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Introduction and research aims

1.1. Introduction

The skin is the outer covering of the body. It provides protection against environmental
insults, maintains water homeostasis, and regulates body temperature as well as waste
excretion. The skin is comprised of the epidermis as the protective barrier, the dermis forming
the bulk of the skin, and the hypodermis, which regulates energy storage and metabolism, and
provides thermal insulation (Schéifer & Redelmeier, 1996). It is well established that
pharmaceutical agents applied to the surface penetrate into the skin by diffusing into the lipid
matrix of the stratum corneum and spreading into the upper corneocyte layers (Bouwstra et
al., 2001; Choi et al., 1999; Essa et al., 2002; Hadgraft, 2001). Continuous sloughing off of
corneocytes through desquamation however results in rapid depletion of drugs dispersed in
the horny layer. The pilosebaceous units, consisting of the integrated structures of the hair
follicles, the hair shaft, the adjoining arrector pili muscle and the associated sebaceous glands,
were previously not considered to participate in transdermal penetration. Recent in vitro and
in vivo studies have now provided substantial evidence for their roles as shunt routes to
deeper skin layers in a number of laboratory animals and humans (Dokka et al., 2005; Jung et
al., 2006; Meidan et al., 1998; Ogiso et al., 2002; Otberg et al., 2007; Teichmann et al., 2006).
The success and efficacy of penetration into the hair follicles is determined by the numbers,
distributions, morphometries and activities of the pilosebaceous units found in the skin, the
constitution of the skin (Feldmann & Maibach, 1967; Hueber et al, 1992; Lademann et al.,
2001; Lauer et al., 1996; Maibach et al., 1971; Mangelsdorf, 2007; Otberg et al., 2004a;
Riviere & Papich, 2001; Singh et al., 2000; Walters & Roberts, 1993), the properties of the
applied agent (Langer, 1990), as well as the method of application (Lademann et al., 2007).
Substance retention and storage in the hair follicles is long-term in comparison to that in the
stratum corneum, as their contents are depleted only through the slow processes of sebum
retention and hair growth (Ossadnik et al., 2006).

Interest in the pilosebaceous units as target structures is aimed at their use as depots for
localized therapy, particularly for the treatment of skin diseases, follicle-related disorders
(Meidan et al., 2005) and hair growth abnormalities. The sebaceous glands of humans are
implicated in the etiology of acne (Thiboutot, 2004), androgenetic alopecia (Meidan &
Touitou, 2001) and other sebaceous gland dysfunctions, and are thus obvious targets for
locally active therapeutic agents. Considerable effort has been directed towards maximizing
the accumulation of drugs in the hair follicles and sebaceous glands including adapalene
(Rolland et al., 1993), isotretinoin (Tschan et al., 1997), and anti-androgen RU58841 (Bernard
et al., 1997; Miinster et al., 2005). Substantial attention has also been focused on exploiting
the hair follicles for systemic drug delivery (Meidan et al., 2005). Topically applied
substances that reach the dense network of capillaries surrounding the hair follicles (Ryan,

1983) can permeate into the central circulatory system, resulting in rapid dilution (Schifer &
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Redelmeier, 1996) and dispersion (Lauer et al., 1996) of the drugs throughout the body.
Langerhans cells found in abundance along the hair follicles and other immune cells (Vogt et
al., 2005) can be targeted by topical immunization to enable needle-free delivery (Fan et al.,
1999; Gupta et al., 2005). The multipotent and highly proliferative hair follicle bulge cells
(Ohyama, 2007a) have attracted attention for applications in human cutaneous regenerative
medicine (Cotsarelis, 2006; Stenn & Cotsarelis, 2005), and may provide alternatives to

embryonic stem cells (Hoffman, 2007).

The concept of targeted drug delivery was first proposed by Paul Ehrlich at the beginning of
the 20t century with the idea of a ‘magic bullet’ that can selectively bind to specific types of
cells without causing toxic side-effects at non-therapeutic sites (Yokoyama, 2005). In recent
years, the development of particulate systems for drug delivery has tremendously impacted
nearly every branch of medicine (Alvarez-Roman et al., 2004a, 2004b; Brigger et al., 2002;
Koziara et al., 2004; Lamprecht et al., 2001; Langer, 1998; Salata, 2004). Nanotechnology in
particular offers a suitable means for delivering small molecular weight drugs, as well as
macromolecules such as proteins, peptides or genes, by either localized or targeted delivery to
the tissue or organ of interest. It focuses on formulating therapeutic agents in biocompatible
nanocomposites including nano-sized particulates and capsules, micellar systems, and
conjugates. Nano-sized particulates are solid colloidal particles sized 10 to 1000 nm with
pharmaceutical agents encapsulated within their matrix or adsorbed or conjugated onto their
surface (Kreuter, 2004). Since these systems are submicron in size, they have multifaceted
advantages in drug delivery. They can be used to sustain a drug or gene effect in the target
structure, to improve the stability of therapeutic agents against enzymatic degradation,
especially of drugs pertaining to proteins, peptides and nucleic acids (Moghimi et al., 2001),
and to reduce adverse side effects (Lamprecht et al., 2001; Langer, 1998). Nano-sized
particulates have been reported to successfully target specific anatomical sites such as the eye
(Cavalli et al., 2002; Calvo et al., 1994), nose (Fernandez-Urrusuno et al., 1999; Ghirardelli et
al., 1999) brain (Ramge et al., 2000; Schroder et al., 1998), intestine (Pan et al., 2002; Zara et
al., 2002) and skin (Alvarez-Roman et al., 2001; de Vringer & de Ronde, 1995; Jenning et al.,
2000; Miiller et al., 1995; Miiller et al., 1998; Schiitt et al., 1998).

1.2. Research aims

The therapeutic use of topically administered nano-sized drug delivery systems customized to
target follicular structures is a novel and highly promising prospect. In the follicular canal, the
particulates are shielded from abrasion, enabling drug retention (Baroli et al., 2007,
Lademann et al., 2007; Otberg et al., 2008; Shim et al., 2004). To date, only very few studies

have been conducted on the penetration of nano-sized particulates into the hair follicles of
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animal species relevant for veterinary practitioners. The comparatively high density of hair
follicles found in most companion and farm animals offers an obvious abundance of follicular
target structures. In veterinary practice, patient and patient owner compliance plays a crucial
and often limiting role in the success of a treatment regimen. Particulate drug delivery
systems that can be administered topically instead of orally or by needle, and in fewer
dosages, would therefore greatly facilitate ministration of patients, in particular when treating
uncooperative pets or wild animals. Similarly, the potential reduction in animal handling,
resulting in decreased animal stress and economic savings, would be of significant benefit in
the treatment of farm animals. These factors will be major driving forces in the development

of such topically applicable drug delivery systems for veterinary practice in the near future.

The quantification of therapeutic agents located in the hair follicles is of substantial
pharmacological relevance for questions regarding administration, concentrations and
dosages. The method of differential stripping developed by Teichmann et al. (2005) is widely
used to selectively and differentially quantify drugs dispersed throughout the upper layers of
the stratum corneum and within the appendageal structures in in vivo studies with human
subjects (Lademann et al., 2006; Ossadnik et al., 2007; Patzelt et al., 2008). Differential
stripping does not however provide valid results for in vitro studies using porcine skin as a
model for human skin, as it is not possible to remove the complete follicular casts from
porcine skin without producing tears in the cyanoacrylate. This is presumably due to the fact
that although there is not a high density of hair follicles on the porcine ear, the bristles are
relatively thick and penetrate deeply into the skin (Meyer, 1986), and are thus much more
difficult to remove. Testing of substances with unknown or potentially harmful effects on in
vitro models such as porcine skin prior to the administration to human subjects is necessary to
ensure product safety for humans, generating a high demand for alternative procedures

applicable to porcine skin.

The research aims of this study can be divided into two sections as specified below:

1) To examine the follicular penetration of 5-fluoresceinamine-labelled poly(lactide-co-
glycolide) (FA-PLGA) particulates sized 256 nm and 430 nm suspended in cellulose gels in
excised dog, rat and porcine skin; interindividual and interspecial variations in follicular
morphometries and skin constitutions as well as characteristics of the particulates will be

discussed as factors of influence;

2) To develop a novel procedure that enables the selective quantification of drugs located in
the follicular canals of porcine skin subsequent to topical application using the dye
Rhodamine B Isothiocyanate (RhBITC) a model drug.
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2.1. Skin

The skin is the body's largest organ, with a surface of 1.8 to 2 m? and a weight of almost 9 kg
in humans (Degim, 2006). Its complex structure reflects a myriad of biological functions
(Riviere & Papich, 2001). It represents the outer boundary and protective barrier of the body,
as well as a large surface for contact with the environment. The skin provides protection
against mechanical, thermal, chemical and biological insults (Liebich, 1993). It effectively
mounts immune responses to small amounts of antigen (Fan et al., 1999) and functions as a
sensory organ for mechanical and thermal stimuli, as well as pain (Leonhardt, 1990). It is
flexible enough to resist permanent distortion from movement, and thin enough to allow
stimulation (Degim, 2006). Skin glands and blood vessels regulate body temperature and
water homeostasis (Leonhardt, 1990), and control the expulsion of waste products (Barry,
1983; Scheuplein & Blank, 1971). Finally, the skin plays a regulatory role in the excretion of
stress hormones (Kiinzel, 1990).

The skin is a highly organized structure consisting of three main layers, the epidermis, the
dermis and the hypodermis, as well as a number of distinct appendages. The superficial layer,
the epidermis, consists of multilayered, squamous epithelium (Fritsch, 1998). The second
layer is the dermis, which is a dense, 1 to 4 mm thick layer of fibroelastic connective tissue
(Odland, 1991), forming the bulk of the skin. The third layer, the hypodermis, is composed of
loose fatty connective tissue (Schifer & Redelmeier, 1996). The thickness and staunchness of
the skin varies depending on the species, breed, age and body region. Skin on the back is
generally thicker than the skin on the stomach, as is mechanically strained skin (Habermehl,
1996) and skin covered by hair (Liebich, 1993).

2.1.1. Epidermis

The epidermis mainly consists of epidermal keratinocytes, which proliferate and divide in the
epidermal basal layer and move upwards through the skin as they mature to form cornified
cells (Fritsch, 1998). Other cell types present in the epidermis are melanocytes for skin
pigmentation (Jimbow et al., 1993), Langerhans cells for antigen presentation and immune
responses (Stingl et al., 1993), as well as Merkel cells for sensory reception (Kim &
Holbrook, 1995).

The basal cell layer is a single layer consisting of cubic to columnar shaped basal cells,
including the epidermal stem cell population. It is responsible for the regeneration of the
keratinocytes, and balances cell loss (Fritsch, 1998). The basal cells have a basophilic

cytoplasm, desmosomes for cell attachments, gap junctions for cell communication and
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hemidesmosomes in order to connect with the extracellular matrix and the underlying basal
membrane. Keratin filaments and tonofilaments are distributed in bundles at the periphery of
the nucleus in the cytoplasm of the keratinocytes, from where they connect with
hemidesmosomes and desmosomes to form a rigid cellular cytoskeleton (Shimizu, 2007). The
suprabasal layer consists of 2 to 5 layers of larger polygonal keratinocytes that are connected
via desmosomes despite large intercellular clefts (Leonhardt, 1990). The cells are polygonal
in the lower layer and flattened in the upper layers (Shimizu, 2007). Characteristic Odland
bodies are cell organelles found containing lipids and enzymes. The onset of terminal
differentiation in this layer causes cells to lose the ability for cell division. At the transition
into the granular cell layer, keratinocytes flatten and are characterized by basophilic
keratohyalin granules. Dehydration occurs, and cell nuclei and organelles are lost. The
exocytosis of Odland bodies induces the production of an impermeable intercellular cement,
which fixates the cells (Fritsch, 1998). The stratum lucidum is thickest on the palms of the
hands and the soles of the feet. The cells are eosinophil and contain densely packed filaments
and degraded cell organelles. This layer could be identified in various regions of mouse, rat,
guinea pig and dog skin (Zirra, 1976).

Most of the cells in the stratum corneum are terminally differentiated, flat, polyhedral shaped
corneocytes that are tightly packed in stacks which run perpendicular to the skin surface
(Cevc, 2004; Schiafer & Redelmeier, 1996). Mammalian corneocytes are approximately 0.3
um thick, although higher values have been reported (Schétzlein & Cevc, 1998; Plewig et al.,
1983). The cells are thicker and smaller in the deeper epidermis (lizuka, 1994). The stratum
corneum consists of approximately 15 corneocyte layers, with a total thickness of 6 to 8 pm in
humans (Cevc, 2004). It can be up to 10 times thicker at body sites of increased pressure, such
as the palms of the hands and the soles of the feet (Stevens & Lowe, 1992).

The corneocytes are cell remnants of terminally differentiated keratinocytes found in the
viable epidermis, whose cellular organelles and cytoplasms vanished during the process of
cornification (Schifer & Redelmeier, 1996). They are composed primarily of bundled keratins
(Eckert, 1989; Steinert, 1993), which provide them with structural stability, tensile strength
and elasticity (Schifer & Redelemeier, 1996). The bundled keratins are surrounded by a
chemically highly resistant cell envelope, which is stabilized by cross-linked proteins
(Reichert et al., 1993). Covalently bound lipids are grafted onto the cornified envelopes
(Wertz et al., 1989). The corneocytes are interconnected by polar structures such as
corneodesmosomes that contribute to the cohesion of the stratum corneum (Caputo &
Peluchette, 1976). The intercellular region consists of lipids that accumulate in small
organelles known as lamellar granules as epidermal keratinocytes differentiate (Grayson et al.,
1985; Landmann, 1986; Menon et al., 1992). The lipids are extruded into the intercellular

spaces where they undergo enzymatic processing to produce a mixture of ceramides,
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cholesterol and fatty acids. They are organized into a multilamellar complex that fills most of
the intercellular space of the horny layer (Schifer & Redelmeier, 1996). The ceramides are
considered to function as emollients, which render the skin soft while conferring water-
retention properties on the stratum corneum (Imokawa, 1989; Kerscher & Korting, 1991;
Landmann, 1986; Schurer & Elias, 1991). The corneocytes are 'cemented' to adjacent cell
layers via the intercellular lipid matrix (Riviere & Papich, 2001), forming a 'brick and mortar'
structure (Elias, 1983) which has been used to conceptualize the barrier properties of the skin.
This unique morphology of the stratum corneum results in a highly convoluted and tortuous
lipid pathway for water diffusion, causing the water molecules to migrate over much greater
distances than the stratum corneum thickness. This renders the water permeability about 1000

times lower than that of most other biomembranes (Potts & Francoeur, 1991).

On the skin surface, the upper layers of the stratum corneum are continually sloughed off to
the external environment by friction and replaced by the migration of differentiated cells from
the layers below. In humans, this cycle takes approximately four weeks (Riviere & Papich,
2001). The process of desquamation requires the controlled destruction of cell-cell adhesive
structures such as desmosomes through enzymatic proteolysis (Houben et al., 2007).
Topically applied substances stored in the uppermost layers are consequently lost along with
the desquamated cells (Lademann et al., 2006). Epidermal structures such as claws, hooves,
horn, the cortex and cuticula of hair, as well as feathers, with the exception of the interior of
the quill, are developed through cornification. This process is cyclical and can take weeks or

months such as in hair, or can be continuous such as in hooves (Kiinzel, 1990).

2.1.2. Dermis

The dermis forms the bulk of the skin and contributes to 15 to 20% of the total body weight.
Its thickness determines the total thickness of the skin. The dermis consists of two
compartments, the papillary dermis and the reticular dermis. The papillary dermis is the
thinner outermost portion of the dermis, constituting approximately 10% of the thickness of
the dermis. It contains smaller and more loosely distributed elastic and collagen fibrils than
the underlying reticular dermis, and has a larger amount of ground substance (Hendriks,
2005). The papillary layer is separated from the epidermis by the dermo-epidermal junction, a
physical barrier formed by ridges in the papillary layer, which interdigitate with epidermal
invaginations (Odland, 1991; Ebling et al., 1992). The papillae at the dermal side contain
capillary loops that provide nutrients for the avascular epidermis (Liebich, 1993), as well as
small fenestrated lymphatic vessels (Ceve, 2004). Encapsulated nerve endings called
Meissner's corpuscles can also be found. The underlying reticular dermis constitutes the larger
bulk of the dermis (Hendriks, 2005).
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Fibrous, filamentous and amorphous connective tissue of the dermis determines the tensile
strength and elasticity, and provides support for extensive nerve and vascular networks
(Schifer & Redelmeier, 1996). Finlay (1969) showed that collagen fiber bundles, which
comprise about 75% of the fat free dry weight and 18 to 30% of the volume of the dermis,
form an irregular network that runs almost parallel to the epidermal surface. A network of
elastin is interwoven among the bundles of collagen, which restores the normal fibrous array
following deformation through external mechanical forces. The elastic fibers account for 4%
of the fat free dry weight and 1% of the volume of the dermis (Ebling et al., 1992), and are
associated with the hair follicles and vascular networks (Schifer & Redelmeier, 1996).
According to Oxlund et al. (1988), direct connections between elastin and collagen fibres
have not been shown, but collagen fibrils appear to be wound around the elastin cores. The
amorphous ground substance is composed of glycosaminoglycans and proteoglycans
(Holbrook & Wolft, 1993). These compounds bind large amounts of water and are therefore
primarily responsible for the water-retaining capacity of the dermis. Cells in this region
include fibroblasts, endothelial cells and mast cells. Fibroblasts produce the connective tissue
components collagen, laminin, fibronectin and vitronectin. Mast cells are important for tissue
regeneration after trauma and in defense against parasites. Macrophages, lymphocytes and
leukocytes, which are involved in cellular defense and immune responses, infiltrate during

pathological processes (Schifer & Redelmeier, 1996).

