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a me tanto cara  
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SOMMARIO  

Attualmente, i modelli in vitro per i test cutanei vanno da semplici colture 

monostrato a più complesse co-colture tridimensionali, fino all'uso di membrane 

artificiali, modelli altamente standardizzati, ma anche lontani da quello che è la 

complessità di un modello in vivo. Lo scopo del mio lavoro è stato quindi lo 

sviluppo di un sistema in vitro che potesse essere più predittivo, andando a colmare 

l'enorme divario che esiste tra la ricerca in vitro e quella in vivo. I modelli che si 

avvicinano maggiormente alla realtà sono gli espianti cutanei, ma risultano 

difficilmente utilizzabili se non conservati nelle giuste condizioni, portando a 

risultati inaffidabili. 

L'obiettivo era quindi quello di sviluppare un sistema in grado di preservare la cute 

e rallentarne la degenerazione. In questa prospettiva, l'uso di campioni di cute 

espiantata (da biopsie o chirurgie), mantenuti in un ambiente fluido-dinamico, 

renderebbe possibile una sperimentazione in vitro più vicina alle condizioni 

fisiologiche dell’in vivo. 

Per fare questo, abbiamo utilizzato un bioreattore in grado di generare un flusso 

continuo del mezzo di coltura, e ne abbiamo studiato gli effetti, prima su campioni 

di cute di ratto espiantata, e successivamente anche su cute umana, proveniente da 

interventi chirurgici, attraverso tecniche microscopiche combinate (microscopia in 

campo chiaro, microscopia elettronica a scansione e trasmissione) e analisi 

metabolomica (eseguita con risonanza magnetica nucleare). 

Una volta validato il metodo, abbiamo messo a punto un modello di cute 

infiammata, utilizzando una molecola irritante (cioè il ditranolo), avendo la cute 

infiammata delle caratteristiche morfologiche alterate rispetto a quella sana, e 

quindi un diverso grado di assorbimento. Su questi modelli sono stati 

successivamente effettuati studi di biodistribuzione di prodotti fluorescenti 

diversamente composti: in un caso sono stati testati due gel di poloxamer, uno dei 

quali contenente nanoparticelle lipidiche solide disperse (SLN) e reso fluorescente 

per la presenza di rodamina; nel secondo caso, abbiamo testato nanoparticelle di 

poli(lattide-co-glicolide) (PLGA) a cui è stato coniugato il fluoroforo 

fluorosceinamina. 
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Presi insieme, i nostri risultati dimostrano l'innovazione del sistema sviluppato che 

si pone come valida alternativa ai classici modelli in vitro per effettuare studi di 

biodistribuzione e assorbimento, riducendo, se non evitando, l'uso di animali da 

laboratorio. Infatti, anche utilizzando la cute animale, da un singolo animale è 

possibile ottenere diversi campioni di pelle su cui testare diversi prodotti o studiarne 

la cinetica valutando differenti time-point. 

L'uso di cute umana da biopsie o interventi chirurgici limita, se non addirittura evita, 

ulteriormente l'uso di cute animale, fornendo dati più predittivi, superando anche la 

variabilità interspecie, e acquisendo notevole importanza anche dal punto di vista 

etico. 
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ABSTRACT 

Currently, in vitro models for skin tests range from simple single-layer cultures to 

more complex three-dimensional co-cultures, up to the use of artificial membranes, 

all highly standardized models but also far from the complexity of in vivo model. 

The key challenge of my work was therefore the development of an in vitro system 

that could be more predictive, going to fill the huge gap that exists between in vitro 

and in vivo research. The most respective models of reality are excised skin, but it 

is difficult to use when not preserved in the right conditions, leading to unreliable 

results. 

The goal was therefore to develop a system capable of preserving the skin and 

slowing down its degradation. In this perspective, the use of explanted skin samples 

(from biopsies or surgical materials) maintained in a fluid dynamic environment 

would make it possible an in vitro experimentation closer to in vivo physiological 

conditions. 

To do this, we used a bioreactor capable of generating a continuous flow of culture 

medium, and we studied its effects, first, on rat skin excised samples, and later also 

on human skin from surgeries, through combined microscopic techniques (bright-

field microscopy, scanning and transmission electron microscopy) and 

metabolomic analysis (performed with nuclear magnetic resonance).  

Once the method was validated, we set-up an inflammatory skin model, using an 

irritating molecule (i.e., dithranol), having the inflamed skin morphological 

characteristics altered compared to healthy skin, and therefore a different degree of 

absorption. On these models, we have thereafter carried out biodistribution studies 

on fluorescent products differently composed: in one case two poloxamer gels were 

tested, one of which containing dispersed solid lipid nanoparticles (SLN) and made 

fluorescent due to the presence of rhodamine; in the second case, we tested 

poly(lactide-co-glycolide) (PLGA) nanoparticles to which the fluorophore 

fluorosceinamine was conjugated.  

Taken together, our results demonstrate the innovation of the system developed as 

a valid alternative to classic in vitro models to carry out biodistribution and 

absorption studies, reducing, if not avoiding, the use of laboratory animals. In fact, 

even using animal skin, from a single animal it is possible to obtain different skin 
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samples on which to test different products or study their kinetics by evaluating 

different time-points. The use of human skin from biopsies or surgery limits or 

further avoids the use of animal skin, providing more predictive data, even 

overcoming interspecies variability, and gaining considerable importance from an 

ethical point of view. 
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1.  INTRODUCTION 

 

1.1.  SKIN MORPHOLOGY  

Skin is one of the major ways of communication between organism and 

environment, but representing also one of the most effective biological defence 

barriers of the human organism. In fact, the skin protects the entire body surface 

from chemical, physical and mechanical insults. It is considered an interesting route 

for drug administration for both local and systemic treatments and, to this aim, it is 

essential to know in detail its intrinsic structural characteristics.  

In order to discuss the role of skin as a route of penetration and absorption of 

chemical compounds, it is first necessary to understand its morphology and 

structure.  

As widely described in many textbooks, the skin is the largest organ of the body, 

which in humans reaches 2 m2 of surface, with a thickness varying between 0.2 and 

4 mm (Kerr JB, 1999). It is divided in two layers: epidermis, the most superficial 

layer of stratified keratinized squamous epithelium, which constitutes the first 

physical barrier of the body that gives uniformity and surface waterproofing, and 

dermis, the underlying layer of connective tissue, highly vascularized and 

permeable, consisting mainly of a network of collagen fibers and hosting sweat and 

sabaceous glands, hair follicles and all skin sensory receptors and cutaneous free 

nerves (for nociception, thermoception and tactile sensing). The dermis is divided 

into two portions (papillary and reticular) that houses the different structures 

mentioned above. In the deepest of the two, the reticular one, numerous aggregates 

of adipocytes are often observed so much that, in the most recent literature, there is 

talk of a dermal adipose tissue that interfaces to the lower and much better known 

subcutaneous adipose tissue or hypoderm (figure 1).  

The main function of the skin is to respond to stimuli from the outside environment 

and keep the body in physiological balance, not only protecting it, but also 

performing sensory functions, thermoregulation, regulation of fluid balance, 

various metabolic processes, and immunological function (Sugibayashi K, 2017).  
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Figure 1: Scheme of skin. The numerical references in the image indicate: (1) hair shaft; 

(2) stratum corneum; (3) sweat-pore; (4) hair follicle; (5) arrector pili muscle; (6) 

sebaceous gland; (7) nerve; (8) eccrine sweat gland; (9) cutaneous vascular plexes; (10) 

adipose depot. Section (A) and (B) highlight a detailed structure of the epidermis and 

derma respectively (Massella D, 2019) 

 

 

Epidermis 

The epidermis is certainly the most important tissue when we talk about penetration 

and absorption through the skin. The epidermis is a multi-layered keratinized 

squamous epithelium, devoid of blood vessels, receiving the nutrients by diffusional 

exchange with papillary dermis. It is composed mostly from keratinocytes that in 

the basal part of the epidermis (called  stratum germinativum) are small round cells, 
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that continually divide and are in contact through the basal membrane with the 

dermis; they differentiate with a cytomorphosis process and migrate towards the 

surface of the skin, taking part, in succession, in the prickle cell layer (stratum 

spinosum), granule cell layer (stratum granulosum), and finally in the horny cell 

layers (stratum corneum), and between the latter two, only in the case of palms and 

sole epidermis, is the stratum lucidum (Massella D, 2019) (figure 1A). During this 

process, the keratinocytes change in composition and morphology. The basal cells 

have a cubic shape, and are arranged on one or two lines, joined by desmosomes 

and gap junctions and bound to the basal membrane by hemidesmosomes. The cells 

resident here are metabolically very active and are also involved in the synthesis of 

7-deidrocholesterol, precursor of cholecalciferol (vitamin D), which plays a role in 

the production of the lipid component of the skin barrier, in the synthesis of 

filaggrin (a protein with a fundamental role in the constitution of skin barrier), in 

the proliferation and differentiation of keratinocytes, and in the increase in the 

synthesis of catechlicidine (a protein involved in the immune function). In the 

stratum spinosum, the prickle cells form a layer of 3-10 cells of thickness, and take 

their name for the numerous desmosomes that bridge joining them to each other. 

With the granular layer, the cells, distributed in 2-3 layers, take on a more flattened 

shape, especially the nucleus that, together with the organelles, undergoes 

degeneration. This layer is characterized by the accumulation of numerous 

cytoplasmic dense keratohyalin granules. The last and most superficial layer is the 

stratum corneum, composed of dead, squamous and anucleate keratinocytes (i.e., 

corneocytes) packed into 10-30 layers; these cells are rich in keratin, an insoluble 

protein high resistant, that, together with involcrin and loricrin, forms the cornified 

envelope. Moreover, corneocytes are surrounded by intercellular lipid matrices, 

containing ceramides, free fatty acid, free cholesterol, triacylglycerol, cholesterol 

esters and so on, becoming cement-like material around the brick-like corneocytes. 

In fact, the stratum corneum is described by the “brick and mortar model” 

(Sugibayashi K, 2017). The surface of the stratum corneum is constantly removed 

in a phenomenon called desquamation and replaced by new cells from the deeper 

layers. The stratum corneum thus constitutes the first physical barrier and, in some 

cases (if damaged or in the presence of substances with particular chemical 
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characteristics), passageway for compounds (e.g. drugs and cosmetics or hazardous 

products). 

In addition to keratinocytes, other resident cells are melanocytes, neural crest-

derived cells residing in the basal state of the epidermis and responsible for the 

synthesis of melanin, Langherans cells, presenting the antigen that stimulates the 

response of T cells, that are immune system sentinels responsible for the first 

immunological reaction against pathogens encountered via the skin, and Merkel 

cells, or Merkel nerve endings, mechanoreceptors specialized in sensory 

transduction (Maraldi NM, Tacchetti C, 2016).  

 

Dermis  

The dermis is located under the epidermis and is connected to it through the 

basement lamina. The dermis can be distinguished into papillary dermis, 

subpapillary dermis and reticular dermis, reaching together a total thickness of 3-5 

mm. The dermis is rich in collagen fibers and elastic fibers, making it particularly 

flexible and resistant to mechanical stress, as well as a support for glands, hair 

follicles and neuro-vascular components (Maraldi NM, Tacchetti C, 2016). A 

capillary plexus are located in the subpapillary layer and branched out in papillary 

dermis (carrying nutrients and oxygen by diffusion to the overlying epithelium), the 

anastomotic ramifications are close to skin appendages, like around eccrine glands 

and hair follicles. Due to the presence of numerous blood vessels, the dermis is 

involved in the absorption of those chemicals that have been able to pass through 

the epidermis. In addition, fibroblasts, myofibroblasts and resident immune cells 

(macrophages, lymphocytes, and mast cells) are also found in the connective tissue 

of the dermis and the latter participate in the immune response by contributing to 

the inflammatory response (Kendall AC, Nicolaou, 2013) (figure 1B). Moreover, 

the dermis has an important regenerative capacity in case of wounds and skin 

transplants (Kerr BJ, 1999). 

 

Hypodermis  

The hypodermis, or subcutis, is the adipose tissue that separates the dermis from 

the myofascia and it covers the entire body, with variable thickness, protecting it.  
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It has a cellular population mainly composed of adipocytes densely packed with a 

parenchyma of loose connective tissue rich in proteoglycans and 

glycosaminoglycans. Skin adipose tissue stores energy in form of fatty acids and 

functions as a shock bearing for mechanical stress, but it is also an active endocrine 

organ involved in the regulation of lipid and glucose metabolism (Kerr JB, 1999). 

This layer produces a variety of mediators such as growth factors, adipokines, and 

cytokines, that act both systemically and locally in a paracrine mode by interacting 

with surrounding tissues. It contains multiple immune cells (Kendall AC, Nicolaou 

A, 2013). 

 

Appendages 

Skin appendages, i.e., hair follicles, sweat and sebaceous glands are intrinsic 

structures closely related to the functions of the skin. Hair follicles are specialized 

invaginations of the epidermis extending to the dermis or hypodermis. In the hair, 

the keratinocytes assume a concentric organization at the level of the hair follicle, 

from which the hair shaft originates. Thus, hair follicle has a cylindrical shape, and 

the double concentric structures is constituted of epithelial tissue in continuity with 

the epidermis, surrounded by connective tissue (the same constituting the dermis) 

(Maraldi NM; Tacchetti C, 2016). The lowest part of the hair root forms the hair 

bulb, that contains proliferating cells of the matrix and melanocytes, which produce 

the pigment transferred to the cells of the matrix. These cells proliferate and 

differentiate and, moving towards the apical part of the bulb, they transform into 

"hard" keratin forming the layers of the cortex and cuticle of the hair. The central 

area of the hair medulla contains "soft" keratin. Medulla, cortex and cuticle 

constitute the hair, which is surrounded by a series of concentric sheaths that make 

up the wall of the hair follicle, while a thick membrane, the vitreous membrane, 

separates the outer sheath from the dermis. Connected to the hair structure there is 

a sebaceous gland, whose duct opens into the hair bulb, and its secretion (sebum) 

has the function of waterproofing the hair shaft. The sebum on the skin surface is 

usually mixed and emulsified with aqueous solution coming from sweat glands, and 

the resulting emulsion coats the skin surface, and contributes to maintaining the 

softness and elasticity of the skin, as well as acting as a waterproofing agent 
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(Maraldi NM, Tacchetti C, 2016). The sebaceous glands are distributed throughout 

the skin on the body except for the palms and the soles, and they can also be 

independent of the hair follicle. The sebaceous glands have a flask shape and are 

composed of tightly packed cells with a foamy appearance. In the same way, the 

sweat glands are found on the whole body skin surface, distributed at regular 

intervals, and are divided in two types: eccrine glands, which produce an 

hydrosaline solution (sweat) able to reduce body temperature by evaporation of its 

aqueous component, and apocrine glands, of larger dimensions, which activate only 

at puberty; the latter are located mainly in the infra-axillary, inguinal, mammary 

areoles and genital areas and pour their secretion directly into the hair follicles. Both 

types of sweat gland form ducts that terminate at the lower end with "ball of wool" 

structures located in the reticular layer of the dermis or hypodermis (Kerr JB, 1999).  

