

produced by the two different methods, the ethanol injection method was chosen for further 

evaluations, based on a possible advantage offered by size reduction. 

8.2.4. IVPT 

In order to predict the in vivo behaviour of TE-GENEI, an IVPT was conducted using Franz 

cells apparatus assembled with STRAT-M® membrane, selected as in previous projects due 

to its capability to mimic stratum corneum characteristics. Therefore, the aim of the test is 

to assess the diffusion of GEN through the skin when delivered within TE. In addition, a 

comparison was performed with GEN dispersed in EtOH/H2O 30:70 (SOSP-GEN), at the 

same concentration as the TE-GENEI. SOSP-GEN is in fact a suspension of active 

compound, as GEN is not soluble in EtOH/H2O 30:70. This confirms the ability of the 

vesicular system, like TE, to favour the solubilisation of lipophilic drugs. It was decided to 

maintain the same EtOH and GEN content as in TE-GENEI in order to make the comparison 

between the two systems more effective, being the difference exclusively attributable to the 

presence of vesicular nanosystem.  

GEN diffusion profiles are shown in Figure 31, while Table 22 shows IVPT parameters. 

  

Figure 31. GEN permeability kinetics from TE-GENEI (blue circles), SOSP-GEN (red circles) as 

determined by Franz cells associated with the STRAT-M® membrane. Panel (A) show the linear part 

of the kinetic profiles, while panel (B) show diffusion profile over 0–24 h. Data are the mean of 4 

independent experiments ± s.d. 

As can be seen from the graphs (Figure 31), GEN diffuses much faster through the membrane 

when delivered into the TE than in SOSP-GEN. This confirms the potential of vesicular 

systems in promoting the penetration of active compounds through the skin. Precisely, the 
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amount of GEN permeated after 24 h (A value in Table 22) was around 30 μg/cm2 for SOSP-

GEN and 102 μg/cm2 for TE-GENEI. 

Table 22. IVPT parameters of the indicated formulations. 

IVPT Parameters TE-GENEI SOSP-GEN 

Jss 1 (μg/cm2/h) 5.34 ± 1.05 1.62 ± 0.68 

Kp 2 (cm/h) × 103 21.08 ± 3.64 6.49 ± 2.74 

Tlag 3 (h) 2.14 ± 0.72 3.05 ± 0.56 

D 4 (cm2 h−1) × 105 8.38 ± 2.54 5.62 ± 0.99 

P 5 membrane/vehicle 8.79 ± 4.37 3.54 ± 0.93 

A 6 (μg/cm2) 102.50 ± 3.96 30.02 ± 8.97 

1: steady-state flux per unit area; 2: permeability coefficient; 3: lag time; 4: diffusion coefficient; 5: partition coefficient; 6: 

cumulative amount of GEN diffused at 24 h; GEN concentration was always 0.25 mg/mL. Data are the mean of 4 

independent Franz cell experiments ± s.d. 

As shown in Table 22, a certain lag-time is observed in both cases, which is longer in the 

case of the SOSP-GEN than in the vesicular formulation. Furthermore, the greater diffusion 

of the drug in the case of TE is confirmed. The Kp value is much higher, demonstrating an 

increase in GEN permeation through the membrane. The D and P values are also higher than 

in the case of the suspension, demonstrating that TE are able to facilitate the diffusion and 

partition of the active compound across the membrane/skin. 

8.2.5. STABILITY STUDIES  

In order to evaluate the stability of the vesicular formulations (TEEI and TE-GENEI), PCS 

analyses and Z-potential evaluations were repeated at different time intervals (1-15-30-60-

90 days). In addition, the ability of the formulation to control GEN degradation was also 

assessed by quantifying the drug concentration over time and comparing it with that of day 

one. All formulations were stored at 4 °C and protected from light. 

Size stability 

Both the empty formulation (TEEI) and the GEN-loaded formulation (TE-GENEI) resulted 

dimensionally stable over time. In particular, a slight increase in mean diameter (Figure 32A) 

was observed, possibly the result of modest vesicle aggregation or fusion. The Dispersity 

index (Figure 32B), on the other hand, remained always below 0.2, confirming a 

homogeneous size distribution even three months after preparation. 
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Figure 32. Size stability evaluation of TEEI (purple line) and TE-GENEI (red line). Panel (A) shows 

Z-Average while panel (B) displays Dispersity index time course. Samples were stored at 4°C and 

protected from light and each data is the mean of 6 determinations ± s.d. 