The dermis has an extensive vascular network, which participates in several processes such as
nutrition, heat exchange repair, immune responses and thermal regulation (Ryan, 1983).
Blood flows through the dermis and epidermis in arterioles, arterial precapillaries and arterial
loops. In turn, the blood is drained from the skin via venous loops, postcapillaries and
venules, which end in the skin veins (Braverman, 1989). The system of capillary beds reaches
the upper dermis so that capillary loops line the papillae (60 to 70 per mm?) which contact the
epidermis, but do not penetrate it (Ryan, 1983). Studies indicate that the blood flow in the
skin can be increased up to 100-fold in response to the environment, hormones or xenobiotics.
In skin areas that are exposed to high pressure, such as the palms of the hands and the soles of
the feet, up to 60% of the blood flow can be directly shunted from the arteries to the venules,
avoiding the capillary network (Ryan, 1983; Stiittgen & Forssmann, 1981). The lymphatics
also play a role in skin circulation by regulating the pressure of the interstitial fluid in the
dermis. The lymph vessels lie under the epidermis and organize into lymphatic systems that
drain into lymph nodes. Most of the lymph flow occurs passively, and valves located within
the system contribute to the flow direction (Ryan, 1983). Schifer and Redelmeier (1996)
suggested that the lymph circulatory system is the principle pathway for the removal of

extracellular proteins from the dermis.
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2.1.3. Hypodermis

The hypodermis underlies the dermal layer and consists of a network of adipocytes arranged
in lobules. The adipocytes are made up of fat droplets containing triglycerides, which are
composed of olein acid and palmitin acid. Fiber bundles produced in the dermis connect with
the fascia and the periostea through the hypodermis to strengthen the connection between the
dermis and deeper tissues (Shimizu, 2007). The hypodermis plays an important role in energy
storage and metabolism, provides thermal insulation, absorbs shocks, and contributes to the
toughness of the skin (Schéfer & Redelmeier, 1996). The thickness of the hypodermis varies
according to body site, race, sex, age, as well as the nutritional and endocrine status of the
individual (Hendriks, 2005).
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2.1.4. Appendages

Hair follicles
Animal hair constitutes a more or less dense coat, which shows characteristics dependent on
species and breed. The hair coat covers the animal body, providing heat insulation that is

adaptable to climatic conditions, protection against UV radiation, mechanical protection of
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the skin, touch sense, dispersion of glandular secretions, social communication and
camouflage. The hair coat consists of strong primary hairs (guard hairs), and thin, often curled
secondary hairs (wool hairs), which form the insulating wool hair coat (Meyer et al., 2002a).
Their density strongly increases during the winter months, providing more sufficient
insulation. Hair protrudes from the skin from the hair follicles, which extend from the surface
of the epidermis to the deep dermis in humans (Rogers, 2004). It has four distinct structural
components. These include the cuticle (outside covering), the cortex (inner sheath) with its
strongly keratinized cells that are arranged longitudinally, the medulla (central core)
consisting of keratinized and often shrunk cell groups with intercellular spaces, and pigment
granules, which can be found scattered throughout the cortex and the medulla (Meyer et al.,
2002b). Fine animal hairs such as merino wool consist only of the cuticle and the cortex
(Robbins, 2002). The hair cuticle bundles up, supports and protects the cortex parts of the hair
shaft as the outer part of the hair that extends beyond the surface (Meyer et al., 2002a). It
consists of a large number of overlapping transparent scales of keratin. Along the hair shaft,
the scales have a specific contour and are arranged in a typical pattern according to
mammalian groups and species (Meyer et al., 2002b). The basal parts of the scales are
attached to the hair cortex by an intercellular substance, the distal parts point apically. The
apically pointing cells anchor the hair into the inner root sheath cuticle, as the cells belonging
to the root sheath run in the opposite direction. It has been suggested that the unattached
edges of the hair cuticle scales may help to transport cell debris and glandular secretion to the

skin surface during hair growth (Meyer et al., 2002a), and lock the hair in its follicle.

In most mammalian species, three types of hair follicles can be distinguished. Central primary
hair follicles emerge first during ontogenesis, followed by lateral primary hair follicles,
producing heavy and light guard hairs, respectively. The primary hair follicles are equipped
with, besides sebaceous glands, an apocrine tubular gland. Secondary hair follicles emerge
last during ontogenesis, and produce secondary wool hairs. While sebaceous glands can be
found in these follicles, apocrine tubular glands are not present. The primary hair follicles are
commonly arranged in groups of three, where the central primary hair follicle is flanked by
two lateral primary hair follicles on each side of the group. This formation is phylogenetically
characteristic of the mammalian integument, and is still present in most species. In densely
haired species such as rodents, the group arrangement is completed by varying numbers of
secondary hair follicles, whereas they are found as individual follicles between the primary
hair follicles in large mammals. (Meyer, 2009). Other types of hair found in animals are
eyelashes (cilia), tactile hairs (vibrissa) used for sensory functions, the spines of the Western
hedgehog, the bristle hairs of the domestic pig, and the tail and mane hair of the horse
(Mangelsdorf, 2007, Meyer et al., 2002a; Teerink, 1991). Structurally and functionally similar
to the tactile hairs of the head are the tylotrich hairs, which have been found in mice, rats,
guinea pigs, rabbits (Straile, 1960), dogs (Habermehl, 1996) and humans (Straile, 1960).
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Pressure applied on a tylotrich hair compresses an epidermal thickening that surrounds the
tylotrich follicle, which is associated with neurovascular tissue. This tylotrich pad represents a
highly sensitive touch receptor (Smith, 1977). Hair is generally absent on the nasal plane,
anus, labia, as well as on the digital organs of animals. Guinea pigs have an additional hairless
region behind the ears (Mangelsdorf, 2007).

In humans, the palms of the hands, the soles of the feet and the lips are devoid of hair follicles
(Meidan et al., 2005). Structural and functional differentiations can be made between laguno,
vellus and terminal hair, which differ regarding hair diameter, hair length, pigmentation and
development of the inner and outer root sheath as well as the glassy membrane (Vogt &
Blume-Peytavi, 2003). Lugano hair is produced in utero and is generally shed before or
shortly after birth. Vellus hair follicles of different size and density cover most of the skin
surface area in adults. Vellus hair fibres are usually thin with a diameter < 30 um and a length
of < 2 mm (Meidan et al., 2005, Vogt et al., 2008). They are barely pigmented or not
pigmented, and have no medulla (Blume et al., 1991). Terminal hair is characterized by
pigmented hair fibers > 60 pm diameter and > 2 mm length, often reaching into the subcutis.
It is mainly found on the scalp as well as in hormone-dependent body regions such as the
beard, axilla and the pubic region (Blume et al., 1991, Meidan et al., 2005, Vogt et al., 2008).

The integrated structures of the hair follicle, the hair shaft, the sebaceous glands, the
associated stem cells and the adjoining arrector pili muscle represent the hair follicle complex
(Meidan et al., 2005; Rogers, 2004), which in humans is termed the pilosebaceous unit. Hair
follicles are composed of several concentric cylinders of epithelial cells, the root sheaths,
which surround the hair shaft (Sperling, 1991). The hair shaft is enveloped in an inner root
sheath ending about halfway up the hair follicle, an outer root sheath, and an outermost
acellular basement membrane termed the glassy membrane. The outer root sheath is a
keratinised layer that is continuous with the epidermis (Meidan et al., 2005) and thereby of
greatest importance with regard to drug delivery, as it increases the skin surface area
susceptible to penetration. The function of the outer root sheath is the protection and
moulding of the inner layers (Lauer et al., 1996). Each hair follicle is associated with one or
more flask-like sebaceous glands, which are outgrowths of epithelial cells. Ducts join these
glands to the upper part of the follicular canal (Meidan et al., 2005), from which they release
sebum (Lauer et al., 1996). The region between the orifice of the hair follicle on the skin
surface, and the opening of the sebaceous gland in the follicular canal, is marked as the
infundibulum. The superficial part of the infundibulum is lined by epidermis including a well-
developed stratum corneum and a stratum granulosum. In the lower infundibulum, a
continuous loss of epidermal differentiation occurs, creating a major entry point for applied
substances (Schifer & Lademann, 2001). It extends to the isthmus, the region between the

sebaceous gland opening and the bulge region (Sperling, 1991). The isthmus lacks distinctive
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features, as it provides a border zone, in which the hair follicle becomes noticeably thinner
and the outer root sheath merges with the skin epithelium. As part of the outer root sheath, the
bulge region harbors stem cells and immature populations of immune cells, and marks the end
of the permanent portion of the hair follicle, above which no significant cyclic changes are
observed. The suprabulbar region lies below the isthmus and comprises various layers of
differentiating follicles (Wosicka & Cal, 2010). A cluster of specialized dermal cells, the
dermal papilla, can be found at the base of the follicular canal. These cells play an important
role in the regulation of hair growth cycles. It is believed that signals from the dermal papilla
instruct stem cells residing in the bulge region of the hair follicle to divide transiently (Paus &
Cotsarelis, 1999). Stem cell progeny migrate to the base of the follicle, where they surround
the dermal papilla, and form the hair matrix (Oshima et al., 2001; Taylor et al., 2000). During
this actively growing phase or anagen, matrix cells proliferate in response to further signals
from the dermal papilla, and begin the process of terminal differentiation, moving upward in
the follicle to form the hair shaft and the inner root sheath (Cotsarelis, 2006). Pigmentation of
the hair results from the activity of melanocytes, which reside in the hair follicle bulb and
deposit pigment granules into the hair shaft while it forms (Millar, 2002). Eventually, matrix
cells stop proliferating, hair shaft and inner root sheath differentiation slow, and the lower part
of the follicle enters a destructive phase known as catagen, reducing the follicle to an
epithelial strand. This drags the dermal papilla upward to rest just below the permanent, non-
cycling upper follicle (Fuchs, 2007). The follicle then enters a resting period termed telogen,
in which it lies dormant, prior to the hair being shed in exogen (Milner et al., 2002). Anagen
subsequently reoccurs as the hair matrix cells start dividing and the lower follicle redevelops
(Meidan et al., 2005). Cyclical hair growth continues throughout postnatal life, enabling
remodeling of the follicle (Millar, 2002). With the exception of humans and guinea pigs, in
which each hair follicle has an individual hair growth cycle, the hairs of most species grow in
synchronized cycles (Harkey, 1993). In human scalp hairs, the cycle lasts approximately 4
years, whereby the follicles spend about 90% of the time in anagen (Kligman, 1961). Vellus
hair anagen is much shorter in contrast. In the human thigh for example, anagen only lasts
about 54 days in males and less than half of that time in females (Seago & Ebling, 1985).
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Fig. 2: Structure of a hair follicle (from Liebich, 2004)

Sebaceous glands

The sebaceous glands are connected to the hair follicle via the sebaceous duct, which opens
into the follicular duct in the lower infundibulum (Vogt et al., 2005). However, they also exist
individually, such as the meibomian glands in the eyelid or the ceruminous glands in the
external acoustic meatus (Liebich et al., 1999). No sebaceous glands can be found on the
palms of the hands, the soles of the feet, and in some mucous membranes in humans (Schéfer
& Redelmeier, 1996). High densities of sebaceous glands can be found near mucocutaneous
junctions, in interdigital regions, as well as on the dorsal neck, rump, chin and tail area (Kahn
& Line, 2005). The function of these glands is the synthesis and release of sebum, a
fungistatic and bacteriostatic mixture of short chain fatty acids. Human sebum consists of a
high triglyceride content (57%), wax esters (26%), squalene (12%), cholesterol esters (2%)
and cholesterol (1.5%) (Strauss et al., 1976). Animal sebum does not contain squalene or
triglycerides. In contrast, large amounts of diesters and only small amounts of monoesters can
be found. According to Nicolaides et al. (1968), the composition of porcine sebum is

relatively similar to that of human sebum.

The sebum secretion is formed by the total disintegration of the glandular cells. It is
discharged via the ducts into the upper third of the follicular canal (Clarys & Barel, 1995),
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creating an environment rich in neutral, non-polar lipids in this region of the follicle (Meidan
et al., 2005). The hair shaft is thus surrounded with sebum before the secretion reaches the
skin surface via the follicular openings. On the skin surface, sebum coats the epidermis with a
thin lipid layer (Liebich et al., 1999). This plays a role in maintaining skin hydration (Schéfer
& Redelmeier, 1996), and provides animal hair coats with sheen. Sebum secretion may be
associated with scent marking in some species (Kahn & Line, 2005). Based on the
observation that sebum continues to be secreted in human skin under a film of heavy paraftin
oil, Kligman and Shelley (1958) concluded that the synthesis and excretion of sebum
continues at a steady rate regardless of any physical changes on the skin surface, including the
accumulation of sebum itself. Sebaceous cells are relatively inactive during the first few days
after their production in the germinative layer. They then slowly begin sebum synthesis,
produce the bulk of the sebaceous lipids between 5 and 11 days before excretion, and then
rapidly decline in lipid synthesis during the final days in the lives of the cells (Downing et al.,
1981). In a study to determine the delay between sebum production and excretion, Downing
et al. (1975) injected [1-'4C]acetate into the skin of three human males and subsequently
measured the radioactivity in the skin lipids at the injection site. The results suggested that the
average time elapsing between synthesis and excretion of sebum is 8 days in humans.
Unpublished data indicates that this time-period is 5 days in rats and 14 days in horses
(Downing et al., 1981). In a similar experiment, Colton et al. (1985) detected a peak of
radioactivity in the equolides and cholesterol esters on the skin surface of horses 15 to 21 days

and 10 to 16 days after injection of [1-!4CJacetate, respectively.

Secretion is almost completely absent in infants, is increased during puberty, reaches the
highest values in acne patients, and is reduced in old age (Piérard et al., 1987). Androgens
stimulate and maintain the amount, size and activity of the sebaceous glands. Sexually
immature or neutered animals produce less sebum (Steward & Downing, 1999). Interestingly,
the rate of sebum production is not proportional to the density of the follicles (Pagnoni et al.,
1994), but rather dependent on age and body site (Ebling, 1974; Blume et al., 1991), as well
as nutrition (Pochi et al., 1970)

Sweat glands

According to Schéfer and Redelmeier (1996), sweat glands are the most numerous of all
appendages, and are distributed over the human body at a density of approximately 400
glands per cm?. Human sweat glands are either eccrine, distributed throughout most of the
body, or apocrine, found only on specific body sites. The glands consist of a coiled duct that is
connected to the skin surface via a secretory tube and a spiral channel, which permeates the
epidermis. Secretory, mucoid and myoepithelial cells line the lumen of the gland. Human

sweat glands respond to increased skin temperatures by secreting an almost isotonic solution
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that corresponds approximately to the low-molecular weight portion of plasma. In addition to
water and salt, high concentrations of urea, ammonium, amino acids and low-molecular-
weight proteins are present in the secretion. The glands actively recycle the secreted sodium

chloride, which accounts for the hypotonicity of the sweat.

In domestic animals, apocrine sweat glands are found to be associated with hair follicles
throughout the body, although they may be more numerous in some body sites. In most
mammals, these glands produce an odoriferous, oily compound that is a sexual attractant, a
territorial marker, as well as a warning signal. Eccrine glands are sweat glands present on the
footpads of carnivores, the frog of ungulates, the carpus of pigs, as well as the nasolabial
region of ruminants. The evaporation of sweat from the skin is the primary cooling
mechanism for horses, cattle and primates, as well as to a lesser degree for pigs, sheep and
goats. Some clinical evidence exists that limited sweating occurs in dogs and cats, although
these animals are thought to thermoregulate primarily by panting, drooling and the spreading
of saliva on their coats (Kahn & Line, 2005). The secretion of the glands (pH 4 to 6) is
believed to inhibit the growth of bacteria and fungi on the skin surface (Nickel et al., 1996).