 

1.2. SKIN AS IMMUNE ORGAN  

One of the functions of the skin is to protect the organism from the attacks of the 

external environment (physical, chemical and pathogenic), and this work is done 

very efficiently acting as a physical barrier, by the presence of biomolecules and an 

intricate network of resident immune and non-immune cells.  

The morphological structure and the presence of connexion adhesion molecules and 

tight junction proteins among the epithelial cells of epidermis, make the skin a very 

efficient physical barrier. Among these proteins, claudins, zonula occludens-1, and 

occludins are peculiar of the epidermal layers and a defection in their expression or 

functionality can contribute to inflammatory conditions in the skin.  

Another protective feature is the pH of the surface of the skin, which ranges 

between 5.4 and 5.9, thus creating an inhospitable environment for many potential 

pathogens. The maintenance of the pH is given by the presence of trans-urocanic 

acid, produced from histidine by the enzyme histidinase synthetized by the 

corneocytes (Gibbs NK, Tye J, Norval M,2008; Krien PM, Kermici M, 2000.). In 

the stratum corneum corneocytes release also fatty acids, involved in the 

maintenance of a chemically unfavourable environment for bacterial attack and 

proliferation; in addition, sweat glands secrete acidic electrolytes and lactic acid, 
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further lowering the pH of the skin surface (Bibel DJ, et al., 1989; Fluhr JW, et al., 

2001). 

As regards biomolecules, antimicrobial peptides (AMPs) and lipids (mainly fatty 

acids) are the main classes participating in skin defence by disrupting bacterial 

membranes. AMPs are amphipathic peptides that can be constitutively expressed 

or induced after cell activation during inflammatory stimulation. Among the most 

important and studied molecules there are defensins (such as α- and β-defensins) 

and cathelicidins (such as LL-37), produced as pro-peptides from a variety of skin 

cells, such as keratinocytes, fibroblasts, dendritic cells, monocytes, macrophages, 

and sweat and sebaceous glands. LL-37 is the AMPs most studied as it has an 

important modulatory role in the immune response of the skin: it induces the 

differentiation of monocytes, stimulates cytokines production and expression of the 

co-stimulatory molecule CD86, and can also induce the proliferation and migration 

of keratinocytes (Nguyen AV, et al., 2019). Moreover, LL-37 has been shown to 

exert proangiogenic effects and may also play a role in tissue repair (Koczulla R, et 

al., 2003), while α- and β-defensins act as chemoattracts for activated neutrophils, 

T cells and immature dendritic cells, and recruiting monocytes and macrophages 

(Oppenheim JJ, et al, 2005).  

Three lipid families with great influence over skin health are the eicosanoids, the 

endocannabinoids, and the sphingolipids. These families of signalling lipids 

regulate cutaneous inflammation and immunity (Kendall AC, et al., 2013). Among 

these, bioactive lipids such as sphingomyelin, glucosylceramides, and 

phospholipids are intermediate molecules, stored in lamellar bodies in corneocytes, 

that act their antimicrobial activity against certain bacteria, such as Staphylococcus 

aureus, Streptococcus pyogenes, Micrococcus leutus, and Proprionibactecterium 

acnes (Bibel DJ., et al., 1992). Bioactive lipids are also involved in numerous acute 

and chronic skin inflammation, e.g., it has been reported that in the skin of patients 

affected by psoriasis there is an altered synthesis of eicosanoids (Hammarström S, 

et al., 1975) and a reduction in the expression of ceramides (Lew BL, et al., 2006), 

while a high concentration of eicosanoids, including prostaglandin D2, was found 

in patients with atopic dermatitis (Ruzicka T, et al.,1986), as well as the action of 

endocannabinoids on mast cells in the type 1 allergic reaction (De Filippis D, et al., 
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2008). On the other hand, the skin surface hosts more than a million 

microorganisms of at least 100 distinct species that colonize every cm2 of skin, 

including mites, bacteria, viruses and fungi that live in perfect symbiosis with our 

organism, communicate with skin cells, interact with our system immune and help 

us develop it. This set of microorganisms is known as the skin microbiota or 

dermobiota. 

 

Immune Cells of the Skin 

Skin-resident immune cells promote tissue function in homeostasis and act as 

sentinels in case of infections or tissue injury, and we can distinguish myeloid cells, 

that include Langherans cells, dermal dendritic cells, macrophages, mast cells and 

lymphoid immune cells (Matejuk A, 2018). Myeloid cells contribute to skin 

homeostasis by secreting growth factors and maintaining the optimal tissue function 

by phagocytosis of debris and apoptotic cells and supporting vasculature integrity. 

In inflammatory conditions, myeloid cells respond immediately producing pro-

inflammatory mediators. Among myeloid cells, a particularly important role is 

played by Langerhans cells (LCs), dendritic-type cells that migrate preferentially 

into the spinous layer of the epidermis coming from the bloodstream, and their 

localization suggest their role as first line fighters. LCs are migratory cells and 

continually travel to the skin draining lymph nodes. Like all myeloid cells, they 

have contrasting roles: on the one hand they initiate the immune response, 

promoting activation and expansion of effector T-cells, and on the other, they 

counter-regulate inflammation, maintain tissue homeostasis, and promote 

peripheral immune tolerance. Whether inflammatory mediators and/or other 

activating molecules are detected by LCs, they upregulate co-stimulatory molecules 

and migrate from the epidermis to the draining lymph nodes, where they prime 

adaptive immune responses. Their principal function is that of antigen-presenting 

cells by stimulating T cell responses in various allergic and inflammatory 

conditions, activating both CD8+ cytotoxic T lymphocytes and CD4+ helper T 

lymphocytes (Kendall AC, Nicolaou A, 2013).  LCs are known to play roles in 

various skin diseases such as psoriasis, atopic dermatitis, and non-melanoma skin 

tumours (Fujita H, et al., 2012). 
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The dermal dendritic cells (dDCs) reside in dermis immediately below the 

epidermal-dermal junction and, similar to LCs, migrate to the lymph nodes and are 

antigen-presenting cells of the adaptive immune response (Yoshiki R, et a., 2014). 

dDCs are distinguished by the expression of epithelial-cell adhesion molecule, IL-

10, and ability to stimulate B lymphocytes into plasma cells secreting IgM. They 

are also implicated in maintaining homeostatic interactions between the host and 

skin-resident commensal bacteria, such as Staphylococcus epidermidis. Moreover, 

during inflammatory process, plasmacytoid DCs (pDCs) are found in the skin, that 

are mass producers of interferon alpha (IFNα), protein mainly involved in innate 

immunity against viral infection (Naik S, et al., 2015). 

Macrophages are found in the dermis of the skin and, in steady state, they remove 

cellular debris and are implicated in homeostasis of the hair generation. In 

inflammatory stimulation, the macrophages localized at post-capillary venules 

secrete chemokines that drive the recruitment of neutrophils. Macrophages can act 

as pro-inflammatory, expressing inducible nitric oxide synthase, and secreting 

inflammatory cytokines (tumor necrosis factor alpha - TNFα, interleukine-1 beta - 

IL-1β, and interleukine-6 - IL-6) or as anti-inflammatory/pro-repair, secreting 

transforming growth factor β (TGFβ) (Ohji M, et al., 1993; Mills CD, 2015). 

In the upper dermal part of the skin, also mast cells are found, where they can easily 

encounter, respond, and protect from infections, venoms and stress. Mast cells are 

classically known for their involvement in allergic reactions as they synthesize and 

release inflammatory mediators, among which, first of all, histamine, and followed 

by proteoglycans, serotonin, tryptase and chymase. Moreover, mast cells are 

involved in vital processes such as wound healing, skin inflammation, angiogenesis, 

immune tolerance and cancer, they produce a variety of cytokines (IL-8), growth 

factors such as TNFα and vascular endothelial growth factor, tryptase and chymase, 

which play a fundamental role in the activation and recruitment of immune-

competent cells (Hamaguchi Y, et al., 1987; Olivera A, et al., 2018).  

It is not commonly known that the skin also hosts different types of lymphoid cells, 

important in both steady state and inflammatory responses, acting as a reservoir of 

approximately 20 billion T cells, nearly twice the number present in the entire blood 

volume (Clark RA, et al., 2006). Skin contains γδ T lymphocytes, αβ T 
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lymphocytes, and natural killer T cells. Alpha β T lymphocytes are found in 

epidermis and dermis and they are resident memory T cells. Among these, CD8+ T 

cells are the most studied that, in particular, induce an IFNγ-mediated antiviral state 

in the tissue, against, for example, herpes simplex virus infections. CD4+ T cells 

also make up a significant portion of the skin-resident lymphocytes and they are 

also T regulatory cells and together with CD8+ T cells plays a role in various 

pathological conditions, such as psoriasis, alopecia, and vitiligo (Mackay LK, et al., 

2013; Li S, et al., 2015; Boyman O, et al., 2004). Thus, skin-infiltrating and resident 

T cells play a role in the pathophysiology of various conditions and create skin 

immune homeostasis. Most γδ T lymphocytes are resident in the epidermis, within 

the junctions between keratinocytes, and are also known as dendritic epidermal T 

cells (DETCs). In steady state, they secrete growth factors that promote 

keratinocyte proliferation, while, once activated, DECTs retract their dendrites, 

adopting a round shape, and secrete cytokines, mostly IL-17, that are essential for 

expression of defensins in the epidermis, playing a fundamental role in 

antimicrobial defence of the skin (MacLeod AS, et al., 2013), as well as in 

inflammatory skin pathology, such as psoriasis (Mabuchi T, 2013). The role in 

antimicrobial immune responses is also attributed to skin invariant natural killer T 

cells (iNKT). These cells are involved in hypersensitivity reactions, producing IL-

4 in presence of haptens, and iNKT are able to recognize glycolipids produced by 

bacteria. iNKT also maintain high levels of TNF-α and facilitate and speed up 

migration of DCs to lymph nodes (Matejuk A, 2018). Among resident lymphoid 

cells in the skin, there are also B lymphocytes. It is not clear the role in steady state, 

but their functions in inflammatory response are widely documented. B cells are 

found in high concentrations, in reticular dermis, in cutaneous disease such as 

atopic eczema, cutaneous leishmaniosis, and cutaneous sclerosis. They play a 

fundamental role also in hypersensitivity reaction leading to activation of the 

complement cascade mechanism, ultimately resulting in recruitment of T cells to 

the inflamed site. Moreover, B cells also perform a regulatory function through the 

expression of IL-10 cytokines, carrying out an immunosuppressive action (Nguyen 

AV, et al., 2019). 
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Cytokines and the Skin 

Skin cells constantly communicate with each other through the expression of 

cytokines, and their signalling affects barrier functionality in several ways, for 

example, influencing keratinocytes proliferation and differentiation, or again 

stimulating the secretion of other cytokines triggering a complex network of chain 

reactions during the acute phases of inflammation. While, in the chronic phase of 

inflammation, a deregulation of cytokine expression can occur and lead to 

dysfunctions of the skin barrier, as happens in chronic inflammatory skin diseases, 

such as atopic dermatitis and psoriasis. Cytokines therefore play a fundamental role 

in maintaining homeostasis of healthy skin, as well as regulating inflammatory 

processes (Hänel KH, et al., 2013).  

Cytokines can be classified based on the three-dimensional structure of their 

receptors, and, in the skin, we can distinguish interleukin type I family, interleukin 

type II family, tumor necrosis factor (TNF) receptor family, and immunoglobulin 

(Ig) family. I will discuss below the cytokines belonging to the mentioned families, 

which appear to be of greatest interest in skin barrier function and skin 

inflammation, especially dealing with those involved in the acute phase of the 

inflammatory process. 

Interleukin-6 (IL-6) and IL-6 receptors are localized in all epidermal layers, 

produced by numerous cell lines, including fibroblasts, endothelial cells, 

keratinocytes, macrophages, mast cells and T and B cells, and their expression 

increase after skin barrier disruption (Paquet P, et al., 1996). In the acute phase of 

inflammation, IL-6 is usually induced by different signals, coming from bacteria, 

virus, mitogens or other cytokines, such as IL-1, and its expression promotes 

keratinocytes proliferation and epidermal thickening, as well as increase the 

collagen deposition, and enhance the expression of the vasculature endothelial 

growth factor, acting on the reparative processes of the tissue in a concentration 

dependent way.  IL-6 is also one of several mediators regulating T cell functions, 

inducing their activation and proliferation.  

The interleukin-1 (IL-1) family includes numerous cytokines that play an important 

role in immune regulation and inflammatory processes, among which, the most 

important and known is certainly IL-1α. After the early stages of permeability 
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barrier disruption, and the onset of the acute inflammatory phase, an increase in the 

epidermal expression of IL-1α occurs, stimulating keratinocytes, and which might 

have protective function (Wood LC, et al., 1992). In fact, different studies report 

that IL-1α promote the synthesis of barrier lipids in monolayer cell culture (Yano 

S, et al., 2008), and in mice (Barland CO, et al., 2004). Moreover, IL-1α acts as an 

intracellular transcriptional regulator and up-regulates the expression of genes 

associated with cell adhesion, proliferation and keratinocytes differentiation 

(Barksby HE, et al., 2007). IL-1α signalling also stimulates synthesis of epidermal 

lipids, the expression of chemokine ligand 20 (CCL20) which directs migration of 

dendritic cell precursors and memory T lymphocytes to sites of antigen invasion, 

and production of neutrophil gelatinase-associated lipocalin, a potent bacteriostatic 

agent (Schmuth M, et al., 2002; Cowland JB, et al., 2003).  

