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Abstract

This study was performed in the frame of the SVEX Joint Doctorate project. The doctoral research
activities were carried out in three mobility periods ROLITO (ltaly), Ensait (France), and
University of Soochow (China). This work aims to propose napgroaches for the production of
biofunctional textiles. These products consist of textile fabrics which underwent special finishing

treatments to confer properties that display beneficial effects to the user's health.

In the last decades, pharmaceutiesiearch has been investigating novel and more effective tools to
administer a drug to the patient. The scope of these studies is to provide effectpeutietosages

over a long timeminimizing the number of required administrations and the possdsaesffects. In

this context, the skin has been regarded as a potential route for the release of local and systemic drugs.
Such an approach is simpler and less invasive compared to other routes. Therefore, several strategies
have been developed to effieely deliver drugs across the skin barrier. Among them encapsulation
technology allows the incorporation of the active substances inside nanoparticles (NPs) to i) protect

the drug, ii) effectively deliver it through the skin iii) control the release twer.

In the present work, drdigaded NPs were produced by employing polycaprolactone (PCL) as shell
material. The produced nanoparticles were then used to finish cotton fabrics producing biofunctional
textiles to be employed as wearable drug delivemyjicegs. The flash nanoprecipitation technique
(FNP) was exploited for the nanocarrier production being identified as a simple, sustainable and
efficient production process. The suitability of the FNP process to produce NPs to be used in the
preparation of ifunctional textiles was investigated. The PCL nanoparticles were produced by
loading three different drugs in the system i.e. caffeine, melatonin, and curcumin. Such drugs are
indeed considered model drugs in terms of hydrophilicity level. The lattrkesy property in

determining the outcome of the encapsulation process and the dermal permeation.

The FNP process was run by dissolving the polymer in an organic solvent and making the solution
stream collide against an antisolvent stream in a micromesulting in the polymer precipitation in

the form of nanoparticles. The drugs were precipitated together with the polymer upon being added
either to the solvent or the antisolvent stream. For each active substance, the experimental protocols
and analytial methods were adjusted to better investigated theldadgd NPs system. The effect

of the formulation as well as the process parameters on the properties of the nanoparticles was
investigated. The process was optimized to produce particles with atelidoveer than the one of

skin pores. The amount of drug loaded in particles was investigated by loading capacity (LC) and
[



encapsulation efficiency (EE). Furtherly, the NP formulations were characterized to obtain insights

on their physical, chemical, amadorphological properties by various analytical techniques.

The particles were applied to the cotton fabric either by imbibition or impregnation methods. The
effectiveness of the functionalization treatment was evaluated combining different analyses. The
biofunctional properties were studied in terms of antioxidant activity, UV protection factors, and drug
release. For the latter test, the Franz cell method was employed using either artificial and excised

porcine skin membranes.

The study showed that thé&lP allows producing drug loaded PGIPsfor all the three investigated
substances. The proposed finishing treatment allowed to effectively functionalize the fabric surface.
The treated textiles allowed to effectively deliver the active principles to thensth permeation
profiles dependent on the drug properties. The nanoparticle finishing also imparted cotton antioxidant

and UV protection properties.

Keywords: Biofunctional textiles; Drug delivery; Nanoparticles; Encapsulation; Textile Finishing;

Flashnanoprecipitation; Dermatological applications.



Résumeé

La présente these été réalisée dans le cadre du projet de doctorat joint-B&&Den partenariat

entre lePOLITO( I t al i e ) (France) & HBnivérsitée de Soochow (Chind)e but de ce
travail est deproposer de nouvelles approches pour la production de textiles biofonctionnels. Ces
produits sont constituégtextiles qui ont subi des traitements de finition spéciaux pour conférer des
propriétés qui présentent des effetadfgues pour la santé de I'utilisateur.

Longtemp la recherche pharmaceutique a étudié des outils nouveaux et plus efficaces pour
administrer un médicament au patiehie but de ces étudesst d a d mi des tdosages
thérapeutiques efficaces sur une longue période, en minimisant le nombre d'administrations requises
et les effets secondaires possibles. Dans ce contexte, la peau a été considérée comme une voie d
libération de médicaments locaux et systémguUne telle approche est plus simple et moins
invasive que d'autres void3ong plusieurs stratégies ont été développées pour délivrer efficacement
des médicaments a travers la barriere cutanée. Parmideliesechnologie d'encapsulation permet
I'incorporation des substances actives a l'intérieur des nanoparticules (NP) pour i) protéger le

médicament, ii) le délivrer efficacement a travers la peau iii) contrdler la libération au fil du temps.

Dans le présent travail, des NP chargés de médicamenéténproduits en utilisant de la
polycaprolactae (PCL) comme membrankes nanoparticules produites arisuite été utilisées

pour finissedes tissus en coton produisant des textiles biofonctionnels destinés a étre utilisés comme
dispositifs porables dedistribution de médicaments. La technique de nanoprécipitation flash (FNP)

a étéexploitée pour la production des NPs en raison de sa productivite, et semipdiqgtgrtinence

du procédé FNP pour produire des NP destinés a étre utilisés dans la mmépdeatextiles
biofonctionnels a été étudiée. Les nanoparticules PCL ont été produites en chargeant trois
médicaments difféerents dans le systeme, a savoir la caféine, la mélatonine et la curcumine. Ces
médicaments sont en effet considérés comme des méditammodeles en termes de niveau
d'hydrophilie. Ce dernier est une propriété clé dans la détermination du résultat du processus

d'encapsulation et de la perméation cutanée.

Le procédé FNP a été exécuté en dissolvant le polymére dans un solvant orgamdasant entrer

le courant de solution en collision avec un courant d'antisolvant dans un micromélangeur, entrainant
la précipitation du polymere sous forme de nanoparticules. Pour chaque substance active, les
protocoles expérimentaux et les méthodesydigues ont été ajustés pour mieux étudier le systeme

de NP chargé de médicament. L'effet de la formulation giresles parameétres du procesie les



taill e et | a cdasnanopartidas odt été éiudié@ble plusdas formulations de NP
ont été caractérisées pour obtenir des informations sur leurs propriétés phgshiesquespar
diverses techniques

Les partcules ont été appliquées au textde coton soit par des méthodes d'imbibition ou
d'imprégnation. L'efficacité du traitentate fonctionnalisation a été évaluée en combinant différentes
analyses. Les propriétés biofonctionnelles ont été étudiées en termes d'activité antioxydante, de
facteurs de protection UV et de libération de médicaments. Pour ce dernier test, la méthode des

cellules de Franz a été employée

L'étude a montré que le FNP permet de produird\dessde PCL chargées de médicament pour les
trois substances étudiées. Le traitement de finition proposé a permis de fonctionnaliser efficacement
la surface du tissu. Ldsextiles traités ont permis de délivrer efficacement les principes actifs a la
peau avec des profils de perméation dépendant des propriétés du médicament. La finition des
nanoparticules confere également au coton des propriétés antioxydantes et derpoutete les

UV.

Mots-clés: Textiles biofonctionnels; @Aministration de médicaments; Nanoparticules;

Encapsulation; Finitioreixtile; NanoprécipitationApplications dermatologiques.



Riassunto

Il presentestudio e stato condotto nell'ambito del progetto di dottaraésnazionaleSMD-Tex. Le
attivita di ricerca sono state svolte in tre periodi di mobilita presso il Politecnico di Torino (Italia),
| ENSAIT (Francia) e I'Universita di Soochow (Cinap presente tesproponenuove metodologie

per la produzione di tessuti biofunzionguesti materiali sono costituiti dassutisottoposti a
speciali trattamenti di finissagg#d fine di impartiregproprietébeneficheer la salute dell'utilizzatore

Negli ultimi decenni, la ricerca farmaceutica ha studratove tecnologie al fine di ottimizzare la
somministrazione di molecole attive al paziehte scopo di questi studiul rilasciocontrollatoe

guellodi somministrarelosaggi terapeutici efficadducendo il rischio di effetcollaterali In questo
contesto, la pelle € stata considerata potenzialevia per il rilascio di farmacsia a livello topico

che sistemicoTale approccio € considerato gemplice e meno imsivo rispettalla via enteale o

a quellaparenteralePertanto, sono state sviluppate diverse strategiggperettere alla posologia di
attraversareefficacementeb ar r i era cut anea. Tra quemtsente!| a t
I'incorporazione delle sostanze attive all'intedi nanoparticellepolimeriche (NP) al fine dii)
proteggere il farmaco, igomministrarlcefficacemente attraverso la pelle iii) controll&aecinetica

di rilascia

Nel presente studjadiverse sostanze attive sono state incorporate in NP polimargdredoil
policaprolattone (PCL) commeatrice di incapsulamentbe nanoparticelle prodotte sono state quindi
utilizzate perfunzionalizaretessuti di cotoneottenendo codessuti biofunzionalimpiegabili come
dispositivi per il rilascio controllatd_a tecnica di nanoprecipitazione flash (FNP) & statltaper

la produzione demanocarries essendo riconosciuta come una metodolagigptice, sostenibile ed
efficienteL6i donei t ™ del processo FNP per | a sifer oduz
e stata valutta testando il processo su diverse sostanze attive quedifieina,la melaonina ela
curcumina. Tali sostanze sono stateltecome molecolenodello intermini dr of i | i a . Que
proprietarisulta avere un ruolo chiav&a nel processo di incapsulamento siala permeazione

cutanea.

Il processo FNP e stato condotto dissolvendo il polimero in un solvente orgamesaelanddoale
soluzione con un antisolverdel | 6 i nuhappositonicid miscelatoreandando cosi a provace
la precipitazione del polimero sotto forma di nanoparticelle. Per ogni sostanza attiva, i protocolli
sperimentali e i metodi analitici sono stati adeguati per studianeglio il sistemaparticellare Sono

stati studiat gli effett della formulazime e dei parametri di processo sulle proprieta delle

\



nanoparticelle. 1l processo € stato ottimizzato per produrre particelle con un diametro
sufficientement@iccolo al fine dpermeare efficacemente la barriera cutahaauantita di farmaco
caricab alldb i n tparticalle e stata quantificata misurando i parametri Loading Cafaciyed
Encapsulation Efficiency(EE). Inoltre, le formulazioni NP sono stas®ttoposte a diverse

caratterizzazioni al fine di per ottenere maggiori informazaiie loro poprieta fisiches chimiche

Le particelle sono state applicate al tessuto di cotone mediante metodi di imbibizione o
impregnazione. L'efficacia del trattamento di funzionalizzazione e stata valutata combinando diverse
analisi. Le proprieta biofunzionali 8o state studiate in termini di attivita antiossidante, fattori di
protezione UV e rilascio del farmacBer quest'ultimo test, & stato impiegato il metodo delle dell

Franz

Il presente studiba dimostrato chia FNP consente di produrre nanopaiteei PCL caricate con
diverse sostanze attive. Il trattamento di finissaggioposto ha permesso di funzionalizzare
efficacementeil substrato tessilel tessutibiofunzionali prodotti si sono rivelati efficaci nel
somministrare le sostanze attive ellg cutaneo. Il processo di finissaggio ha inoltre conferito ai

tessutiproprieta antiossidanti e di protezioda raggi ultraviolettiJV.

Parole chiave:Tessuti biofunzionali; Rilascio di farmaciaNoparticellejncapsulamento;

Finissaggiaessile; Nanoprecipitazione flash; Applicazioni dermatologiche.
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General introduction

In the last decades, research in the field of pharmaceutical technology has invested significant efforts
to develop innovative ways to administer active principles to patients in more effective ways. This
research field, commonly defined as drug deliveeghhology, aims to administer effective

therapeutic dosages to the target tissues in a controlled way while minimizing possible side effects.