Arrector pili muscle

The arrector pili muscle is a smooth muscle bundle between the outer root sheath and the
dermal upper layer that is 10 to 140 um thick, depending on the size of the hair follicles, and
stimulated by sympathetic nerve fibers (Meyer, 2009). As a result, the hair associated with the
muscle stands perpendicular to the skin surface, which slightly elevates peripheral hair
follicles (Shimizu, 2007), leading to piloerection. Piloerection is a defense mechanism in
many species. Porcupines for example erect their quills when threatened (Cutts et al., 2002).
In humans, piloerection is a sensation that occurs in response to sensations such as the cold or
fear (Roze et al., 2000).

2.2. Penetration pathways into the skin

The skin provides a painless and compliant interface for drug administration (Prausnitz et al.,
2004). In spite of its barrier function, small drugs can cross the skin at low flux rates,
providing a means for delivering therapeutic agents that are destroyed by the liver when taken
orally (Langer, 1998), and for avoiding pulsed entry into the systemic circulation which can
cause undesirable side effects (Wiechers, 1989). The stratum corneum is considered to be the
greatest barrier to the transport of drugs. The corneocytes, which are held together by
corneodesmosomes, confer structural stability to the horny layer. Its lipids, composed

primarily of ceramides, cholesterol and fatty acids, are assembled into multilamellar bilayers.
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The layer of lipids immediately adjacent to each corneocyte is covalently bound to the
corneocyte and is important in maintaining its barrier function (Prausnitz et al., 2004). Its
permeability depends on the thickness, hydration, cell density and intracellular structures, as
well as the lipid content and molar composition of the skin. Age, wounds or scars and skin
disorders also influence penetrability. The structure, size, lipo- or hydrophilicity and the
presence of functional groups of a topically administered substance affect its transport
through the horny layer (Loth, 1987).

2.2.1. Intercellular and transcellular penetration

During intercellular penetration, substances passively diffuse from the skin surface into the
skin along the tortuous lipid matrix of the stratum corneum and spread into the upper
corneocyte layers (Bouwstra et al., 2001; Choi et al., 1999; Essa et al., 2002; Hadgraft, 2001).
The composition of the skin limits the number of suitable drugs for penetration to small,
moderately lipophilic, and highly potent molecules (Alvarez-Roméan et al., 2004a).
Experimental extraction of the stratum corneum lipids (Abrams et al., 1993; Alvarez-Roman
et al., 2003; Hadgraft et al., 1992) and alterations of the lipid composition through genetic
modifications (Schéfer & Redelmeier, 1996) led to increased water permeability of the horny
layer and changes in penetration rates (Flynn, 1990). Hydrophilic solutes exhibit
comparatively low permeabilities that are often difficult to measure, and in many cases
necessitate the aid of penetration enhancers (Prausnitz et al., 2004). Potts and Franceour
(1991) reported that the corneocyte ‘flakes’ incorporated into the lipid matrix mechanically
impede diffusion. The presence of the transcellular penetration pathway, in which substances
permeate through the keratinocytes and lipid lamellae, has thus far not been established
(Mangelsdorf, 2007).

2.2.2. Follicular penetration

Skin appendages such as hair follicles or sweat glands constitute a break in the continuity of
the stratum corneum and can act as conduits for drugs to reach deeper skin layers as well as
its vasculature. Earliest reports of the participation of follicles in percutaneous absorption
were based primarily on qualitative histological studies of dye and stain localization in the
hair follicle (Borelli & Metzger, 1957; MacKee et al., 1945; Montagna, 1954; Rutherford &
Black, 1969; Scheuplein, 1967; Scheuplein et al., 1969). Later studies led to increasingly
quantitative data. Feldmann and Maibach (1967) and Maibach et al. (1971) found regional
variations of percutaneous absorption in different body sites, and assumed that the density and

size of the hair follicles contribute to differences in penetration rates. Absorption was
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increased in areas of higher follicular density such as the forehead and the scalp. Wahlberg
(1968) demonstrated that, over a period of 24 hours, the absorption of HgCl> and NaCl was
greater in hairy guinea pig skin in vitro than in the non-hairy region behind the ears. The
penetration of corticosteroids was considerably lower in scarred skin free of appendages, as
compared to normal skin (Hueber et al., 1992; Tenjarla et al., 1999). Similar observations
have been made in engineered skin tissue, as the insertion of hair follicles significantly
increased the penetration rate of hydrocortisone (Michel et al., 1999). Kao et al. (1988) found
that percutaneous permeation of benzo[a]pyrene was higher in in vitro skin cultured from
haired mice than from hairless mice. Photomicrographs of hairy skin showed benzo[a]pyrene
fluoresce deep in the dermis, which the authors correlated to follicular and sebaceous ducts.
No fluorescence was observed in the hairless skin. Rodents that are genetically altered to a
hairless phenotype possess hair follicles with sparse, fuzzy hair, which are underdeveloped
and less dense compared to hairy rodent skin (Lauer et al., 1995). Illel et al. (1991) used skin
areas of rats with and without follicles to compare the penetration of [*H]hydrocortisone,
niflumic acid, caffeine and p-aminobenzoic acid applied in acetone, in a diffusion cell. For
these compounds, the steady-state flux and the amounts diffusing during 24 or 48 hours were
2 to 4 times higher in appendaged rat skin (follicular density 10-200/cm?) than in the absence
of appendages. These results were confirmed by a second model, in which diffusion of
[*H]hydrocortisone was studied in skin samples taken one day after birth, when the rat skin
was still devoid of follicles, and compared to five-day postnatal skin samples, in which
follicles were fully developed. Results indicated that the steady-state flux and the total
diffusion during 24 hours were fivefold lower in the follicle-free skin. Meidan et al. (1998)
extended these findings to mannitol, hydrocortisone, 5-fluorouracil and aminopyrine. Hisoire
and Bucks (1997) compared the percutaneous absorption of retinoic acid in haired and
hairless guinea pig skin. Shelley and Melton (1949) noted the appearance of tiny
multiperifollicular wheals on haired in vivo human skin after the topical application of
epinephrine and histamine phosphate in propylene glycol, whereas no responses occurred in
regions with less hair density. Turner and Guy (1998) found significant iontophoric drug
delivery across the skin via follicular structures. Using autoradiography, Rutherford and Black
(1969) determined that a considerable amount of germicides penetrated via the pilosebaceous
apparatus. Bidmon et al. (1990) also used autoradiography to detect 3H-estradiol-17f in hairy
rat skin in vivo. Radioactivity was at the highest concentration in the follicular papillae and
the sebaceous glands for at least 24 hours, suggesting a drug depot effect. Essa et al. (2002)
performed an in vitro Franz cell experiment for iontophoric drug delivery, in which follicular
orifices were blocked, leading to an absorption rate that was five times lower than when the
orifices were not blocked. Raufast and Mavon (2006) found that linoleic acid, implicated in
the treatment of follicular diseases, preferentially accumulated in the hair follicles of the

human scalp after topical application. Application of commercially available dyes to human
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skin resulted in penetration into the hair follicles to depths of 1200 um from the skin surface
(Genina et al., 2002).

Transcellular Intercellular Follicular Eccrine

Fig. 3: Penetration pathways through the skin (modified from Hadgraft, 2001)

2.2.3. Methods for analyzing intercellular and follicular penetration

Tape stripping

The method of tape stripping first described by Pinkus (1951) is a minimally invasive
technique used to examine the penetration and distribution of topically applied substances
within the stratum corneum. After the topical application of a substance, a strip of adhesive
tape is pressed onto the treated skin area with standardized pressure (Bashir et al., 2001), so
that the upper layers of the stratum corneum attach to the strip, and is then removed. This
process is repeated until all components of the horny layer, the corneocyte aggregates, the
endogenous components of the horny layer and the topically applied substances are
transferred completely from the skin to the adhesive tape strips (Weigmann et al., 1999a,
1999b). The number of tape strips taken is not proportional to the depth of the stratum
corneum (Dreher et al., 1998; Marttin et al., 1996). Common sources of variation include the
adhesive quality of the tape (Bashir et al., 2001), the vehicle parameters (Jacobi et al., 2003),
the pressure applied, the time of application as well as the removal of the strips (Loffler et al.,
2004). Because of an increased cohesiveness of the stratum cornuem in the deeper layers, the
mass removed with each strip decreases as the stratum corneum is progressively stripped
(Bashir et al., 2001). By using a roller to press the strips onto the skin, substance residues
located in the furrows and wrinkles of the skin can be taken up (van der Molen et al., 1997;
Lademann et al.,, 2002). Teichmann et al. (2005) confirmed these results by examining
histological sections of porcine skin after tape stripping. Penetration profiles can be
established by correlating the amount of test substance found on each strip to the number of
cell layers removed from the skin (Dreher et al., 1998; Lindemann et al., 2003; Marttin et al.,
1996; Weigmann et al., 1999a).
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Cyanoacrylate follicular biopsy

In 1971, Marks and Dawber first described the cyanoacrylate skin surface biopsy as a method
for studying the desquamated portion of the stratum corneum. By placing a drop of
cyanoacrylate glue onto degreased skin, and covering it with a slightly moist glass slide,
upper horn layers were removed from the skin as they attached to the slide during
cyanoacrylate polymerization. The slides were then examined using histochemical techniques
or electron microscopy. In addition to removing several layers of corneocytes, the samples
also showed the orifices of follicles and sweat glands (Pagnoni et al., 2004). Mills and
Kligman (1983) used this technique to extract the contents of the follicular infundibulum,
consisting of a mixture of keratinized material, cell detritus, lipids and bacteria (Thielitz et al.,
2001), which were then studied under light or electron microscopy. The modification was
termed cyanoacrylate follicular biopsy, and is now widely used for the quantification of
microcomedones and their changes under acne therapy (Lavker et al., 1992), the assessment
of follicular density at different body sites (Pagnoni et al., 1994), microbial colonization
(Holland et al., 1974), mite populations, enzyme location and the penetration of topical agents
(Thielitz et al., 2001).

Differential stripping

In the method of differential stripping developed by Teichmann et al. (2005), the stratum
corneum was removed using the method of tape stripping, and the amounts of test substance
found on the strips were determined. Follicular casts were subsequently obtained with the
technique described by Mills and Kligman (1983). Test substance located in the casts were
then extracted with ethanol and quantified spectroscopically. This combined method of tape
stripping and cyanoacrylate follicular biopsy enables the selective quantification of test
substance found in the hair follicles after the topical administration to human subjects
(Lademann et al., 2006; Ossadnik et al., 2007; Patzelt et al., 2008). The result is a depth
profile for the administered substance. Differential stripping does not however provide valid
results for studies using the surrogate porcine ear skin. Follicular casts can not be obtained
without producing tears in the cyanoacrylate as the bristles are rooted firmly in the

subcutaneous fat at a depth of up to 5 mm (Meyer, 1986), and are thus difficult to extract.
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Fig. 4: Cyanoacrylate follicular biopsy taken from porcine skin with a follicular cast visible in the
upper left-hand corner and a large tear in the lower right-hand corner (4x)

2.3. Follicular penetration of nano-sized particulates

Nano-sized particles are smaller than 1 pm with active substances encapsulated within their
polymeric matrix or adsorbed or conjugated onto their surface (Labhasetwar, 1997). As
particles become smaller, the proportion of atoms found at the surface increases relative to the
proportion inside their volume, resulting in increased surface reactivity. Nano-sized particles
therefore show greater biological activity per given mass compared with larger particles when
taken up by living organisms. This can be either desirable, as in antioxidant activity, carrier
capacity for therapeutics, and penetration for drug delivery, or undesirable, as in toxicity,
induction of oxidative stress or cellular dysfunction (Oberdorster et al., 2005). They have
been extensively investigated for sustained and targeted delivery of different agents including
plasmid DNA, proteins and peptides, and low molecular weight compounds (Panyam &
Labhasetwar, 2003). Drugs can be delivered from these particles by diffusion of the drug from
or through the system, by chemical or enzymatic reactions leading to degradation or cleavage
of the drug from the system, as well as by solvent activation, either through osmosis or
swelling of the system (Langer, 1998). Encapsulation protects the therapeutic agent from
harmful environmental influences (Daniels, 2006; Volodkin et al., 2004) and enables higher
drug-carrying capacities (Langer, 1998). Modulation of the polymer characteristics can ensure
optimal therapeutic efficacy (Song et al., 1998) through extended activity or enhanced uptake
of the drug (Alvarez-Roman et al., 2004b) and the reduction of adverse effects (Lamprecht et
al., 2001). Functional coatings can facilitate the targeted accumulation and release at
therapeutic sites (Dinauer et al., 2005; Kotrotsiou et al., 2005; Wartlick et al., 2004).
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Lademann et al. (2007) demonstrated that subsequent to massage application, particulate
formulations penetrated more deeply into the hair follicles of human subjects and porcine ear
skin than non-particulate formulations (approximately 1500 pm vs. 300 um, respectively, in
porcine ear skin). Nano-sized particles labelled with fluorescein were detected in the hair
follicles for up to 10 days after administration. Rolland et al. (1993) reported that PLGA-
fluorescent microspheres dispersed in an aqueous gel were clearly visualized within the
pilosebaceous structures of hairless rats and human skin after 35 minutes of passive
permeation, while penetration through the stratum corneum was not observed. Baroli et al.
(2007) showed that metallic particles smaller than 10 nm were able to penetrate the skin
through the lipid matrix of the stratum corneum and hair follicle orifices, reaching the deepest
layers of the stratum corneum and in a few cases, the uppermost strata of the viable epidermis.
Lekki et al. (2007) reported the visualization of the penetration of sunscreen formulations
containing TiO; particles sized about 20 nm in hair follicles of both human and porcine skin.
Particles were found as deep as 400 pum in the hair follicles, and were assumed to be
introduced mechanically. No particles were observed in vital tissue or in sebaceous glands. An
in vivo penetration experiment, caffeine was detected in the blood 5 minutes subsequent to its
topical application. When the hair follicles were blocked with a varnish-wax mixture, caffeine
was found in the blood after a delay of 20 minutes (Otberg et al., 2008).

2.3.1. Nano-sized particulate PLGA

Different synthetic and natural polymers have been utilized in formulating biodegradable
nano-sized particles (Moghimi et al., 2001). Synthetic polymers have the advantage of
sustaining the release of the encapsulated drug over a time period of days to weeks compared
to natural polymers, which have a short duration of drug release (Anderson & Shive, 1997),
and are limited by the use of organic solvents and harsher formulation conditions (Panyam &
Labhasetwar, 2003). Of the polymers used for nanoparticle formulation, the aliphatic
poly(esters) poly(lactide) (PLA), poly(glycolide) (PGA) and their copolymer poly(lactide-co-
glycolide) (PLGA) have been the most extensively studied for drug delivery (Jain, 2000;
Langer, 1997). Due to their excellent biocompatibility and biodegradability, lactic and
glycolic acid polymers are frequently utilized in controlled release systems, as well as in
bioresorbable sutures, tracheal replacements, vascular grafts, and in dental and fracture repair
(Jain, 2000). PLGA particles were administered into the systemic circulation without particle
aggregation or blockage of blood capillaries. They have been tested extensively for toxicity
and safety in animal studies (Panyam & Labhasetwar, 2003). The reported tissue response of
PLGA was a minimal localized inflammation and foreign body reaction, which decreased
with time. D,L-lactide and glycolide possessed low acute toxicity, presumably as a result of
their rapid metabolism, and did not lead to any long-term effects (Bala et al., 2004). PLGA
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can be synthesized directly from monomers, although it is also commercially available in
different molar ratios of glycolic and lactic acid, and in varying molecular weights of the
polymer chains. The physicochemical properties are therefore strongly dependent on the
nature of the monomers. As lactic acid is more hydrophobic than glycolic acid, polymer
features such as mechanical strength, crystallinity, swelling, polymer degradation rate and
hydrolysis can be controlled by variation of the glycolic acid/lactic acid ratio (Bala et al.,
2004; Jain, 2000). Drugs encapsulated within the PLGA matrix are released at a sustained rate
by diffusion of the drug through the polymer barrier, by erosion of the polymer material
(Anderson & Shive, 1997), or by a combination of both (Wu, 1995). In vitro and in vivo
PLGA undergoes degradation in aqueous environments through scission of the backbone ester
linkages (Gopferich, 1996). The most commonly used PLGA copolymer composition of
50:50 is reported to have the fastest degradation rate of the D,L-lactic acid and glycolic acid
materials at approximately 50 to 60 days (Bala et al., 2004). Bulk erosion appears to be the
main degradation mechanism for PLGA devices (von Burkersroda et al., 2002). Polymer
chains are cleaved throughout the polymer matrix (Panyam et al., 2003), resulting in a
decrease in molecular weight of the polymer without any significant weight loss. This is
accompanied by a rapid loss of mass due to the formation of soluble degradation products.
Finally, soluble monomer products are formed from soluble oligomeric fragments, leading to
complete polymer solubilization (Jain, 2000). These degradation products are eventually
metabolized in the body via the citric acid cycle, and subsequently eliminated from the body

as carbon dioxide and water (Panyam et al., 2003).