IL-4 and IL-13 belong to the IL-2 family cytokines and have been studied as key 

molecules in allergy-induced inflammation. IL-4 and IL-13 are produced by CD8+ 

T cells, mast cells and basophils, predominantly expressed in the initial phase of 

acute skin inflammation. However, it seems that IL-4 and IL-13 cooperate in 

promoting Th2 responses (response mediated by helper T cells type 2, the most 

prolific cytokine producers), but with a more sensitive and faster action of IL-4 on 

target cells. Meanwhile, IL-13 is expressed in both acute and chronic inflammation 

with a significant up-regulation in chronic lesions, such as atopic dermatitis, and 

not seen for IL-4 (Roesner LM, et al., 2019). These cytokines negatively affect the 

innate response to pathogens, inhibiting some antimicrobial peptides in 

keratinocytes, and their signalling also leads to down-expression of the terminal 

differentiation of filaggrin (filament aggregating protein that binds to keratin fibers 

in epithelial cells), involucrin (a protein that contributes to the formation of a cell 

envelope that protects corneocytes in the human skin) and loricrin (a major protein 

component of the cornified cell envelope found in terminally differentiated 

epidermal cells (Omori-Miyake M, et al., 2014). 

TNF-α is another important component of inflammatory cascade in skin, expressed 

by keratinocytes and dermal fibroblasts. After acute permeability barrier disruption, 

there is an increment in TNF-α expression in epidermis. In situations of altered 

levels of TNF-α, this cytokine prevents proper barrier formation by inhibiting the 

https://en.wikipedia.org/wiki/Corneocyte
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expression of filaggrin and loricrin, resulting in weakening of the skin barrier 

(Hänel KH, et al., 2013; Bashir MM, et al., 2009). 

Many other cytokines, together with those briefly described above, act in a delicate 

balance in skin functions, involved both in the control of barrier formation, such as 

cornification process and development of tight junctions. Since this is a delicate and 

highly balanced equilibrium, it is not surprising that many cytokines may also 

provoke a weakening of the barrier. The management of cytokines expression and 

activity is essential to limit and treat skin diseases. 

 

1.3.  MORPHOLOGICAL MODIFICATION IN INFLAMED SKIN 

Inflammatory skin diseases have different symptomatology and pathogenesis and 

present acute forms that may or may not be chronic. These diseases are responses 

to external stimuli such as, e.g., UV radiation, allergen uptake, microbial challenge, 

or contact with irritants, or are due to endogenous causes, not always well-defined, 

e.g., autoimmune responses, but they are often the result of the combination of the 

two situations. 

In general, acute lesions persist for days or weeks and are characterized by 

inflammatory infiltrates, usually composed of lymphocytes and macrophages and 

neutrophils, edema and vascular damage of varying degrees. For example, urticaria 

is a common inflammatory skin disease, IgE-mediated, characterized by localized 

degranulation of mast cells that leads to an increase in the permeability of the 

vessels of the dermis. From the morphological point of view, the alterations are 

minimal, presenting a slight perivascular phlogistic infiltrate consisting of 

mononuclear, neutrophil and eosinophil elements, the collagen bundles are 

separated by wider spaces than normal skin, as a result of the edema of the 

superficial dermis, and lymphatic channels appear dilated, while the epidermis is 

normal (Nettis E, et al. 2003). Again, among the most common inflammatory acute 

skin diseases, there is eczematous dermatitis, which can be allergic to contact, 

atopic, drug-induced, photo-induced or irritative by contact. Otherwise urticaria, 

due to the secretion of cytokines and chemokines by activated T lymphocytes, the 

edema spreads to the intercellular spaces of the epidermis, moving the keratinocytes 

away from each other, particularly in the spinous layer. Progressive accumulation 
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of intercellular fluid causes mechanical damage to desmosomes and cell 

membranes, leading to the formation of intraepidermal vesicles (Murphy GF, et al, 

1998).  

Chronic inflammatory dermatoses are pathologies that can last several months or 

years. Psoriasis is certainly among the most common and studied, characterized by 

excessive or abnormal formation of keratous scales and desquamation/peeling of 

the epidermis. The increase in turnover of keratins determines a thickening of the 

epidermis, with regular stretching of the dermal papillae downwards. Mitotic 

processes can also be found above the basal layer of the epidermis, the granular 

layer is thinned or absent and there is an extensive overlying parakeratotic scale. 

Dermal papillae have dilated and tortuous capillaries. The pathogenesis of psoriasis 

seems multifactorial, however an accumulation of sensitized T lymphocytes in the 

skin is known, with abnormal secretion of cytokines (IL-12, INF-γ, TNF-α, IL-17) 

and growth factors that induce the proliferation of keratinocytes (Schon MP, et al., 

2008; Bowcock AM, Cookson WO, 2004).  

These are just some of the inflammatory skin dermatoses, and each of them has 

distinctive signs, but in any case, during inflammatory processes the barrier 

functions are reduced due to the induced morphological changes in the skin. 

 

1.4.  SKIN PERMEATION AND PERCUTANEOUS ABSORPTION  

As explained above, skin is the biggest and outermost organ of the body and, thanks 

to its vascular architecture, it can be used as a route of local or systemic 

administration of various types of molecules. Since the end of 18th century, several 

attempts have been made to administer drugs transcutaneously, and in an effort to 

increase skin absorption, have been made mechanical, physical, and chemical 

manipulation to reduce the barrier function of the skin.  In turn, skin implements a 

series of strategies with the aim of protecting the body from the passage of 

substances, and first of all there is the stratum corneum, the most important physical 

barrier against permeation or percutaneous absorption of chemicals; however, it 

does not represent a completely impermeable barrier, providing physiologically 

available accesses.  Permeation through the skin can occur in two ways: the stratum 
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corneum pathway (intracellularly or intercellularly), and the trans-appendage 

pathway.  

 

Stratum Corneum Pathway 

Diffusion across the corneocytes and lipids of the intact stratum corneum is the 

predominant permeation and absorption route for the drugs topically applied that 

have an adequate lipophilicity and a low molecular weight. This passage can take 

place primarily through the waterproof hydrolipidic film constituted by the 

emulsion of sebum and sweat solution and then through the more or less thick layer 

of keratin lamellae below. The passage can happen through the trans-cellular or 

intra-cellular route, and through the inter-cellular or para-cellular route. In the first 

case, the compound diffuses through the corneocytes and pores are opened in the 

dense keratin structure, while in the second case, the compound permeates into 

viable skin through the intercellular lipid domain found between corneocytes. In 

both cases, after the chemical compounds have permeated the skin to a depth of 20 

µm, reaching the stratum granulosum, the compound is able to quickly reach the 

deeper layers of the epidermis and the dermis (Sugibayashi K, et al., 2017).   

 

Skin Appendage Pathway 

The importance of skin appendages in transcutaneous permeation is widely known 

and discussed in literature (Tregear RT, 1961; Vankooten WJ, Mali JWH, 1966): 

although the appendageal area available is significantly lower than that which 

crosses the stratum corneum, occupying only 0.1%, it is fundamental for the 

permeation of ions, hydrophilic compounds and molecules with high molecular 

weight, or nanocompounds. Several studies have shown that drugs applied topically 

to the skin are able to accumulate in the sebaceous glands (Grasso P, Lansdown 

ABG, 1972; Foreman MI, et al., 1979), while others report that sweat ducts could 

be a route of drug permeation, when using iontophoresis, a method to increase skin 

permeability by use of a voltage gradient on the skin (molecules are transported 

across the stratum corneum by electrophoresis and electro-osmosis and the electric 

field) (Craane-van Hinsberg WH, et al., 1995). However, hair follicles play a 

predominant role in the absorption of substances, serving also as an important 

https://en.wikipedia.org/wiki/Skin
https://en.wikipedia.org/wiki/Stratum_corneum
https://en.wikipedia.org/wiki/Electrophoresis
https://en.wikipedia.org/wiki/Electroosmosis
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reservoir for topically applied molecules and a possible route of systemic 

administration of therapeutic drugs, since an extensive capillary blood network is 

connected to the upper follicle and dermal papilla regions, and also it turned out 

that they can be a long-term storage area (Lademann J, et al., 2006).  Kao et al. 

demonstrated that permeation of topically applied benzo[α]pyrene was higher in 

full-thickness haired mice skin compared to full-thickness hairless skin, maintained 

as in vitro short-term organ culture (Kao J, et al., 1988), as well as Tenjarla et al. 

showed a higher permeation of corticosteroids in haired skin compered to hairless 

skin (Tenjarla SN, et al., 1999). Drug penetration through the hair follicle can 

occurs into at least two steps. First, drugs have to distribute into hair follicle 

pathway, diffuse across the solvent that fills the pores and then, in the second step, 

they diffuse into the living tissue that surrounds the hair follicle. Morphologically, 

in the upper infundibulum (i.e., the upper part of the follicle) the epithelium is 

continuous with the keratinized epidermis and covered by an intact stratum 

corneum, making it difficult the penetration, while the barrier of the lower 

infundibulum is interrupted in pores, facilitating the trans-follicular penetration. In 

addition, infundibulum is connected to a dense capillary network, allowing the 

absorption of the substance in the local and central circulation and by this way, the 

rapid systemic uptake (Patzelt A, Lademann J, 2013). The capillary network is also 

surrounded by a high density of immune cells suggesting that hair follicle could be 

a potential entry point for allergens, playing a role in allergies and atopic dermatitis, 

but also suggesting that the hair follicle might be a promising target for topical 

vaccination (Vogt A, et al., 2008). However, the delivery depth of topically applied 

particles is determined by its particle size. Moreover, from the anatomical point of 

view, the characteristics of the hair follicles (density, size of orifice, size of the hair 

shaft) vary greatly depending on the area of the body, something we must take into 

consideration when studying the trans-follicular diffusion of a substance.  

 

Pathways through the diseased skin 

In diseased, injured or aged skin the barrier function is reduced because of structural 

alterations in stratum corneum and, in general, in all the skin layers. The lipid 

bilayer structure is partly lost or the number of layers of stratum corneum may be 
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reduced, there may be increased permeability and dilated blood vessels (Palmer CN, 

et al., 2006; Yokoyama S, et al., 2015a). Therefore, from studies with healthy skin 

only limited conclusions can be drawn for diseased skin and its permeability to 

drugs.   

Given the importance of this type of administration route, various methods and 

models have been put in place. 

 

1.5.  IN VITRO SKIN MODELS 

The development of novel skin products (cosmetics or therapeutics) and the 

measurement of dermal absorption or toxicological assessment should be ideally 

done on in vivo human skin (Rao VU, Misra AN, 1994; Kim YC, et al., 2008; Lai 

J, Maibach HI, 2009). Obviously, this is not always possible, due to the high cost 

of human trials and regulatory aspects, so the in vivo studies on laboratory animals 

remain widely used. However, they are hindered by the recent stringent legislation, 

which is based on the 3Rs principle, that would like a Replacement of the animal 

model whenever possible, and otherwise a Reduction of its use, as well as a 

Refinement of the methods employed on the animal (Russell WMS and Burch 

RL,1959). However, a wide spectrum of alternative in vitro models representative 

of human skin are currently available, which differ from each other in biological 

complexity and the choice of the model depends on the individual scientific and/or 

technical demands. In vitro reconstructed human skin evolved from simple two-

dimensional (2D) monolayer cell cultures of one cell type to monocellular 3D 

cultures, up to organotypic 3D cultures composed of different co-cultured cell 

types. Conventional monolayer cell culture has the advantage to be simple and at 

the same time highly standardized models of one skin cell type, widely used for risk 

assessment studies, while more advanced models integrating different cell types in 

a more physiologically culture environment are used to evaluate the efficacy of 

novel active agents and delivery systems (Planz V, et., 2016).  

 

Excised Human Skin 

The use of human skin is obviously considered the “gold-standard” choice in 

preclinical experimentation for determining the permeability of novel compounds 
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and therapeutics, including all resident cell types and appendages. Human skin 

samples are usually obtainable from autopsies or discarded skin from plastic 

surgeries, above all abdominal, breast or back skin, which can be post-processed 

using a dermatome to tailor the sample thickness to a specific dimension. Moreover, 

several different membranes can be prepared from explanted skin to use in 

permeation experiments, removing connective tissue and subcutaneous layer, by 

heating the skin or using dermatome, or again through a dehydration of the sample. 

These methods are widely use, because of the reduction of variability, even if it is 

intuitive that the presence or absence of hydrated dermis may affect the absorption 

of molecules, especially if lipophilic (Abd E, et al., 2016.).  

In any case, some variables must be taken into consideration, choosing both 

explanted full-thickness or dermatomed human skin. It is expected for ex vivo skin 

to maintain the barrier integrity of the stratum corneum for an extended period of 

time after excision and throughout the duration of the experiment. Studies affirmed 

that ex vivo skin biopsies can be kept alive until 14 days in air-liquid culture 

conditions, while other investigators affirm that tissue viability is not required for 

percutaneous penetration studies as drug absorption across the skin generally occurs 

via passive diffusion (Steinstraesser L, et al., 2009), even if, we could affirm that 

an incorrect storage of the sample inevitably leads to a degradation of the skin layers 

and cellular junctions. 

Anyway, we have to take into consideration the high donor-to-donor variability, 

depending not only by age, health state, hydration, gender, but also the high intra-

individual variability depending on anatomical sites (Chilcott RP, Farrar R, 2000; 

Gordon M, et al., 2015). 

Other problems are associated with use of human excised skin, related to safety 

concerns, difficult and limited supply, and regulatory considerations.  

 

Excised Animal Skin 

The use of animals or animal skin is routinely used in in vitro testing for 

percutaneous absorption as important step in evaluation of any products or 

formulation. In fact, explanted human skin is not always available, and researchers 

rely on the use of animal skin for much of the experimental data, increasing the 
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challenge to correlate results from ex vivo animal skin experiments to in vivo human 

studies. Anyway, animal skin also offers the advantages of having a meticulous 

control over age, sex, and conditions, obtaining more standardized results (Friend 

DR, 1992). Different animal models have been used, including mouse, rat, guinea 

pig, rabbit, fish, frog, snake, pig, and others (Panchagnula R, et al., 1997; Abd E, et 

al., 2016). However, several differences exist from human skin, e.g. in thickness, 

composition and density of appendages, which affect absorption and permeation.  