The common approaches to deliver drugs to the patient imply the enteral and parenteral drug
administration routesThe enteral pathway mainly consists of the oral ingestion of the formulation
by the patient. Such an approach is simple and not invasive, however, the effective delivery of the
drug to the systemic circulation may be hindered by scarce uptake in the gagironment or by

the first pass metabolism in the liver. The parenteral administration includes the formulations which
are injected in the circulation. Such an approach limits the metabolic degradation of the active
principles, however, it is quite vasive and sometimes may not be operated independently by the
patient. Furtherly, both for enteral and parenteral route multiple administrations of the posology are

required; thus, strict patient compliance is necessary for the therapy to be effective.

In recent years the novel approach of exploiting skin for pharmaceutical administration has aroused
significant interest. Being the skin the largest organ of the human body it offers a significant surface
area for drug administration. Furthermore, the s&ithe organ devoted to internal body protection

and can act as a barrier for harmful substances thus reducing possible side effects. Therefore, the skin

has been considered as a possible administration route both for systemic and local drugs.

This adminigration method displays several advantages compared to other classic drug delivery
routes such as the enteral and parenteral ones. Firstly, it is noninvasive since it does not require
injections. Secondly, it delivers the actives in the blood circulatiordang the first pass metabolism

in the liver. Lastly, given that transdermal delivery devices can stick on the patient for several days,
the number of required applications is significantly reduced; thus easing the patient compliance to the
therapy.Notwithstanding the numerous advantages of the transdermal route, its employment is still
limited because the skin barrier is characterized by a great chemical complexity that limits the
transport of the active substances across its numerous layers. Thehefdoransdermal delivery is
commonly limited to a few classes of active molecules that can effectively cross the skin to reach the

systemic circulation.

The encapsulation technique is a widely exploited approach in the context of drug delivery
technologis. It mainly consists of incorporating the active substance inside a shell material. Such an
1



approach displays several advantages that can lead to higher therapeutic efficacy respect to the raw
drug formulation. Firstly, encapsulation protects the activdeoule and eases its storage, thus
preventing its degradation until the target tissue is reached. Secondly, it allows structuring the drug
promoting the penetration of the biological barrier and favoring cellular uptakes. Finally, the
encapsulation makgsossible to control the drug release over a long time, this feature prevents the
burst release phenomenon and reduces the number of administrations requiretheéamenerous
advantages of thencapsulation technology, it had become of significant isteéceproduce drug

carriers with improved therapeutic performances. In particular, nanosized drug carriers have proved
to be more effective in overcoming the biological barriers and improving cellular uptakes while

effectively controlling the drug releakmetics.

Such a nanotechnology based approach was considered particularly advantageous in overcoming the
skin barrier. The nanocarriers can vector the active principle through the skin layers without the need
of employing chemicagbenetration enhancershieh canirritate the skin in the long run. Therefore,

the encapsulation of the active principle was identified as an effective strategy to release drugs across

the skin layers.

The nanocarrier formulations are generally available in the form of ligsjksisions and therefore

their usage in the dermatological application requires multiples administrations unless the
formulation is supported on a wearable platform. Such supports generally consist of adhesive patches
that stick for several days on the pati skin.However, these adhesive patclags generally not
breathable and therefore may cause skin irritation in the long run. Therefore, the usage of breathable
support for the drug loaded nanocarriers was foreseen as a strategy to improve-tifethetatet

technology.

Textiles are a class of materials owning peculiar properties such as flexibility, mechanical strength
and lightness. Besides the common use in the apparel industry, in recent years they have been
employed in a wide range of industrial sectors such as atiten construction, electronics,
environmental and biomedical ones. These materialdedirged as technical textilesamely fibrous
materials that are not used for their apparel and aesthetic properties but their technical performances.
A patrticular caggory of technical textiles is the Medtech one, this includes those textiles materials
whose main purpose is to benefit the user's health. The Medtech category includes products such as
pressure garments to enhance muscular recovery, textiles with aeriddgobperties used to produce
bandages or garments for surgeons, textiles for protection against insects and ultimately for the release
of active substances. These last mentioned products are obtained by applying peculiar finishes on
commodity fabrics gch as cotton, silk, wool or polyester that represent optimal support for the

2



nanocarriers. Such fabrics have been used as garmentgeavsand they are well known to not
cause any allergic reaction or inflammation upon long contact with the humafskhermore, the
porous and interlaced fibers networks typical of the fabric's structure acts as a reservoir for the drug
loaded nanocarriers. Notwithstanding the high potential benefits of employing such textile substrates
as support for dermatologicatldzery of drug loaded nanocarriers, such technology is still not widely

developed.

The biofunctional textile technology has not reached technological maturity yet. Thus the production
of these materials is still not sustainable under the technicalcambmic point of view. The first

issue encountered is the fact that the production of pharmaceutical nanocarriers is still a niche
technology. Thus, these nanocapsules are often produced in small batches with high produgtion cost
On the contrary, the téle industry requires the finishing agent to available in high quantity at
cheap price. Concerning the finishing process, it must be designed to make the functionalized fabric
act as an effective pharmaceutical formulation to be easily operated peth@loese considerations

show that significant improvements should be done in the biofunctional textiles technology to make

it available to the users.

This issue is not peculiar to the biofunctional textiles but regards several innovative technolbgies a
processes being developed nowadays in the textile fields. To propose a novel design of textiles
technologies that comply with the-tip-date sustainability issues, the SMIBx project was launched

in 2013. The acronym stands for Sustainable ManagenmehDasign of Textiles and refers to
international joint doctorate financed by the European Union under the Erasmus Mundus action. The
involved parts in the SMErex project are five academic institutions from different countries: Ecole
Nationale Supérieurdes Arts et Industries Textiles (ENSAIT) in France, Politecnico di Torino in
Italy, the University of Boras in Sweden, Gheorghe Asachi Technical University in Romania and the

Soochow University in China.

These universities cooperate to allow selectedesnts to carry out a Ph.D. degree in the universities

of the consortium. The structure and peculiarity of the Ph.D. program consist of the fact that the
candidate carries out his/her studies in three of the previously mentioned academic institution over
four years. In particular, the candidate spends the first two mobilities of 18 months each in two of the
European partners while the fourth and final year is spent at Soochow University. The involvement
of several partner universities allows the SNIBx pioject to tackle different areas of textile research
including quality management, garment design, sustainabilitgavidonmental impact assessment
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supply chain management, innovative materials and process design. The latter theme tackles the
issues of dveloping new textiles materials and process which own superior performances and added
value while complying with the current issues of resource protection and environmental compliance.
In this context, several projects have been financed in the framdDfT®x to develop innovative
materials for wastewater treatment, smart textile, protective garments or processes to reduce the

environmental impact of the textile chain by LCA, upcycling and resource replacement approach.

In the context of the SMOex program, the present thesis aims to propose a novel approach for the
production of biofunctional textiles. The project was carried out by a collaboration of the Italian,

French and Chinese partners as sketch&urel.1.

Figure 1.1.Scheme of the mobilities and logos of the partner universities.

The first mobility was carried out in Italy at the applied science and technology department of
Politecnico di Torino. The second mobility was carried out in ¢eaat the Gemtex laboratories of
the Ecole National Supérieur des Artes et Industries Textiles. Lastly, the final mobility was carried

out in China at the National Silk laboratories of Soochow University.



The approach used to tackle the issue of biofanat textile production is sketched kigurel.2.

The first step consisted of the development ofu#table nanocarrier production method. The
nanocarriers were then applied to the fabrics by finishing treatment to obtain the biofunctional
textiles. Theobtained fabrics were finally tested for their properties with a major focus on the

capability of delivering the active principle.
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Figure I.2. Production approach for biofunctional textiles.

Specifically, the Flash Nanoprecipitation (FNP) technique was proposed for the production of the
drug loaded carriers. In fact, FNP is known for its simplicity and scalability which allows an easy and
productive synthesis of the nanocarriers. Howevegntployment in the textile finishing was still

not investigated. In the present work, the FNP method was used to produce polymeric nanoparticles
made of polycaprolactone (PCL). The latter was selected as polymeric shell due to its biodegradability
and bioconpatibility. Moreover, PCL is a hydrophobic polymer that can promote drug delivery in the

epidermal layer. Lastly, it is known to besaitablematerial for long lasting release applications.

The PCL nanoparticles were applied onto cotton fabrics. Tkiidetevas chosen for its breathability
and compatibility with the skin tissue. The particles were applied onto the textiles by using a simple
impregnation treatment with the scope of making biofunctional textiles eventually rechargeable by

the user.



To investigate the suitability of the proposed processes, they were tested with three different model
drugs i.e. caffeine, melatonin and curcumin. These drugs own different levels of hydrophobicity
which is the main property affecting both the transdermahpation and the extent of encapsulation

in the FNP process. Moreover, these active substances were selected based on their antioxidant anc

therapeutic properties, with the scope of proposing a system with potential medical applications.

The first part othe present work was dedicated to the description of the state of the art. The literature
analysis introduced and discussed the background knowledge and the issues that come into play in
the production of biofunctional textiles. Above all, the basic caiscep skin physiology and
pathology together with the ones of skin drug delivery were presented. Thereafter the different kinds
of pharmaceutical carriers of interest for dermatological application were critically reviewed together
with the different encagulation methods. Thanks to such a literature review, the current weakness of
the biofunctional textile technology and the points to be addressed in the experimental work were

outlined.

In the second part of the thesis, the materials and methodologyneseated. Firstly, the production
methods for nanoparticles and textile finishing was described. Thereafter the testing methods and
characterization techniques employed to investigate the quality of the produced materials were
presented. Particular focusa# paid on describing the peculiar properties of the selected raw

materials.

Thereafter the results of the experimental activities were presented. Firstly the preliminary results on
the PCL particle formation process were reported. By this study, it @ssshye to choose a proper
solvent for the particle synthesis and to define the operating parameters to be employed in the drug
loaded nanoparticles synthesis. Thereafter a preliminary study on drug loaded nanoparticle
production and biofunctional textilenishing was conducted using melatonin as a model drug.
Having performed such a proof of concept study on the intermediate hydrophilic drug allowed to tune

the synthesis methods and analytical techniques for the other model substances.

A deep study was calucted on the production of caffeine and curcumin loaded nanoparticles. In the
particular case of caffeine, significant attention was paid on developing and studying the effects of
the process configurations onto the structure of the particles and omgotbe possibility of
effectively loading a hydrophilic active principle by the FNP method. In the study of curcumin loaded
nanoparticles, the efficacy of the synthesis method for hydrophobic substances was evaluated.

Moreover, the peculiar propertiestbe drug and the encapsulation process were exploited to obtain



an optimized nanoparticle formulation that displayed the best properties for biofunctional

applications and textile finishing.

Finally, the optimized formulation of caffeine and curcumin Emhdanoparticles were applied to the
textile substrate. Several analyses were run to gain insightbow the formulation characteristics

and the drug hydrophilicity influence the textile properties. This was achieved by firstly assessing the
effectivenes of the finishing treatment and thereafter by inquiring the features of the material which

are beneficial to the user's health.
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Chapter 1: Drug delivery in dermatological applications

1.1 Structure and physiology of the skin

Skin is the organ of the human body that presents the highest surface area and it complies with
essential body functions. Above all, it is a physical and chemical barrier that protects the internal
organs and tissudom the external harms such as pathogenic microorganisms, radiations and toxic
substances. Moreover, skin contributes to thermal regulation, sensorial detection, water retention and
selfhealing(Wysocki, 1999; Zhang and Michnidkohn, 2012) Structurally speaking, skitonsists

of a series of stratified layers that are represented and describigdriel.1. The epidermis and the

dermis are the two principal skin laygBufierCarbo et al., 2019)
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Figure 1.1. Scheme ofheskin layers (Gaur et al., 2017Mhe references in the image point out: 1) hair shaft;
2) stratum corneum; 3) swepbre; 4) hair follicle; 5) arrector pili muscle; 6) sebaceous gland; 7) nerve; 8)
eccrine sweat gland; 9) cutaneous vascular plexes; if)saddepot. Section A and B highlight a detailed
structure of the epidermis and derma respectively.