2.3.2. Fluorescent markers

The dye fluorescein, which is commonly implemented to label nano-sized particles, is a
relatively non-toxic, yellow, vital hydroxyxanthene dye that produces an intense green
fluorescence in slightly acid to alkaline solutions. It is used to detect ophthalmic lesions and
as a tracer in clinical studies. Fluorescein exhibits a high degree of ionization at physiologic
pH and therefore does not penetrate intact epithelium or form a firm bond with vital tissue.
When there is a break in the epithelial barrier, it can rapidly penetrate (Noga &
Udomkusonsri, 2002). The dye absorbs light in the blue range of the visible spectrum, with
absorption peaking at 480 to 500 nm, and it emits light from 500 to 600 nm (Cheng &
Dovichi, 1988). Fluorescent dyes such as fluorescein are commonly used to determine cellular
viability, endo- and exocytosis, membrane fluidity, protein trafficking, signal transduction and
enzyme activity (Claxton et al., 200-). Fluorescence was first described by the British scientist
Sir G. G. Stokes in 1852, who observed that the mineral fluorite emitted red light when it was
illuminated by ultraviolet excitation (Spring & Davidson, 2009). He noted that fluorescence

emission always occurred at a longer wavelength than that of the excitation light, a
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phenomenon known as the Stokes shift (Lichtman & Conchello, 2005). Early investigations
revealed that many specimens, including minerals, crystals, resins, crude drugs, chlorophyll,
vitamins and inorganic compounds, exhibit autofluorescence when irradiated with ultraviolet
light. The study of animal tissue or pathogens is often complicated with very faint or bright
non-specific autofluorescence. It was not until the 1930s that the technique of secondary
fluorescence, which employs fluorophore stains to label specific tissues, bacteria and other
pathogens, was initiated in biological investigations. Fluorophores are excited by specific
wavelengths or irradiating light and emit light of a defined intensity (Spring & Davidson,
2009). They are designed to bind to biological macromolecules such as proteins or nucleic
acid, or to localize within a specific structural region of the cell including the cytoskeleton,
mitochondria, Golgi apparatus, endoplasmic reticulum or the nucleus. Specific fluorophores
are implemented in genetic mapping and chromosome analysis, or monitor dynamic processes
and environmental variables such as pH, relative oxygen species and membrane potential. The
application of fluorophore arrays has made it possible to identify cells and sub-microscopic
cellular components with a high degree of specificity using fluorescence microscopes.
Through the implementation of multiple fluorescence labeling, different probes can identify

target molecules simultaneously (Spring & Davidson, 2009).

2.3.3. Methods for detecting fluorescent markers in the skin

Skin molecules such as collagen, elastin, tryptophan and nicotinamide adenine dinucleotide
fluoresce when irradiated by light of certain wavelengths. Each fluorophore has a
characteristic excitation-emission spectrum, which overlaps with the spectra of the other
fluorophores in the skin. In a study by Na et al. (2000), the human skin autofluorescence
spectra, provoked by excitation wavelengths between 340 and 380 nm, consisted of three
component bands with centre wavelengths at 450, 520 and 625 nm. The 450 nm band
contributed approximately 75% to the intensity of the overall spectrum, the 520 nm band
contributed 25%, and the 625 nm band contributed about 2%. These values varied according
to body sites. To avoid falsifications, the autofluorescence of the skin must be taken into
account when detecting fluorescent markers or dyes by measuring fluorescence emission at

according wavelengths.

Fluorescence microscopy

The basic function of the fluorescence microscope is to irradiate a specimen with a specific
band of wavelengths, and then to separate the much weaker emitted fluorescence from the
excitation light. Ideally, only the emission light should reach the detector, so that the resulting

fluorescent structures are superimposed with high contrast against a dark background. The
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limits of detection are governed by the darkness of the background, and the excitation light is
commonly several hundred thousand to a million times brighter than the emitted fluorescence
(Spring & Davidson, 2009). In a fluorescence microscope, the objective images and magnifies
the specimen, and serves as the condenser that illuminates it. Only the small portion of the
exciting light that is reflected off the sample must be blocked in the return light path. Since
the exciting light and fluorescence emission overlap in the light path, a special beam splitter
such as a dichroic mirror is necessary to separate the excitation from the emission. It is
designed to be used in light paths in 45° angles. The dichroic mirror reflects shorter
wavelength light coming from the light source and transmits the longer wavelengths of the
emitted fluorescence. Each dichroic is designed to have a transition from reflection to
transmission that resides between the excitation and emission peaks of the fluorophore it is
used with. An excitation filter that preselects the exciting wavelengths and a barrier filter that
only allows passage of the longer wavelength light back to the detector are implemented in
addition to the dichroic. These filters are typically interference filters, which have highly
specific wavelength selectivity. The exciter, the beamsplitting dichroic mirror and the barrier
effectively separate the excitation light from the emitted light. In many fluorescence
microscopes, filter cubes composed of the exciter, the dichroic mirror and the barrier filter,
select the precise wavelength bands needed for excitation and emission. For fluorescence
illumination, xenon arc lamps provide relatively even coverage of wavelengths. The image of
the arc is focused sharply on the back aperture of the objective to avoid uneven illumination
(Lichtman & Conchello, 2005).

Confocal laser scanning microscopy

Confocal laser scanning microscopy is an optical microscopy technique which is based on
conventional wide-field fluorescence microscopy. It enables the serial production of thin
(0.5-1.5 um) optical sections from specimens that have a thickness of up to 50 pm. A series of
images is collected by coordinating incremental changes in the fine focus of the microscope
with sequential image acquisition at each step. Spatial filtering techniques eliminate out-of-
focus light in specimens whose thickness exceeds the immediate plane of focus. Due to the
reduction of background fluorescence and improved signal-to-noise, contrast and definition
are dramatically improved over conventional microscopy. Light emitted by a laser excitation
source passes through a pinhole aperture that is situated on a conjugate confocal plane with
one scanning point on the specimen (0.25-0.8 pm in diameter, 0.5-1.5 um deep) and a second
pinhole aperture positioned in front of the photomultiplier tube detector. The laser is reflected
by a dichromatic mirror and scanned across the specimen in a defined focal plane in a raster
pattern. This is controlled by two high-speed oscillating mirrors. While one of the mirrors
moves the beam from left to right along the x lateral axis, the other translates the beam in the

y direction. After each scan along the x axis, the beam is transported back to the starting point
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and shifted along the y axis to start a new scan. Image information is not collected during this
process. This way, the area of interest on the specimen in a single focal plane is excited by
laser illumination from the scanning unit. When the objective is refocused, the excitation and
emission points on the specimen are shifted to a new plane, which becomes confocal with the
pinhole apertures of the light source and the detector. While each scan line passes along the
specimen in the lateral focal plane, fluorescence emission is collected by the objective and
passed back through the confocal optical system. Secondary fluorescence emitted from points
on the specimen in the same focal plane passes back through the dichromatic mirror and is
focused as a confocal point at the detector pinhole aperture. The considerable amount of
fluorescence emission that occurs at points above and below the objective focal plane is not
confocal with the pinhole, and is termed out-of-focus light. As only a small fraction of the
out-of-focus fluorescence emission is delivered through the pinhole aperture, most of it is not
detected by the photomultiplier tube and therefore does not contribute to the resulting image.
Fluorescence emission stays in a steady position at the pinhole aperture, but fluctuates with
respect to intensity over time as the illumination spot scans the specimen producing variations
in excitation. Fluorescence that passes through the pinhole aperture is converted into an
analogue electrical signal with a continuously varying voltage by the photomultiplier. This
signal is periodically sampled and converted into pixels. Information on the image is stored
on the computer and displayed on the monitor. While a real image that can be observed
through the eyepiece never exists, the confocal image of a specimen is reconstructed, point by
point, from emission photon signals by the photomultiplier and accompanying electronics.
(Claxton et al., 200-). The brightness of the resulting image pixel corresponds to the relative

intensity of detected fluorescent light (Pawley, 2006).

Fluorescence spectroscopy

Spectrofluorometers analyze the emission spectra emitted from fluorescing samples. Light
from an excitation source such as a pulsed xenon discharge lamp passes through a filter and
strikes the sample, which is placed normal to the incident beam. Such intense light sources
produce high sensitivity, but may however be sufficient to decompose the sample,
necessitating a shutter so that the solution is only irradiated during the short period of
measurement. A cuvette containing the sample is placed in a sample holder. The solvent used
must be free of traces of contaminants as any compound that is capable of absorbing a portion
of the excitation or emission energy in the solution can reduce the intensity of fluorescence.
Cuvettes must be constructed of a material that will transmit both the incident and the emitted
light (PerkinElmer, 2006). The sample absorbs a portion of the incident light, causing some of
its molecules to give off fluorescence equally in all directions. A second filter placed at 90° to
the incident light beam, so as to minimize the effect of light scattering by the solution and the

cell, then collects the emitted fluorescence. The fluorescence obtained from the 90° collection
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falls rapidly as the absorbance of the solution increases, leading to a progressively distorted
fluorescence emission. It is finally detected with photomultiplier tubes and quantified
electronically. The material from which the photocathode is made determines the spectral
range of the photomultiplier. Generally two tubes are required to cover the complete UV-
visible range. Detector output is amplified and displayed digitally (Lakowicz, 2006;
PerkinElmer, 2006).
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3.1. Experiments on the follicular penetration of nano-sized
particulate FA-PLGA in dog, rat and porcine skin

Two formulations containing fluorescing particles sized 256 nm and 430 nm were applied to
excised dog and rat skin, as well as porcine ear skin. Preparation of the skin samples was
carried out in the laboratories of the Centre for Applied and Experimental Physiology (CCP)
(Klinik fiir Dermatologie, Allergologie und Venerologie, Charit¢ Berlin), at a room
temperature of 22° + 2° C and a humidity of 50 to 75%. The penetration depths of the
particles into the hair follicles of the skin samples were determined by detection of their
fluorescence in cryohistological cross-sections using a confocal laser scanning microscope
(Institut fiir Chemie, Humboldt-Universitdt zu Berlin). Approval for these experiments was

obtained from the Veterinary Board of Control (Veterindramt Treptow-Kopenick, Berlin).

3.1.1. Material

Formulations containing nano-sized particulate FA-PLGA

The test formulations were based on 1.5% hydroxyethylcellulose gel and contained 5-
fluoresceinamine-labelled poly(lactide-co-glycolide) (FA-PLGA) particles sized 256 nm (FA-
PLGA2s56) and 430 nm (FA-PLGA430) in a concentration of 0.1% (Biopharmazie und
Pharmazeutische Technologie, Universitit des Saarlandes). The particles were assumed to be
distributed homogeneously throughout the gel. 5-fluoresceinamine used to label PLGA is a
fluorescein derivative (Weiss, 2007). FA-PLGA was prepared along the guidelines of a
method described by Horisawa et al. (2002). Particles were prepared from the FA-PLGA
polymer by nanoprecipitation, as described in Fessi et al. (1998). The particles were stored at
4° C prior to their use to avoid premature degradation and aggregation of the particles (De &

Robinson, 2004) and applied to the skin samples within 10 days of their preparation.
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Fig. 5: Chemical composition of FA-PLGA (Xu et al., 2009)

Skin samples
Dog and rat skin samples were obtained from control groups belonging to the Bayer Schering
Pharma AG (Berlin, Germany). While the dogs were euthanized with pentobarbital
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(Narcoren®, Merial, Hallbergmoos), the rats were anesthetized with chloroform and
exsanguinated with a cut to the throat. The samples were transported to the laboratories of the
CCP and prepared for the experiments within 1 hour of the death of the animals. The Gut
Hesterberg (Neuruppin-Lichtenberg) provided ears from freshly slaughtered crossbred pigs
(Deutsches Edelschwein, Deutsches Hausschwein and Duroc). They were removed after the
death of the animals and prior to steam sterilization of the bodies, and were delivered to the
laboratory within 24 hours of slaughtering. Scarred, injured or diseased specimens were
excluded from the study.

Tab. 1: Overview of the animals from which the skin samples were derived

) Gender/ ) Origin of the
Species Breed o Age Weight _
Individuals skin sample
Male/5
Dog Beagle 14 months 8-12 kg Dorsum
Female/5
] Male/8
Rat Wistar 8-12 weeks 200-250 g Dorsum
Female/6
Pig Crossbred N.N./4 7-8 months 120 kg Ear

3.1.2. Methods

Preparation of the skin samples

Upon arrival, the porcine ears were cleansed with cold running water and dabbed dry with
paper towels. All skin samples were fixed on polystyrene boards using needles with the dorsal
side facing upwards. The fur on the dog and rat skin samples and the bristles on the porcine
ears were clipped to a length of 1 to 2 mm. Razors were not used to avoid damage of the skin.
Two test areas of 4 by 4 cm were marked on each dog and porcine skin sample with a
permanent marker (0.7 mm Black OHP Permanent Marker, SCHNEIDER Schreibgerite
GmbH & Co., Wernigerode). Due to the small size of the rat specimens, only one test area of

4 by 4 cm could be marked on each sample.

Application of the formulations containing nano-sized particulate FA-PLGA

For each test region, defined amounts of the test substance were weighed in plastic 1 ml
sterile syringes using an analytical balance (Analysenwaage Kern® 770, KERN & Sohn
GmbH, Balingen-Frommern). This was checked by weighing the syringes containing the test
formulations before and after application, and calculating the difference. The formulations
were applied homogeneously to the corresponding test areas, and massaged into the skin with
a hand-held massage device (Petra® Electric PC60 Massagegerit, Elektrogerétefabrik,
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Burgau) for 3 minutes using standardised pressure (60-80 g, Laborwaage Kern® 440-51,
KERN & Sohn GmbH, Balingen-Frommern). The exposure time of 30 minutes allowed for

penetration of the formulations into the skin subsequent to the massage application.

Skin biopsies

5 punch biopsies with a diameter of 8 mm were taken from each test region (STIEFEL®
BIOPSY PUNCH, STIEFEL® Laboratorium GmbH, Offenbach am Main). The subcutancous
fat was excised along with the biopsies. The biopsies taken from the porcine ears were
separated from the underlying cartilage using a scalpel. To facilitate the later preparation of
the cross-sections, the samples were flattened between two glass slides and fixed with
cryospray (Cryospray Instant Freezing Spray, Bio Optica®, Milano). They were then shock
frozen in liquid nitrogen in freezing vials (Cryo.s™, Greiner Bio One, Solingen) and stored at
- 20° C until further use. The freezing vials were labelled using random ciphers to encode the
particle sizes applied to the samples to avoid the influence of an observer bias during sample
analysis. The animal species corresponding to the samples were not encoded because the
distinct species-specific morphologies made the sections clearly distinguishable from one

another in the microscope.

Cryohistological cross-sections

For the preparation of the cryohistological cross-sections, the frozen biopsies were embedded
in Neg - 50™ (Richard-Allan Scientific®, Kalamazoo, Michigan), a water-soluble frozen
section medium. The sections were cut using a cryostat (Microm Cryo-Star HM 560,
MICROM International® GmbH, Walldorf) and mounted on glass slides. By positioning of
the frozen biopsies in the cyrostat, it was possible to cut vertically through the hair follicles.
10 pm thick sections were cut from the rat skin samples, while the dog and pig skin samples
were cut into sections 14 to 16 pm thick. It was not possible to cut thinner sections because of
the high density of the hair follicles in the specimens. The glass slides were stored at - 20° C

after preparation.

Confocal laser scanning microscopy

A confocal laser scanning microscope (LSM) 410 (Zeiss, Berlin) was used to examine the
cross-sections in transmission and fluorescence mode. Digital images and measurements of
the penetration depths were obtained using the software LSM 410 Invert Basic, Version 3.98
(Zeiss, Berlin). The fluorescent probes were excited using an Argon laser with a wavelength

of 488 nm. As porcine ear skin exhibits autofluorescence in a wavelength spectrum between
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520 and 560 nm, emission signals were detected with the FT 580 dichroic beam splitter and

long pass filter LP 590 to exclude any autofluorescence effects.