Porcine skin, in particular ear skin, is histologically the closest to human skin, 

having a similar biochemical composition, thickness of stratum corneum around 

21-26 µm, compared to 17 µm in human, a similar follicle structure with a hair-

follicle density of 20/cm2, compared to 14-32/cm2 in human. Despite the 

composition and arrangement of lipids and free fatty acids in the two species are 

different, several studies, using both lipophilic and hydrophilic molecules, showed 

a similar permeability of skin in the two species (Godin B, Touitou E, 2007; Jacobi 

U, et al., 2007).  

Snake skin is another interesting membrane that could be used as an alternative to 

human skin, with the advantage of maintaining the animal alive. Despite the 

obvious interspecies differences, there are also some similarities, since snake skin 

consists of thin, flat squamate cells surrounded by intercellular phospholipids, 

having also a similar permeability coefficients, although it does lack hair follicles 

(Roberts JB, 1986). 

However, skin of rodents (mice, rats, and guinea pigs) remains the most used as 

model for human skin for in vitro percutaneous studies, due to its availability, small 

size, uncomplicated handling, and relatively low cost. There are also a number of 

hairless species in which the absence of hair coat mimics the human skin 

permeability better than hairy skin, even if is missing from trans follicular pathway. 

Rodent skin, except for rat skin, generally shows higher permeation rates than 

human skin, while rat skin is certainly the most structurally similar to human skin, 

with a thickness of stratum corneum around 18 µm and of whole skin around 2.10 

mm in rat (compared to 2.95 mm in human) (Godin B, Touitou E, 2007). For these 

reasons, rat models are the most frequently used as the permeation kinetic 
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parameters are frequently comparable (Barber E, et al., 1992; Hughes MF, Edwards 

BC, 2010) and the in vivo human dermal absorption may be derived by the equation:  

 

𝑖𝑛 𝑣𝑖𝑣𝑜 ℎ𝑢𝑚𝑎𝑛 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = 𝑖𝑛 𝑣𝑖𝑣𝑜 𝑟𝑎𝑡 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 ×  
𝑖𝑛 𝑣𝑖𝑡𝑟𝑜 ℎ𝑢𝑚𝑎𝑛 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛

𝑖𝑛 𝑣𝑖𝑡𝑟𝑜 𝑟𝑎𝑡 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛
 

 

assuming that the factor between in vitro and in vivo dermal absorption is the same 

for rats and humans and the factor between rat and human skin absorption is the 

same in vitro and in vivo (Abd E, et al., 2016).  

 

Cell Cultures and Skin Equivalents 

In 1975, first Rheinwatd and Green successfully obtained primary keratinocytes 

from skin biopsies in presence of a feeder layer, consisting of 3T3 murine 

fibroblasts (Rheinwald JG, Green H, 1975), and after, in 1983, Boyce and Ham 

were able to isolate and culture a purified cell culture of primary keratinocytes 

(Boyce ST, R.G. Ham RG, 1983.). Thereafter the use of monolayer keratinocyte as 

well as dermal fibroblast cultures has established in research and clinical practice. 

Although primary normal human keratinocytes (NHK) certainly represent the first 

choice for cell-based assay, immortalized cell lines are commonly used in research, 

including HaCaT (Human adult low Calcium high Temperature) cell line, that are 

used as valid alternative, when it is required to exclude the donor-variability, to 

avoid cell senescence and to extend the replicative life span. Cell culture models 

offer different advantages in daily biomedical research, thanks to their high 

reproducibility, rapid assessment of permeability and metabolism of drugs, stricter 

control over experimental conditions and relative low costs compared to in vivo 

animal experimentation. Despite two-dimensional (2D) cell cultures are widely 

accepted in industrial and academic research in compound screening, in particular 

for an early identification of toxicity profile, they are a too simplistic model, and 

their value in predicting cell-specific responses is restricted. In fact, they lack the 

three-dimensional morphology as well as the communications cell-cell and cell-

matrix, that in the physiological microenvironment of human skin play a 

fundamental role. Moreover, due to the fragile nature of 2D-monolayers, only the 

application of the studied substance in liquid form is possible, while application of 
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substances in solid or semisolid form causes destruction of monolayer and 

subsequent cell death (Planz V, et al., 2016).  

Pruniéras et al., in early 1980s, first set-up a three-dimensional (3D) culture of 

multi-layered sheets of keratinocytes, cultured in an air-liquid interface, 

representing a milestone in skin research (Pruniéras M, et al., 1983). These type of 

cell cultures can be realized by culturing keratinocytes onto de-epidermized or 

collagen gels, where the outermost cell layer is in contact to air and the basal cell 

layer was in contact to culture medium.  

From these, several skin equivalents culture have been developed, such as 

reconstructed human epidermis (RHE) models, to simulate human epidermis, and 

living skin equivalent (LSE) models, to simulate full human skin. Reconstruction 

of epidermis in vitro is based on culture of keratinocytes, seeded on a 

semipermeable substrate (as an equivalent of dermis) that can be of different nature, 

such as nylon meshes, polycarbonate membranes, collagen matrices, synthetic 

scaffolds, and biodegradable scaffolds (Dragicevic N, Maibach HI, 2017). 

Keratinocytes receive nutrients from the lower surface of the culture and after 14-

21 days of differentiation, they manifest characteristics similar to those of stratum 

corneum, completely cornified cells surrounded by a lipid intercellular matrix 

(Nabila Sekkat RHG, 2001). LSEs resemble human skin, having dermis, epidermis 

and partially differentiated stratum corneum, but lack skin appendages.  

Today, several culture-based skin models are commercially available (eg. 

EpiDerm®, EpiSkin®, SkinEthic®, GraftSkin® etc.) and suggested as suitable 

candidates for evaluation of skin absorption, testing of cosmetics and for 

toxicologically screening. However, a number of studies have compared LSE and 

RHE models with animal and human skin, demonstrating that, in general, 

bioengineered skin provides much lower barrier properties than the whole skin, due 

to structure and lipid composition, revealing also an impaired desquamation and 

impaired transfer of desmosomes (Gysler A, Kleuser B, et al., 1999; Schäfer-

Korting M, et al., 2008; Vicanova J, et al., 1996b). This causes a highly 

overestimate flux of the tested compounds, taking into consideration a different 

hydro/lipo-philicity and molecular weight when choosing them (Schmook FP, et 

al., 2001). As a general conclusion, skin equivalent models are not suitable for in 
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vitro penetration studies since they did not observe the expected improvement on 

reproducibility compared to ex vivo skin experimentation. Furthermore, Nakamura 

et al. concluded that full-thickness models based on organ cultures of skin explants 

match the in vivo situation more closely in respect to cell-based models (Nakamura 

M, et al., 1990).  

On the other hand, numerous studies support the use of LSEs for evaluation of skin 

corrosion, acute skin irritation and phototoxicity, approved also by Organization for 

Economic Co-operation and Development, while none of them is currently 

approved for skin absorption testing (Abd E, et al., 2016; Godin B, Touitou E, 

2007).  

 

Bioreactor 

Among the limitations of skin equivalents models, it must be considered that with 

the attainment of the third dimension in cell cultures there is also a problem of 

oxygen and nutrient supply along the entire thickness of the cell culture/organoid, 

especially in protocol with long term evaluation (Martin I, et al., 2004). Cellular 

aggregates require the careful exchange of nutrients and oxygen and removal of 

catabolites to avoid the formation of necrotic areas when the thickness is greater 

than 1 mm (Haycock JW, 2011). Early simple 3D models were static models, based 

on the passive mass transport by diffusion of the nutrients. As the size of the culture 

increases, diffusion of nutrients in the interior of the construct is more difficult and 

active mechanisms are needed, such as diffusion and convention (Lavik E, Langer 

R, 2004; Hansmann J, 2013)., while in vivo, the viability of cells is guaranteed by 

a complex network of circulatory and lymphatic capillaries, which ensure a 

continuous supply of nutrients and the removal of catabolites. Thus, the transition 

from 2D to 3D models has to be accompanied by the passage from static to dynamic 

environment, and therefore the development of a system capable of generating it, 

such as bioreactors. Bioreactors are generally defined as device in which biological 

and biochemical processes can be monitored in a precise and reproducible way, able 

to generate a continuous medium flow mimicking the physical and metabolic 

environments in vivo, and equipped with regulation systems of temperature, pH, 

oxygen and carbon dioxide, medium flow rate, nutrient supply and waste removal 
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(Martin I, et al., 2004). They consist of a pump or motor, connected with vessels to 

a reservoir of culture mediums and to culture chambers or flasks connected to inlet 

and outlet for continuous flowing of culture medium through the cell culture 

(Canadas RF, et al., 2018.). 

Different bioreactors have been set for culturing of skin models, such as 

keratinocytes HaCaT cells (Marrero B, et al., 2009), human dermal fibroblasts 

(hdF) and human foreskin keratinocytes (hfKC) (Helmedag MJ, et al., 2015) and 

also long-term ex vivo rat skin culture (Yan H, et al., 2019). In addition, in a few 

studies bioreactors were used to investigate the diffusion process (Cox BL, et al., 

2019; Navarro J, et al., 2019) 

 

1.6.  DIFFUSION SYSTEMS  

The in vitro permeation test is a common method to evaluate the transdermal 

absorption of novel therapeutics, allowing an easier and constant control on 

experimentation than in vivo. The evaluation of efficacy and safety are the two main 

purposes of skin permeation studies. The maximum skin permeation rate of the 

expected usage condition and expected effect (local or systemic) is important in 

safety tests and the rate is used to estimate the transdermal risk of chemicals with 

the potential toxicity. To test efficacy, this type of test can be useful to choose a 

drug among different candidates, or in formulation studies, to choose the most 

suitable application method or vehicle.  

 

Diffusion Cell System 

The most historically used apparatus for this type of test are diffusion cells system, 

commonly called Franz cells, by the name of T.J. Franz who introduced them in 

1975 (Franz TJ, 1975). Diffusion cells are designed to include a permeation area 

represented by explanted skin or artificial skin-membrane, a receptor chamber 

containing a receptor fluid, a donor phase, and a mechanism to keep the temperature 

constant. There are two main types of diffusion chambers: a vertical/upright model 

and a horizontal/side-by-side model. The vertical model is the most commonly used 

in all types of studies, from safety test to the development of formulation, and it is 

preferable for testing semisolid formulations. It consists of a donor compartment, 
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where to apply the substance, and placed above a receptor compartment. It is 

equipped with a sampling port, from which collect the receptor fluid within 

appropriate time intervals or flow rates to extrapolate a permeation/diffusion 

kinetic. The skin sample, or a membrane that simulates the skin, is interposed 

between the donor and the receptor compartment. Usually, in vertical cells the 

receptor phase is mixed by stirring with a magnetic bar, which keeps the receiving 

solution homogeneous.  

Horizontal cell consists of two chambers on the same plane and separated by a 

membrane; it is suitable for kinetics studies, especially when using liquid solutions 

(Dragicevic N, Maibach HI, 2017). Both sides are stirred by magnetic bars, leading 

a high control on diffusion condition, including continuous concentration 

equilibrium. Both the apparata are kept at temperature of 32 – 35 °C by water 

circulation in a water jacket that surround the receptor chamber.   

For vertical as well as horizontal models, the static and the flow-through mode are 

available. In the latter case, the receptor fluid is constantly replaced (Bronaugh RL, 

Stewart RF, 1985), mimicking more or less the in vivo conditions of body fluids 

drainage. However, in the same study, the equivalence of static and flow-through 

cells is demonstrated, and for easy handling and realizations, static Franz diffusion 

cells are preferred. 

Usually, kinetic studies using diffusion cell systems last 24 hours up to 48 hours if 

necessary, but a longer time can lead to impairment of the skin barrier and 

questionable results. 
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2.  AIM OF WORK 

 

During my doctoral program, I focused most of my work on the development and 

setting-up of an in vitro model for skin test that, in preclinical research, can be 

envisaged as an intermediate step between the in vitro experimentation on cell 

cultures and laboratory animals since it is able to mimic in vivo conditions, 

providing data more predictive than in vitro models. Afterwards, I focused my 

efforts on the development of skin inflammatory models suitable to test new 

treatments. 

To this aim, I opted to use organ cultures, taking into account both the advantages 

(such as the presence of microcirculation, skin appendages and all cell types, as 

well as thickness of the various layers) and disadvantages (individual variability, 

difficulty in procuring, poor preservation after explant) of this experimental model. 

The targets of my work were therefore to increase the preservation of skin explants, 

first using animal skin (rat skin, being the rodent with absorption characteristics 

closest to human skin), and later, human skin obtained from biopsies and surgical 

material. I used these explants to carry out biodistribution studies of different 

products specifically designed for transcutaneous administration, considering both 

healthy and inflamed skin. 
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3.  RESULTS 

 

3.1. INTEGRATED MICROSCOPY AND METABOLOMICS TO TEST 

AN INNOVATIVE FLUID DYNAMIC SYSTEM FOR SKIN EXPLANTS IN 

VITRO 

In vitro skin models currently available range from simple 2D monocultures to 

more complex 3D co-cultures, still remaining too far from the in vivo model. The 

ex vivo models are those closest to biological complexity of the living organisms, 

but it is difficult to keep them after explant in conditions comparable to 

physiological ones, especially for long-term experiments.  

During my doctoral program, I focused much of my work on the development and 

setting-up of an innovative model to culture in vitro skin explants. From this work, 

a research paper was submitted, in which we evaluated, on a combined study of 

microscopy and metabolomics, the advantages of use a bioreactor for rat skin 

explants culture, compared to conventional method based on incubation of skin 

explants in static conditions in Petri dishes so as is described in literature (Moll I, 

2003). Bioreactor is a device capable to generate a continuous flow of culture 

medium, normally used for cell cultures, but as part of our project it was suitably 

adapted to hold skin samples. The continuous flowing of medium under the skin 

mimics better the physiological conditions of a living organ, promoting the 

achievement of nutrients along the entire thickness of the skin, and also causing a 

mechanical stimulus to the cells, as usually happens in vivo due to the movement 

of body fluids. The device is suitable for the incubator environment in which it is 

placed for the duration of the experiment, therefore with controlled temperature, 

oxygen, humidity, and CO2. 