The epidermis is the skin layer in contact with the external environment; it is formed by several
sublayers. It is mostly constituted by keratinocytes cwwhare the most diffuse skin cells.
Keratinocytes are formed in the lowermost epidermal layer, the Stratum Basale and, throughout the
cell life cycle, they raise to the outermost Stratum Corneum (SC) undergoing keratinization and
cellular differentiatior{Rincon et al., 2018)he keratinocytes present in the SC are normally referred

to as dead cells, namedroeocytes. Corneocytes are denuclearized flat cells bound together by lipids
and cholesterol. The SC owns a fAbrick and mo
presenf{Eckhart et al., 2013; van Smeden et al., 20Rdght below the SC the Stratum Lucidum is
found; in this skin layer, partially denuclearized keratinocytes are bound together by the eleidin, a
lipoprotein with translucent appearan¢Briggaman and Wheeler, 1975By secreting the
interlamellar lipids found in SC the cells of the Stratum Lucidum are responsible for skin barrier
properties. The Stratum Granulosum is located under the Stratum Lucidum, in this layer, the
keratinocytes are miearized and characterized by a granular sliapeman and Sonthalia, 2019)

In the undeflocated Stratum Spinosymie keratinocytes have spine shape and are arrangadsn

Here are present other epidermal cells i.e. the Langherans cells, responsible for immune response,
and the Melanocytes where melanin synthesis oqMogasef and Sharma, 2019Yelanin is the
molecule responsible for UV protection and skin pigmentgfiatleson, 2005)On the bottom of

the epidermis, the Stratum Basale is composed of a single layer of stem keratinocytes, these cells
have large nuclei and high reproduction rate, gnmoeluced the stem cell raise to the upper layer
gradually differentiatingJackson et al., 2017In the Stratum Basale, the Merkel cells which comply

with the role of touch sensors are foyAdraham and Mathew, 2019)

The Dermis is connected to the epidermis by mean of the D&pidérnal Junction (DEJ), a
basement membrane made of collagen and other prdtgoistz et al., 2017) The dermis is a
vascularized tissue characterized by a layered structure that can be divided into the papillary and
reticular dermis. The papillary dermis is mainly constituted by connective tissue and contains the
Mast cells which mediatand counteract allergic reactiqda Silva et al., 2014Yhe reticular dermis

is composed of proteins that are responsible for the skin mechanical properties. In this layer are found
the sweat glands, which contribute to thermal regulatend the hair follicles, which act as

keratinocytes source during theapithelialization proces#rda et al., 2014)

The reticular dermis is attached to subcutaneous tissues withoudsttargtions. The hypodermis
is mainly constituted of connective and adipose tissue and attaches the properly called skin to the
muscular tissues. It is composed of three layers, the top one is rich in fatty substances while the bottom
two are vasculariz&(Yu et al., 2019)

10



The overall skin arckecture consists of a complex structure from the biochemical point of view. The
alternation of fatty hydrophobic layers and vascularized hydrophilic exerts an effective shield, making
it difficult for most of the chemicals to effectively cross it. Notwittmgling its barrier properties, skin

can be the target of pathogens and illne@¥astiti et al., 2017)For these reasons, thkein has been
considered as a possible administration route both for systemic and local drugs. According to Food
and Drug Administration (FDA), the first case idided as transdermal administration and involves

the delivery of the drug through the skin layers to reach systemic circulation, while the latter is defined
as topical administration and consists of the application of the active molecule on a parteutdr ar

the body surfacéProw et al., 2011; Sgorbini et al., 2017)

1.2 Topical administration and skin diseases

Topical delivery is among the most commonly used administration routes, in general consists of
applying the medicament directly to the target tissue. It comnappliyes to ocular or dermatological
formulations, in the latter case, it is also referredstad@mal deliveryMarto et al, 2019; Tatke et

al., 2018) Such a local administration approach is extensively used in dermatological the&rapies
treat the illnesses of the dermis and epidermis such as wounds, infection, and (@amaies and
Wairkar, 2019; Simitzis, 2018)ndeed, kin diseases have a significant impact on the quality of life

of the patients both from the physical and the psychological point of(Viamand Cohen, 2019)

Skin is a living organ and therefore goes through significant changes over the human lifetime. The
accumulation of such biochemical and physical changes is commonly refeasagingand is a

phenomenon that occurs differently in every individ(Béssada et al., 2018t is due o the

progressive loss of elastin and collagen as age advances, which causes loss of structure and function:
of the skin tissue. Besides causing unpleasant visual modifications, such as wrinkles and spots, aging
makes skin more vulnerable to several digeas'his phenomenon is commonly attributed to
endogenous and exogenous factors, the first ones are identified to the chemical and genic changes the
tissues undergo over time. The exogenous factors are instead related to the environment and exposure
to harnful substances and radiatiofi®bin, 2017)

Radical oxygen species (ROS) are among the exogenous factors that can cause critical skin damages
and are associated with several skin diseases. ROS are imilgedactive oxidants species that can
interact sharply with biomolecules causing damages to deoxyribonucleic acid (DNA), proteins and
lipids; therefore, they are connected with the rise of eczema, dermatitis, and caoassnteract

the oxidant activig of ROS, the body developed an antioxidant system based on en:yepbart,

2016) However, excessge exposure to ROS generators may overcome the capability of such
11



endogenous antioxidants and lead to oxidative stress; in such conditions, the skin aging is accelerated
and all the pathologies related have higher chances to(aifse | | ga k and . Horahisman e,
reason, the topical administration of antioxidants is a common strategy to reduceinadiceat
damags. Indeed, antioxidants tend to rapidly react with ROS before they could damage biological

macromolecules reducing their pathogeni¢Risoschi and Pop, 2015)

UV solar radiation is the main cause of excessive ROS production and related oxidative stress. UVB
rays are connected to the formation of free radicals. Such species are connected to lipid peroxidation
and rupture of elastin and collagen chains. Furtherly, the UV induced radical species tend to attack
the DNA chains promoting genetic mutation and caaceses(Bessada et al., 2018n patrticular,
melanoma is the most aggressive form of skin cahegrarises from malignant melanocytes. In fact,
during its progression, it tends to develop resistance to cytotoxic drugs making chemotherapies to
progressively lose efficaciKeller et al., 2017) Furtherly, it is one of the most common forms of
cancer with an averagely 87000 diagnosis and 10000 casualties occurring per year i(Athéull S

Karim and Cowey, 2017)

Bacterial infections are a common issue that can affect the skin. The action of pathogens onto the skin
can lea to undesired effects such as inflammation or skin destru@iazbouz and Tanci, 2019)
Moreover, the presence of infective species inhibits the skin regeneration mechanism aid make
impossible for the body to recover from wounds natur@gstafalu et al., 2017)These kinds of
infections are normally tackled by antibiotics and -amtammatory drugs; however, such tapres

present several drawbacks due to their scarce therapeutic windows and progressive loss of efficacy

due to bacterial resistan(i@assetti et al., 2019)

Other common skin diseases include psoriasis, an autoimmune diseaseetbwitbdteratinocytes
overexpression, andicne Vulgarisdue to the occlusion of hair follicles. They lead to the formation

of red scales and itchy patches of skin. The common treatment of such diseases includes the topical
administration antibiotic and antiffammatory drugs(Beylot et al.,, 2014; Lowes et al., 2014;
Williams et al., 2012)Cellulite is a skin disorderonnected to the accumulation of subcutaneous fat

and scarce microcirculatioAlthoughit usually does not imps pathological consequences, cellulite
affects a large portion of the population and is regarded as aaestiietic feature. Therefore, st i
commonly treated with cosmetic creams and ointments which improve microcirculation and promote

lipolysis in subcutaneous tissug&wlings, 2006)
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All the abovementioned skin pathologies are seis challenges in clinical research. Indeed, they

compromise the patient's life quality and, for this reason, continuous efforts are being done to propose
innovative treatments to heal or at least reduce symptoms.

1.3 Transdermal administration

Being the &rgest organ of the human body skin has been regarded not only as a potential
administration route for systemic drugs. Transdermal administration displays several advantages
compared to other classic drug delivery routes such as the enteral and pavastgRberts et al.,

2017) Firstly, it is noninvasive since it does not require injections. Secondly, it delivers the active
principle in the blood circulation avoiding the first pass metabolism in the(ltedashimi et al.

2018) Lastly, given that transdermal delivery devices can stick on the patient for several days, the
number of required applications is significantly reduced; this improves patient compliance to the
therapy(Rigon et al., 2016)Notwithstandingtlie numerous advantages of the transdermal route, its
large employment in clinical practices is still limited. This is due to the great chemical complexity

and barrier properties of the skin layers that make it difficult for many active substances b cross
(Chuang et al., 2017; Palmand DelLouise, 2016)

The phenomena acting in the transdermal release are sketdhgdrgil.2. For a substance to reach

the dermis, three penetration pathways are commonly ident@iaderas et al., 2015; Yang et al.,
2011)
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Figure 1.2. Transdermal transport and penetration pathway (Bolzinger et al., 2012))

13



The intercellular route involves the passage around the corneocytes, and the molecules diffuse in the
lipid substances that hold the terminally differentiated keratinocytes together, thus such route is
generally preferred by lipophilic substan¢eladgraft and Lane, 20168pppositely, the intracellular
pathway is preferred by hydrophilic substances that cannot diffuse easily in the lipid extracellular
network of the SC. This route involves the penetration of the drug through the corneocytes cells and
therefore requires the substance to smoothly cross the cellular mem#amss et al., 2018)A

third path, defined ateannexial (or follicular) route, consists of the drug passathireggigh the skin

annexes such as hair follicles or sweat glghdgemann et al., 2008)

The percutaneous absorption of a drug can be regarded as a mass transfer phenomenon that involve:
several steps whose kinetics is mainly dominated by diffy8onovic et al., 2010, 2012firstly, it

consists of thentry and penetration of the drug into the SC. Secondly, the drug must partition fro

the SC into the hydrophilieegion of theepidermis reaching the Stratum Basale. The drug must then
diffuse through the Stratum Basale to reach and permeate the Bsrdemal junction. Once
reached the dermis, the drug must be absorbed by the blood vessels to finally enter the systemic
circulation(Amjadi et al., 2017; Hao et al., 201@he complexity of transdermal penetration lies in

the fact that it requires alternate diffusion through déife¢ layers and permeation across the
boundaries that separate them. Each layer and boundary have a different chemical composition and
therefore different resistance to mass transfer. Since a limited diffusion in one single skin layer may
hinder the overdl penetration process, the amount of active substances easily deliverable
transdermally is quite reduc€8chwdbel and Klamt, 2019)

Common rules found in the literature state that to cross the SC easily a molecule should have
lipophilic character and small size, i.e., lower than 500 Da; the latter condition is widely known as
the 500 Daltons ruléCintra et al., 2016)However, also markedly lipophilic molecules have been
recently consideredot to have optimal penetration capability, indeed according to some authors they
can easily cross the SC but thereafter cannot diffuse in the vascularized layers, and therefore they

tend to accumulate inthe Ck eny i Ji t. et al ., 2016)

The degree hydrophilicity of the active substance is the main factor affecting its skin permeation
profile. A commonlyused approach to classitfiye hydrophilicity of the active substances exploits

the parameter logP; where P indicates the drug partition coefficient between octanol and water
(Eugene Kellogg and Abraham, 2000egative values of the logP indicate that a substance is
hydrophilic, while high positive values log&e associatedith hydrophobic substancéslannhold

and Dross, 1996)
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A further level of complexity inthe transdermal release is represented by the variability of the skin

in terms of thickness, chemical composition, and biological activity. Such parameters tend to change
in different individuals, the factors that influence the skin physiology include butoalenited to

age, sex, phototype and health practices of the pgW@stlaro-Zuccarello et al., 1994Moreover,

the relatve properties of the individual skin layers can also change in a different part of a single body.
For these reasons, the transdermal penetration of a drug is an overall complex phe(Darésrski

and Fluhr, 2012)