Z-potential stabilty 

The stability of the Z-potential over a 60-day period was also investigated in order to 

associate the possible occurrence of instability phenomena with alterations in the Z-potential 

value. The results are shown in the Figure 33. As can be seen, the parameter undergoes 

fluctuations over time, which can be attributed to the dynamic nature of vesicular systems. 

A slight tendency towards more negative values with the course of time is recognisable.  

 

Figure 33. Z-potential stability evaluation of TEEI (green bars) and TE-GENEI (blue bars). Samples 

were stored at 4°C and protected from light and each data is the mean of 4 determinations ± s.d. 

Chemical stability 

The result of the study highlighted the ability of TE to protect the associated active 

compound from degradation. Indeed, after 90 days of storage at 4°C, the formulations (TE-

GENEI) still had, averagely, 95% of the initial GEN content.  
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8.2.6. TRANSETHOSOMAL GEL PREPARATION AND CHARACTERIZATION 

In order allow cutaneous application of the formulations, it was decided to gelify the 

colloidal dispersion by addition of X-Gum as thickening agent. Thus, TE gels were prepared 

by direct addition of X-Gum to colloidal dispersion (TEEI) kept under magnetic stirring until 

the complete dispersion of the polysaccharide. 3 different X-Gum concentration were 

evaluated (i.e. 0.5, 0.75 and 1 % w/w) to select the one with the most favourable 

characteristics. As demonstrated in Figure 34, homogeneous systems were produced for each 

of the three concentrations, with both viscosity and opacity exhibiting a notable increase in 

relation to the amount of X-Gum incorporated.  

 

Figure 34. TE gels prepared from TEEI by the addition of different amounts of X-Gum: 0.5 % (A), 

0.75 % (B) and 1 % (C). 

The optimal composition was identified based on the results of spreadability and leakage 

assays, the results of which are summarized in Table 23.  

Table 23. Spreadability and leakage test results of reported formulations.  

Formulation X-Gum % (w/w) Spreadability1 (g cm/s) Leakage2 (cm) 

TEEI gel 

0.5 % 21.75 ± 0.5  3.23 ± 0.42  

0.75 % 20.83 ± 0.29  1.84 ± 0.51  

1 % 18.67 ± 0.29  0.77 ± 0.06  

1:calculated as reported in Equation (1); 2: running distance along the slide; data are the mean of 3 independent 

measurements ± s.d. 

As expected, an increase in the percentage of X-Gum corresponded to decreased leakage and 

spreadability values. The X-Gum concentration selected for subsequent studies is 0.5 % w/w, 

for which a higher spreadability value corresponds. 

8.2.7. RHEOLOGICAL ANALYSIS 

The formulations were characterized rheologically, comparing TE loaded or unloaded with 

GEN, with the corresponding gelified forms: TEEI-gel and TE-GENEI-gel. Analyses were 

performed at two different temperatures: 25 °C and 37 °C, in order to assess the behaviour 

TEEI X-Gum 0.5% TEEI X-Gum 0.75% TEEI X-Gum 1% 
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at room temperature and under physiological conditions. Figure 35 shows viscosity curves 

obtained for all tested formulations. 

 

Figure 35. Viscosity curves analysed for TEEI (a), TEEI-gel (b), TE-GENEI (c), and TE-GENEI-gel 

(d). The blue curves refer to the measurement carried out at 25°C, while the red curves at a 

temperature of 37°C. 

It is evident that in case of formulation gelified by X-Gum, the viscosity tends to increase 

about 10 times for any value of shear rate. Furthermore, as expected, a slight decrease in 

viscosity is observed with increasing of the temperature from 25 °C to 37 °C. 

8.2.8. SAXS ANALYSIS 

In order to further characterize the formulations, and get an insight into the internal 

supramolecular organisation, SAXS measurements were performed. The measurements 

were carried out at 2 different temperatures: 25 °C and 37 °C, in order to compare the 

behaviour of the formulation at room temperature and under physiological conditions. The 

formulations submitted for analysis are: TEEI, TE-GENEI, TEEI-gel and TE-GENEI-gel. 