From optical, transmission electron microscopy (TEM) and scanning electron 

microscopy (SEM) analysis, conducted up to 48 hours, a more rapid cell 

degeneration was seen for the samples kept in conventional condition, compared to 

the samples kept in a dynamic environment. The metabolic analysis conducted on 

culture medium with nuclear magnetic resonance (NMR) analysis, up to 24 hours, 

goes hand in hand with the morphological observations, revealing that the samples 

kept in conventional culture are subject to cellular stress, with a greater production 
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of catabolites. Taken together, our morphological and metabolomics results 

demonstrate the advantage when using fluid dynamic conditions for both structural 

and functional preservation of the skin. Moreover, the set-up of this apparatus can 

also contribute to reduction in the use of animals, as from the use of a single animal 

it is possible to obtain more skin samples on which to test different drugs or the 

same one at different time-points. Furthermore, these results have been useful to us 

to develop the experimentation on human skin from biopsy or surgical explants, 

reducing, if not avoiding, the preliminary tests on laboratory animals. The detailed 

set up of the bioreactor system adapted for the skin explant incubation in dynamic 

condition described above is reported in a submitted manuscript presently under 

revision. 
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Abstract

The in vitro models are receiving growing attention in studies on skin permeation, penetration, and irritancy, especially for the preclinical

development of new transcutaneous drugs. However, synthetic membranes or cell cultures are unable to effectively mimic the permeability

and absorption features of the cutaneous barrier. The use of explanted skin samples maintained in a fluid dynamic environment would

make it possible for an in vitro experimentation closer to in vivo physiological conditions. To this aim, in the present study, we have mod-

ified a bioreactor designed for cell culture to host explanted skin samples. The preservation of the skin was evaluated by combining light,

transmission, and scanning electron microscopy, for the histo/cytological characterization, with nuclear magnetic resonance spectroscopy,

for the identification in theculturemedium of metabolites indicativeof the functional stateof theexplants. Our morphological and metab-

olomics results demonstrated that fluid dynamic conditions ameliorate significantly the structural and functional preservation of skin

explants in comparison with conventional culture conditions. Our in vitro system is, therefore, reliable to test novel therapeutic agents

intended for transdermal administration in skin samples from biopsies or surgical materials, providing predictive information suitable

for focused in vivo research and reducing animal experimentation.

Key words: 1H-NMR, bioreactor, correlative microscopy, light microscopy, scanning electron microscopy, skin barrier, transmission

electron microscopy
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Introduct ion

The skin is a multilayered organ made of epidermis and dermis,
each of which characterized by peculiar histological features and
unique complementary functions. Asan efficient physical, immu-
nological, and sensory barrier, the skin prevents water loss and
protects the organism against chemical and physical agents
(e.g., UV radiation, chemicals, pathogens); at the same time,
skin mediates the relationships between the organism and the
external environment (Brazzini et al., 2003). The skin barrier
properties mostly rely on the stratum corneum, that is, the upper-
most epithelial layer composed of differentiated anucleate cells
(the corneocytes), which are filled with keratins and embedded
in a lipid domain. This highly hydrophobic layer is a so efficient
barrier and that it also hampers the uptake of active compounds
for local or systemic therapeutic treatments. In fact, the transder-
mal penetration of chemicals may occur only through theintercel-
lular lipid domains, the keratin bundles in the stratum corneum,
or the skin appendages (Schaefer & Redelmeier, 1996, 2020;
Trommer & Neubert, 2006).

For the development of new transcutaneous drugs, it is, there-
fore, necessary to use an experimental model able to effectively
mimic the permeability and absorption features of the cutaneous
barrier. In vivo experimentation on laboratory animals remains
widely used, going against the trend of the recent decades that
would drive toward a Replacement of the animal whenever possi-
ble, or at least to a Reduction in its use, and to the Refinement of

the methods employed (the so-called 3Rs principle; Russell &
Burch, 1959). Dueto therecently changed regulatory ruleson ani-
mal testing, the in vitro models are receiving increased attention
in the studies on skin permeation, penetration, and irritancy;
thus, for thepreclinical experimentation of new drugsconstructed
for cutaneousadministration, thereisagrowing interest for exper-
imental systems able to effectively mimic the permeability and
absorption features of the cutaneous barrier.

Currently, thesimplest and most used skin model to test phar-
maceutical and cosmetic formulations is the Franz diffusion cell
system, where the skin is simulated by a synthetic membrane
(Ji-Eun et al., 2017; Salamanca et al., 2018). A more complex
alternative is represented by the in vitro models, the most com-
monly used being 2D or 3D monocellular cultures or 3D
co-cultures. The conventional monolayer cell culture is widely
used, but it isasimplistic model, very far from thereal complexity
of the biological structure (Hansmann et al., 2013; Planz et al.,
2016).
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3.2. A SPECTROFLUOROMETRIC PROTOCOL TO EVALUATE 

TRANSCUTANEOUS BIODISTRIBUTION OF FLUORESCENT GEL 

FORMULATIONS 

Following the development of the bioreactor as a system for organ culture in 

dynamic conditions, we have advanced its use as an alternative diffusion system to 

Franz cells. In collaboration with University of Ferrara, we administered two 

different gel formulations to rat skin explants incubated in bioreactor and studied 

their biodistribution kinetics. These gels consisted of poloxamer 407, a hydrophilic 

non-ionic polymeric surfactant that generates micellar structures, which allow 

delivering molecules with different affinities through the skin barrier, and both 

contained the rhodamine fluorophore. In the first formulation, rhodamine is 

suspended as free molecule in gel matrix, probability included in the micelles of the 

gel matrix, while in the second one, it is encapsulated in solid lipid nanoparticles 

(SLN), in turn suspended inside the gel. Analysis of the samples with confocal 

fluorescence microscopy, showed an accumulation of the fluorescent signal on the 

epidermis surface and in the hair bulbs, without however providing a distinction 

between the two types of treatment or with respect to time kinetics. Furthermore, it 

is known that skin is characterized by a high autofluorescence, generated from 

endogenous fluorophores and that can hinder the observation of exogenous ones, 

and make it difficult to assess their biodistribution. A method was therefore 

developed based on the spectrofluorimetric analysis of the samples, that is, which 

correlates the fluorescent emission to rhodamine spectrum and evaluates its 

intensity. With this type of analysis, it was possible to perform a semi-quantitative 

evaluation of the fluorescent signal and consider differences in signal intensity 

between the 2 types of treatment and with respect to the timing (2 and 6 hours) 

taken into consideration. The spectrofluorimetric analysis carried out on the 

epidermis and hair bulbs revealed a higher signal intensity in the samples to which 

the gel containing the rhodamine-carrying SLNs was administered, compared to the 

formulation with the free fluorophore, while no emission was detected in the 

papillary dermis, confirming a preferential pathway of trans-appendage absorption 

and good preservation of the skin barrier.  
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This work gave rise to a manuscript, submitted to European Journal of 

Histochemistry and reported below. 
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ABSTRACT 13 

Actually, the investigation of the absorption of drug delivery systems, designed for the transport of 14 

therapeutic molecules inside the body, is relatively simple, by the fluorophore association and the tracking 15 

by bio-imaging techniques (i.e., optical in vivo imaging or confocal and multiphoton microscopy). However, 16 

when a fluorescence signal come out from the skin, it can be more problematic, due to skin high auto 17 

fluorescence that can hinder the observation of administered exogenous fluorophores conjugated to drug 18 

delivery systems, making it more difficult to detect their biodistribution.  19 

In the present study we have developed a method based on the spectrofluorometric analysis of skin samples, 20 

in order to discriminate the fluorescent signal coming from administered fluorescent molecules from 21 

background. Moreover, we were able to give a semi-quantitative evaluation to the signal intensity and thus 22 

distinguish two different gel formulations loading the fluorophore rhodamine B (called GEL RHO and GEL SLN-23 

RHO). The two formulations of gels, one of which containing solid lipid nanoparticles (GEL RHO-SLN) were 24 

administered on skin explants incubated in a bioreactor, and the penetration was evaluated at different time 25 
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points (2 and 6 hours). Cryostatic sections of skin sample were observed with confocal laser scanning 26 

microscopy and a spectrofluorometric analysis was performed. A significant higher signal intensity in the 27 

samples administered with SLN-RHO GEL, with a preferential accumulation in the hair bulbs, was found. 28 

Reaching also the deeper layers of the hair shaft after 6 hours, the solid lipid nanoparticles thickened with 29 

polymer represent a suitable drug delivery system for transcutaneous administration.  30 

KEYWORDS 31 

Organ culture, bioreactor, transcutaneous biodistribution, spectrofluorimetric analysis 32 
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 49 

INTRODUCTION  50 

Transcutaneous drug delivery is an interesting and widely studied administration procedure for both 51 

local and systemic therapeutic effects, which avoids the biotransformation and metabolism through 52 

the gastrointestinal tract and liver 1. However, the skin has the main function to protect the body 53 

from external stress and biological or chemical insults, thus intrinsically limiting the transit of drugs 54 

to the underlying vascularized connective tissue. To improve drug absorption, different strategies 55 

may be followed, among which the use of appropriate penetration enhancers, able to increase the 56 

hydration of the stratum corneum thus increasing the skin barrier fluidity2 and/or the amount of 57 

molecules able to interact with the hydrolipidic film of the skin. Among the most used delivery 58 

systems are gels that, by forming an occlusive membrane, increase the hydration state of skin. Gels 59 

are often associated to nanovectors3, 4. In fact, over the past 20 years, biomedical research has 60 

focused on the study of nanotechnologies applied to medicine, leading to the development of 61 

nanoparticles (NPs) as drug delivery systems for diagnosis and/or treatment of different 62 

pathologies5, 6. These NPs have amphiphilic chemical-physical characteristics allowing to carry both 63 

lipophilic and hydrophilic molecules and facilitate a controlled release of the drug. Particularly, a 64 

novel approach developed to obtain NPs with a suitable consistence for topical application is 65 

represented by the direct addition of polymers. As previously published7, a nanoparticulate gel has 66 

been produced by addition of poloxamer 407 to nanoparticle dispersions, giving rise to a delivery 67 

system with optimal thermogelling properties. 68 

A relatively simple way to evaluate the administration of a compound is to label or associate it with 69 

fluorophore and to track the absorption by bio-imaging techniques8,9 using for example confocal 70 

and multiphoton microscopy10, 11. However, the skin is characterized by a high autofluorescence 71 
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that can hinder the observation of the exogenous fluorophore and the assessment of the absorption 72 

degree. Autofluorescence is present whole-body, but it is particularly high in some organs, among 73 

which the skin layers12 and eccrine sweat glands13. It is commonly defined as unwanted fluorescence 74 

emission generated from endogenous fluorophores11, 14, 15, such as collagen, elastin, beta-carotene, 75 

oils, pigments and proteins and also, with regards to the skin, keratin, melanin, and vitamin D2 and 76 

D3. All of them can cover the signal of fluorescent NPs11, 16, 17.  77 

In the present investigation, we explored the potentialities of a spectrofluorimetric analysis of 78 

confocal images in discriminating from background and evaluating the fluorescent signal coming 79 

from fluorescent molecules after transcutaneous administration on explanted rat skin.  80 

Skin explants were maintained and treated in a bioreactor able to mimic physiological conditions 81 

thanks to the continuous culture medium flow, also ensuring controlled conditions of sterility, 82 

temperature and humidity during the whole experiment18.  83 

Two different gel formulations containing rhodamine, as fluorophore, were administered on skin 84 

samples and two time points (2 and 6 h) were taken in consideration, to evaluate the different 85 

penetration efficacy in time of the two different gel formulations. Both tested gels were made of 86 

poloxamer 407, a copolymer constituted of polyoxyethylene- polyoxypropilene units characterized 87 

by thermogelling properties. Poloxamer 407 in water generates micellar structures undergoing sol-88 

gel transition as a function of concentration and temperature. Particularly, at low temperatures 89 

(4°C) poloxamer 407 solution is low viscous, while above its transition temperature, it assumes a 90 

semisolid consistence allowing to control drug diffusion through the skin barrier7. In the first 91 

formulation, rhodamine was suspended as free molecule in gel matrix, while in the second, it was 92 

encapsulated in solid lipid nanoparticles (SLN), which were then viscosized by the addition of 93 
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poloxamer 407, with the aim of evaluating differences in the transcutaneous administration with 94 

both formulations. 95 

By the spectrofluorometric method presented in this study, we were able to discriminate the 96 

rhodamine fluorescence signal from the skin autofluorescence, while obtaining quantitative 97 

estimates of the fluorescence intensity in the different skin layer and cutaneous annex. In 98 

particular, the hair bulbs were taken into consideration, as preferential absorption pathways in the 99 

transcutaneous penetration of substances19, 20. 100 

 101 

MATERIAL AND METHODS  102 

Two different formulations loading rhodamine B (Sigma-Aldrich, Milano, Italy) and based on 103 

poloxamer 407 (BASF Ludwigshafen, Germany) as polymer gel matrix were investigated. For the first 104 

formulation, called GEL RHO, poloxamer 407 gel was prepared by the “cold method” 21, adding a 105 

weighed amount (15% w/w) of polymer to cold water (5- 10°C) under magnetic stirring. Then, 106 

rhodamine B (0.2 mg/ml) was added to the produced gel under vortex motion at 30 Hz. The 107 

container was sealed and left in a refrigerator at 5°C. For the second formulation, SLN containing 108 

rhodamine B were firstly prepared and then thickened with poloxamer 407. Briefly, the aqueous 109 

phase (4.75 ml) composed of poloxamer 188 (BASF Ludwigshafen, Germany) (2.5% w/w) heated at 110 

80°C has been added to the molten lipid phase (250 mg) constituted of tristearine (Sigma-Aldrich, 111 

Milano, Italy) and rhodamine B (0.2 mg/ml). The two phases were mixed with ultraturrax (IKA T25 112 

digital) at 15,000 rpm at 80°C for 1 min and then homogenized by ultrasound at 6.75 kHz for 15 min 113 

and stored at 25°C. Finally, poloxamer 407 (15% w/w) was directly added to SLN and magnetically 114 

stirred for 3 h, obtaining a nanoparticulate gel, called GEL SLN-RHO. The container was kept at 5°C 115 

to complete dispersion of poloxamer7.  116 
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with xylene and finally embedded in paraffin wax. Seven-µm-thick sections were de-waxed, 140 

rehydrated in graded ethanol and distilled water, and routinely stained with hematoxylin and eosin 141 

solution (BioOptica, Milan, Italy) to be observed with an Olympus BX51 microscope equipped with 142 

an Olympus Camedia 5050 digital camera (Olympus, Italia Srl, Segrate, MI, Italy). 143 