1.4 Technologies for transdermal drug delivery

Despite the complexity of the transdermal administration route, its potential advantages have driven
the sgentific community to develop innovative technologies to improve skin penetration by active
substance@McConville et al., 2018)Transdermal technologies are mainly divided into permeation
enhancement methods and drug delivery devices (D@Pa)g et al., 2011)The permeation
enhancement consists of the application of an external stimulus to make the drug to cross the skin
barrier. These stimuli can be either of physical nature, such as electrical current or ultrasounds (US),
or chemicals added in the formulatigfapoor et al., 2017; Nguyen and Banga, 20D&)Ds include

instead a wide class of technologies in which the drug is incorporated inside a material that improves
its delivery to the target tissue. In the context of transdermal release, the most common DDDs are the
microneedles (MNSs), the transdermal patches (TPs) and the drug q@rajicowskak o Sni k et
2019; HajAhmad et al., 2015)The different transdermal delivery methods are reportédiahel.1

together with their advantages and limitations.

lontophoresis is a permeation enhancement technique that employs low electrical currents to promote
the active molecules crossing of the epider(iiekeuchi et al., 2017)Jpon application of electric
current, the drug transport across the skin is promibtexighelectrophoretic and electroosmotic
phenomena. The first phenomenon exploits the repulsion of the drug from the electrode while the
second is based on the charge gradient across the skin meifitara2@16) The extent to which the

drug mass transfer is affected by iontophoresis strongly depends on the drug polarity and surface
charge and the skin pH. lontophoresis mainly enbsitite drug permeation occurring by the annexial
route(Kar pi Es ki , 2018)

The enhancement of skin penetration obtainedthmsy application of ultrasounds is named
sonophoresigPolat et al., 2011)In this technique, the permeation of the drug is due to both the
cavitation of gas microbubblesaidisruptsthe SC, and to the generation of a local temperature

gradient that promotes diffusiaifark et al., 2014)Sonoploresis was proved to be efficient in
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enhancing the penetration of high MW molecules or small hydrophilic(&aéaneni et al., 2010;
Seah and Teo, 2018)

Table 1.1 Comparison of different transdermal delivery technolagies

Transdermal Drug Penetration Patient usability ~ Administrations Possible side
enhancement  applicability mechanism required effects
strategy
lontophoresis Charged and Electro osmosis Electrical current Several Surface damages
polar drugs and to be applied

electrophoresis

Sonophoresis Small Transdermal Ultrasound device Several SC disrupted
substances penetration and needed
(below 500 Da) cavitation
Chemical Small drugs  CE-Drug and CE Topical Several Skin irritation by
enhancement (below 500 Da) Skin interactions formulation CE
Transdermal Small drugs Passive diffusion Simple patch Few Skin irritation and
patches (below 500 Da) application contact dermatitis
Microneedles Most drugs Simple: direct Simple patch Few Skin piercing and
release in the application irritation
epidermis
Drug carriers Most drugs Intracellular, Topical Several Cytotoxicity to be
extracellular and formulation tested for each
annexial route carrier

The dhemical enhancement method involves the addition of particular substances to the formulation
to increase the permeation rate and extent. Various compounds such as organic solvents, oils or

surfactants can be employed as chemical enhafidacgue and Talukder, 2018yhese chemical
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enhancersGEs) promote the drug permeation by different mechanisms depending on their interaction
with both the skin and the drug. Usually, the CEs should both be a good solvent for the drug and have
good diffusivity in the SC, in this way they can vehicular dnag. However, in the case bigh
solubility of the drug in the CE the release may be hindered by the tendency to remain in solution
rather than partitioning in the sk{Benson et al., 2005Also, CEs can act on skin properties, by

disrupting or swelling the SBarry, 1987)

Among the DDDs, the transdermal patches were the first ones to be proposed. They are made of
several layers with specific functions and characterifflastore et al., 2015)Ps generally contain

an adhesive layer that keeps contact whi skin, a drug reservoir where the active substance is
stored and an outermost layer to protect the patch from the external environment. In more advanced
products, the drug can be stored over multiple reservoir layers to control the released dosages. Th
release mechanism is mostly described by passive diffusion of the drug from the patch to(fie skin
Hanbali et al., 2019)

Microneedles technology consists of the production of patches equipped with several arrays of
needles of small sizeViINs aim to directly inject the drug inside vascularized skin layers, thus
bypassing the issue of drug diffusion in the epidermis. Regahdigtechnologythe drugcan be

loadedin the patch, in the tip of the needle or just on its sur(Bt®radhar et al., 2019For the
production of MNs metallic, ceramic and polymeric materials were (idadmann et al., 2015)
However, in recent years, polymeric MNs have aroused the greatest interest. Indeed, they have been
proven to be cost effective and simpggroduce. Furtherly, the use of bioabsorbable polymers allows

the needle to degrade inside the skin without causing side dfféatsy et al., 2017)The adantage

of delivering the drug in the vascularized layers avoiding retention in SC makes MNs a very effective
transdermal technology. On the other hand, some concerns are usually aroused by the invasiveness
of such a technique which requires to pierce lanlé the skin, risking to cause irritation. For these
reasons, MNs are mostly studied for the administration ofséfeng drugs such as insulin and
chemotherapeutics. These drugs are generally quite expensive, so their effective administration must
be maimized. Considering that the common administration route of these drugs is the parenteral one,

MNs are a novel and less invasive administration r@liteet al., 2018; Lan et al., 2018)

Drug carriers are among one of the most studied delivery devices in pharmaceutical technology. They
consist of micro/nanometric structures that can incorporate different kinds of drugs and release them
to the target tissue in a more controlled and effectray(CzajkowskaK o Sni k e t Thesé . |, 2

nanocarriers have been studied for several kinds of medical applications that involve different
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administration routes. In the context of transdermal release, it has been revieweayhedrth
enhance the delivery of a wide range of active substances. Indeed, it is possible to tailor the size and
surface of the nanocarriers to enhance their capability to undergo the different penetration routes

(Bornare and Saudagar, 2017)

In compamg these different transdermal delivery technologies several aspects were considered.
Concerning the kind of drugs that can be delivered by each system, it is clear that CE, patches, ionto
and sonophoresis present stricter limitations compared to ottlenolegies since they have to
comply with 500 Da rule. In the case of iontophoresis, the drug must be electrically charged to be
effectively delivered. In the case of drug carriers and MNSs, less strict limitations on the kind of drug
are present. In faobnce the active substance is incorporated in the carriers and the MNSs, the release
kinetic is less affected by the chemical structure of the therapeutic molecule.

The release phenomena occurring are also of different kinds. In MNs the permeation iidetireiep

is bypassed making the release simpler. loatal sonophoresis require instead the drug to permeate
all the layers of the skin undergoing the already discussed phenomena. A similar permeation
mechanism is observed in patches, CE and drug camigich classical penetration routes come

in play; for the latter technology release mechanism is mainly dependent on the properties of the

carrier.

Concerning the invasiveness of the systems, MNs require the outer layers of the skin to be perforated.
Furtherly, if the polymer swells inside the epidermis, the needles enlarge, causing the holes to increase
in size. lonte and sonophoresis require external stimuli that can damage the skin integrity. Moreover,
proper devices should be used to apply eletgranid ultrasounds. Therefore, ionamd sonophoresis

are probably more difficult to be operated by the patient. Oppositely, formulations based on CE or

nanocarriers are easily applied topically.

Considering the number of administration required TPsNNd devices present the advantage of
sticking to the patient for longer times respect to other technologies. However, this advantage is
counterbalanced by the fact that long contact with the skin may lead to irritation or dgMagels

and Warshaw, 2006particularly in the case of TPs, the scarce breathability of the adhesve lay

was reported to cause contact dermafiRismita et al., 2018)
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1.5 Drug carriers for dermatological application

Drug loaded carriers are among the most studied technologies in the context of pharmaceutical
research. Such innovative formulation had been develtpediministeractive substancesore
effectively. The encapsulation process is the technique used tparete active molecules inside
nanostructured materials with monolithic or esreell structur€Lengyel et al., 2019)This process

can indeed improve the perfoamces of the active material under many points of view. Firstly, the
nanomaterial can protect the drug from environmental factors that alter its biological &8tetyn,

2016) Secondly, the encapsulation process allows to structure the core material to regulate its
interactions with the environment, as an example, such techniquemisionly used to enhance
biostability and bioavailability of poorly water soluble drugs in the bloodst(@amisi et al., 2017)

Lastly, encapsulation allows releasing the drug in a prolonged and controlled manner providing an
effective therapeutic dosage while minimizing side efféatscona et al., 2018)The encapsulation
process allows producing different kinds of nanocarriers, which are classified according to their
chemical nature, structure, morphology, and assemBliesh different carriers have been employed

for the treatment of a wide range of diseases and administered by different routes. In the context of
dermal and transdermal delivery, the most studied carriers are particle based carriers, cyclodextrins,

hydrogds and liposomes whose structure is sketcheBigure 1.3 (Chen et al., 2017; Jain and

Thareja, 2019).

Nanosphere Nanocapsule Nanobubble

Ceramic
nanoparticle

Liposome Cyclodextrin Hydrogel

Figure 1.3. Schematic structure of the nanocarrier employed for dermatological applications.
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The properties and application of such carriers in the context of dermatological application are
summarized imMablel.2.

Table 1.2. Characteristics and applications of nanocarriers in dermatological therapies.

Drug Hydrophilicity Carrier Therapeutic Release test Ref.
target
Vitamin D Hydrophobic Nanospheres Transdermal  Healthy and (Lallozetal.,
supplement damaged 2018)
administration  porcine skin
Menthol Hydrophilic Nanospheres Antioxidant and  Atrtificial (Ferri et al.,
anti cellulite Membrane 2017)
Adapalene Hydrophobic Nanocapsules Dermatitis Porcine skin (Pereira et al.,
andadapsone and hydrophilic treatment 2016)
HNE Hydrophobic Nanocapsules Psoriasis Invitro and (Marto et al.,
inhibitor in vivo (rats) 2018)
Clobetasol Hydrophobic ~ Nanospheres an  Hair follicles Ex vivo pig (Mathes et al.,
propionate nanocapsules and human 2016)
skin
Vancomycin Hydrophilic Nanobubbles Skininfection  Porcine skin  (Argenziano
et al., 2017)
Rifampicin Hydrophobic Nanobubbles  Acne treatment In vitro (Hsiao et al.,
studies 2018)
Imiquimod Hydrophobic Nanosponges Aberrant wounds Porcine skin  (Argenziano
et al., 2019)
Resveratrol Hydrophobic Nanosponges Antioxidant Porcine skin  (Ansari et al.,
2011)
Econazole Hydrophobic Nanosponges Fungal infection In vitro (Sharma and
nitrate studies Pathak, 2011)
Sodium Hydrophilic Liposomes Model system Porcine skin (Mahrhauser
Fluorescein et al., 2015)
Quercitin Slightly Liposomes Antioxidant Human (Hong et al.,
hydrophilic excised skin 2018)
Nobiletin Hydrophobic Hydrogel Acne treatment Porcine skin  (Jeong et al.,
2019)
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Heparin and Hydrophilic and Hydrogel Transdermal Invitro and (Taktak et al.,

