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Preface

The results of the present work have already been published in:

1. Zambrano A, Klein AL, Patzelt A. Analysis of the morphometric parameters of

pig ear hair follicles. Skin Research and Technology. 2021; 00:1-9.



Zusammenfassung

Zur Durchfuhrung von Hautpenetrationsstudien wird haufig Schweineohrhaut als
Ersatz oder Modell fur die menschliche Haut verwendet, da Schweineohrhaut und
menschliche Haut hinsichtlich Aufbaus und Struktur eine groRe Ahnlichkeit aufweisen,
wie verschiedene Studien belegen.

Seit einigen Jahren ist der Haarfollikel als Penetrationsweg von topisch applizierten
Substanzen in die Haut zunehmend in das Zentrum des Interesses gerlckt und
ebenso die Frage, ob die Haarfollikel der Schweineohrhaut hier ebenfalls als gutes
Modell geeignet sind. Bislang wurden die morphometrischen Eigenschaften von
Schweinehaarfollikeln jedoch noch nicht umfassend untersucht.

Das Ziel der vorliegenden Dissertation war daher die morphometrische Bestimmung
der Haarfollikel im dorsalen Bereich der Schweineohrhaut, um einen Vergleich mit
Haarfollikeln der menschlichen Haut durchzufihren und in naher Zukunft die
Ergebnisse von Hautpenetrationsstudien an Schweineohrhaut auf den Menschen
Ubertragen kénnen.

Zur Durchfuhrung dieser Studie wurde der dorsale Bereich des Schweineohrs
verwendet. Insgesamt wurden 10 Schweineohren analysiert und insgesamt 345
Follikel untersucht. Hierzu wurden Kryoschnitte angefertigt. Durch Mikroskopie
wurden insgesamt 7 Parameter fur jeden Haarfollikel bestimmt: die Gesamtlange des
Follikels, der Durchmesser der Eintritts6ffnung des Follikels, die Lange des
Infundibulums, die Dicke des Follikelepithels im Bereich des Infundibulums, die
Position und Lange der Wulstregion sowie die Dicke der interfollikularen Epidermis.

Die Auswertung der morphometrischen Daten ergab, dass die Follikeldichte des
Schweineohrs je nach untersuchtem Bereich variiert, wobei der kraniale Bereich des
Ohrs die hochste Follikeldichte aufwies. Ferner wurde unter anderem festgestellt, dass
die Haarfollikel eine mittlere LaAnge von 1458 + 286 um aufwiesen und dass die Lange
des Infundibulums direkt proportional zur Gesamtlange des Follikels war.

Beim Vergleich der erhobenen Daten mit morphometrischen Haarfollikeldaten
humaner Haut aus friheren Studien konnte gezeigt werden, dass eine grol3e
Ahnlichkeit zwischen den Haarfollikeln von Menschen und Schweinen besteht. Daher
scheint die Schweineohrhaut ein geeignetes Modell fir die menschliche Haut in
dermalen und insbesondere follikularen Penetrationsstudien zu sein.



Abstract

Porcine ear skin is frequently used as a substitute or model for human skin in skin
penetration studies due to the significant similarity that both present and several
studies verified.

For several years, the hair follicle has moved to focus of interest as a penetration
pathway of topically applied substances. Moreover, it is important if the hair follicle of
porcine ear skin represents a good model for human hair follicles. Unfortunately, there
are no comprehensive morphometric data of porcine hair follicles available.

The aim of this thesis was the morphometric description of the hair follicles of the
dorsal pig ear with the purpose to compare the data with the available data of human
hair follicles and to be able to extrapolate the results of the cutaneous penetration
studies carried out on the skin of the pig ear to humans in the near future.

The investigations were performed on the back zone of porcine ears. In total, 10 pig
ears and cryosection of 345 hair follicles were analyzed. Through microscopy, 7
parameters were studied for each hair follicle: the length of the follicle, the orifice of
the follicle, the length of the infundibulum, the thickness of the follicular epithelium in
the infundibular area, the position and length of the bulge region as well the thickness
of the interfollicular epidermis.

The analysis of the results revealed that the follicular density in the skin of the pig ear
varied according to the studied area, whereby the cranial area offered the highest
follicular density.

Moreover, it was determined that the hair follicles had an average length of
approximately 1458 + 286 ym and that the length of the infundibulum varied directly
proportional to the total length of the follicle.

Comparing the present data to morphometric data obtained in previous studies
performed in human skin, it was observed that there was a remarkable similarity
between the hair follicles of humans and pigs. Considering these results, it can be
postulated that pig ear skin is a suitable human skin model in cutaneous and follicular
penetration studies.