For fluorescence microscopy, skin samples were fixed overnight with 4% (v/v) paraformaldehyde in 144 

0.1 M phosphate buffer at room temperature, immersed in a 30% (w/v) sucrose solution in PBS, 145 

frozen in methylbutane cooled in liquid nitrogen and finally stored at -80 ° C. Seven-µm-thick 146 

cryostatic sections were observed with an inverted confocal microscope (Leica TCS SP5 AOBS CMS 147 

GmbH), and a spectrofluorometric analysis was performed after excitation at 543 nm. Acquisitions 148 

were conducted in the 555-765 nm range in 21 detection steps width 10 nm of detection band. 149 

Confocal images were analysed with LASX software (Leica Microsystems).  Regions of interests 150 

(ROIs) were drawn on the images acquired at 600 nm from the stratum corneum to the papillary 151 

dermis up to a depth of 300 µm, as well as at the level of the hair bulbs arbitrarily distinguishing 152 

between superficial and deep bulbs cutting planes to exemplify a different level of penetration of 153 

the formulations through the bulb itself (Figure 2). It is noteworthy that acquisition at 555 nm is 154 

dominated by laser signal and was used to normalize the fluorescent signal intensity measured in 155 

different ROIs and in different samples. 156 

 157 

RESULTS 158 

Histological analysis at brightfield microscopy (Figure 2A) demonstrated the good preservation of 159 

the skin samples incubated in the bioreactor up to 6 h after treatment with GEL RHO or GEL SLN-160 

RHO. The two gel formulations did not alter the structural features of the skin, in fact, the layer 161 
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continuity of epidermis, dermis and subcutaneous connective tissue as well as the skin appendages 162 

(hair structures, sweat and sebaceous glands) were all well preserved.  163 

In order to assess the skin autofluorescence emission, a spectral analysis was done on control 164 

samples as explained in Material and Methods section, and on rhodamine solution. The spectra are 165 

shown in Fig. 2B together with the eccrine sweat gland autofluorescence spectrum in the same 166 

wavelength region13. In particular, the fluorescent signal of rhodamine solution was visible and 167 

peaked around 600 nm. 168 

Confocal images of control samples revealed a strong autofluorescence signal as visible in Figure 2B, 169 

in the range 555-765nm i.e., the same range of rhodamine emission.  170 

 171 

Epidermis 172 

At fluorescence confocal microscopy, autofluorescence was observed in the epidermis of control 173 

samples under excitation at 543 nm (Figure 2B) and emission in the range 555-765 nm.  174 

Due to the possible overlap between rhodamine emission and autofluorescence, the acquisition at 175 

555 nm was included in the spectral acquisition in order to normalize the fluorescent signal with 176 

respect to the laser emission. After normalization, the spectrofluorometric measurements showed 177 

that fluorescence emission in control samples in the explored wavelength region was negligible 178 

compared to the emission observed in treated samples (Figure 4). 179 

The spectrofluorometric analysis showed that the fluorescence signal was peaked at 600 nm, being 180 

higher in the GEL SLN-RHO samples than in GEL RHO ones. Moreover, the signal intensity increased 181 

in relation to the administration time with both gel formulations. 182 

 183 
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Papillary dermis 184 

The emission intensity was measured from the epidermal surface up to 300 μm. Confocal images 185 

showed that, under the keratinized stratum corneum, about 20 μm from the surface, the 186 

fluorescence intensity immediately decreased to the background level with both gel formulation 187 

and at both time points.  188 

 189 

Glands and bulbs 190 

We arbitrarily distinguished superficial and deep bulbs cutting planes to exemplify two different 191 

level of penetration of the formulations through the bulb itself (“superficial hair bulb” up to 150 μm 192 

and “deeper hair bulb” beyond 150 μm). In the GEL RHO samples, after 2h the rhodamine 193 

fluorescence was present in the superficial hair bulbs only, while after 6h the fluorescent signal was 194 

found in the deeper hair bulbs (Figure 5). On the contrary, in the GEL SLN-RHO samples, a stronger 195 

signal was detected in the deeper bulbs of the skin already after 2h, the intensity being similar at 196 

6h. 197 

In superficial bulbs, fluorescence signal intensity was found to be significantly different between 198 

control and administered samples (P<0.001).   Moreover, statistically significant differences were 199 

found between samples administered with GEL RHO and GEL SLN-RHO after both 2 and 6h (P<0.005 200 

and P<0.006, respectively). In case of GEL RHO formulation, superficial bulbs showed higher 201 

fluorescence signal at 6 h with respect to 2h (P<0.03). 202 

Analogously, deep bulbs showed more fluorescent signal in administered samples with respect to 203 

control ones (P<0.001). Moreover, statistically significant differences were found between samples 204 

administered with GEL RHO and GEL SLN-RHO after both 2 and 6h (P<0.001 in both cases). Finally, 205 
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deep bulbs administered with GEL SLN-RHO showed a higher fluorescent signal at 6 h with respect 206 

to 2 h (P<0.003). 207 

 208 

 209 

DISCUSSION 210 

In this work, we investigated the suitability of a new approach for a semi-quantitative analysis of 211 

fluorescent samples. In particular, we first transcutaneously administered two different gel 212 

formulations carrying rhodamine to skin explants maintained in a bioreactor. After 2 and 6h, the 213 

samples were analysed with bright field and fluorescence microscopy and a spectrofluorimetric 214 

analysis was performed.  215 

Morphological results at bright microscopy confirmed that this bioreactor is a noteworthy device 216 

capable to preserve skin explants in vitro in good conditions, maintaining barrier integrity, and 217 

constituting a possible technique for the study of the transcutaneous penetration of molecules18.  218 

Fluorescence microscopy was used to evaluate signal distribution in skin samples, looking for 219 

differences between the two types of formulations in the specific cutaneous regions: epidermis, 220 

papillary dermis and appendages (sweat and sebaceous glands and hair bulbs). Both samples 221 

showed a fluorescent signal located in the stratum corneum and hair bulbs, with no apparent 222 

difference between the two types of formulations.  223 

However, observation at fluorescence microscopy alone is unable to provide sufficiently accurate 224 

data on the biodistribution of fluorophore in tissues. In fact, an observer cannot subjectively 225 

evaluate minor differences in fluorescence intensity, which makes a precise comparison between 226 

two or more treatments almost impossible. On the contrary, the spectrofluorimetric analysis is an 227 
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effective semi-quantitative method, which provides the researcher with an objective and reliable 228 

information and allows detecting even small changes in the fluorescent signals in different tissue 229 

layers. The spectral analysis makes it possible to identify specific fluorophore and to overcome 230 

autofluorescence issue, which is typically present especially in some organs, such as the skin11, 14, 15.  231 

The spectrofluorimetric analysis carried out at the level of the epidermis revealed a higher signal 232 

intensity in the upper layer of samples treated with GEL SLN-RHO, but no passage towards the 233 

papillary dermis was seen for both formulations (GEL RHO and GEL SLN-RHO). This indicates that 234 

there is no penetration through the epidermis. Conversely, both formulation proved to pass through 235 

the trans-appendages pathway and, again, a higher signal intensity was found for GEL SLN-RHO, 236 

even at the deeper level of the bulb, indicating that already after 2h this formulation is able to reach 237 

the deep layers of the skin dermis better than the GEL RHO.  238 

In sum, the GEL SLN-RHO formulation gave better results than GEL RHO. We can advance two 239 

hypotheses to explain this finding: i) SLNs are able to protect the fluorophore from enzymatic and 240 

chemical degradation and/or quenching, as widely reported in the literature22, 8; ii) SLNs are a more 241 

effective and faster carrier for transporting molecules through skin layers than a pure gel.  242 

From a technical point of view, our spectrofluorimetric analysis proved to be reliable method to 243 

identify a fluorophore and study its biodistribution into an organ characterised by a high 244 

autofluorescence, by using its own emission spectrum to distinguishing the fluorophore signal from 245 

background. Moreover, this method is suitable also for any type of fluorophore; in fact, the 246 

autofluorescence spectrum covers a wide wavelength overlapping not only the rhodamine signal, 247 

but also other fluorophores. Furthermore, this method was particularly useful because it allowed us 248 

to distinguish different transcutaneous penetration capacities of the two formulations thanks to 249 

normalization with a constant signal, which is represented by the intensity of the laser at a fixed 250 
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FIGURES LEGENDS 368 

Figure 1: Skin explants were mounted in culture chambers to form a lower side, in which culture 369 

medium flows, and an upper side, in contact with air and from which the gels were administered. 370 

Figure 2: Optical micrograph of skin samples incubated for 6 h inside the bioreactor, stained with 371 

Hematoxilin and Eosin. Scale bar 500 μm (A). Comparison between spectra of eccrine sweat glands  372 

(data obtained from ref 13) skin autofluorescence and rhodamine normalized at 600 nm (B). 373 

Figure 3: Micrographs of control skin samples (A) and after GEL SLN-RHO (B) and GEL RHO (C) 374 

administration. Brightfield (left column), and fluorescent images (right column) at 543-600 nm. It is 375 

worth nothing the marked autofluorescence in the control skin (A2). Scale bar 77 μm. 376 

Figure 4. Fluorescent signal in epidermis. GEL SLN-RHO show higher signal with respect GEL RHO. 377 

The signal is higher at 6 h after administration with both gel formulations with respect 2h. 378 

Normalization of the fluorescent signal at 555 nm as explained in the text. Error bars correspond to 379 

standard deviation. 380 

Figure 5: Average signal intensity recorded at 600 nm in superficial (A) and deep (B) hair bulbs after 381 

2 and 6 hours after administration. The error bars correspond to the standard error of the mean.  382 
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3.3.  INFLAMMATION STUDIES ON RAT SKIN EXPLANTS, USING 

FRANZ CELLS AND BIOREACTOR SYSTEM 

Inflammatory skin diseases are numerous and with different symptoms, severity 

and pathogenesis; they affect a considerable part of the population, causing various 

psychological distress in the patient, in addition to health damage. For this reason, 

it is important to better understand the inflammatory mechanisms that underlies 

most of these pathologies. To this aim, it would be very useful to optimize an 

experimental system to reproduce and mimic inflammation, in order to have a 

suitable in vitro model to test and identify effective treatments, studying their 

biodistribution and permeation. Moreover, it is known that an inflammation state 

of the skin can modify its morphological and functional characteristics thus 

compromising its effectiveness as a barrier (Palmer CN, et al., 2006; Yokoyama S, 

et al., 2015a). It is therefore very important to be able to evaluate the different 

modes of permeation and biodistribution of a molecule both in healthy and in the 

inflamed skin. Currently, the most used model for the diffusion tests of molecules 

and pharmaceutical formulations through the skin are the Franz cell, an in vitro 

system consisting of an upper donor chamber in which to apply the substance to be 

tested, and a lower receptor chamber containing a liquid phase that is sampled at 

different time-points to extrapolate an absorption kinetics analysis (Bartosova L, 

Bajgar J, 2012). Diffusion cells are highly validated, but the simplicity of the system 

does not take into account the state of preservation of the skin in medium and long 

period and over all its functional barrier characteristic that are closely related to 

absorption modes.  

In this work, in collaboration with the Université de Bourgogne Franche-Comté, 

we compared the standardized method of Franz cells, with the bioreactor system 

that we have previously developed, and, at the same time, set an inflammatory in 

vitro model, based on the application on the skin surface of an irritant molecule 

(Abdel-Mottaleb MM, et al., 2014). Afterwards, we moved on the set up of a model 

capable to investigate the different diffusion of molecules through healthy and 

inflamed skin, studying the different absorption rate, with the prospect of producing 

drug delivery systems capable of overcoming the stratum corneum and acting on 

inflammation. Therefore, we studied the biodistribution of fluorescent 
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nanoparticles through healthy and inflamed skin, using both Franz Cells standards 

and the previously developed bioreactor. Fluorescent nanoparticles (NPs) consisted 

of poly(lactide-co-glycolide) (PLGA) covalently bound to fluoresceinamine (FA), 

(PLGA-FA-NPs), to ensure the accurate detection of the nanocarriers in the skin 

samples were produced following Try et al. (Try C, et al., 2016).  

Skin samples were explanted from the abdominal region of two healthy 3-month-

old male Wistar rats handled and sacrificed according to the regulations of the 

European Communities Council (Directive 63/2010/EU of the European Parliament 

and of the Council) directives. The project (code no.  56DC9. N.703) was 

previously approved by the Italian Ministry of Health (DL March 4, 2014, n. 26, 

directive implementation 2010/63/UE).  

Animals were sacrificed with an overdose of carbon oxide and the freshly excised 

skin samples were rapidly washed in physiological solution (NaCl 0.9% w/v) and 

then in pre-warmed culture medium at 37°C. Culture medium was composed of 

DMEM (Dulbecco’s Modified Eagle’s Medium) supplemented with 4.5 g/l D-

Glucose, 10% (v/v) FBS, 2% (w/v) penicillin-streptomycin, 1% (w/v) L-glutamine 

(Gibco, Walthem, MA, USA). Immediately after, skin explants were mounted in 

parallel on five bioreactors and on five diffusion cells (Franz cells). In the lower 

chambers of the culture chambers of the bioreactor and of the diffusion cells there 

were 9 ml of culture medium for each sample. Immediately after the mounting, a 

solution of 1,8,9-Anthracenetriol (dithranol) 0.3% in acetone were apply to four 

samples in bioreactor and to four samples in diffusion cells, in the following 

concentration: 8.85ɥl/1.77 cm2 of skin surface in bioreactors and 15.7 ɥl/3.14 cm2 

in Franz cells (fig.1), to induce a state of inflammation (Abdel-Mottaleb MM, et al., 

2012). Bioreactors and diffusion cells were placed into incubator at 37◦C in a 5% 

CO2 humidified atmosphere and different time-points were taken into 

consideration: 1, 3, 6, 24 hours after irritant (dithranol) administration. At each 

time-points culture medium was collected from each lower chamber and stored at -

80°C until cytokines investigations, and one skin samples per bioreactor and 

diffusion cells were taken and processed for histological and ultrastructural 

analysis.  
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Then, the absorption characteristics in healthy skin and inflamed skin were 

evaluated, observing the biodistribution of fluorescent nanoparticles, and using both 

Franz cell and bioreactor systems. One hour after inducing inflammation with 

dithranol, as described above, PLGA-FA_NPs were administered to all the healthy 

and inflamed surface skin samples. Bioreactors and diffusion cells were placed into 

incubator at 37°C in a 5% CO2 humidified atmosphere. After 24 hours dithranol 

administration, skin samples in bioreactor and in diffusion cells were collected and 

processed for confocal laser scanning microscopy (CLSM) and TEM microscopy 

analysis. CLSM was employed to detect particle biodistribution in the skin explants 

and TEM was used to observe the ultrastructure of cells and their interaction with 

PLGA-FA-NPs. 