: i R, i :
Fig. 6: Cross-section through rat skin treated with FA-PLGA2s¢ and examined in the transmission
mode

Fig. 7: Cross-section through rat skin treated with FA-PLGA2s¢ and examined in the fluorescence
mode; fluorescence (white) is visible on the skin surface and in the hair follicles
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3.2. Experiments on the selective quantification of follicular
RhBITC in porcine skin

The method was developed in laboratories of the CCP (Klinik fiir Dermatologie, Allergologie
und Venerologie, Charit¢ Berlin). A gel formulation containing a red dye was topically
applied to porcine ear skin. The stratum corneum was removed by tape stripping along with
the dye that had diffused into the upper skin layers. The dye remaining in the hair follicles
was extracted with ethanol and subsequently quantified using fluorescence spectrometry. All
experiments were carried out at a room temperature of 22° + 2° C and a humidity of 50 to
75%. Approval for these experiments was obtained from the Veterinary Board of Control
(Veterindramt Treptow-Kopenick, Berlin).

3.2.1. Material

Formulation containing RhBITC

Rhodamine B Isothiocyanate (RhBITC) (C290H30CIN3O3S) is a dye available as a red-brown
powder that fluoresces in the red-orange range of the spectrum. Substance instability may be
caused by contact with water or light, as well as with strong oxidizing agents. A formulation
consisting of 0.1% RhBITC (Product 283924, Aldrich Chemie GmbH, Steinheim) and
hydroxyethylcellulose gel 2.5% conserved with parabens (Apotheke Charité Campus Virchow
Klinikum, Berlin) was used for this study. 5 mg RhBITC and 5 g hydroxyethylcellulose gel
were weighed using an analytical balance (Analysenwaage Kern® 770, KERN & Sohn
GmbH, Balingen-Frommern) and stirred together for 3 minutes, producing a dark red gel, in
which RhBITC was assumed to be distributed homogeneously.

Skin samples

10 ears from healthy, freshly slaughtered crossbred pigs (Deutsches Edelschwein, Deutsches
Hausschwein and Duroc) belonging to the Gut Hesterberg (Neuruppin-Lichtenberg) were
used for this experiment. The ears were excised immediately after slaughtering and before the
carcasses were scalded. At the time of their death, the animals were 7 to 8 months old and
weighed approximately 120 kg. The genders corresponding to the excised ears were

unknown. Scarred or injured ears were discarded.
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3.2.2. Methods

Preparation of the skin samples

The porcine ears were prepared as described in section 4.1.2.

Fig. 8: Test area marked in the center of Specimen 1

Application of the formulation containing RhBITC

For each ear, defined amounts of the formulation were weighed in plastic 1 ml sterile syringes
using an analytical balance (Analysenwaage Kern® 770, KERN & Sohn GmbH, Balingen-
Frommern). The syringes were weighed before and after application of the formulation to the
test areas to confirm the exact amount of substance applied. The formulation was applied to
one test area on each ear and massaged into the skin for 3 minutes with standardized pressure
(65-85 g, Prazisionswaage Kern® 440-51, KERN & Sohn GmbH, Balingen-Frommern) using
a hand-held massage device (Petra® Electric PC60 Massagegerit, Elektrogeritefabrik,
Burgau). This ensured homogenous distribution over the entire test areas. The exposure time
for the formulation was 30 minutes to allow for penetration into the skin. The second test area
on each ear was maintained as an experimental control, and therefore not treated with the
RhBITC formulation.

Tape stripping

After the 30 minute exposure time, strips of adhesive tape (tesa® No. 5529, Beiersdorf,
Hamburg) were pressed onto the treated and untreated skin areas so that the upper corneocyte
layers of the stratum corneum attached to the strips. Small marks were made on the skin on

both sides of the tapes to ensure that all strips were taken from precisely the same regions
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with a permanent marker (Fig. 10). Prior to removal, each strip was positioned between the
marks and covered with a piece of paper to avoid contaminations. A roller was rolled back
and forth over each covered strip 5 times using standardized pressure (65-85 g,
Priazisionswaage Kern® 440-51, KERN & Sohn GmbH, Balingen-Frommern). The strips
were then removed with one swift movement and mounted on glass slides. This process was
repeated 80 times for each test area (Figs. 11, 12). Macroscopically, the red dye corresponding
to topically applied RhBITC was then visible only in the follicular pores. To verify the
removal of the stratum corneum and the test formulation from the skin surface, the strips were

subsequently examined using transmission and fluorescence microscopy.

Fig. 9: Test area of Specimen 1 treated with the RhBITC formulation before the removal of the 1t strip

Fig. 10: Test area of Specimen 1 treated with the RhBITC formulation after the removal of the 25®
strip
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Fig. 11: Test area of Specimen 1 treated with the RhBITC formulation after the removal of the 80t
strip

Fluorescence microscopy

A fluorescence microscope (BX 60, Olympus Optical Co. GmbH, Hamburg), operated
through the imaging analysis software analySIS 3.1 (Olympus, Soft Imaging Solutions
GmbH, Miinster), was used to examine the 15t, 10%, 25t 40t and 80t tape strips of each test
region after their removal from the skin surface. Corneocytes and cell remnants attached to
the tape strips were visualized using the transmission modus of the microscope. RhBITC
located in the corneocyte matrix on the strips was envisaged with the red long pass WIY filter
modus and an exposure time of 3 seconds. In this modus, the excitation wavelength was 545
to 580 nm, and the emission wavelength was > 610 nm, enabling the selective detection of red

fluorescence.

Extraction of RhBITC

Once the stratum corneum was removed from the skin surface, 15 biopsies sized 5 mm, with a
cumulative area of 2.95 cm? (STIEFEL® BIOPSY PUNCH, STIEFEL® Laboratorium
GmbH, Offenbach am Main), were taken from the stripped regions in the demarcated areas of
each ear. The biopsies were carefully detached from the underlying cartilage and submerged
in 2.95 ml ethanol (Ethanol for Spectroscopy, Merck KGaA, Darmstadt) in test tubes for 24
hours under the exclusion of light. The areas of the biopsies of each sample were therefore
analogous to the amount of ethanol in which the biopsies were immersed. The samples were
treated with ultrasound in a non-heated ultrasonic bath (Sonorex Super RK 102 H, Bandelin
Electronic GmbH & Co. KG, Berlin) for 60 minutes under the exclusion of light. They were
subsequently centrifuged (MR 1812, Jouan, Unterhaching) at 4000 RPM for 10 minutes. After
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centrifugation, 1 ml of the supernatant of each test tube was carefully decanted into 1 ml
quartz cuvettes (Hellma GmbH & Co. KG, Miillheim), suitable for spectroscopic analysis.
The biopsies were removed from the test tubes, and the remaining ethanol was discarded.
They were subsequently resubmerged in 2.95 ml of fresh ethanol, and the extraction process

was repeated a second time to extract any remaining RhBITC from the skin samples.

Fluorescence spectrometry

A fluorescence spectrometer (LS 50B, PerkinElmer, Waltham, Massachusetts), which was
implemented using the software FL. WinLab 4.00.01 (PerkinElmer, Waltham, Massachusetts),
was used to measure fluorescence emitted by the extraction solutions. Fluorescence was
induced with an excitation wavelength of 535 nm, and emission was measured at 570 nm. The
quantification of RhBITC in the extraction solutions necessitated reference values by which
the empirical relationship between the intensity of fluorescence emission and the
concentrations of RhBITC could be established. Three dilution series of RhBITC in ethanol
(Ethanol for Spectroscopy, Merck KGaA, Darmstadt) were therefore prepared in the
concentrations 0.025 pg/ml, 0.05 pg/ml, 0.1 pug/ml, 0.15 pg/ml, 0.2 pg/ml and 0.25 pg/ml,
and their fluorescence emissions measured. The mean fluorescence values of the three series
for each dilution concentration were plotted against the known concentrations of RhBITC in
the solutions in a calibration curve, providing the needed reference values. Linear regression
analysis was conducted using Microsoft® Excel® 2004 for Mac, Version 11.5.5 (Microsoft
Corporation, Redmond, Washington).
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4.1. The follicular penetration of nano-sized particulate FA-
PLGA in dog, rat and porcine skin

The localization of fluorescence emitted by topically applied nano-sized FA-PLGA particles
in the hair follicles of dog, rat and porcine skin was determined using confocal laser scanning
microscopy. In cryohistological skin sections, fluorescence could be detected on the skin
surface, as well as in the orifices and infundibula of approximately 60 to 70% of the hair
follicles. The remaining follicles were devoid of fluorescence and therefore assumed to be
inactive. The orifices of inactive follicles are occluded by cell debris and dried sebum,
rendering them unreceptive to penetration (Otberg et al., 2004a). The exact number of
inactive follicles could not be determined due to the high follicular densities and the thickness
of the cross-sections, particularly in the dog and rat specimens. A more detailed examination
of this phenomenon was not considered necessary for the purposes of this study. Using the
digital images obtained by the laser scanning microscope, measurements were conducted of
the follicular penetration depths of the fluorescing particles. In all specimens, measurements
were only made for hair follicles which were sectioned vertically. The accepted level of
significance for all statistical tests implemented was 5% (p < 0.05). For detailed results see

Appendix a.

4.1.1. Follicular penetration of FA-PLGA256 and FA-PLGA430 in dog skin

For each specimen and test area, approximately 10 vertical sections through the hair follicles
were examined for fluorescence. In 362 hair follicles of skin treated with FA-PLGA2s6,
fluorescence was detected at an average depth of 630.16 (= 135.75) um. In 414 hair follicles
treated with FA-PLGAu430, it was detected at an average depth of 604.79 (= 132.42) um (Tab.
2). These mean penetration depths differed significantly (p < 0.05), as was determined using
an unpaired T-test. The null hypothesis of equal variance could not be rejected and is therefore
supported on the basis of Levene’s test (p > 0.05). Comparisons between the mean follicular
penetration depths of FA-PLGA2s¢ and FA-PLGAu430 within individual specimens were made
(Fig. 13), and paired T-tests were applied. Statistically significant differences were only found
for Specimens 4 and 6 (p < 0.05). In all other specimens, statistically significant differences
were not found (p > 0.05). FA-PLGA»s6 penetrated deeper into the hair follicles than FA-
PLGAu430, with the exceptions of Specimens 5, 6 and 10. The frequency distributions, showing
observations centered around the mean, and the course of the theoretical normal distribution
of the follicular penetration depths found for FA-PLGA2s¢ and FA-PLGAu430 are illustrated in
Figs. 14 and 15.
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Tab. 2: Mean penetration depths of FA-PLGA2s56 and FA-PLGA430 into the hair follicles of dog skin

Mean follicular penetration depth ~ Mean follicular penetration depth

Specimen (um) of FA-PLGA2s6 (um) of FA-PLGAu430
(= SD) (= SD)
1 674.40 (= 193.93) 606.67 (+ 124.98)
2 582.42 (£ 90.43) 571.15 (£ 134.34)
3 521.90 (£ 114.00) 49485 (+104.23)
4 695.13 (+ 128.00) 614.15 (£ 132.70)
5 648.61 (£ 121.79) 661.06 (+ 189.94)
6 547.94 (£ 67.42) 609.81 (£ 89.09)
7 647.47 (£ 126.78) 603.88 (£ 87.31)
8 743.57 (+ 110.44) 717.02 (£ 125.54)
9 686.40 (+ 108.18) 637.77 (£ 117.42)
10 593.58 (+ 104.68) 598.91 (£ 112.15)
— 630.16 (£ 135.75) 604.79 (£ 132.42)
* N =362 N =414
£ SD: Plus-minus standard deviation
X : Total mean follicular penetration depth
N: Sample size
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4.1.2. Follicular penetration of FA-PLGA2s56 and FA-PLGA43¢ in rat skin

Due to the small size of the skin samples excised from the dorsum of the animals, only one
test area per specimen could be treated with formulation. FA-PLGA2s56 was applied to 8
specimens, while FA-PLGA430 was applied to 6. Approximately 8 cross-sections were
examined per specimen. Fluorescence was detected at an average depth of 253.55 (+ 47.36)
pm in 188 hair follicles of skin treated with FA-PLGA2s6, and at an average depth of 262.87
(£ 55.25) um in 155 hair follicles of skin treated with FA-PLGA430 (Tab. 3). A modified T-test
for independent variables, which does not assume equality of variances, was implemented to
compare these mean follicular penetration depths, which are illustrated in Fig. 16. A
statistically significant difference could not be determined (p > 0.05). In Figs. 17 and 18, the
frequency distributions and the course of the theoretical normal distribution of the follicular
penetration depths of FA-PLGA2s56 and FA-PLGAu430 are shown. The frequency distributions

depict observations centering around the mean.

Tab. 3: Mean penetration depths of FA-PLGA2s56 and FA-PLGA430 into the hair follicles of rat skin
Mean follicular penetration depth  Mean follicular penetration depth

Specimen (um) of FA-PLGA 256 (um) of FA-PLGA430

(£SD) (£ SD)

1 303.15 (£ 58.71)

2 223.10 (% 39.20)

3 234.44 (£26.07)

4 260.35 (£ 55.64)

5 293.75 (£ 39.60)

6 285.06 (£ 59.75)

7 248.59 (£ 31.58)

8 251.32 (= 53.64)

9 254.77 (£32.07)

10 288.95 (£ 38.93)

11 236.92 (£ 51.46)

12 213.06 (£ 32.75)

13 268.81 (£ 52.00)

14 242.26 (+ 36.25)

— 253.55 (£ 47.36) 262.87 (£ 55.25)

X N =188 N =155

+ SD: Plus-minus standard deviation

X : Total mean follicular penetration depth
N: Sample size
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Fig. 15: Mean follicular penetration depths of FA-PLGA2s6 and FA-PLGA430 in rat specimens
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Fig. 16: Frequency distribution and theoretical normal distribution of follicular penetration depths of
FA-PLGA2s6 in rat skin
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4.1.3. Follicular penetration of FA-PLGA2s6 and FA-PLGAu430 in porcine
skin

As a result of the low follicular density in porcine ear skin, comparatively few hair follicles
were found in the cross-sections which could be examined for particulate fluorescence.
Approximately 29 sections were scrutinized for each test area. Fluorescence was detected at
an average depth of 653.40 (= 94.71) um in 62 hair follicles of skin treated with FA-PLGA2s6.
In samples treated with FA-PLGAu430, fluorescence was detected at an average depth of 786.81
(= 121.73) um in 59 hair follicles (Tab. 4). In all specimens, FA-PLGA430 penetrated to a
greater mean follicular depth than FA-PLGA:2s6. Using an unpaired T-test, it was determined
that the mean follicular penetration depths determined for FA-PLGA256 and FA-PLGAu430
differed significantly (p < 0.05). The mean follicular penetration depths of the two
formulations were compared in each individual specimen (Fig. 19), and paired T-tests were
implemented. Statistically significant differences were found for all specimens with the
exception of Specimen 2 (p < 0.05). Illustrations of the frequency distributions centering
around the mean and the course of the theoretical normal distribution of the follicular
penetration depths of FA-PLGA2s56 and FA-PLGAu430 are shown in Figs. 20 and 21.
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Tab. 4: Mean penetration depths of FA-PLGA2s56 and FA-PLGAu430 into the hair follicles of porcine

skin
Mean follicular penetration depth  Mean follicular penetration depth
Specimen (pm) of FA-PLGA2s6 (um) of FA-PLGAu430
(= SD) (= SD)
1 604.84 (+ 63.60) 738.68 (+ 136.40)
2 773.43 (£ 68.16) 799.35 (£ 131.79)
3 667.59 (£ 96.06) 815.91 (£ 83.11)
4 610.93 (£ 57.89) 831.23 (£ 92.78)
X 653.40 (£ 94.71) 786.81 (+121.73)
N=062 N=59
£ SD: plus-minus standard deviation
X : Total mean follicular penetration depth
N: sample size
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Fig. 18: Comparison between the mean follicular penetration depths of FA-PLGA2s6 and FA-PLGA430
within each porcine specimen
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4.1.4. Comparisons between the follicular penetration of FA-PLGA2s¢ and
FA-PLGAu430 in dog, rat and porcine skin

FA-PLGA particles penetrated deepest into the hair follicles of porcine skin, followed by dog
and rat skin. FA-PLGA430 penetrated to a greater mean follicular depth than FA-PLGA2s6 in
porcine and rat skin. In contrast, the mean follicular penetration depth of FA-PLGA256 was
greater than that of FA-PLGA430 in dog skin. FA-PLGA2s6 penetrated to mean follicular
depths of 653.40 um and 630.16 um in porcine and dog skin, respectively. In contrast, FA-
PLGA2s6 penetrated to a mean depth of 253.55 pm in the hair follicles of rat skin. Differences
between the mean follicular penetration depths were statistically significant between dog and
rat as well as porcine and rat skin (p < 0.05), but were not statistically significant between dog
and porcine skin (p > 0.05). In porcine skin, FA-PLGA430 penetrated to a mean depth of
786.81 um. This was followed by dog skin, in which FA-PLGA430 was found at a mean depth
of 604.79 um. In the rat, FA-PLGA430 penetrated to a mean follicular depth of 262.87 pum.
Differences between the mean follicular penetration depths of FA-PLGAu430 were statistically

significant between all species (p < 0.05).
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Fig. 21: Boxplot of follicular penetration of FA-PLGA2s6 and FA-PLGA430 in dog, rat and porcine skin
Circles: Outliers

Stars: Extreme outliers

Numbers: Observation numbers
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4.2. The selective quantification of follicular RhBITC in porcine
skin

The amount of topically applied RhBITC found in the hair follicles of porcine ear skin was
determined by removing the stratum corneum, and extracting follicular RhBITC from
biopsies using ethanol. The fluorescence emitted by the extraction solutions was measured
with a fluorescence spectrometer, and quantified on the basis of reference values established
with a calibration curve for the intensity of fluorescence emitted by RhBITC. The extraction
solutions of the experimental controls were examined for autofluorescence emitted by the skin

biopsies at the wavelengths used for excitation of RhBITC.