SAXS diffraction spectra are shown in Figure 36.  
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Figure 36. SAXS diffraction spectra of TEEI (A), TE-GENEI (B), TEEI-gel (C), and TE-GENEI-gel 

(D). Analyses were performed at 25 °C and 37 °C. 

The results show that there are no differences in the measurements taken at the two different 

temperatures, demonstrating that the supramolecular organisation remains intact both under 

storage conditions at room temperature and in contact with skin and internal structures. No 

particular differences were observed between scattering profiles of GEN-loaded and 

unloaded formulations either, demonstrating that the addition of the drug does not alter the 

structural properties of the delivery system. In both TEEI and TE-GENEI (Figure 36A and 

36B) SAXS profile is that typical of vesicles having a lipid bilayer. In particular, there is an 

evident broad band centred at a position of approximately 1.5 nm-1, corresponding to a 

distance of approximately 4.2 nm, which corresponds to the thickness of the lipid bilayer. In 

Figure 36C and Figure 36D we can see that the addition of X-Gum results in a significant 

change in the SAXS profile. It could be the sum of two profiles: at a higher angle, there is 

the contribution of the lipid bilayer, while at a lower angle, the presence of the thickening 

factor is noticeable. It can be therefore assumed that the vesicles were completely embedded 

within the polymeric network of the X-Gum. 
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8.2.9. ANTIOXIDANT ACTIVITY EVALUATION 

The in vitro PCL assay allowed the evaluation of the antioxidant activity of gelified and non-

gelified TE-GENEI. For comparison, the antioxidant activity of free GEN in ethanol solution 

(SOL GEN) and of the empty formulations (i.e. TEEI and TEEI-gel) was also evaluated. The 

results obtained by applying the analytical protocol ACL (antioxidant capacity of lipid-

soluble compounds) are shown in Table 24, and expressed as µmol Te/g. 

Table 24. Antioxidant activity of indicated formulations as resulted from PCL test. 

1: Antioxidant Capacity of lipid soluble compounds; 2:blank is considered ACL signal of correspondent empty formulations 

(TEEI for TE-GENEI and TEEI gel for TE-GENEI-gel). Data are the mean of 3 independent experiments ± s.d. 

The results confirm the strong antioxidant activity of GEN (200 µmol Te/g), which is 

essentially related to the polyphenolic structure of isoflavones (chapter 1.4.4).  

Interestingly, even empty formulations (i.e. TEEI and TEEI-gel) possess some, although 

modest, antioxidant activity, attributable to the presence of TW80 and PC in the composition. 

Therefore, part of the signal produced by the formulations TE-GENEI and TE-GENEI-gel is 

attributable to the vehicle. In order to highlight the contribution of GEN, in the right column 

of the table is reported the antioxidant activity value of the formulations subtracted from the 

“blank”, represented by the signal of the corresponding empty formulation (TEEI for TE-

GENEI and TEEI-gel for TE-GENEI-gel). It was found that GEN antioxidant contribution in 

loaded formulations TE-GENEI and TE-GENEI-gel is not significantly different with the 

antioxidant activity of SOL GEN, (the two-tailed P values are 0.5111 and 0.1980 

respectively), meaning that the vehicle does not mask the activity of the drug. Consequently, 

even when delivered in vesicular nanosystems, GEN is just as available to exert its 

antioxidant action as when free in solution. Even between TE-GENEI and TE-GENEI-gel, no 

statistically significant difference was found (the two-tailed P value is 0.3035), confirming 

that both systems maintain the antioxidant profile of GEN. 

Worth noting is that the antioxidant activity obtained for SOL GEN, TE-GENEI and TE-

GENEI-gel is in line with the percentage of active molecule present in the formulation. 

Formulation ACL (µmol Te/g) ACL (µmol Te/g) – blank2 

GEN 200.53 ± 13.74  

SOL GEN 0.071 ± 0.005  

TE-GENEI 0.137 ± 0.004 0.068  ± 0.0037 

TEEI 0.070 ± 0.005  

TE-GENEI-gel 0.123 ± 0.005 0.062  ± 0.0047 

TEEI-gel 0.061 ± 0.003  
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8.2.10. IN VIVO STUDIES 

In vivo studies were carried out on human volunteers to first test the possible irritating effect 

of the vesicular gel (TE-GENEI-gel) on the skin, but also to assess the capacity of the 

nanosystem as a drug delivery system. A X-Gum GEN gel (GEN-gel), was employed as a 

comparison. Precisely, GEN-gel was produced by dispersion of GEN in water, followed by 

addition of X-Gum under magnetic stirring. The formulation possesses the same amount of 

GEN and X-Gum as the TE-GENEI-gel. 