Paclitaxel hydrophobic cancer therapy in vivo 2019)
5-fluroracil Hydrophilic Silica Cancer therapy  Rat skin (Anirudhan
nanoparticles and Nair,
2018)
Insulin Hydrophobic Silica Transdermal In vivo in (Xu et al.,
nanoparticles diabetes therapy rats 2018)
and ZnO

guantum dots

1.5.1 Particle based carriers

Particulate systems are among the nsastied carriers, they are classified according to their average
size (micropatrticles, nanoparticles), shell mateoagdnic, inorganic, hybrid) and their morphology

and structure (spheres, capsules and bubbles/drofG=salli et al., 2016)In dermatology, the
nanosized particles present a wider applbcatangejndeed their small size enhandtlesir capability

of penetrating the skin barrier both bytra/extracellular route and by annexial o@& the other

hand, microparticles (MPs) have a size that hinders their penetratiesraastly applied in topical

skin therapyBansal and Jamil, 2018; Nastiti et al., 20XF9ncerning shell nature, mostly polymge
materials are used. This trend is due to the large availability of biocompatible and biodegradable
polymers that allows sustained release of the drug by diffusion/erosion of the polymer(baatrix

et al., 2012)Furthermore, ceramic materials, such as zinc oxide, eatsb used for drug delivery,
combining the therapeutic action of the drug with the functional properties of the shell such as
antimicrobial or UV light protectior{fAbdElhady, 2012; Garino et al., 2019%ccording to the
structure, nanoparticles are commonly classified into nanospheres (NSs), chaddigra solid
structure in which the drug is dispersed in the polymer matrix, nanocapsules (NCs), which have a
liquid core and a defined shell structure, and nanobubbles/nanodroplets, spherical core/shell

structures filled by a gas or vaporizable compmts(Kumari et al., 2010)
1.5.1.1 Nanospheres and Nanocapsules

Nanospheres are polymeric nanoparticles in which the drug is dispersed in the polymer matrix without
a distinct coreshell structure. Several authors proposed the application of nanospheres to enhance

drug penetration, amorthem Lallozet al (2018 deepy studied the effect of the particle surface
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charge on skimpenetration. In their work, vitamin D was incorporated in block copolymers by
employing flash nanoprecipitatioPermeation studies conducted both on healthy and damaged pig
skin, showed a limii@ effect of the nanoparticle surface charge on the healthy skin while particle
polarity affected the release kinetics in the case of damaged skin #seenploying a similar

particle production methodologierri et al(2017) designed®CL nanoparticlefor the delivery of
menthol for thermal body management and topical refreshment purposes. The results proved the
production of high payload nanoparticles with the possibility of tuning the particle size by proper

solvent choice and adjustment of processmeters

Nanocapsules usually present a weafined core and shell structure. Such devices can either
penetrate SC as whole or disrupt and allow the oily core to diffuse in the epidermis. In the work of
Pereiraet al (2016)adapalene loaded PCL nanpsales were produced and topically applied: the
high hydrophobicity of both carrier and drug facilitated diffusion in the SC but no further penetration
was observed, making the systsuitablefor topical administration. Marto et d2019)incorporated
anantrinflammatory drug in stareBhelled nanoparticles. The potential effectiveness of such topical
formulation was evaluated both in vitro and in vivo on rats showing an improved efficacy compared
to commercial cream formulations. In the study of Matitesd. 016) the relative performances of

both nanospheres and capsules were compared to target hair follicles with glucocorticoids. The
particles were produced, marked with fluorescent dyes and tested both on pig and human skin. This
study evidenced howlifferent particle structure and formulations played different roles on release

kinetics and different penetration/accumulation in different skin layers.

1.5.1.2 Nanobubbles and nanodroplets

Polymer shelled nanobubbles (NBs) and nanodroplets (NDs) represent another nanotechnology
exploited for cutaneous administration of active molesulThey are versatile multifunctional
gaseous core nanocarriers that can simultaneously deliver gases, drugs, an@agwmieset al.,

2015; Cavalli et al., 2016They have been proposed tbelocal delivery of antimicrobial drugs for

the treatment of cutaneous infectious diseases. The combination of vanctoageid NBs with
ultrasound was studied to enhance drug penetration through the skin by sonophoresis and trigger drug
release at the sit# infection. In vitro permeation studies with porcine skin showed that the amount

of vancomycin accumulated in the skin after US application combined with NBs was greater than the
minimal inhibitory concentration value, whereas the passive transpougthtbe skin of the free

drug was negligibl€Argenziano et al., 2017The feasibility of the use of the NB system combined
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with the US was also exploited to design a therapeutic tool to topically treat hgssxieiated
dermal pathologies and protedthewound healing proceg¢Basilico et al., 2015; Sayadi et al., 2018)
They showed effective ggen storing capability and the ability to release oxygen to cutaneous tissues
both in vitro and in vivo(Gulino et al., 2015; Khadjavi et al., 20159kin oxygenation of mice
topically treated with oxygefoaded NDs was monitored by visualizing the subcutaneous levels of
oxy-hemoglobin and deoxlgemogldin through photoacoustic imaging and an increase in the tissue
oxygenation with a prolonged oxygen release over time was obg#mnatd et al., 2015)

1.5.1.3 Ceramic nanopatrticles

Ceramic materials are also exploited for encapsulation and delivery of active principles. Indeed, these
materals combine the therapeutic effect of the drug with the intrinsic biological activity of the glass
(Baino et al., 2018)Ceramic materials such as silica, zinca and titania particles are commonly used
in the dermatological application since their cations exert antimicrobial activity, and their morphology
and surfaceroperties may be tuned to enhance theidfiimity (Leone et al., 2019, 2018; Limongi

et al., 2019) Anirudhan and Naif2018)succeeded in the production of drug loaded mesoporous
silica particles with a size range of 2800 nm. The surface of these particles wastggaivith
oligomeric chains that acted as thermally and ultras@atigated gates for drug controlled release.
Biocompatibility was assessed by keratinocytes cell culture assay while skin penetration was
observed on excised rat skin. Xu et(@018)propsed a similar responsive system fully based on
inorganic materials. The mesoporous silica nanoparticles were loaded with insulin and capped with
ZnO guantum dots. Enzymes were integrated into the system to promote a local decrease of pH upon
the increasefoglucose concentration. The pH decrease triggered the ZnO dissolution allowing for

insulin release. The system was proved to be effective in modulating the glucose level of rats

1.5.2 Hydrogels

Hydrogels are constituted by polymeric chains dispersed in water whose content can constitute up
99% of the system weight. They have a significant efficiency in the encapsulation and the delivery of
hydrophilic substances; moreover, their hagimtent of vater also makes thensaitablematerial for

wound and burn recove(Zhatterjee et al., 2018)eong and cworkers(2019)proposed a nobiletin

loaded hydrogel produced by crosslinking carboxymethyl chitosan with hydroxyethyl acrylate via a
free radical polymerization mechanism. The hydrogel was proved to Hexnotto keratinocytes

cells culture. The skin penetration test on micro pig dorsal skin showed that most of the incorporated

drug was released. Taktak et(@019)useda tri-block capolymer to produce hydrogels loaded with
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paclitaxel and heparin for naer therapy. The formulation showed that can be effective in cancer

treatment in vitro and in vivo.
1.5.3 Cyclodextrin based carriers

Cyclodextrins (CDs) are oligosaccharides chemically constituted by glucose riaggeal in a
toroidal structuréCarneiro et al., 2019 ommon CDs are formed by3glucose units; while recent
studies report the synthesis of cyclodextrins composed of 3 or 4 glucosélkutdset al., 2019)

CDs have been widely exploited in pharmaceutical sciences to include active sebstatheir

cavity, thus improving drug dispersibility and bioactiityan et al., 2018; Jug and Mura, 201B)
improve their drug loading content several CDs based supramolecular assemblies have been
proposed. Nanosponges (NSP) are chog®d cyclodextrins nanostructured within a three
dimensional networkTrotta et al., 2012)Thanks to their porous nanostructure, they are capable of
encapsulating hydrophilic as well as hydrophobic molecules, prayigustained and controlled
release, improving solubility, stability, permeation and bioavailab{@ilajwar et al., 2014)
Nanosponges have been progbas promising multifunctional eimgredient in topical monophasic

and biphasic formulations. Skin permeation studies showed that NSP in gels andgeil®am
containing diclofenac significantly modulate drug transport through the skin, increasing its amount
in stratum corneum and viable epiderni@@onte et al.,, 2014)The same type of NSP was also
exploited for the delivery of imiquimod (IMQ) to treat aberrant wounds. Loaded NSP acted as a drug
reservoir, able to slowly deliver IMQ through the skin, favoring dermal accumu(&tigenziano et

al., 2019; Bastiancich et al., 201Mnsari et al(2011) incorporated resveratrol in NSP evidencing

how the incorporation enhances the drug permeation rate in porcine skin and rabbit mucosa.
Nanospongédased hydrogels have been also proposed for the treatment of skin infections. They were
designed as alternativaarriers for targeting econazole nitrate (EN) to the skin to contrast fungal

infection with minimal sideeffects(Sharma and Pathak, 2011,
1.5.4 Liposomes

Liposomes are vesicle based carriers, they are typically constituted by a phospholipidic bilayer with
entrapping a core, which is usually an aqueous solution. Having an amphiphilic structure, liposomes
can entrap either hydrophalor hydrophobic molecules in the aqueous core and the lipid membrane,
respectively Marhauser et al(2015) have shown that liposomes as efficient carriers enhancing
transdermal drug release. Their approach consisted of preparing fluorescent labebedelpasd

testing their penetration through porcine skin. Deformable liposomes or transferosomes have been

designed to enhance the penetration behavior of traditional liposomes. The high elasticity of these
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liposomes allows them sxjueeze and penetrate tkin by differenppathwayqHussain et al., 2016)

Hong et al correlated the effectiveness of the skin transport of liposomal formulations to their
mechanical progrties Several formulations with various surfactants were prepared and then their
elasticity was measureahd the transdermal release was studied on a porcine skin model. More
recently, other vesicular nanosystems such as niosomes, ethosomes, transsth@s@mmnbeen
studied to enhance the transdermal drug deli{@oyec et al., 2018)These novel liposomal carriers
contain a high amount of ethanol together with surfactants and penetration enhancers, then they
furtherly improve the SC penetrati¢gdondhalekar et al., 2017; Singh et al., 2015}

It can be observed that pharmaceutical nanocarriers have been employed for the release of both
hydrophilic and hydrophobic substances. The therapeutic target for which the systems were designed
are various andclude both topical and transdermal formulations. Most of the reviewed work tested
the produced formulations onto porcine skin. Such choice can be interpreted considering the easiness
in obtaining pig skin and the proximity of the results obtained ortiisisge with the human. In some

cases, the formulations were tested in vivo.
1.6 Textile materials for healthcare

In the last decades, textile research and industry underwent significant innovative changes. Indeed,
textile materials were no more producedycfor apparel purposes but also to satisfy various needs.
Therefore, the novel concept of technical textile was introduced; such innovative textile product does
not only comply to body coverage but mostly to exert specific functionalMeasher and Wilson,

2017; McCarthy, 2016)The application of these technical textiles is broad and includes fibrous
materials employed in several fields such as electrgp@smandexaramés and Fragamas, 2018;
Roudjane et al., 2018)@utomotive and aerospa¢kslam et al.,, 2016; Lavagna et al., 2018a)
construction and building&Cui et al., 2018; Lavagna et al., 2018ame retardantgMalucelli,

2016) bullet protectiongAbtew et al., 2018and helhcare(Sami Rtimi et al., 2017; Wenyi Wang

et al., D17) The latter category is wide broad and includes all technical textiles whose purpose is to

deliver benefits to human health. Healthcare textiles have different proertidsal applications.

Antimicrobial textiles are among the first exampdésnedical textils that have been designed and

proposed. Their main property consists in inhibiting the growth of microorganisms onto their surface.