4.2.1. Fluorescence microscopy

The RhBITC formulation produced a dark red color on the skin samples, which became
lighter as tape stripping progressed (Figs. 9-11). After the removal of 80 strips, the dye was
visible only in the follicular pores of the stripped regions. Using the transmission mode,
cellular components of the horny layer that had attached to the strips could be visualized. The
amount of corneocytes on the strips decreased as tape stripping progressed. On the 1, 10
and 25™ strips, large numbers of corneocyte aggregates were present. On the last strips, only
individual cells and scattered cell debris could be observed (Figs. 23-25). The fluorescence
mode of the BX 60 enabled viewing of the intense red fluorescence emitted by RhBITC. The
dye was dispersed throughout the corneocyte matrix that was attached to the first tape strips.
Fluorescence decreased significantly by the 25™ strips (Figs. 26-28). Isolated spots of
fluorescence found on the last strips corresponded to RhBITC located in the follicular
orifices, which was verified macroscopically (Fig. 12). These results were consistent for all
porcine ear samples treated with the RhBITC formulation. They verified the complete
removal of all layers of the stratum corneum as well as the formulation interspersed between

its cells.
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Fig. 23: 25th tape strip of Specimen 1 in the transmission mode (4x)

Fig. 24: 80h tape strip of Specimen 1 in the transmission mode (4x)
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Fig. 25: 1%t tape strip of Specimen 1 in the fluorescence mode (4x)

Fig. 26: 25" tape strip of Specimen 1 in the fluorescence mode (4x)

Fig. 27: 80t tape strip of Specimen 1 in the fluorescence mode (4x)
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4.2.2. Fluorescence spectroscopy

Known dilution concentrations of RhBITC were plotted against the corresponding
fluorescence emissions to produce a calibration curve (Fig. 28), with which to determine the
absolute concentrations of RhBITC found in the extraction solutions of the treated and
untreated biopsies on the basis of their emitted fluorescence. Using linear regression analysis,
the slope of the line was calculated to have a value of 3104. By substituting the variable y
with the emission, and solving the equation for x, absolute concentrations of RhBITC in pg
were determined, which corresponded to specific relative fluorescence values. The coefficient
of determination for the calibration curve was 0.97, indicating that 97% of the variability in
the measured fluorescence emissions could be attributed to the concentrations of RhBITC in

the extraction solutions.
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Fig. 28: Calibration curve for RhBITC dilutions in ethanol

Spectroscopic measurements of the extraction solutions yielded graphs for each sample,
where fluorescence emissions were plotted against emission wavelengths (Appendix b). The
results pertaining to the experimental controls indicated the presence of small amounts of
fluorescence in the extraction solutions, which were ascribed to skin fluorophores.
Imperfections in the cuvettes and traces of contaminants in the ethanol presumably produced
fluorescence in negligible amounts. Subtraction of the fluorescence emissions of the

experimental controls (Fcontrol) from the fluorescence emissions of the experimental samples
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(Fexp) enabled the determination of the fluorescence emissions which were attributable only to
follicular RhBITC (Fcorrect) extracted from the skin samples (Tab. 5).

Tab. 5: Corrected fluorescence emission by the experimental samples

Specimen Fexp (relative unit) Feontrol (relative unit) Feorrect (relative unit)
1 366.90 2.93 363.97
2 190.70 2.66 188.04
3 459.00 2.46 456.54
4 462.30 3.04 459.26
5 462.90 4.70 458.20
6 362.40 3.52 358.88
7 221.80 2.61 219.19
8 188.70 224 186.46
9 458.80 1.46 457.34
10 518.40 13.00 505.40

Fexp: Fluorescence emission of the experimental samples
Feontrol: Fluorescence emission of the experimental controls
Feorrect: Corrected fluorescence emission

For each porcine ear, the regression equation was solved for x by substituting the variable y
with Feorrect, giving the absolute concentrations of follicular RhBITC in ethanol extracted from
the samples in the concentration pg per ml. The cumulative area of the biopsies of each
sample (2.95 cm?) was analogous to the amount of ethanol in which the biopsies were
immersed (2.95 ml). The percentage of RhBITC applied to the biopsies, which was
subsequently extracted from the hair follicles and detected in the extraction solutions, could

therefore be determined using the formula:

(Rhextract / Rhapplied) - 2.95 - 100 = Rhgotticular

For all specimens, an average of 5.01 (+ 1.86)% of Rhappliea Was found in the extraction

solutions. The values found for all specimens are listed in Tab. 6.
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Tab. 6: Overview of RhBITC extracted from the hair follicles of porcine skin

Specimen Rhapplied (1g) Feorrect (relative unit) Rhextract (Ug) Rhiotiicutar (%)
1 7.16 363.97 0.12 4.82
2 7.09 188.04 0.06 2.52
3 6.39 456.54 0.15 6.78
4 8.91 459.26 0.15 4.89
5 8.08 458.20 0.15 5.38
6 5.34 358.88 0.12 6.38
7 8.52 219.19 0.07 2.44
8 6.15 186.46 0.06 2.88
9 6.70 457.34 0.15 6.48
10 6.33 505.40 0.16 7.57

Rhapplica: RABITC applied to 2.95 cm?

Feorreet: Corrected fluorescence emission

Rhextract: RhBITC extracted per ml ethanol
Rhotiicutar: Rhapplied €xtracted from the hair follicles

53



Discussion

5. Discussion
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5.1. Considerations on the follicular penetration of nano-sized
particulate FA-PLGA in dog, rat and porcine skin

In this study, the presence of nano-sized FA-PLGA particles in the hair follicles of dog, rat
and porcine skin were verified subsequent to topical application using confocal laser scanning
microscopy. Statistically significant differences were found between the mean follicular
penetration depths of FA-PLGA2s¢ and FA-PLGA430 in dog and porcine skin. The differences
were most pronounced in porcine skin, where the larger particles penetrated to distinctly
deeper follicular depths than the smaller particles. However, the small sample size used for
this species may limit the validity of this result. In the dog, FA-PLGA2s6 penetrated slightly
deeper into the hair follicles than FA-PLGAu430 on average. Statistically significant differences
were not found between the mean follicular penetration depths of FA-PLGA2s6 and FA-
PLGA430 in the rat. Within individual skin samples, statistically significant differences
between the follicular penetration depths of the two particle sizes were found in three of the
four porcine specimens, while in the majority of the dog samples, no statistically significant
differences were found. The mean follicular penetration depths of FA-PLGA2s6 and FA-
PLGAu430 differed significantly between all examined species, with the exception of values

obtained for FA-PLGA2s6 between dog and porcine specimens.

5.1.1. Follicular morphometries and skin constitutions

The relatively high intra- and interindividual standard deviations and the varying values
between species can be ascribed to variations in the morphometries of the hair follicles as
well as in the skin compositions. These are influenced by the breed, age, sex and housing
conditions of the animals from which the skin samples were taken, as well as the body regions
from which the skin was sampled (Holbrook & Odland, 1974; Lauer et al., 1995; Lowe &
Stoughton, 1977; Meyer, 1986; Meyer, 2009; Nieminen et al., 1967). Prior to their use, all
specimens were thoroughly examined, and damaged or visibly diseased skin samples were
discarded. For the purposes of this study, variations in the constitutions of the individual
samples of a species, pertaining to the dryness of the skin, the hair and hair follicle densities
and the hair follicle morphometries, were accepted as within the limits of interindividual
variations. In the pig, these variations were most pronounced, as a result of the sparse hairs
and large follicles. The breed, age and housing conditions of the animals remained the same

for all individuals of one species. Their gender was unknown.
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Hair coat

The thick and dense fur coat found in some animals represents the first barrier against
topically applied substances, as some drugs may physically bind to hair and prevent
absorption into the skin (Riviere & Papich, 2001). This is of special interest for patients with
dermatological disorders in which the hair coat is damaged (Walters & Roberts, 1993). Jung
et al. (2006) for example observed that topically applied liposomes adhered to hair shafts,
slowing penetration, and simultaneously decelerating the flushing out of the particles from the
follicular canal by sebum. Marzulli et al. (1969) and Tregear (1966) however reported high
follicular densities to correlate positively with overall skin penetration. This may be explained
by the attenuated interfollicular epidermis found in densely haired skin (Riviere & Papich,
2001). In the skin of dogs, hair follicles are commonly arranged in groups, with a total of
1500 to 4000 hairs per cm? skin (Mangelsdorf, 2007). The central primary hair follicles are
often flanked by several lateral primary or secondary hair follicles (Meyer, 2009). Hair
thickness averages at 75 um across breeds, although individual values vary significantly (Sato
et al., 2006). As the skin is relatively thin in dogs, their primary hair follicles often project
into the hypodermal fat reservoir, with an insertion depth varying between 400 and 1200 pm
(Meyer, 2009). Rats are more densely haired with 5000 to 8000 hairs in individual follicles
per cm? (Mangelsdorf, 2007), reaching lengths of 550 pum (Stahl, 2007). Reports on hair
thickness range from 45 to 150 pm (Meyer et al., 2002a). Strong bristles with a mean
diameter of 95 um dominate in primary follicles in the pig, with a density between 10 to 40
per cm? skin (Mangelsdorf, 2007), while short secondary hairs are inconspicuous and not
found in modern breeds. The primary hair follicles are fixated at depths ranging between 3000
and 5300 pm below the skin surface, with hair roots crossing the entire dermis and bulbs
anchoring the hypodermis between fat cells (Meyer, 2009). To minimize substance loss, the
hairs and bristles of the skin samples used in this study were shortened to a length of 1 to 2
mm with scissors. They were not shaved with a razor so as to avoid damage to the skin
surface. In spite of the shortening of the hairs, small amounts of the formulation presumably

remained bound to them, particularly in the densely haired dog and rat specimens.

‘Active’ and ‘inactive’ hair follicles

Lademann et al. (2001) proposed the concept of ‘active’ and ‘inactive’ hair follicles. While
‘active’ hair follicles receptive to penetration demonstrate hair growth and sebum production,
‘inactive’ follicles are in the telogen phase of their hair cycle, and thus unreceptive to
penetration. The ‘inactive’ hair follicles are covered by a crust of desquamated corneocytes,
dry sebum and other cell detritus, that further impedes penetration (Otberg et al., 2004). This
is consistent with results found in this study, where 30 to 40% of the hair follicles did not

show fluorescence.
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Follicular orifices and infundibula

Reflective of the known morphometries of dog, rat and porcine hair follicles, it can be
reasoned that the dimensions of the follicular openings and infundibula are critical for
predicting the follicular penetration depths of particulate formulations. The FA-PLGA
particles submerged in cellulose gel entered and traversed the hair follicles by the mechanical
effect of the massage during application of the formulations to the skin. The external,
standardized pressure combined with the vibrational action of the massage applicator
presumably pressed the fluorescing particles into the follicular orifices, filling the follicular
infundibula. The amount of particulate gel able to enter into the follicular canal and to fill the
infundibulum at a given time seemed to correspond to the diameter of the hair follicle
openings, as well as the length of the infundibula. The orifices of the hair follicles in the dog
have a mean diameter of 155 um and cover more than 7% of the skin surface. The follicular
infundibula, which range from the follicular openings to the orifices of the sebaceous glands,
have a length of 225 um. The follicular orifices of the rat constitute about 2% of the skin
surface and have a mean diameter of 38 pm. The infundibula extend 113 pm into the skin. In
pigs, approximately 1% of the skin surface is comprised of hair follicles. Their openings are
200 um in diameter, from which the infundibula reach a length of more than 500 pm
(Mangelsdorf, 2007). Based on these measurements, the follicular orifices are widest in
porcine skin, followed by dog and rat skin, respectively. The hair follicle infundibula extend
deepest into the skin of the pig. In the dog, they reach approximately half, and in the rat, about
one-fourth the length of the infundibula found in porcine hair follicles. This corresponds to
the results of this study which evidenced that FA-PLGA256 and FA-PLGA430 penetrated
deepest into porcine hair follicles, and least deep into the hair follicles of the rat. By fully
saturating the infundibula with test formulation during massage application, the likelihood is
increased that particles will be pushed further down into the follicular canal. In all examined
species, the FA-PLGA particles penetrated below the follicular infundibula. Relative to the
species-specific lengths of the infundibula, they penetrated deepest in the dog, and least far in
the pig. As a continuous stream of sebum reaches the follicular infundibulum from the outlet
of the sebaceous glands and protrudes to the follicular openings on the skin surface, particles
that penetrate below this confluence are presumably no longer flushed out by sebum.
Penetration beyond the infundibulum is especially desirable for nano-sized particles intended
to act systemically by delivering drugs to immune cells surrounding the hair follicles or to
their capillary networks. Considering the chemical environment of the sebum-filled follicular
canal, such particles situated deeply in the hair follicles are soon likely to be subjected to

degradation, releasing their drugs upon breakdown (Lauer et al., 1995).

On account of the comparatively large dimensions, it can be assumed that the nano-sizes of

the FA-PLGA particles do not have a significant effect on follicular penetration in the
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infundibular region. Below the infundibulum, however, the follicular canal becomes greatly
attenuated and their nano-sizes may become relevant to the follicular penetration process. The
follicular sheath is lined with overlapping, cuticular cells that interlock with the cuticles on
the hair shaft, fixating the hair in the epidermis. This is confirmed by the fact that forcible
plucking of an intact terminal anagen hair reveals the outer root sheath coating the pigmented
shaft and the inner root sheath, that is closely apposed to the shaft and lying just within the
outer root sheath, and not merely the naked hair shaft (Sperling, 1991). Lademann et al.
(2007) proposed that nano-sized particles pushed into the follicular canal by massage action
move along the cleft between the cuticular lock, the efficacy of which is believed to

correspond to the size of the particles as well as the dimensions of the cuticular cells.

Tab. 7: Overview of the skin and hair follicle parameters in dog, rat and porcine skin (Mangelsdorf,
2007; Meyer et al., 2002a; Sato, et al., 2006; Stahl, 2007)

Skin and hair follicle )
Dog Rat Pig
parameters
Number of hairs per cm?
) 1500-4000 5000-8000 10-40
of skin
Follicular openings in %
~ 7% ~2% ~1%
of skin
Diameter of hair follicle
) 155 pm 38 um 200 um
openings
Mean diameter of the
] 75 pm 45-150 um 95 pm
hair shaft
Length of hair follicle
225 um 113 pm > 500 pm
infundibula
Insertion depth of hair
400-1200 pm 550 um 3000-5300 pm

follicles in skin

Sebaceous glands

The sebaceous glands are implicated in the etiology of acne (Thiboutot, 2004) and
androgenetic alopecia (Meidan & Touitou, 2001), as well as other sebaceous gland
dysfunctions in humans, and thus represent obvious sites for follicular targeting. Considerable
effort has been directed towards maximizing the accumulation of various molecules into these
glands, including adapalene (Rolland et al., 1993), an erythromycin-zinc complex (Morgan et
al., 1993), isotretinoin (Tschan et al., 1997) and anti-androgen RU58841 (Bernard et al., 1997,
Miinster et al., 2005). Liposomes carrying entrapped compounds accumulated preferentially
in the sebaceous glands (Bernard et al., 1997). Although the process of sebum synthesis and

secretion on the skin surface is slow (Downing et al., 1975), the upward flowing sebum may
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pose a physical as well as a chemical barrier for drug penetration (Lauer et al., 1996; Singh et
al., 2000). At the same time, sebum may serve as a vehicle for drugs which are soluble in it
(Illel, 1997; Riviere & Papich, 2001). Interspecial variations in the sebum composition must
be considered in this context (Mangelsdorf, 2007).