 

 

 

Figure 2: Schematized experimental design. in the upper row the bioreactors mounted in 

parallel, in the lower row the Franz cells. Dithranol was administered at t0 and its effect 

was evaluated after 1, 3, 6 and 24 hours in the two experimental models. 

 

 

For morphological evaluation with light microscopy (LM), skin samples were fixed 

in paraformaldehyde (PFA) 4% (v/v) in 0.1 M phosphate buffer overnight at room 

temperature, dehydrated in ethanol, treated with xylene and finally embedded in 

paraffin wax. Seven µm-thick cross sections (from the outer epidermis surface to 

          CRT Healthy                  1h                               3h                               6h                              24h 

          CRT Healthy                  1h                               3h                               6h                              24h 
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the inner hypodermis) were cut, stained with Mayer’s hematoxylin and eosin 

solution (BioOptica, Milan, Italy), mounted in Entellan, and observed with an 

Olympus BX51 microscope. 

For ultrastructural observation at transmission electron microscope (TEM), skin 

samples were fixed with 2% (v/v) paraformaldehyde and 2.5 % (v/v) glutaraldehyde 

in 0.1 M phosphate buffer, at 4°C for 3 h, post-fixed with 1% (v/v) OsO4 and 1.5% 

(v/v) potassium ferrocyanide for 1.5 h at room temperature, dehydrated with 

acetone and embedded in Epon-Araldite mixture. Ultrathin sections were stained 

with Reynold’s lead citrate and observed with a Philips Morgagni transmission 

electron microscope (FEI Company Italia Srl), operating at 80 kV and equipped 

with a Megaview II camera for digital image acquisition. 

For fluorescence analysis, skin samples were immediately stored at -80° C. Seven-

µm-thick cryostatic sections were observed with an inverted confocal microscope 

(Leica TCS SP5 AOBS CMS GmbH), to detect particle distribution in the skin 

samples.  

Inflammation state of the skin incubated in Franz cells and in bioreactors was 

evaluate also analyzing the collected media with ELISA assay to the following 

cytokines: IL1alpha, IL1beta, TNFalpha, IL6.  

From the morphological point of view, the skin samples, to which dithranol was 

administered, both incubated in Franz cells and in a bioreactor, show alterations of 

the skin structure which progresses over time. Compared to control samples and to 

healthy samples after 24 hours, samples with dithranol show dilation of collagen 

fibers in both the papillary and reticular dermis and observable already after 3 hours 

(fig. 2 b and b’). After 24 hours, the damage becomes more marked, and the dilation 

and detachment of fibrillary matrix of connective tissue becomes marked also 

around the skin appendages (fig. 2 c and c’). 

The analysis with confocal fluorescence microscopy of the samples administered 

with FA-PLGA-NPs revealed a signal traceable to the particles, without however 

showing measurable differences between the two types of devices used (bioreactor 

and Franz cells) or with respect to the state of the skin (healthy and inflamed with 

dithranol) (fig. 3). In all cases there is an accumulation in the hair bulbs and a mild 

signal coming from the skin surface corresponding to the stratum corneum. 
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The spectrofluorimetric analysis, able to evaluate the intensity of the fluorescent 

signal, is currently ongoing. 

Unfortunately, investigation of cytokines in culture medium samples, collected at 

different time-points, did not give results, as the values were always below the 

detection limit. This is probably due to the large volume of culture medium in which 

the cytokines are too diluted to be detected. 

Instead, for the ultrastructural observation, preformed with TEM, the analysis is 

still in progress. 
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Figure 3: LM micrographs of skin control samples (CTR) and explants maintained in 

vitro in Franz cells (b, c, d) and in bioreactor (b’, c’, d’) for increasing times (3 and 24 

hours are shown) in healthy state or dithranol-induced inflamed skin. Bars: 100 μm 
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Figure 4: Micrographs of control skin sample (A) and skin administered with FA-PLGA-

NPs in dithranol-induced inflamed (B, B’) and healthy (C, C’) state after 24h, incubated 

inside Franz cells or bioreactor. Bars: 150 μm 

 

 

Ultrastructural analysis showed that after 24 hours of incubation in the bioreactor, 

healthy skin samples are well preserved and maintain the structural and functional 

barrier characteristics (fig. 4). The cells show well preserved organelles and are 

joined together by the presence of numerous desmosomes in healthy model. 
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Otherwise, in the inflamed skin model there are several signs that indicate an 

ongoing necrosis: the cells have loosened appearance and are rich in vacuolisations, 

the cell nucleus appears disorganized, and cellular interdigitations as well as 

desmosomes are lax. No structures resembling nanoparticles have been found, 

neither in the healthy model, nor in the inflamed one. 

As for the samples incubated inside Franz cells, the tissue is in an advanced necrotic 

state in both cases (healthy and inflamed) and the cellular structure is hardly 

recognizable (data not shown).  
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Figure 5: TEM micrographs of skin samples incubated 24h in bioreactor, in healthy 

(A,C,E) or dithranol-induced inflamed state (B,D,F), administered with PLGA-FA-NPs. 

Note the loosened aspect of keratinocytes in the inflamed sample (B) in comparison to the 

healthy one (A). V: vacuoles; N, nucleus; SC, stratum corneum. In C arrows indicate cell 

junctions; in D arrowheads indicate cell membranes without junctions. In E and F 

keratinocytes (K) of the basal layer are anchored to the connective tissue (CT) with the 

basal lamina (arrows). Keratinocytes are well preserved in E, showing also cell junctions 

(small arrows), whereas in F keratinocytes are necrotic and the basal lamina (arrows) is 

damaged. Bars: 1 μm (A,B); 500 nm (C-F) 
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3.4. INFLAMMATION STUDIES ON HUMAN SKIN EXPLANTS 

INCUBATED UNDER FLUID DYNAMIC CONDITIONS 

For the development of new transcutaneous drugs, it is necessary to develop an 

experimental model able to effectively mimic the permeability and absorption 

features of the skin. Experimentation on laboratory animals is widely used, despite 

the trend of the recent decades that would Replace the use of animal whenever 

possible, or at least to Reduce in its use, and Refine the methods employed (the so-

called “3Rs principles”, Russell & Burch, 1959). At the same time, the in vitro 

models are receiving increased attention in the studies on skin permeation, 

penetration and also in experimental model of skin inflammation state; thus, it is 

necessary to set up an experimental system able to effectively mimic the 

permeability and absorption features of the cutaneous barrier. Excised human skin 

remains the most predictive in vitro method among those available, but one of the 

most relevant disadvantages is certainly a difficult preservation of fresh skin explant 

suitable to carry out sufficiently predictive experiments. In fact, a premature 

degradation of the skin can lead to its morphological alteration, among which an 

alteration of all epithelial structure involved in the constitution of skin barrier (i.e., 

the basal membrane desmosomes, cytoskeletal microfilaments, basal lamina protein 

elements, etc) resulting in abnormal modes of drug diffusion and biodistribution. 

Surprisingly, even in the scientific literature, the very close correlation between the 

structural integrity of the skin barrier and its functionality is often neglected.  

The use of the bioreactor as an incubation system can make it possible to maintain 

the organ in vitro in the best conditions, slowing down the degradation processes. 

However, to discriminate in as much detail as possible the individual events 

correlated with penetration and biodistribution of drugs designed for inflammatory 

skin diseases, it is necessary to test these compounds not only in healthy skin, but 

also in skin samples in an inflamed state.  

For these reasons, in collaboration with the Université de Bourgogne Franche-

Comté, we are developing a model capable of preserving explanted human skin in 

best possible conditions for a medium time and an in vitro skin inflammation model 

on which in the future to test drugs specifically designed for inflammatory diseases, 

such as psoriasis and dermatitis.  
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Human skin was obtained from abdominoplastic surgery in accordance with the 

Declaration of Helsinki.  Skin explants were maintained at 4°C during transport 

from the surgical room to the research laboratory. Eight skin explanted samples 

were rapidly washed in physiological solution (NaCl 0.9% w/v) at room 

temperature and then in pre-warmed culture medium at 37°C and mounted in 

parallel in as many culture chambers of bioreactor, each connected to a mixing 

chamber containing 9 ml of culture medium, made up as follows: DMEM 

(Dulbecco’s Modified Eagle’s Medium) supplemented with 4.5 g/l D-Glucose, 10% 

(v/v) FBS, 2% (w/v) penicillin-streptomycin, 1% (w/v) L-glutamine (Gibco, 

Walthem, MA, USA). The medium flow rate was at 500 µl / min. Two skin samples 

mounted in bioreactor were also connected to a microdialysis system that sampled 

the tissue extracellular fluid portion every 90 minutes for 24 hours. Immediately 

after the mounting, a solution of 1,8,9-Anthracenetriol (namely also dithranol) 0.3% 

in acetone were apply to half of the samples, in the concentration of 8,85ɥl/ 1,77cm2 

of skin surface (Abdel-Mottaleb MM, et al., 2012). Bioreactors were placed into 

incubator at 37° C in a 5% CO2 humidified atmosphere and different time-points 

were taken into consideration: 1, 3, 6, 24 hours. At every time-points, one healthy 

skin sample and one inflamed skin sample were processed for optical and 

transmission electron microscopies, and culture medium was collected from each 

lower chamber and stored at -80°C until cytokines investigations and NMR 

analysis.  

For morphological evaluation with bright-light microscope (LM), skin samples 

were fixed in PFA 4% (v/v) in 0.1 M phosphate buffer overnight at room 

temperature, dehydrated in ethanol, treated with xylene and finally embedded in 

paraffin wax. Seven µm-thick cross sections (from the outer epidermis surface to 

the inner hypodermis) were cut, stained with Mayer’s hematoxylin and eosin 

solution (BioOptica, Milan, Italy), mounted in Entellan, and observed with an 

Olympus BX51 microscope. 

For ultrastructural observation at TEM, skin samples were fixed with 2% (v/v) 

paraformaldehyde and 2.5 % (v/v) glutaraldehyde in 0.1 M phosphate buffer, at 4°C 

for 3 h, post-fixed with 1% (v/v) OsO4 and 1.5% (v/v) potassium ferrocyanide for 

1.5 h at room temperature, dehydrated with acetone and embedded in Epon-Araldite 
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mixture. Ultrathin sections were stained with Reynold’s lead citrate and observed 

with a Philips Morgagni transmission electron microscope (FEI Company Italia 

Srl), operating at 80 kV and equipped with a Megaview II camera for digital image 

acquisition. 

Inflammation mediator was evaluate analyzing the collected microdyalisis samples 

with ELISA assay to IL-1α.   

Morphological analysis of the human explants incubated in the dynamic 

environment of bioreactor shows a good preservation of the skin until 24 hours (fig. 

5 and 6), with a conservation of the epidermis and the structural continuity of the 

skin layers on each other. The dermal tissue is dense with a mesh weave of tightly 

packed fibers and the skin appendages well preserved, without showing any signs 

of damage or detachment from the surrounding connective tissue. The skin samples 

administered with the irritant substance show a good degree of preservation of the 

skin layers and appendages, but also any signs of inflammation. In particular, 

comparing healthy skin samples to treated ones, already after 3 hours, it is possible 

to notice an accentuated vasodilation, and a mild dilation of the collagen fibrillar 

matrix of the dermis. However, the epidermis appears well preserved and compact, 

without showing signs of injury or detachment, as well as the skin appendages (hair 

bulbs and glands) (fig. 6). The samples incubated for 24 hours show some signs of 

alteration, with many visible dilated vessels immediately below the basal lamina of 

the epidermis, and it is also visible an alteration of the basal layer of the epidermis 

because it presents very bulky cells, globular and with a clear cytoplasm. Dermis, 

appendages and adipose tissue are well preserved (fig. 7). 
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Figure 6: LM micrographs of skin control samples (A, a’, a’’, a’’’) and explants 

cultured in bioreactor, after 3h, in healthy state (B, b’, b’’, b’’’) or dithranol-

induced inflamed skin (C, c’, c’’, c’’’). The arrows indicate the vessels in a 

healthy state (b’) compared to the inflamed state (c’). Bars 100 
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Figure 7: LM micrographs of skin explants cultured in bioreactor, after 24h, in healthy 

state (A, a’, a’’, a’’’) or dithranol-induced inflamed skin (B, b’, b’’, b’’’). The arrows 

indicate the vessels in a healthy state (A, a’) compared to the inflamed state (B, b’).  

Bars 100 

 

 

What is seen in morphology is confirmed by ultrastructural observations, performed 

with TEM. The samples of healthy skin after 24 hours are in good condition, also 

suggested by the presence of numerous membrane desmosomes between the 

keratinocytes, which also guarantee their barrier functionality. This aspect is also 

maintained in the inflammation model, although the cells show some signs of stress. 

Mainly, this is visible in the cells of the basal layer of epidermis, which present 

numerous cytoplasmic vacuolisation, swollen mitochondria and nuclei with 

dispersed chromatin and loosened appearance. The connective tissue of the dermis 

is dilated. These signs, taken together, suggest degeneration of the tissue and onset 

of cell necrosis (fig. 8). 
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Figure 8: TEM micrographs of skin samples incubated 24h in bioreactor, in healthy 

(A,C,E) or dithranol-induced inflamed state (B,D,F). Note the well preservation of cells 

junctions (arrows) in C and D.  SC, stratum corneum. In E and F keratinocytes (K) of the 

basal layer are anchored to the connective tissue (CT) with the basal lamina (arrows). 