Patch test  

First, a patch test was conducted to evaluate the irritation potential of the selected 

formulations when applied in a single dose on intact human skin. The number of edematous 

and erythematous reactions caused by the GEN-gel and TE-GENEI-gel was recorded for each 

experimental time and results are presented in Table 25 as mean Irritation Index (IIM). 

Table 25. Number of oedematous and erythematous reactions caused by tested formulations, 

expressed as mean Irritation Index (IIM). 

 

The results indicate that both formulations can be classified as non-irritant when applied to 

human skin. 

Tape stripping 

After confirmation of the non-irritating effect of the formulations on human skin, a tape 

stripping study was performed on 20 healthy volunteers to assess the potentiality of the TE-

GENEI-gel formulation to promote permeation of the active molecule through the skin. 

Again, GEN-gel was employed as comparison. The results obtained are presented in the 

Figure 37, which shows the amount of GEN found in stratum corneum superficial layers 

(quantified in the extracts from the tapes) at the different time points (1-3-6 h). 

Reactions GEN-gel. TE-GENEI-gel 

IIM erythematous 15 min 0.05 0.05 

IIM edematous 15 min 0.00 0.00 

IIM erythematous 1 h 0.05 0.05 

IIM edematous 1 h 0.00 0.00 

IIM erythematous 24 h 0.00 0.00 

IIM edematous 24 h 0.00 0.00 
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Figure 37. Amount of GEN permeated from TE-GENEI-gel (green) and GEN-gel (yellow) at 

different time points (1, 3 and 6 h). Data were obtained from tape stripping performed on 20 healthy 

volunteers. 

As can be seen from the graph, it is possible to recognise opposite trends for the two 

formulations. In the case of the TE-GENEI-gel, we see a gradual increase in the amount of 

permeated GEN over time; on the contrary, in the case of the GEN-gel, we observe a 

maximum of GEN after the first hour, which tends to decrease towards the sixth hour.  

It can be deduced that in the case of the GEN-gel formulation, there is an initial accumulation 

of GEN in the superficial layers, but the amount detected tends to decrease over time due to 

the progressive degradation of the active compound. In fact, as the test is conducted under 

non-occlusive conditions, the formulation is exposed to the external environment and 

therefore to light. Since GEN is a photosensitive molecule [173,174], when delivered in X-

Gum-gel formulation, it is left unprotected and rapidly degrades, which corresponds to a 

possible loss of activity in the long term. 

In the case of the TE-GENEI-gel formulation, in the opposite, to have found a low amount 

of GEN in the first time point is attributable to the fast penetration of the vesicles more 

deeply into the skin. Indeed, it must be taken into account that with tape stripping, the GEN 

found in the most superficial layers of the stratum corneum is quantified. It can therefore be 

assumed that during the first time interval, TE reach the deeper layers of the stratum corneum 

or living epidermis, where, forming a depot, they gradually release GEN, whose content in 

the superficial layers tends then to increase over time. In addition, unlike in the case of GEN-
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gel, since the drug has penetrated deeper and is shielded by vesicular structures, it will not 

be susceptible to photodegradation. 

Taken together, these results demonstrate the potential of TE-GENEI-gel as a sustained-

release system, of relevance for prolonged-protective action required for the prevention 

against UV-induced skin damage. 
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9. CONCLUSIONS AND FUTURE PERSPECTIVES 

The work presented highlighted the potential of lipid-based nanosystems, in particular ET, 

TE and SP, for the delivery of active compounds of natural origin through the skin. Thanks 

to these nanotechnologies, it has been possible to overcome problems related to the solubility 

and permeability of drugs, while achieving sustained-release systems that are easy to apply 

to the skin and minimally invasive. 

The formulations under investigation were all composed of biocompatible, non-toxic 

excipients and their production did not involve the use of organic solvents other than ethanol. 

This benefits not only the safety of the formulation, but also the greater sustainability of 

manufacture, as toxic or difficult-to-dispose-of residues are avoided.  