Bulge region

The bulge region in the outer root sheath near the insertion of the M. arrector pili is known to
be a reservoir for keratinocyte stem cells in humans and rodents (Claudinot et al., 2005;
Cotsarelis et al., 1990; Lyle, et al., 1998; Morris & Potten, 1999; Ohyama et al., 2006;
Oshima et al., 2001; Taylor et al., 2000), responsible for the reconstitution of the hair follicles
during hair regeneration (Ohyama, 2007). Cultured and individually cloned bulge cells from
adult mice were shown to form hair follicles in skin reconstitution assays (Blanpain et al.,
2004). Hair follicle stem cells from adult mice formed hair follicles after injection into
immunodeficient mice, when combined with neonatal dermal cells (Blanpain et al., 2004;
Morris et al., 2004). Results from Taylor et al. (2000) indicate that hair follicle stem cells can
give rise not only to hair follicle cells, but also to epidermal cells. Oshima et al. (2001)
suggested that the upper outer root sheath of whisker follicles of adult mice contain
multipotent stem cells, which can differentiate into hair follicle matrix cells, sebaceous gland
basal cells and epidermis. Ito et al. (2005) and Levy et al. (2005) recently elucidated that they
contribute to wound repair but do not contribute to the normal epidermis homeostasis in non-
wounded skin. Toma et al. (2001) demonstrated that multipotent adult stem cells isolated from
the mammalian dermis can proliferate and differentiate into neurons, glia, smooth muscle
cells and adipocytes in culture. Hoffman (2007) similarly showed that hair follicle stem cells
differentiated into neurons, glia, keratinocytes, smooth muscle cells and melanocytes in vitro.
In vivo studies indicated that hair follicle stem cells can differentiate into blood vessels and
neural tissue after transplantation into the subcutis of nude mice. Furthermore, it was found
that hair follicle stem cells implanted into the gap region of a severed or sciatic tibial nerve
greatly enhanced the rate of nerve regeneration and the restoration of nerve function. The
follicle cells predominantly transdifferentiated into Schwann cells, which support neuron
regrowth. Nishimura et al. (2005) proclaimed that the exhaustion or incomplete maintenance
of the melanocyte stem cell supply from the bulge region results in the loss of hair shaft
pigmentation, as well as in grey hairs. Other cells such as Merkel cells (Narisawa et al., 1993)
and Langerhans cells (Moresi & Horn, 1997) can also be found in the bulge region, signifying
the importance of the bulge in the homeostasis of the skin (Ohyama, 2007). In light of these
results, bulge cells have attracted attention as a stem cell source for cutaneous regenerative
medicine. One goal is to treat alopecia with new hair follicles bioengineered from the bulge
cells of patients (Stenn & Cotsarelis, 2005). Gene delivery to specific bulge stem cells may

possibly facilitate long-term gene correction of congenital hair diseases (Ohyama & Vogel,
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2003). In addition, as the bulge cells are able to repopulate the interfollicular epidermis,
targeting of cells by gene transfer is considered to be a promising approach for the treatment
of genetic skin disorders (Ohyama & Vogel, 2003; Sugiyama-Nakagiri et al., 20006).
Additional desirable targets include the follicular papilla and the hair matrix cells, which are
situated at the base of the follicle (Meidan et al., 2005).

Tight junctions

Tight junctions are regions of intimate contacts between the plasma membranes of two
neighboring cells without any intermembranous material or intercellular gaps, which
functionally provide hydrophobic barriers and prevent paracellular diffusion of water and
solutes. Brandner et al. (2003) found evidence for their presence in the cell layers facing the
hair shaft and the stratum corneum as well as the border between the outer and inner root
sheaths in the hair follicles of human scalp skin. The junctional system in the hair follicles has
been suggested to provide architectural stability to mechanically challenged skin and to
contribute to the maintenance the skin barrier. The cell layers strongly positive for tight
junction proteins represent the border with the environment and the first viable cells contacted
by substances penetrating via the hair follicles, and may therefore be selective in substances
they allow to penetrate. Furuse et al. (2002) for example demonstrated a tremendous increase
in transepidermal water loss in claudin-1 knockout mice, a tight junction-associated protein,

resulting in the death of the mice on their first day after birth.

Capillary network

The interface between the site of topical application and the systemic circulation is
approximately 100 pm in humans. A perifollicular network of capillaries associated with the
upper dermal vasculature supplies the upper region of the hair follicles with blood. The blood
vessels of the deep dermis and the subcutaneous tissue nourish the lower region of the hair
follicles (Ryan, 1983). A dense network of capillaries also surrounds the sweat glands
(Schifer & Redelmeier, 1996). Depending on the thermoregulatory status, dermal perfusion
has been estimated to change by a factor of 100 (Riviere & Papich, 2001). Noteworthy
differences exist in the morphology of the capillary networks between species. In dogs, for
example, the vascularization of the hair follicles is much more pronounced than in the pig
(Kristensen, 1975). Topically applied substances that reach the cutaneous vasculature
generally permeate into the central circulatory system. This results in rapid dilution (Schéfer
& Redelmeier, 1996) and dispersion of the applied substances within the entire circulatory
system (Lauer et al., 1996). For certain substances, modulation of the dermal perfusion has
been reported to alter drug delivery. Vasoconstriction decreased dermal perfusion and trapped

drugs that had penetrated the epidermal barrier, thus decreasing the systemic absorption but
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enhancing the local activity. Vasodilatation in contrast promoted systemic delivery but

minimized local accumulation of the substances (Riviere & Papich, 2001).

5.1.2. Characteristics of the particulates

Size

While it has been established that nano-sized particles permeate the skin by penetrating into
the follicular canals, their specific mechanisms of action are speculative at best, and remain to
be elucidated. FA-PLGA2s¢ and FA-PLGAu430 used in this study differed solely in the size of
their FA-PLGA particles. Therefore, on the basis of the obtained results, no clear trends can
be substantiated which suggest that the size of the FA-PLGA particles markedly influenced

their penetration into the hair follicles of the examined species.

Aggregation

Due to the high energetic adhesive forces close to their surface, nano-sized particles bear the
potential risk of agglomerating to their neighbors, adhering to surfaces or adsorbing to other
molecules (Borm et al., 2006), leading to altered penetration behavior. Using confocal
microscopy, De and Robinson (2004) showed that after storage at 37° C for 6 days, nano-
sized PLGA particles marked with the fluorescent dye Biodipy had aggregated significantly.
No aggregation however was observed after the particles were stored at 4° C for 6 days,
indicating that it is crucial to maintain this temperature during storage to avoid irreversible
aggregation. Furthermore, the extent of aggregation of PLGA particles stored at 37° C
decreased as the particle size of the delivery system increased from 300 to 2000 nm. To
ensure that aggregation of the FA-PLGA particles used in this study was minimized, the
particulate formulations were kept at a temperature of 4° C at all times prior to the

experiments.

Degradation

Nano-sized PLGA particles have been reported to have a shelf-life of more than 3 months
(Feng & Huang, 2001). Weiss et al. (2006) studied the degradation of nano-sized particulate
FA-PLGA by incubating the nanoparticles in PBS at 37° C over a course of 15 weeks.
Immediately after their preparation, the particles were of a spherical shape and had a smooth
surface without any visible pores. After 1 week, first pittings could be seen on the surface of
the particles. This effect progressed until week 3, during which the particles were observed to
develop a porous outer appearance. The depth of these indentations increased until week 7,

although their number did not rise. In week 15, the particles did not appear as porous as
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before, possibly due to a swelling process which resulted in a smoothening of the surface.
During this process, the mean particle size did not change notably. Specifically in the lipid-
rich environment of the follicular ducts, Borm et al. (2006) reported nano-sized PLGA
particles to be stable over the course of several days. The FA-PLGA particles used in this

study were applied to the skin samples within 10 days of their preparation.

Leakage of fluoresceinamine

Nano-sized FA-PLGA particles demonstrate a stable association between the particles and the
marker. After an initial burst effect resulting in the loss of approximately 12% of the
fluorescent marker, more than 60% of the fluoresceinamine was still bound to particles sized
270 nm after 8 days of incubation in PBS at 37° C (Weiss et al., 2006). As the particles
implemented in this study were applied to the skin samples within 10 days of their
preparation, it is surmised that detectable amounts of fluoresceinamine remained bound to the

particles at the time of the experiments.

Risks and toxicity

In companion and farm animals, the topical application of particulate formulations to the skin
bears the specific risk of unintentional uptake by ingestion or contact with the mucous
membranes of the eyes as a result of licking, biting or itching of the treated skin, as well as to
a lesser extent by inhalation through sniffing. Ingestion can result in systemic uptake via the
lymph. Once in the blood circulation, nano-sized particles can be distributed throughout the
organism, and be taken up by the liver, spleen, bone marrow, heart and other organs. Access to
the central nervous system and ganglia via translocation along axons and dendrites of neurons
has been observed (Oberdorster et al., 2005). Recently, specific concerns have been raised
about the potential of topically applied nano-sized particles to penetrate the skin (Hoet et al.,
2004; Oberdorster et al., 2005). Some evidence exists that particles smaller than 10 nm can be
taken up by lymphatic nodes at the skin level, and translocate to the circulatory system via
lymphatic pathways (Kim et al., 2004). There is, however, no conclusive evidence that intact
nano-sized particles 20 nm and larger can permeate into viable tissue (Alvarez-Roman et al.,
2004b; Lekki et al., 2007). In damaged or diseased skin, the stratum corneum is often
ruptured, reducing its barrier function and thereby leading to increased skin penetration
(Nohynek et al.,, 2008). Here, particular concerns must be raised. Tinkle et al. (2003)
demonstrated that in conjunction with flexed skin, fine beryllium particles penetrated the
stratum corneum and lodged in the epidermis, which led to a murine beryllium-specific, cell-
mediated immune response. Podoconiosis has been ascribed to soil particles sized 400 to 500
nm, which are driven through the soles of the feet of individuals who walk barefoot. The

particles were observed in the femoral and inguinal lymph nodes of patients (Blundell et al.,
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1989). In psoriatic skin, the stratum corneum thickness increases to about 100 pum, and
comprises corneocytes as well as vital keratinocytes, such that TiO. particles were found to
come into direct contact with living cells. Systemic uptake was not observed (NANODERM,
2007).

The toxicity of insoluble and inert nano-sized particles corresponds to their cellular uptake
through the phagocytotic capacity of the treated cells. Phagocytosis of non-degradable
particles results in oxidative cell damage, inhibition of cell proliferation, cytotoxicity, and the
release of inflammatory factors into the surroundings of the cell (Nohynek et al., 2008).
Biodegradable particulates such as PLGA generally decompose into their individual
constituents once the pharmacologically active agent is released from their core or surface
soon after application. Toxicologically harmful effects to patients are therefore not expected
to differ from particles of the same substance but of a larger size (GreBler et al., 2009). For the
specific use of particulate FA-PLGA in biological systems, it is pivotal to obtain sufficient
fluorescence signals at particle concentrations well below the level that causes any cytotoxic
effects. Weiss et al. (2006) assayed nano-sized FA-PLGA on human intestinal epithelial cells
for the specific risk assessment of their potential cytotoxic effects. The half maximal
inhibitory concentration was in the same order as found for pure nano-sized PLGA, which is
known for its excellent biocompatibility. With respect to possible absorption of FA-PLGA
particles from the lumen of the intestine, results indicated that only the degradation products

were transported across the intestinal epithelial barrier.

5.1.3. Future outlook on the follicular penetration of nano-sized particulates
in animals relevant for veterinary practitioners

Clinical concerns in veterinary practice are becoming increasingly similar to those of human
medicine (Rathbone & Martinez, 2002). The number and diversity of animals being cared for
and the corresponding anatomical and physiological differences have created a vast market
for innovative treatment options and veterinary spin-offs from human pharmaceuticals.
Therapy regimens which are painless, simple to carry out and cost-effective are of key
importance in the successful treatment of veterinary patients. Cremes, gels and spot-on
treatments which are applied topically are therefore widespread in veterinary practices (Mills
& Cross, 2006). The implementation of particulate drug delivery systems in such formulations
is still insubstantial however. Only few particulates are commercially available for veterinary
use, most of which are based on the injection of microparticles smaller than 200 pm into
subcutaneous or muscle tissue (Johnson & Thompson, 1999; Miller et al., 1998; Rock et al.,
2000). In spite of the abundance of follicular target structures and the comparatively large

follicular reservoir in most companion and farm animals (Mangelsdorf, 2007), follicular
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targeting using nano-sized particles smaller than 1 pm has thus far only been studied in a
number of animal models and in humans. The fundamental research on the follicular
penetration of particulates conducted in this work illustrates the potential for follicular
targeting in animals, which in the future may include the treatment of skin diseases, hair
follicle-associated disorders and the stimulation of systemic effects such as by targeting of
follicular immune cells or blood vessels. It remains the subject of future research to further
elucidate variances in follicular morphometries and skin compositions between individuals as
well as the factors influencing them. This in consequence will enable the customized
production of nano-sized particulates for follicular drug delivery in the diversity of veterinary

patients.

5.2. Considerations on the selective quantification of follicular
RhBITC in porcine skin

In this study, the established procedure of differential stripping was modified to enable the
selective quantification of the dye RhBITC located in the follicular canals of porcine skin
subsequent to topical application. RhBITC was implemented as a model drug. On average,
5% of the dye administered to the skin was detected in the follicular extraction solutions of
the skin samples. This is in accordance with a study by Teichmann et al. (2005), in which 5%
of topically applied sodium fluorescein was extracted from the follicular casts of human

subjects by differential stripping.

5.2.1. Porcine skin as an in vitro model for the human integument

Porcine skin, which can be easily obtained as waste from slaughtered animals (Barbero &
Frasch, 2009), has histological and physiological features that are analogous to human skin
(Dick & Scott, 1992; Hawkins & Reifenrath, 1986; Jacobi et al., 2007; Meyer, 1996; Meyer et
al., 2007) and similar permeability properties (Frum et al., 2008). It is is often utilised to
replace human skin in studies on transdermal drug transport (Bronaugh, 1989), as excised
human skin of sufficient quality and size is not readily accessible and only available in limited
amounts (Schmook et al., 2001). Furthermore, considerable variety exists among human
samples due to differences in gender, race, age and the anatomical site of sample excision
(Barbero & Frasch, 2009). In humans, approximately 500 to 1000 hairs per cm? are found on
the scalp and face with each follicular opening exhibiting a diameter of 50 to 100 pm. The
combined areas of their follicular openings constitute as much as 10% of the skin surface

(Meidan et al., 2005). In other parts of the body, such as the calf, an average of 14 hairs per
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cm? can be found. Here the hair follicles represent only 0.1% of the skin surface (Schifer &
Redelmeier, 1996). Hair shaft diameters vary between 16 and 42 um (Wosicka & Cal, 2010).

5.2.2. Methodology

The porcine ears used in this study belonged to animals of the same cross-breed, age and
keeping conditions. The gender corresponding to the specimens was unknown. Visibly
diseased, injured or scarred skin samples were discarded prior to the experiments, to avoid
falsification of the results. Variations in their skin surface compositions, follicular densities,
morphometries and sebum contents, as well as in the dryness of the skin samples were
accepted as within the limits of interindividual variations for the purposes of this study. To
maintain its stability, RhBITC was stored at conditions excluding light throughout the
duration of the experiments, with the exception of the preparation of the dilution series and
the application procedure. The homogenous distributions of RhBITC within the
hydroxyethylcellulose gel and of the RhBITC formulation on the test areas were ensured by
the slow stirring of RhBITC into the gel for a period of 3 minutes, as well as by the
standardized massage application, respectively. To avoid contaminations of the skin with
excess RhBITC, each strip was covered with a piece of paper before being pressed onto the
skin. Using a roller to press the tape strips onto the skin with standardized pressure ensured
the removal of the dye from the furrows and wrinkles of the skin as well as of dye adhering to
the bristles. Three dilution series were prepared for RhBITC to increase the accuracy of the
calculations performed on the basis of the calibration curve to quantify RhBITC in the
extraction solutions. Separation of the skin biopsies from the extraction solutions containing

follicular RhBITC subsequent to the ultrasonic treatments was achieved by centrifugation.