Indeed, regular textiles tend to be a good substrate for bacterial dMorths et al., 2016)This can

lead to several undesired effects such as stains, matenaig and unpleasant odors. Moreover,

textiles wore in particular environments such as hospitals or biological laboratories, as well as the
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ones used for bandages, must comply with antibacterial properties to safeguard (Mears&ao

and Cranston, 2008Antimicrobial textiles are produced by combining the fibrous material with an
intrinsic antimicrobial agent. Thesart be either antibiotic drugs, inorganic materials such as zinc
titanium and silver oxides, or polymers like chitogBashari et al., 2018; Parisi et al., 201The
antimicrobial activity of these materials is due to the fact that they own a positive surface charge that

disrupts the microbial cell wall cang the bacterium deatfHoseinzadeh et al., 2017)

Cosmeto textiles are textile materials whaim is to provié beneficial effects to the userterms

of skin care They entrap and release substances with different effects such as perfumes, moisturizing
agents, anicellulite agents, antioxidants, essential oils and ointments. Generally, they do not have a
specifc therapeutic target and their posology does not aim to have a systemic effect. They can be
produced by embedding the substance in the fiber or by fabric finishing. In the latter case,

encapsulation techniques are generally used to better apply thensalistéhe fabric and to control

its releas¢Mathis and Mehling, 2011; Salatin, 2016)

Insect repellant textiles are designegtotect the user from insects, they have aroused significant
interest in the context of preventing the spread of diseases like malaria that are vehiculated by
mosquitoes. Their functioning is similar to cosmeto textiles: an active volatile substance is
incorporated by different techniques into the textile material and thereafter released to the
environment to repel the insedSouza et al., 2014; Xin and Fei, 2003jmilarly, a category of
technical textiles is employed for protection against radiations. The latter is generally associated with
seveal health risks since they can cause DNA damaging and carcinogenesis; therefore, specific
textiles are designed to shield the body from those radiations. Such effect can be obtained by
combining textiles with specific materials either by fiber incorporator by surface finishes
(Agnhage et al., 2017; Javadi Toghchakt 2019)

Lastly, drug releasing textiles are a category of textile materials which are devoted to the release of
active substances. They are distinguished from cosmeto textiles since they are designed for specific
therapeutic applications. Thege@mployed both for the releasetopical druggo treat skin diseases

andfor the transdermaddministration osystemicactive principlesThe production of such textiles

is carried either by bulk or surface treatments. The first approach consists of integrating the active

principle inside the fiber core during the spinning process. The second approach consists of the

finishing of a regulatextile usinga pharmaceutical nanocarrier. The products obtained by such an

approach, hereby defined as biofunctional textaes the principal focus of the present work.
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1.6.1 Drug releasing textiles by bulk treatment.

Drug releasing textiles carelproduced by bulk treatment by integrating the active molecules inside
the fiber core. These materials are produced ggecial spinning process. In this context two main
technologies have been reported. The first one emgheg®nventional spinningrpcess to produce

micron size fibers for healthcare applicatiq@huang et al., 2019xhis method isof particular

interest for the production such as bioactive suture \&ih& et al., 2020)The second bulk athod,

which has aroused significant interest over the last decades, employs the electrospinning technology

to produce nanofibrous products.

Nanofibers (NFs) are class of nanomaterials characterized by a fibrous morphology whose diameter
is below 1um. Thewre usually arranged in a reticular mat structure which displays a high surface
area; this property makes NFs very interesting for biomedical applicqimsis and Varesano,
2018) Nanofibers are mostly produced by the elecirospg process (ES). It consists of the
pumping of a viscous and electrically conductive polymer solution through a spinneret under the
application of a strong electrical field. Then a fine jet is formed and collected on a metal plate. The
solid fibers depsit on the collector with a random orientation giving the finalwornen structure
(Doshi and Reneker, 1995; Greiner ancenWorff, 2007) This structure owns morphological
properties similar to one of the extracellular matrifleégueira et al., 2016)The electrospinning
process allows us to spin a different kind of polymer and to easily embed active substances in the
polymer solution(Miguel et al., 2018)For these reasons, the drug loaded nanofibers were found to
display significant advantage respect to misized ones; therefore, NFs have been widely studied
as medical textilesof dermatologial applications as reported Trable1.3 By observing th&able
a wide range of polymers can be successfully electrospun. These include hyaluronic acid (HA),
polylactic acid (PLA), polyinyl-pyrrolidone (PVP), polvinyl-alcohol (PVA), polyacrylic-acid
(PAA), poly-acryknitrile (PAN), poly(lacticco-glycolic acid) (PLGA) and others. The kinds of
active substances includable in the nanofibers are various. Indeed, such a mechanical incorporation
method allows processing different drugs regardless of their chemical properties. Moreover, the mild
temperature conditiort &hich electrospinning is carried out to avoid the risk of damaging the active
molecule. The therapeutic application of electrospun nanofiber includes wound recovery, transdermal
and topical delivery. Moreover, such materials have been employed alssiioetec application and
treatment of specific diseases such as atopic dermatitis (AD) and keloids. It is interesting to notice
that the electrospinning method has been adapted on the basis of the specific application of the
material. As an example, for wod recovery application different materials are combined in order to
obtain dual layer patches. Such dual patches are constituted by an inner hydrophilic layer absorbs
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wound exudate and promotes cell regrowth and an outer hydrophobic layer which praects t
damaged tissue from the external environment. Also in the case of cosmetic application, the emulsion
ES is used to incorporate the essential oil. In some cases, surface modifications were performed on
the fibrous mat in order to enhance the therapgutiperties.

Table 1.3. Properties and dermatological application of NFs.

Polymer Active substance Production Application Source
technique
PCL-HA/Chitosan Salicylic acid ES, dual layer patch Wound (Figueira et al., 2016)
Zein recovery
PCL/Chitosan Aloe Vera ES, dual layer patch Wound (Miguel et al., 2017)
recovery
CollagenPLA-co- Stem cell ES + surface cell Wound (Jinetal., 2011)
PCL culture recovery
PVA Limonene oll Emusion ES Fragrance (Camerlo et al., 2013
release
Silk Fibroin Vitamin E Regular ES Antioxidant (Sheng et al., 2013)
Collagen Vitamins A, C Regular ES Cosmetic (FathiAzarbayjani et
al., 2010)
Chitin none Regular ES AD treatment.  (Izumi et al., 2016)
PLGA Dexamethasone Regular ES Keloid (Li et al., 2014)
and green tea treatment
polyphenols
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PAN Holmium isotope Regular ES Skin cancer  (Koneru et al., 2016;

Munaweera et al.,

2014)
PVA-PAA Ketoprofen ES and surface Transdermal (Yun etal., 2011)
modification release
PCL Vitamin Bi2 Regular ES Transdermal (Madhaiyan et al.,
release 2013)
PVP-cellulose acetate Ibuprofen Regular ES Transdermal (Shi et al., 2013)
release

1.6.2 Biofunctional Textiles by surface treatments

Biofunctional textiles have been defined as those medical textiles obtained by surface
functionalization of fabrics with drug carriers. A wide range of carriers and active substances can be
employed in biofunctional textile preparation. Therefore, the gnt@gs and application of such
materials are various. The main driving force to integrate drug carriers in textiles is the fact that
regardless of the improved efficacy of such nanoformulations they need to be topically applied as
classical ointments andeams. Therefore, the therapy requires multiple applications and its success
is intrinsically related to patient compliance. Biofunctional textiles make the therapy wearable and
therefore require a single application overcoming the issue of scarce patigritance(Amjadi et

al., 2018; Lis Arias et al., 2018)

1.6.2.1 Production processes of biofunctional textiles.

The production of biofunctional textiles requires the application of the carrier to the fabrics which is
done by a finishing treatment. Thatter is an important unit operation of the textile supply chain
whose scope is to impart the desired final properties to the material both from the aesthetic and
technical point of view. It is generally performed at the end of the textile manufactudogspr
Usually, the approach used to design biofunctional textiles is to employ some already known finishing
technique using the drug carrierafnishing agent. The rationalibehind this approach is the easy

scalability of the production by employirag industrially feasible process from the laboratory scale.
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The most common finishing techniques include bath exhaustion, padding, layer by layer finishing
and the spray method which are sketchefigurel.4.
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Figure 1.4. Graphical representation of finishing processes for biofunctional textile production.
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These processes are often followed by drying and curing to effectively fix the carrier onto the textile
surface(Yip and Luk, 2016)In most cases, the carrier is in the form of a liquid suspension so wet

finishing processes are theost used ongglassan and Sunderland, 2015)

The bath exhaustion process is on¢he first proposed finishing technologies. It mainly consists of
immersing the fabric in the finishing liquor whose temperature and pH are controlled to achieve the
highest affinity between the fibers and the finishes. Bath exhaustion can provide edlenéxc
treatment uniformity; however, due to the high liquor ratios required it also implies a significant

carrier and water consumpti¢Ali et al., 2011; Alonso et al., 2010)

On the contrary, padding is a continuous process that redpnves liquor ratios. This technology
consists of quickly immersing the fabric in the finishing bath and then squeezing it between two
rollers; by controlling the pressure applied by the rollers is possible to adjust the wet pick up. The
finishing bath ofte contains a binding agent to improve the adhesion of the finish. In fact, for
effective and uniform padding finighe affinity between fabric and carrier mustiigh (Nada et al.,

2018; Souza et al., 2014)

Spray based finishing consists of the nebulization of the finishing solution and direct application to
the textiles. The spyanethod can be easily implemented in a process line where it is usually followed
by a fixation treatment that aims to enhance the finishing fastness. It is generally a water saving

approach(De Falco et al., 2019)

Layerby-layer (LbL) deposition is a surface engineering technifathas been widely exploited in
recent years in for thin film assembling. The process consists in dipping alternatively the textile in
oppositely charged electrolyte solutions, targeting a precise number of monolayers on the fiber
surface. Indeed, such tectue is quite versatile, given the large number of material combinations

that could be deposited and is currently feasible at level of pilot scale @antsp et al., 2016)

All of the described finishing processes avgablefor the application of drug carriers to the textile
surface. The interactions between the drug carrier and fibers play a critical role in determining the
properties of the biofurtional textiles in terms of fastness and release profiles. The use of binders
and crosslinkers is a common strategy to promote the formation of physical and chemical interaction
between the fabrics and the carrier. The oka curing treatment aftdinishing one is also a

commonly used strategy to increase the possible chemical reactions between the particles and the
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textiles. Common curing treatments are thewwudng, which exploits thermal activation, or photo
curing which employs UV irradiatiofHu et al., 2011; Junthip et al., 2016n the context of bio
functional textiles, particular care must be taken to avaid diegradation or carrier deterioration

under the curing process conditigiMarti et al., 2012; Sharkawy et al., 2017)

1.6.2.2 Testing methodologies

Upon production, biofunctional textiles undergo a series of testssesheir performance. From the
literature, it is possible to observe some commonly employed experimental procedures which allow
evaluating the performance of biofunctional textilea &boratory scale. A crucial point consists in
assessing whether the finishing process had been effective in applying the nanocarriers. Usually,
techniques like attenuated total reflectance Fourier transform infrared spectroscopy TRR)R
scanning elegcon microscpy (SEM) or data color analysase employed. ATHETIR allows not only

to assess the presence of the carrier onto the fabric but also to discriminate the kind-o&faeric
chemical interactions. SEM permits to locally evaluate the mhatangohology allowing to assess

also the carrier integrity. The data color oppositely allows globally to assess the carrier presence all
over the fabric surface; however, it can only be applied to colored finishes. The durability of the
treatment is genelfg assessed by making the material undergo several washing cycles. After each
cycle, the already mentioned tests are repeated and this allows us to understand to which extent the
carrier can stick to the fabric surfaieam et al., 2013; Peila et al., 2017; Wijesirigunawardana and