The preparation methods did not involve the use of extensive heating or prolonged high 

energy. For instance, the water injection and ethanol injection methods for the production of 

ET and TE were carried out entirely at room temperature. This benefits first of all, lower 

consumption for research and, in perspective, industrial production. Moreover, it ensures 

that the drugs are protected from degradation during the preparation steps. This is 

particularly important when working with natural compounds, which are generally thermo-

sensitive. 

In the light of the results obtained for each specific project, the following conclusions can 

be drawn. 

Project 1 highlighted the potentiality of ET for both CUR and PIP delivery. The nanosystem 

was found to effectively encapsulate both active compounds and achieve a control over their 

release, as well as promote permeation in vitro. The antioxidant activity test indicated a 

potential synergistic effect of the combination of the two formulations (i.e. ET-CUR and ET-

PIP), later confirmed by ex vivo experiments. Taken together, the results suggest a promising 

potential of ET as a platform for prolonged transdermal delivery of active compounds, which 

showed advantages over simple drug solutions and thus better protection against pollutant 

stressors to prevent skin ageing in the long term.  

The SP formulation studied in Project 2 emerges as a versatile and efficient delivery system 

for natural antioxidants such as CUR and PIP. The data presented reveal a potential of the 

formulation in promoting the permeation of CUR through the skin, also favoured by the 

association with PIP. Furthermore, the efficacy demonstrated in ex vivo models suggests the 

potential use in advanced skin care products designed to protect against damage caused by 
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exposure to environmental pollution. As a future perspective, a possible long-term study 

efficacy of the SP formulation could then be proposed, to confirm the protective effects of 

CUR- and PIP-loaded SP against also other environmental stressors, including UV radiation, 

ozone, and cigarette smoke to which we are exposed in our daily lives.  

Project 3 showed that the ethanol injection method could be more advantageous than the 

water injection method for the production of ET, because it resulted in smaller vesicle size 

and enhanced entrapment capacity. GOS was efficiently loaded into ET nanosystems, which 

were confirmed to be able to control its release and promote its diffusion in vitro. The results 

obtained from antioxidant activity tests and in vitro tests on melanoma cell line also showed 

the potential of ET-GOSEI, also in viscous form, for the treatment of cutaneous melanoma. 

Further studies will certainly be undertaken to confirm the efficacy of the ET-GOSEI-0.5%gel 

formulation on melanoma and possibly other skin diseases associated with oxidative stress. 

In Project 4, on the other hand, the preformulatory study led to the selection of TE produced 

by the ethanol injection method as the most appropriate vehicle for GEN delivery. The 

formulation showed stability over 90 days and efficacy in promoting the permeation of the 

drug in vitro. The antioxidant activity test confirmed the action of GEN, even when delivered 

within TE and in the gelified formulation. The promising results of the in vivo tests pave the 

way for a possible and safe use of TE-GENEI-gel as a photo- and chemo-protective 

formulation against UV-induced skin damage. Additional studies are currently planned to 

confirm the protective efficacy both in vitro and in vivo.  

The results collected in this thesis may represent a starting point for future research. 

Considering the worrying increase in pollution at global level and the persistence of skin 

disorders related to it, or associated to the deleterious action of UV radiation, the 

formulations proposed here may represent valid and green alternatives to the products 

currently on the market. The phytocompounds investigated present promising potential for 

both dermatological and cosmetic applications, and thanks to nanotechnology, and in 

particular lipid-based drug delivery systems, it has been possible to successfully deliver 

them. Certainly, further in vitro and in vivo evaluations are necessary to confirm the 

effectiveness of the formulations, and then move on to clinical trials, to validate the clinical 

efficacy and safety of these innovative dermatological products. 

In addition, the proposed formulations have all the requirements to make the industrial 

transfer possible, due to the low-cost materials and almost no toxic waste (except for 

analytical procedures). Furthermore, the production methods are, as previously mentioned, 
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easy and low energy consuming. Undoubtedly, in-depth scale-up studies are needed, 

especially for SP production, that in this work has only been investigated in small volumes. 

While, as regard ET and TE, ongoing studies are already confirming the scalability of their 

preparation method and even the feasibility of producing them in continuous, exploiting also 

different technologies. 
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