Keratinocytes are well preserved in E, showing also cell junctions (small arrows), 

whereas in F keratinocytes show necrotic signs. Bars: 1 μm (A,B); 500 nm (C-F) 

 

Unfortunately, investigation of cytokine IL-1α in microdialysis samples did not 

give the desired results since the values were always below the detection limit. 
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4. CONCLUSION AND FUTURE PERSPECTIVE 

 

As we have seen, the skin is an interesting route of drug administration, being the 

first barrier and way of communication with the environment, as well as the largest 

organ in the body, but its complex structure, made up of several layers, makes it 

difficult to cross. For this reason, it was necessary to develop a system capable of 

effectively mimicking the skin and on which to study its absorption and 

biodistribution characteristics.  

Currently the preclinical research of new drugs is based on tests carried out on cell 

cultures, from monocellular and monolayer cultures, to the more complex 3D co-

cultures, highly standardized systems but also too simplified and therefore not very 

predictive, too far from the complexity of a living organism (Planz et al., 2016; 

Hansmann et al., 2013). On the other hand, animal research is still widely used, 

which solves the problems related to the simplicity of cell cultures, but at the same 

time it turns out to be too complex, considering all the variables related to what is 

a complete and complex organism, expensive, as well as ethically questionable. In 

fact, today's regulation regarding animal testing is based on the 3Rs rule 

(Replacement, Reduction, Refinement, Russell, W.M.S. and Burch, R.L., 1959), 

which aims to limit animal use in experimentation. Furthermore, as regards the skin, 

excised human skin remains the most predictive model on which to test new 

products (Godin B, Touitou E, 2007). The difficulty consists in keeping the 

explanted sample in healthy conditions for a time long enough to make 

biodistribution and absorption studies possible. In this regard, our studies have 

confirmed that neither the classic static culture inside Petri dishes, nor the use of 

Franz diffusion cells are methods capable of keeping the skin vital for even 24 

hours, and once the cellular functionality is lacking, all the barrier characteristics 

are also lost, which conversely are present in the in vivo models. This necessarily 

leads to false diffusion results, providing data that are not very predictive of reality.  

From our studies, we can instead affirm that a dynamic environment obtained by 

the use of a bioreactor equipped with a peristaltic pump, in which to cultivate skin 

explants, is able to slow down degeneration and therefore increase preservation 

time, through a continuous flow of culture medium in contact with the reticular 
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dermis and / or hypodermis. The continuous flow of culture medium provides both 

to give a mechanical stimulus to the explanted sample, and to get the nutrients along 

the entire thickness of the tissue, and instead eliminating the catabolites, or in any 

case, removes them from direct contact with the organ, getting closer to what is the 

in vivo model, where there is a dense network of blood capillaries and lymphatic 

vessels.  

The morphological and ultrastructural analysis carried out on explanted skin 

samples, both rat and human, confirm the good preservation of the samples at least 

up to 24 hours. The structural analysis gave us information not only about the 

morphology of the skin, but also about functionality, because a good preservation 

is closely correlated with the barrier functions. No detachment between the skin 

layers was noted, as well as between the skin appendages (preferential ways of 

absorption) and the surrounding connective tissue. Moreover, the connections 

between cells are also maintained, hence the desmosomes, which are truly 

responsible for the barrier function. These observations become relevant especially 

if compared with the analysis carried out in parallel on samples kept under 

conventional static conditions, in contact with culture medium inside Petri dishes. 

In fact, in these samples the cellular structures are loosened, the cells show 

degeneration both at the level of the nucleus and at the level of the organelles, 

suggesting an advance towards the necrotic state, and above all the membrane 

desmosomes are missing. Morphological evaluation showed that the collagen 

fibers, in both the papillary and reticular dermis, are discontinuous and 

disconnected even from bulbs and glands. Tissue stress is also observed at the 

metabolomic level: the samples kept under conventional conditions show a greater 

accumulation of catabolites and acid substances.  

The use of this innovative bioreactor system was also useful in advanced 

biodistribution studies. Through the administration of nanoparticles (NPs) made 

fluorescent by the presence of a fluorophore, and thanks to the use of a confocal 

laser scanning microscope, it was possible to observe the absorption of fluorescent 

NPs along the thickness of the skin. In addition, it was possible to carry out a semi-

quantitative analysis on the signal intensity, correlating it to the emission spectrum 
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the fluorophore, and evaluating which was the best drug delivery system among 

those taken into consideration.  

Specifically, two gels were tested, both carrying rhodamine and consisting of a 

hydrophilic non-ionic polymeric surfactant, the poloxamer 407, able to generate 

micellar structures, with which it is possible to deliver molecules with different 

affinities. Solid lipid nanoparticles (SLN) were also suspended in one of the two 

gels. However, the observation in fluorescence microscope alone did not initially 

make it possible to distinguish the two types of treatment, nor a different temporal 

kinetics, also considering the interference given by the autofluorescence signal of 

the skin. The spectrofluorimetric analysis on skin sections, on the other hand, 

allowed us to evaluate a different intensity of the emission signal between the two 

types of administration, identifying the hair bulbs, as well as the epidermis, as sites 

of accumulation for both tested gels, but a higher signal intensity in the deeper part 

of hair bulbs for samples administered with poloxamer gel added with SLN, 

compared to that of poloxamer alone. Thus, gel with SLN can be chosen as the best 

method of administration for molecules such as rhodamine. In fact, two hypotheses 

can be advanced: i) SLNs are drug delivery systems capable of protecting the 

molecules carried by chemical and / or enzymatic degradation (reported also in 

literature, Reisch et al., 2016; Wolfbeis, 2015), ii) SLNs are actually a more 

effective method of delivery, capable of delivering the interested molecule more 

deeply. However, we have to take into consideration that rhodamine is a molecule 

with its own chemical-physical characteristics, which may differ from those of 

other molecules. In observing the biodistribution of rhodamine and SLN, their 

lipophilic nature must be taken into consideration, which can explain the lack of 

passage through the papillary dermis (hydrophilic layer) and the accumulation in 

hair bulbs (lipophilic environment). However, our results, obtained in the frame of 

a pilot technical investigation, will be validated in future studies on therapeutic 

molecules. 

Similarly, we tested the uptake of fluorosceinamine conjugated nanoparticles, 

consisted of poly(lactide-co-glycolide) (PLGA), in a healthy rat skin model and an 

inflamed model, either by using Franz cells as the gold standard generally used in 
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skin diffusion studies, or by using the bioreactor, set in the first part of my PhD 

program.  

However, the development of the healthy model revealed that, up to 24 hours, the 

explanted healthy skin samples remain in good condition if maintained inside the 

bioreactor (as already seen above), while inside the Franz cells explants reach an 

advanced state of necrosis. This further underlines the advancement obtained thanks 

to the use of a dynamic fluidic system. 

The setting-up of the inflammatory model, through the application of an irritating 

molecule, dithranol, is still being developed. In fact, the ultrastructural analysis has 

shown that unlike healthy skin, the skin 24 hours after the inflammatory stimulus is 

in an advanced state of stress and first signs of necrosis even when incubated inside 

the bioreactor, making it impossible to study a possible subsequent anti-

inflammatory treatment.  

Biodistribution studies of fluoresceinamine conjugated NPs on a model of healthy 

and inflamed skin is still under analysis, but preliminary data could suggest a more 

widespread signal from samples inflamed with dithranol. Ultrastructural 

observations carried out on the samples 24 hours after administration did not reveal 

the presence of NPs, neither in healthy nor in inflamed samples. Surely this 

observation will have to be deepened within shorter times after administration. 

Finally, we have tested the bioreactor model also using human skin, bringing a great 

advance in ethical and investigative terms. In fact, although rat skin is, among that 

of rodents, the most similar to the human one, and also easier to obtain and handle, 

the gold standard in absorption studies is always human skin, although the 

difficulties in storage after excision are similar (Abd E, et al., 2016). 

The use of the bioreactor demonstrated also in this case the good preservation of 

the skin sample if maintained in dynamic conditions, at least up to the 24 hours. In 

fact, both the morphological and ultrastructural analysis showed a good 

preservation of the tissue and, above all, the maintenance of the barrier 

characteristics. The inflammatory model that we are trying to develop, through the 

administration of dithranol, as above, is still under study. The morphological 

analysis showed an increase in both papillary and reticular vasodilatation of the 

dermis, while the ultrastructural analysis highlighted a state of cellular stress, with 
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the formation of cytoplasmic vacuolisations, but no results were obtained through 

microdialysis.  

Concluding, our model is a valid substitute to classic in vitro experimentations for 

biodistribution studies, which also brings substantial advantages to the classic static 

culture models.  

Ethical value of this new in vitro system is also relevant. The use of this system can 

therefore decrease, if not avoid, the use of the experimental animal, in accordance 

with the 3Rs rule; in fact, from a single animal, it is possible to obtain various 

samples to test different drugs at different time-points, but also and above all it can 

also be used on human skin from biopsies or surgical material from patients, 

reducing further, and maybe avoiding, tests on animals.  

Mimicking better the physiological situation, our in vitro system is able to provide 

more predictive information compared to the models currently in use, and making 

it possible a following more focused in vivo experimentation, thus resulting as an 

intermediate step between in vitro and in vivo research.  

Moreover, with this system it is ideally possible to set-up different models together 

and study their interaction. In fact, one of the studies in progress would like to set 

up an in vitro system that represents a model of the functional interaction between 

the skin organ and immune cells present in the blood stream, cultivating them in the 

culture medium that nourishes the skin. Unfortunately, at the moment, we did not 

obtain the desired results in terms of cell survival inside the bioreactor, probably 

due to the action of the peristaltic pump. 

In parallel, we have also started the development of an in vitro system for the 

dynamic culture of intestine explants, from animal and human patients, as the main 

way of absorption of drugs and nutraceuticals, as well as the seat of the intestinal 

microbiota, a key element in many local and systemic pathologies. 
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5.1.  LOW OZONE CONCENTRATIONS AFFECT THE STRUCTURAL 

AND FUNCTIONAL FEATURES OF JURKAT T CELLS 

During my PhD I took part in a study on the effects of ozone treatment on 

bloodstream cells and in specific on T lymphocytes. Ozone (O3) is an instable 

molecule consisting of three atoms of oxygen, which has dangerous effects, but in 

specific concentrations it can also have positive and therapeutic effects. Medical O3 

is widely used into disinfection and disease treatment for its action in inactivation 

of viruses, bacteria, fungi, yeast and protozoa, and moreover, in well-proven 

protocols it stimulates the activation of immune system. In fact, the 

autohemotherapy, i.e., the most used methods to administer a mixture of oxygen-

ozone (O2-O3) systematically, is the exposure of a small quantity of blood to the 

gas mixture, which is then re-injected into the same patient, activating a cascade of 

biochemical pathways involving plasma and blood cells resulting in antioxidant and 

anti-inflammatory responses (Elvis AM, Ekta JS, 2011). However, the therapeutic 

effect of O3 is closely related to the concentrations used and it is necessary to study 

its effects on blood cells, in particular those of the immune system involved in the 

anti-inflammatory response.  

In the present study, we investigated the structural and functional effects of O2-O3 

treatment on immortalized human T lymphocytes, Jurkat cells, taking into account 

three concentration of O3 generally used in autohemotherapy (10, 20 and 30 µg 

O3/ml O2), and evaluating the effects after 2, 24 and 48 hours. Our results show that 

low concentrations of O3 (10 and 20 µg O3/ml O2) induce a mild oxidative stress, 

able to stimulate the activation of the nuclear factor erythroid 2-related factor 2 

(Nrf-2) and inducing the antioxidant response with increasing in interleukin-2 (IL-

2) secretion. This oxidative stress is also confirmed by the ultrastructural 

observation in cells administered with 20 µg O3/ml O2, therefore choosing 10 µg 

O3/ml O2 the best concentration for safety and immune response.  

The details of this work are reported below, in a research paper currently being 

submitted.  
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5.2.  A CORRELATIVE IMAGING STUDY OF IN VIVO AND EX VIVO 

BIODISTRIBUTION OF SOLID LIPID NANOPARTICLES 

In the early stages of my doctoral program and in parallel with my main project, I 

took part in a study on the systemic in vivo biodistribution and ex vivo tissue 

accumulation of solid lipid nanoparticles (SLN) in a murine model.  

SLN are drug delivery systems widely used due to their versatility, biocompatible 

and biodegradable matrix, and ability to protect molecules from enzymatic and 

chemical degradation upon administration, thus allowing increased drug 

bioavailability and safety profile (Mehnert W, Mäder K., 2012). However, despite 

the wide interest in these systems, there were few data regarding their 

biodistribution and accumulation in the short term. Thus, the aim of this study was 

to investigate the SLN biodistribution by a multimodal imaging approach 

correlating in vivo and ex vivo analyses in mice. SLN were labelled with two 

different fluorophores, namely cardiogreen, detectable by an optical imager during 

in vivo study in the whole organism, and rhodamine, observed at fluorescence 

microscopy for the ex vivo study on tissue sections. Light and transmission electron 

microscopy analyses were also used to morphological and ultrastructural 

evaluation.  

Briefly, SLN loaded with the two fluorophores showed good optic characteristics 

after in vivo administration, and after four hours from injection, the fluorescent 

signal occurred in anatomical districts mainly corresponding to the liver. This 

observation was confirmed by the ex vivo acquisitions of excised organs and by 

brightfield, fluorescence and transmission electron microscopy on organ sections. 

No structural damage was observed in hepatocytes, but an accumulation of lipidic 

material at cytoplasmic level, confirming the SLN biocompatibility and 

demonstrating their biodistribution in the organism and the tissue accumulation in 

the liver, organ physiologically responsible for the metabolization of drugs and 

exogenous substances.  

The study is detailed in the research paper published and reported below. 
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5.3.  REVIEW ON BIOREACTOR SYSTEMS AND THEIR 

APPLICATION 

I am also writing a review on the use of bioreactors in cell cultures and organ 

cultures. In the review I talk about the technological advances obtained thanks to 

these systems, able to create a dynamic environment, thanks to the continuous flow 

of culture medium, and how they are a fundamental element when preparing for a 

3D culture, be it cellular or explanted tissue. in the text I also classify them for their 

technical characteristics, reporting the most common uses, depending on the type 

of culture to be obtained. 

The writing of this manuscript is still in progress. 
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