K. Perera, 2018)Upon having assessed the effectiveness of the finistaatyrtent, the performance

of the biofunctional textiles is tested according to the specific application. These tests include
biological and pharmaceutical assays. The drug transdermal penetration and release kinetic is
generally evaluated using the Franzl @aease test which is recommended by the pharmacopeia for
dermatological formulations and medical devi¢@€kien and Valia, 1984; European Pharmacpe

2001) The main body of the Franz Cell is constituted by a vessel divided into two compartments.
The top one, where the formulation/device to be tested is placed, is named the donor compartment.
The bottom one is the receptor compartment and &lfiith a fluid that mimics the blood, usually

kept under stirring. A capillary tube is connected to this chamber to collect solution samples. The cell
is jacketed and a heating fluid is circulated to keep the temperature at physiological level. The donor
and receptor chambers are separated by a membrane that mimics the skin. For in vitro testing the
membrane is usually constituted by artificial materials such as cellulose acetate or mixed cellulose
esters. In the case thieex vivo permeation test, instead, the membrane consists of skin excised either
from animals or human dono(€hien and Valia, 1984; Salamanca et al., 20T8)e artificial
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membranes allow having better repeatability of the experiments respect to excised skin ones which
display different structures due to the physiological variability. However, the skin raeenban
provide results much closer to clinical practice respect to artificial membranes that do not mimic the
multilayered structure of the skin. Recently, the group of Marti introduced the use of novel artificial
membranes enriched with SC mimicking lanavhich could combine the desirable low variability

of artificial membranes while maintaining the diversified layer composition typical of real skin
(Carrer et al., 2018A complete review of the physical and chemical properties of excised skin was
done by Todo, who also anaga the possible effect on a transdermal penetratiofiTiedo, 2017)

Cell cultures are also a widely used tool to assesdubittional textile invitro performance.
Commonly, this practice is employed either for assessing the antacproperties or to test the
cytotoxicity of the material toward the human skin tissue. The microbial growth inhibition is
conducted on model bacteria, such as the grasitive Staphylococcus aurewasd Staphylococcus
epidermis,the gramnegativeEscherchia coli, or on model fungi such &andida albicansThe
antimicrobial tests are realized according to several standard protocols, such as the EN ISO 20743,
and AATCC 1082004(Haase et al., 2017Concernig cytotoxicity tests, they are usually conducted

on skin keratinocytes or corneocytes. The cell viability is inquired by standard protocols such as
methykthiazolyl diphenydtetrazolium bromide (MTT) or Lactate dehydrogenase (LDH) assays. The
cell viability test is generally performed on the HaCat skin keratinocytes ce(Huneet al., 2013b,
2013a) Nortinvasive invivo methodologies dve also been proposed for biofunctional textile
testing. They consist in applying the textile on the skin of human volunteers in the form of a patch
test and subsequently obtain data on the skin condition by different methods such appapg @tri
transepidermal water loss measurement (TEWAlpnso et al., 2013; Mossotti et al., 2015uch

tests are of tremendous importance to develop the technology toward the market stage.

1.6.2.3 Regulation for biofunctional texttemmercialization

To put biofunctional textiles on the market, all the requirements demanded by the regulatory agencies,
such as European medicines agencies (EMA}amBDA must be fulfilled. In the current regulatory
status, the classification of a himctional textile may fall under different categories. A fabric
containing a drug loaded carrier is classified either as a cosmetic product, a medical device or as a
medicinal producbased orthe active substance and of its penetration profile. Thestrogld have

only an ancillary function otherwise the regulation of medicinal products must be fol{dMusdzzi

et al., 2017)Special attention must be also paid to the presence of nanomaterials. This issue is
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particularly complicated in the European regulatory framework due to the lack of harmonization of

the different norms.

Generally, the regulatory agencies require the producers to assess the safety, quality and efficacy
profile of the nanotechnology bakhealthcare produ¢Rauscher et al., 2017A clearer regulation

of products containing@anomaterials was introduced by FDA the Nanotechnology Task Force in
2007. The task force introduced scientific and regulatory considerations regarding the effectiveness
and safety of such products together with several guidance documents to industaesieoupdated
recommendationgFDA, 2007; Hamburg, 2012)or both EMA and FDA the key factor to be
assessed is the safety of the product containing nanomaterials. In January 2015, the European
Scientific Committee on Emergingha Newly Identified Health Risks (SCENIHR) adopted the
"Guidance on the determination of potential health effects of nanomaterials used in medical devices".
The latter provides information about the safety evaluation of nanomateealthe determinadin

of hazards associated with the use of nanomaterials and risk assessment for their use in medical
devices(SCHENIR, 2015) The basic tests to be carried out for medical devices, therefore including
biofunctional textiles, are reported in the ISO guideline (EN ISO 10998)hich the necessary
biological safety tests are listed. They include evaluation of cytotoxicity, tissue compatibility,
sensitization and irritation potentia(EN ISO, 2018) However, in the case of the presence of
nanomaterial in the device, stricter classifications may apply due to the potential internal exposure to

nanoparticles caused by the application of sugtoduct.

In the FDA regulatory frame, the medical device must undergo a premarket approval application
(PMA) if the inclusion of nanomaterial requires original clinical study data to ensure the safety of the
nanoproduct. This approval process requiliescal trials orproofs abouthe safety and effectiveness

of the devicgJones et al., 2019; Ventola, 201Zhe application of nanomatals in cosmetics is,
instead, well defined and regulated. Regulation (CE) No 1223/2009 introduced specific requirements
for marketing cosmetic products containing nanomaterials. It is required by the product manufacturer
to register it in the cosmetic proct notification portal (CPNP) by specifying the presence of
nanomaterials together with their specification and possible exposure conditions. Thereafter the
European commission may require the scientific committee on consumer safety (SCCS) to perform
a risk assessmerfEC, 2009) FDA provides guidelines to industry on the safety assessment of
nanamaterials in cosmetic products. The guidance documents help to identify the potential safety
issues of nanomaterials in cosmetic products and develop a framework for evaluating them. In

particular, the safety of a cosmetic product containing nanomatataigld be evaluated by

34



analyzing the physicochemical properties and the relevant toxicological endpoints of each ingredient

in relation to the expected expos@f®A, 2014)

1.6.3 Examples and applications of biofunctional textiles

Over the last decade, significant efforts have been spahe development of biofunctional textiles.
In the production of such materials, different kinds of drug carriers have been applied to several
fabrics by exploiting various finishing techniques. The different kinds of biofunctional textiles

produced togdter with their main properties are summarizedablel.4.

Polymeric particles (either micro or nano) were widely employed in biofunctional textile finishing
(Butstraen et al.,, 2016; Salatn, 2Q1B)ossotti et al.(2015) produced menthol loaded PCL
nanoparticles by a solvent displacement method. The particles were applied to cotton fabrics and test
on human volunteers indgouble blind patch test. The work evidenced how these patches provided
topical refreshment to the woiteer without damaging the skin as evidenced by the TEWL
measurements. In the work of AR011)an antimicrobiatextile was developed by combining two
antimicrobial agents i.e. silver and chitosan. Silver was loaded in a chitosan shell by an ionotropic
gelation method. To apply the particles to the unreactive polyester fabrics their surface was activated
by a NaOH treatment before proceeding with the bath exhaustion finishing. The antimicrobial assay
evidenced an improved bactericidal activity of thenposite material respect to one of every
constituent, therefore synergistic antimicrobial mechanism was obseved

In the work of Yang et a[2014) a spray drying method was employed to incorporate vanillin in a
chitosan shell, the capsules were grafted on cotton fabrics by a bath exhaustion protocol in which
citric acid was added to promote crosslinkifige obtained textile exhibited high washiiagtness

due to tle chemical bonds betwrthe chitosan shell and the cellulose fabric. In the work of Hassan
and Sunderland (2015gncapsulated dodeegrimethylammoniumchloride was added to wool
fabrics to impart both antimicrobial activity and inseepellency. Such an approadot only
benefiedand protect the user but also avoid degradation of the fabric by moths. The capsules where

applied bya paddry-curing process which effectively imparted repellent activity

In the work of Alonsq2013) gallic acid was incorporated in PCL microparticles by double emulsion
method and applied onto polyamide fabrics. A novel noninvasive in vivo testing method for the
antioxidant effect was proposed. The fabrics were applied to set of volunteers witlendiffer
phototypes, thereafter the SC was removed by tape stripping. The tapes were tested for antioxidant
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activity by UV irradiation and thiobarbituric acid assay. The work showed that PCL effectively
vehiculared the drug in the SC, there the particles gek sind act aeservoir systesr Ghayempour

et al.(2017)have recently incorporated the hydrophilic chamomile extracts via a double emulsion
method, the obtained capsules were mixed withcaylia resin and applied to cotton fabric, the resin

was crosshked by UV curing. Such an approach ledhteslow release and high washing fastness

due to the presence of the capsules and the resins hindering the extract diffusion. Furtherly, the
hindered diffusion did ot compromise the antimicrobial activity dfet extracts retained throughout

several washing procedures.

According to Mart et al. (2012) the application of the capsules by resin finishing may cause
considerable alteration on the transdermal release kindties.transdermal release occurs by
diffusion phenomena, the driving forces depending on the concentration gradient, which is affected
by the amount of drug contained in the fabric. For this reason, this study focuses on evaluating the
effective drug loadingof the fabric upon treatment with microcapsules and liposorbs.
application was performed by padding process onto cotton, polyamide (PA), polyacrylic (PAC) and
polyester (PES). The substance was extracted both by soxhlet extraction and ultrasouarttibath,
guantified by U\vis spectroscopy and HPLC. The work proved that in the carrier loading onto
different fabrics a significant role is played dyrface interactions and chemical affinities between

the carrier shell and the fibe:r

The production of medical textiles utilizing inorganic and hybrid particles reported by Hassabo et al.
(Hassabo et al., 201®)ho incorporated different topical dys, like diclofenac and linoleic acid in

silica nanoparticle. The particles were produced by using TEOS as a precursor and following the
Staber protocol. Thereafter, the particles were applied to cotton fabrics by spraying finishing. The
release test prodehe delivery of the active substance in dermal pH conditions and the antimicrobial
activity against several species. A combination of organic and inorganic particles was proposed by
Perelshteiret al., which employed a sonodynamic deposition me{lf@telshtein et al., 2013Jhis
approach allowed the direct assembly of the particles onto the cotton surface. The combination of
zinc oxide (ZnO) and chitosan sigmidintly improved the antimicrobial activity compared to the

single agents and the use of ZnO particles imparted also UV protection properties to the garment.