5.2.3. Future outlook on the selective quantification of drugs located in the
follicular canals of porcine skin

For follicular penetration experiments, excised porcine ear skin is a particularly suitable
alternative to human skin, as its follicular reservoir capacity corresponds to that of living
human skin. In human ex vivo skin, the follicular reservoir is diminished to 9.5% of the in
vivo hair follicle reservoir as a result of the contraction of the elastic fibers surrounding the
hair follicles during excision from the donor, as well as the sudden absence of blood flow and
loss of hydration (Patzelt et al., 2008). Porcine ear skin maintains a constant follicular
reservoir as the skin is fixed on an underlying cartilage, and does not contract upon removal
of the ears from the carcass (Lademann et al., 2009). Thus far, its implementation in follicular

penetration studies as a model for human skin has been limited however. The method of
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differential stripping, commonly implemented in follicular penetration studies, is not
applicable to porcine skin as the removal of cyanoacrylate follicular biopsies produces tears in
the cyanoacrylate, falsifying results. The quantification of follicular contents is crucial for
questions pertaining to drug administration, concentrations and dosages, and alternative, drug-
specific procedures are therefore necessary for the quantification of follicular contents in
porcine skin. In this study, the dye RhBITC was implemented as a model drug and extracted
from the hair follicles of porcine skin on the preconditions of its solubility in ethanol as well
as the detection of its fluorescence emission using fluorescence spectrometry. Additional
research aimed at methodological optimizations and modifications is needed to ensure the

successful applicability of this procedure for a wide range of topical drugs.
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6.1. Appendix a: Descriptive statistics

6.1.1. Dog skin

Tab. 8: Descriptive statistics of the follicular penetration of nano-sized particulate FA-PLGA in dog

skin
Mean follicular
Specimen Particles N penetration depth (um) Min Median Max
(£ SD)
. FA-PLGA2s6 31 674.40 (+ 193.93) 400.10  679.00  1349.00
FA-PLGA430 30 606.67 (+ 124.98) 361.00 612.60  846.00
> FA-PLGA2s6 31 582.42 (£ 90.43) 370.50  589.00  728.80
FA-PLGA430 71 571.15 (£ 134.34) 243.10 59250  795.70
3 FA-PLGA2s6 43 521.90 (+ 114.00) 313.80  526.40  781.80
FA-PLGA430 43 494.85 (= 104.23) 30090 467.60  695.60
g FA-PLGA2s6 37 695.13 (+ 128.00) 421.70  709.10 1046.70
FA-PLGA430 37 614.15 (£ 132.70) 24390  641.10  866.60
s FA-PLGA2s6 23 648.61 (= 121.79) 44580  690.50  860.10
FA-PLGA430 29 661.06 (£ 189.94) 369.60  657.70  987.20
6 FA-PLGA2s6 39 547.94 (£ 67.42) 400.80  557.60  696.00
FA-PLGA430 43 609.81 (£ 89.09) 44270 59490  783.10
7 FA-PLGA2s6 43 647.47 (£ 126.78) 400.70  633.90  948.50
FA-PLGA430 41 603.88 (£ 87.31) 43770  597.50  792.50
o FA-PLGA2s6 32 743.57 (£ 110.44) 569.30  744.20  985.10
FA-PLGA430 33 717.02 (£ 125.54) 389.40  730.30  984.40
9 FA-PLGA2s6 41 686.40 (£ 108.18) 496.00  698.20  965.00
FA-PLGA430 44 637.77 (£ 117.42) 429.60  616.00  887.00
10 FA-PLGA2s6 42 593.58 (+ 104.68) 411.60  609.90  823.90
FA-PLGA430 43 598.91 (£ 112.15) 408.80  580.20  850.50
X FA-PLGA2s6 362 630.16 (£ 135.75) 313.80  619.40  1349.00
FA-PLGA430 414 604.79 (£ 132.42) 243.10  602.50  987.20

N: Sample size

(£ SD): Plus-minus standard deviation
Min: Minimum

Max: Maximum

X : Total mean follicular penetration depth
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Appendix

Tab. 9: Descriptive statistics of the follicular penetration of nano-sized particulate FA-PLGA in rat skin

Specimen

O 0 3 O W B~ W N —

P e e
AW N = O

=<l

Particles

FA-PLGA2s56
FA-PLGA2s6
FA-PLGA»s6
FA-PLGAu430
FA-PLGA430
FA-PLGA430
FA-PLGA2s6
FA-PLGA2s6
FA-PLGA»s6
FA-PLGAu430
FA-PLGA430
FA-PLGA430
FA-PLGA2s6
FA-PLGA2s6
FA-PLGA»s6
FA-PLGAu430

N

22
22
20
26
26
25
23
22
26
26
26
26
26
27
188
155

Mean follicular

penetration depth (um)

(£ SD)
303.15 (+ 58.71)
223.1 (+39.20)
234.44 (£26.07)
260.35 (£ 55.64)
293.75 (£ 39.60)
285.06 (+ 59.75)
248.59 (+ 31.58)
251.32 (£ 53.64)
254.77 (£ 32.07)
288.95 (+ 38.93)
236.92 (+ 51.46)
213.06 (+ 32.75)
268.81 (+ 52.00)
242.26 (£ 36.25)
253.55 (= 47.36)
262.87 (£ 55.25)

Min

228.20
166.10
195.60
173.10
240.80
173.00
199.70
160.40
198.50
229.00
166.70
146.40
200.80
154.00
154.00
146.40

Median Max

293.00  448.50
220.10  305.60
235.90  295.30
253.80  374.70
291.70  368.60
299.40  384.70
251.90  321.80
239.30  341.50
25430  331.90
294.50  366.70
227.10  355.70
217.80  280.60
267.70  481.00
247.50  311.00
248.60  481.00
255.40  384.70

N: Sample size

(£ SD): Plus-minus standard deviation

Min: Minimum
Max: Maximum

X : Total mean follicular penetration depth
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6.1.3. Porcine skin

Tab. 10: Descriptive statistics of the follicular penetration of nano-sized particulate FA-PLGA in
porcine skin

Mean follicular

Specimen Particles N penetration depth (um) Min Median Max
(= SD)
. FA-PLGA2s6 19 604.834 (+ 63.60) 492.00  589.00  726.00
FA-PLGA430 22 738.68 (+ 136.40) 508.00  733.50  1045.00
> FA-PLGA2s6 11 773.27 (£ 68.14) 640.00  770.00  848.00
FA-PLGA430 13 799.23 (£ 131.81) 619.00  782.00 1142.00
3 FA-PLGA2s6 17 667.59 (£ 96.06) 515.00  696.00  813.00
FA-PLGA430 11 815.91 (£ 83.11) 716.00  836.00  990.00
; FA-PLGA2s6 15 610.93 (£ 57.89) 527.00  600.00  708.00
FA-PLGA430 13 831.23 (£ 92.78) 700.00  814.00 1028.00
X FA-PLGA2s6 62 653.40 (£ 94.71) 492.00  638.50  848.00
FA-PLGA430 59 786.81 (£ 121.73) 508.00  789.00  1142.00

N: Sample size

(£ SD): Plus-minus standard deviation
Min: Minimum

Max: Maximum

X : Total mean follicular penetration depth
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6.2. Appendix b : Fluorescence emission of follicular RhBITC
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Fig. 29: Fluorescence emission of follicular RhBITC in Specimen 1
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Fig. 30: Fluorescence emission of follicular RhBITC in Specimen 2
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Fig. 31: Fluorescence emission of follicular RhBITC in Specimen 3
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Fig. 32: Fluorescence emission of follicular RhBITC in Specimen 4
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Fig. 33: Fluorescence emission of follicular RhBITC in Specimen 5
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Fig. 34: Fluorescence emission of follicular RhBITC in Specimen 6
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Fig. 35: Fluorescence emission of follicular RhBITC in Specimen 7
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Fig. 36: Fluorescence emission of follicular RhBITC in Specimen 8
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Fig. 37: Fluorescence emission of follicular RhBITC in Specimen 9
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Fig. 38: Fluorescence emission of follicular RhBITC in Specimen 10
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The skin as the outermost covering of the body provides a compliant and painless interface
for topical drug administration. It is well established that pharmaceutical agents applied to its
surface spread throughout the upper corneocyte layers by diffusing into the lipid matrix of the
stratum corneum. Recent studies have evidenced the hair follicles to be effective shunt routes
for the transportation of topically applied substances to deeper skin layers and long-term
storage reservoirs for drugs in a number of laboratory animals and humans. Interest in the hair
follicles as target structures is aimed at their use as depots for localized treatments of
disorders including skin diseases and follicle-related disorders, as well as for systemic drug
delivery by targeting of the capillary networks and immune and stem cells found in the
vicinity of the skin appendages. Research is increasingly focussed on the development of
nano-sized particulate drug delivery systems loaded with therapeutic agents customized to
target the hair follicles. In the follicular canal, particulates are shielded from abrasion,
enabling drug retention and long-term drug release. The success and efficacy of follicular
penetration is largely determined by the numbers, distributions, morphometries and activities
of the hair follicles found in the treated skin, as well as the skin constitution, the agent itself

and the mode of application.

In spite of the obvious abundance of follicular target structures and the comparatively large
follicular reservoir, only very few studies have been conducted on the follicular penetration of
nano-sized drug delivery systems in companion and farm animals. In the first part of this
work, the penetration of topically applied, nano-sized particulates into the hair follicles of
excised dog, rat and porcine skin was investigated. The formulations used consisted of FA-
PLGA particles sized 256 nm and 430 nm suspended in hydrocellulose gels. Subsequent to
application of the formulations to the skin samples using massage, the particles were
visualized in cross-sections of the treated skin using a laser scanning microscope, and the
follicular penetration depth was determined digitally. FA-PLGA particles were found to
penetrate into 60 to 70% of the hair follicles of all skin samples investigated, corresponding to
‘active’ hair follicles receptive to penetration. The results indicated that the follicular
penetration depths of the particulate formulations correlated positively with the sizes of the
follicular orifices and the lengths of the infundibula in the examined skin samples. Studies
have shown that the follicular openings are widest in porcine skin, followed by dog and rat
skin, respectively. The hair follicle infundibula extend deepest into the skin of the pig, while
in the dog they reach about half, and in the rat, about one-fourth the length of the infundibula
found in porcine hair follicles. This is consistent with results of this study in which the
particulates penetrated deepest into porcine hair follicles, and least deep into the hair follicles
of the rat. While the two FA-PLGA formulations used in this study differed solely in the size
of the FA-PLGA particles, no clear trends could be substantiated suggesting that the size
significantly influenced follicular penetration. The hair coat, sebaceous glands, tight junctions

and capillary networks of the skin samples, as well as the aggregation, degradation and
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marker leakage properties of the particulates were discussed as additional potential factors

influencing follicular penetration of particulate FA-PLGA.

The quantification of topically applied agents located in the follicular canals is crucial for
questions pertaining to administration, concentrations and dosages for follicular penetration
experiments. To date, no procedure exists by which follicular contents can be quantified in
porcine skin commonly used as a model for the human integument. Excised porcine skin is a
particularly suitable alternative to human skin, as its follicular reservoir capacity corresponds
to that of living human skin. In the second part of this study, the established method of
differential stripping was modified using tape stripping and an extraction technique. This
enabled the selective quantification of the dye RhBITC, which was implemented as a model
drug and located in the hair follicles of porcine skin subsequent to topical administration. An
average of 5% of the dye applied to the skin was extracted from the follicular canals with
ethanol and detected using a fluorescence spectrometer, which was in accordance with results

from previous studies, substantiating the efficacy of the developed method.
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Follikulire Penetration von nanogroflen FA-PLGA Partikeln und
dem Farbstoff RhBITC in die Riickenhaut von Hunden und
Ratten, sowie in die Ohrenhaut von Schweinen als in vitro Modell
fiir die menschliche Haut

Die Haut als duBlerste Schutzschicht des Korpers stellt eine breite Kontaktflache fiir topisch
applizierte Substanzen dar. Es ist bekannt, dass pharmazeutische Agenzien, die auf die
Hautoberfldche aufgetragen werden, sich in den oberen Korneozytenschichten verteilen,
indem sie in die Lipidmatrix des Stratum corneums diffundieren. Neueste Studien haben
gezeigt, dass Haarfollikel effektive Transportrouten von oberflachlich aufgetragenen
Wirkstoffen zu tiefer gelegenen Hautschichten und Langzeitreservoire fiir phamazeutisch
aktive Substanzen in einigen Versuchstieren und im Menschen darstellen. Das Interesse an
den Haarfollikeln als Zielstrukturen orientiert sich an ihrer Verwendung als Depots fiir
lokalisierte Behandlungen von Stérungen wie Hauterkrankungen und haarfollikelassoziierte
Krankheiten, und an der zielgerichteten systemischen Anreicherung von Wirkstoffen in den
follikuldren Blutkapillaren und den Immun- und Stammzellen in der Umgebung der
Hautanhangsdriisen. Forschungsaktivititen konzentrieren sich vorwiegend auf die
Entwicklung von Systemen zur zielgerichteten Medikamentenabgabe mit maf3geschneiderten
Partikeln im Nanobereich, die mit fiir Haarfollikel therapeutischen Agenzien angereichert
sind. Im follikuldren Kanal sind die Partikel vor Abschilferung geschiitzt, wodurch eine
Wirkstoffretention und eine langfristige, kontrollierte Wirkstoffabgabe gewihrleistet wird.
Der Erfolg und die Wirksamkeit der Follikelpenetration wird weitgehend durch die Anzahl,
Verteilung, morphometrischen Eigenschaften und Aktivitit der Haarfollikel, die in der
behandelten Haut vorhanden sind, sowie durch die Konstitution der Haut, den Wirkstoff selbst

und die Anwendungsform bestimmt.

Trotz der offensichtlichen Fiille von follikuldren Zielstrukturen und des vergleichbar grof3en
follikuldren Reservoirs wurde bisher die Penetration von Partikeln im Nanobereich in die
Haarfollikel von Haus- und Nutztieren nur in wenigen Studien bearbeitet. Im ersten Teil
dieser Arbeit wurde daher die Penetration topisch applizierter Partikel im Nanobereich in die
Haarfollikel von exzidierter Hunde- und Rattenhaut sowie im Schweineohr untersucht. Die
verwendeten Formulierungen bestanden aus in Hydrozellulosegelen suspendierten FA-PLGA
Partikeln der GroBen 256 nm beziehungsweise 430 nm. Nach Aufbringen der Formulierungen
auf die Hautproben durch Massage wurden die Partikel in Querschnitten der behandelten Haut
mit einem Laserscanningmikroskop erfasst, und die follikuldren Penetrationstiefen digital
bestimmt. Die FA-PLGA Partikel penetrierten in 60 bis 70% aller untersuchten Haarfollikel,
die mit der Anzahl der ,aktiven’ Haarfollikel, die flir die Penetration zuginglich sind, in
Zusammenhang stehen. Studien haben gezeigt, dass die follikuldren Penetrationstiefen der

partikuldren Formulierungen mit den Grof3en der Haarfollikeloffnungen und der Lingen der
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Zusammenfassung

Infundibula in den untersuchten Hautproben positiv korrelieren. Die Haarfollikeldffnungen
sind beim Schwein am grof3ten, und bei der Ratte am kleinsten. Die Infundibula sind in der
Haut des Schweins am langsten. Im Hund erreichen sie ungeféhr die Halfte, und in der Ratte
ungefdhr ein Viertel der Lénge der Infundibula des Schweins. Diese Erkenntnisse stimmen
mit den Ergebnissen der vorliegenden Studie iiberein, in der die Partikel am tiefsten in die
Schweinehaarfollikel penetriert und am geringsten in die Rattenhaarfollikel eingedrungen
sind. Obwohl die zwei Formulierungen, die in der Studie verwendet wurden, sich
ausschlieBlich in der Grofle der FA-PLGA Partikel unterschieden haben, konnten keine klaren
Trends identifiziert werden, die auf einen signifikanten Einfluss der Grof3e auf die follikuldre
Penetration hinweisen. Das Haarkleid, die Talgdriisen, die Tight Junctions und die
Kapillarnetzwerke der Hautproben, sowie die Aggregation, der Abbau und der Markerverlust
der Partikel wurden in dieser Arbeit als zusitzliche Faktoren, die die follikuldre Penetration
der FA-PLGA Partikel beeinflussen, diskutiert.

Die Quantifizierung oberflichlich angewandter Wirkstoffe, die in den follikuldren Kanélen
lokalisiert sind, ist essentiell fiir Fragen zu Anwendungen, Konzentrationen und Dosierungen
fur follikuldre Penetrationsversuche. Zurzeit existieren keine Methoden, bei denen die
follikuldren Inhalte der Schweinehaut, die iiblicherweise als Modell fiir die menschliche Haut
dient, quantifiziert werden konnen. Exzidierte Schweinehaut ist eine besonders geeignete
Alternative zur menschlichen Haut da die Kapazitit des follikuldren Reservoirs mit dem der
lebenden Humanhaut vergleichbar ist. Im zweiten Teil dieser Arbeit wurde die etablierte
Methode des Differential Strippings unter Verwendung der Abrimethode und einem
Extraktionsverfahren modifiziert. Dies erlaubte die selektive Quantifizierung des Farbstoffes
RhBITC, der als Modellsubstanz implementiert wurde, und nach topischer Applikation in den
Haarfollikeln der Schweinehaut lokalisiert war. Durchschnittlich 5% des Farbstoffes, der auf
die Haut aufgebracht wurde, konnte von den follikuldren Kanélen mittels Ethanol extrahiert
und unter Verwendung eines Fluoreszenzspektrometers bestimmt werden. Diese Daten waren
in Ubereinstimmung mit fritheren Studien, womit die Wirksamkeit der entwickelten Methode

belegt wurde.
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