Some studies reported the production of biofunctional textiles by exploiting liposomal cRuigics.
et al.(2010) studied the transdermal release of caffeine loaded liposomes from functionalized cotton
fabrics. The authors performed a series of release experiments on a Franz Cell by testing firstly
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caffeine solution and liposome formulation, sedly the fabrics functionalized with the same
solution and formulation. Each experiment was performed both on the synthetic membrane and
excised porcine skin. In a successive work, the same textile substrate was functionalized liposomal
carrier produced ursg either phosphatidylcholine and with internal wool lipids as shell material
(Marti et al., 2011)The materials were tested on human volunteers by applying a non invasive in

vivo methodology based on a patch test similar to the one previously deg&idnesb et al., 2013)

Cyclodextrins have been extensively employed
proposed methodologies for CDs chemical modification to produce cyclodextrins based polycationic
and polyanionic sgcies(Junthip et al., 2015Jpon imparting positive or netige charges, the CDs

were loaded with 4ert-butyl benzoic acid and used to finish polyester fakthcsugha layer by

layer deposition. Considered the nonreactive nature of the textile material, a preliminary surface
activation by plasma treatment wasriprmed. The biofunctional textile exhibited effective drug
release properties and antibacteridlinthip et al., 2016)Mihailiasa et al.(2016) synthesized
cyclodextrinnanosponges by chemical crosslinking to better incorporate melatonin. The crosslinking
was proven to improve drug loading since the drug was not only entrapped inside the CDs cavity but
also in the inteCDs network of the nanospoegy The loaded nanosp@sgwere applied on cotton
fabrics by a bath exhaustion process and the treatment exhibited fastness for two washing cycles;
moreover, a controlled melatonin release was observed in the Franz diffusion cell test. Maesta Bezerra
et al. (2018) produced simila crosslinked cyclodextrin systemthat were employed for the
incorporation of citronella oilfThe CDs were applied on wool fabrics by padding method, the overall

system presented an anomal ous release kinetic

The use of hydrogels in the context offimctional textile preparation was proven to be an effective
strategy to provide drug administration and moisture management simultan@heiterjee et al.,

2018) Some authors proposeadbiofunctionatextile for treating atopic dermatitis. The antioxidant
gallic acid was extracted from a mixture of Chinese traditional herbs and incorporated in multilayer
capsules of chitosan and sodium alginate. The carriers were applied to cotton fabrics by padding
finish followed by oven curing. A resin binder was added to finish formulation to improve the
fixation. The drug release test showed a continuous release for over 72 hours. Moreover, a
cytotoxicity test, performed on the HaCaT cell line both by MTT and Ippdtocols, proved that the
proposed material is not toxic for human sfttui et al., 2013a, 2013b)
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By observing the literature summarizedliablel.4, it emerges that biofunctional textiles have been
extensively studied in recent years for a wide range of applications. Cotton fabrics are the most
exploited material for this technology. The choice afiggotton for biofunctional textiles production

can be explained considering that it is made of cellulose which is an extremely biocompatible
compound. Indeed, cotton was never reported to cause any skin allergy; moreover, it displays good
breathabilityand moisture management properties. The last two features are indeed very important
in wound healing applications. Lastly cotton is extremely hydrophilic wettable this is a
tremendous advantage in the context of the wet finishing processes sinpeckagyof the carrier
suspension into the textile material is obtained. The finishing treatments that have been employed for
bio-functionalization are diverse, the choice of each author rbaded orthe final application.
Indeed, the kind of finishing treatment is strictly related to the final application. Several authors aimed
to obtain the formation of chemical bonds to boost the fastness of the treatment. Some other designed
the finishing treatmdnto bind the carrier only physically and therefore promote its release.
Concerning the drug carrier used for biofunctional textiles preparation, it is noticeable that polymeric
particles have been the most exploited ones. Such carriers have indeed signiednt interest

due to their versatility in incorporating different kinds of active substances. Moreover, the large
availability of polymers which can be employed to encapsulate active principles allows designing

carriers with proper surface affinityith the fibrous substrate.

38



Table 1.4. Characteristics and application of fiimctional textiles.

Carrier Active Substance Textile Finishing technique Application Reference
Nanoparticles Menthol Cotton Imbibition Thermal regulation (Mossaotti etal .,
2015)
Microparticles Silver PES Bath exhaustion Antimicrobial (Ali et al., 2011)
Nanoparticles lodine Viscose Padding Antibacterial (Zeml j il e
antioxidant
Microparticles Vanillin Cotton Bath Exhaustion/ crosslinkin Antibacterial and aromi (Yang et al., 2014)
release

Microparticles dodecyl trimethyl Wool Paddry-cure Bacterial and insect (Hassan and
ammonium chloride protection Sunderland, 2015)

Nanoparticles Gallic Acid Polyamide Bath exhaustion Topicalantioxidant (Alonso et al., 2013)
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Microparticles

Microparticles

Polymeric Nanoparticles

Nanoparticles

Nanoparticles

Silica nanoparticles

ZnO nanoparticles

Liposomes and Microcapsule

Chamomile extracts

Berberine

Zinc Oxide

Rose fragrance

Aromas

Diclofenac

Sunscreen

Cotton

Cotton

Cotton

Cotton

Cotton

Cotton

Cotton

Cotton, PA,
PAC, PES.

Resin finishing/UV curing

Spraying

Pad dry curing

Dipping

Chemical grafting

Spray

Direct synthesis onto faios

Foulard

Topical antibacterial

Topical treatment

UV protection

Cosmetic

Cosmetic

Topical treatment

UV protection

UV protection

(Ghayempour and
Montazer, 2017)

(Lam et al., 2013)

(AbdElhady, 2012)

(Hu et al., 2011)

(Sharkawy et al.,

2017)

(Hassabo et al., 201&

(Perelshtein et al.,

2013)

(Marti et al., 2012)
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Liposomes Sunscreen Cotton Bath Exhaustion UV Protection (Marti et al., 2011)
Liposomes Pyrazole Cotton Pad dry curing Topical release (Nada et al., 2018)
Liposomes Caffeine Cotton Imbibition Transdermal (Rubio et al., 2010)
administration
Cyclodextrins TBBA PES Layer by layer deposition Topical infections (Junthip et al., 2016,
treatment 2015)
Cyclodextrin nanosponges Melatonin Cotton Bath exhaustion Transdermal release  (Mihailiasa et al.,
2016)
Cyclodextrin Citronella oll Wool Padding Insect repellency  (Maesta Bezerra et al
2018)
Hydrogels Chinese Herbal extract Cotton Paddry curing Topical treatment (Hui et al., 2013a,
2013b)
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Chapter 2. Encapsulation processes and technologies

Micro- and nanoparticles are the most exploited carriers for medical and biofunctional textile
functionalization. The large availability of biocompatible polymers provides a wide range of
possibilities in the design of such carriers. Furtherly, the teogreal maturity of the encapsulation
processes makes possible to easily adjust production to achieve the desired product characteristics.
In the context of transdermal delivery, it is necessary to produce particles respecting quality and
guantity constraits. In terms of quality, it is necessary to produce particles with a characteristic size
sufficiently low to allow the permeation through the slrparticle size of 500 nnwas reporte@s

the threshold fopolymeric particles to overcontlbe skin barrie(Kohli and Alpar, 2004; Schneider

et al.,, 2@9). Therefore, the nansized carriers must be employed for skin delivery applications.
Considering the chemical selectivity of the epidermis, particles owning a lipophilic and polar surface
are considered to be more effective in permeating the SGafféesurface properties mostly depend

on the polymer used as shell material. The polymer used for drug encapsulation is strictly required to
be biocompatible, moreover, the use of a biodegradable polymer is considered as a plus for the drug
delivery apfications(AbdelMottaleb et al., 2012 onsidering that the produced carriers have to be
used as a textile finishing agent, it is also of crucial importance to select an encapsulation process that

assures levels of productivity consistent with the needs of textile finishing.

Encapsulation mcesses are mostly classified according to physicochemical principles and
phenomena that induce the particle formations. A list of the encapsulation processes considered of
interest for the present application is summarizethinle2.1. These process m& consists of two
fundamental steps i.e, i) the formation of an interphase that leads to the production of the droplets and

i) the shell formation and hardening of droplets to form the car(ienganowska et al., 2017)

Regarding the first step, liquigas or liquidliquid interphases can be exploited for droplets
generation. The liquigias dispersion is formed in spray based processes such as yhergpg or

the electrospray. In such processes, the polymer solution is atomized in the air to form the droplets.
The shell formation is generally achieved by the evaporation of the solvent during the travel from the
atomizer to the collector. The morpbgl of the particles obtained is either of capsule or sphere

depending on the substance encapsulated.

42



Table 2.1. Comparison of different transdermal technologies.

Encapsulation Interface Size Polymer used  Morphologies Sources
method
Spray drying Liquid-Gas  0.2-10pum PLGA, Arabic Spheres and (Arpagaus et al., 2017
gum, chitosan, capsules.
PVA, Sodium
alginate
Electrospray Liquid-Gas  0.2-25um Chitosan, PCL, Spheresand (Pawar et al., 208B)

PLGA, PLA, Silk capsules.
Fibroin, Gelatin,

cellulose acetate.

Solvent evaporation Liquid- 0.5200 um PLGA, PLA, PEG Capsules (Li et al., 2008)
Liquid EC, PMMA
(Emulsion)
Chemical crosslinking Liquid- 0.1-230 pm  Chitosan, PMMA, Capsules  (Agnihotri et al., 2004;
Liquid Gelatin, Arabic Taban et al., 2020)
(Emulsion) gum
Photopolymerization Liquid- 50-500 nm Photoreacting Capsules (Sangermano and
Liquid monomer: Thiol Bazzano, 2018)
(Emulsion) ethers, diviryl-

ethers, acrylates,

metaacrylates.
Simple coacervation Liquid- 0.1-50 pm Gum arabic, Spheres and (Mohanty et al., 2007;
Liquid gelatin, chitosan, capsules Salehiabar et al., 201¢
(Emulsion) alginate, pectin.
Complex coacervation Liquid- 0.1-50 pm Polyanions and  Spheres and (Lietal., 2018;
Liquid polycations capsules Timilsena et al., 2019)
(Emulsion) couples: gum

arabic, gelatin,
chitosan, alginate,

pectin.
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Solvent displacement Liquid- 1005000 PLA, PCL, Spheres and (Martinez Rivas et al.,

Liquid nm PLGA, PEG, capsules 2017)
(Miscible) Chitosan, Gelatin
Flash Liquid- 50-5000 nm PEGD-PLA, Spheres and (Tao et al., 2019)
nanoprecipitation Liquid PEGb-PLGA, capsules
(Miscible) PCL, Lecithin,
Zein

Several encapsulation techniques exploit the lidjguaid dispersions for the droplet formation. The
liquid substances involved can be either miscible or not miscible among them. When two not miscible
liquids are employed emulsions are formed. The emulséehnologies ara very popular and
versatile approach for the formation of the droplets. Numerous approaches such as solvent
evaporation, chemical crosslinking, photopolymerization and coacervation have been proposed to
promote membrane hardening. Thesehniques lead to the production of liquid core capqUlas

and Danquah, 2012)

When miscible liquids are used instead, the droplets are formed because of a lack of solubility of the
polymer in the new liquid environment. This approach, typical of the solvent displaceratad

leads to the formation of spheres or capsules depending on the substances givipityez Rivas

et al., 2017)

Observing the encapsulation techniques summarizeéihlobe 2.1 it is evident that the proposed
techniques have been reported to exploit different kinds of polymers such as natural polymers
(chitosan, gelatin, alginate) and synthetic ones (PLA, PCL, PLGA). The morphology of the products
obtained mostly consists a@apsules and spheres. Most of the proposed techniques lead to the
production of carriers with size ranging from a few hundreds of nanometers to several micrometers.
Being particle size a fundamental property in determining the skin permeation, the ntentione
proceses weredeeply analyzetb understand which one allowis obtain nanosized particles while

matching other desired properties both from material and process point of view.

2.1 Liquid-gas dispersion: spray based methods

Spray based technologies employ liggas dispersions. The droplets are formed as aerosols and

dried inside the appositively designed device. Therefore, the main peculiarity of these techniques
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consists in the production of dried particles powders. Thesducts are generally easier to handle,
store and transport, moreover, the lower water activity makes dried particles less sensible to microbial
attacks compared to particle suspensi@msuin, 20@). Indeed, spray methods can be used both for
particle formation or for the drying of particle suspensions produced through other technologies. The

main technologies in this contest are the spray drying and the electrospray.

2.1.1 Spray drying

The spray drying process exploits the atomization of a polymer solution to form an aerosel. High
temperature gas is required to dry the aerosol and form dry particles. Spray drying equipments are
nowadays commercially available at industrial scale and canatepe continuous mod@rpagaus

et al., 2017)The flow diagram of a spray drying apparatus is sketchEayure2.1.

Figure 2. 1. Representation of the spray drying process reprinted ffopagaus et al., 2017)
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