1. Introduction

Skin penetration studies, in general, are of significant importance in dermatological
research. They help to understand to what extent topically applied substances are
absorbed by the skin and become bioavailable. Hereby, their efficacy and efficiency
can be assessed.

In the last years, the focus of interest of skin research moved, among other things, to
the different available penetration pathways through the skin, which are the
intercellular, the intracellular and the follicular penetration pathway (1). The
intercellular penetration pathway along the corneocytes' lipid layers is broadly
considered the most effective one for topically applied substances (2). On the other
hand, the follicular penetration pathway provides different structures, such as
epidermal stem cells or dendritic cells, which are of therapeutic interest, especially for
immune and regenerative therapy. (3). In figure 1, the different routes of skin
penetration are schematically represented.
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Figure 1: Illustration of skin penetration pathways.

The hair follicle as penetration pathway has received increasing attention, although
the establishment of appropriate skin models to investigate follicular penetration is still
a significant challenge mainly due to the structure of skin and skin appendages (4).



The architecture of the skin is relatively complex, consisting of different layers. The
stratum corneum is the outermost layer of the skin and acts as the leading skin barrier.
Topically applied substances must pass through this thick layer to penetrate the skin
and take effect. However, in the areas where the hair follicles are located, this layer is
discontinued, facilitating the rapid absorption of different substances in these areas

(5).

At birth, about 5 million hair follicles are distributed over the human body. Genes
establish the precise spacing and distribution of the follicles expressed early in the
morphogenesis of the follicles (6). Although hairs vary in length, diameter, color, and
cross-sectional shape between different ethnic groups, unique individuals, and various
body parts, they always have the same structure (7). Anatomically, the hair follicle can
be divided into two sections (upper and lower). The main structures of the hair follicle
are the hair bulb, the hair shaft, the bulge region, the isthmus, the infundibulum, the
sebaceous gland, and the exertion of erector pili muscle (8) (see Figure 2).
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Figure 2. Schematic representation of the hair follicle and skin.

The function of hair follicles is diverse. Hair follicles act as a sensory organ by detecting
mechanical stimuli from the skin's surface. Any hair movement activates
neuroreceptors in the follicle, relaying crucial sensory information to the nervous
system. Moreover, hair follicles have an important immunologic guard role for the skin.
The outer-root sheath of the hair follicle contains melanocytes, Langerhans cells and
Merkel cells. All these cells repopulate the epidermis after injury; the Langerhans cells
at the follicle's opening detect surface pathogens and activate the immune system (6).



It has been observed that not all topically applied substances can overcome the skin
barrier, which can be, among other reasons, an effect of size. Most particulate
substances, especially when they exceed a particular diameter (e.g., >40 nm), are not
able to penetrate through an intact stratum corneum (9). Previous studies have shown
that hair follicles play an essential role concerning penetration, storage, and transport
(10). Several studies suggest that particles that mainly remain on the skin surface or
in the upper layers of the stratum corneum after the topical application was almost
removed after one day. On the contrary, particles that entered the hair follicles could
be stored there for more than ten days (10). In other study performed it could be
observed that after two weeks of the last topical application of itraconazole, there were
relevant itraconazole concentrations in the hair follicles, which indicates that hair
follicles act as a long-term reservoir for formulations applied locally to the skin (11).

Moreover, it has been observed in several studies that in skin areas with a higher
number of hair follicles, the absorption of certain substances was increased. In
contrast, in skin areas with lower numbers of hair follicles, penetration was decreased
(12). Wahlberg demonstrated, e.g. that the absorption of NaCl and Mercury chloride
was greater in hairy guinea pig skin than in the non-hairy region of their skin (13).
Likewise, another study showed that the percutaneous absorption was considerably
lower in scarred skin as compared to normal hairy skin (14, 15). Skin models utilized
for these kinds of studies were different. Whereas Maibach et al. performed their
investigations on various skin sites, which physiologically provided different hair follicle
densities (16), other authors carried out their experiments on newborn animals and
adult animals as hair follicles were developed later in some species. However, all skin
models and studies suggested the participation of the hair follicles in the penetration
process (17).

Due to the close contact of the blood capillaries with the hair follicle, different
substances are rapidly transported to the bloodstream as soon as they have
penetrated the hair follicle (18,19). This phenomenon was observed in a study carried
out with caffeine, where it was shown that after a topical application, caffeine became
bioavailable already after 5 minutes when the hair follicles were available for
penetration, but only after 20 minutes when hair follicles were excluded from the
penetration process (20).

In analogy, it has been proposed that nanoparticles could be picked up by dendritic
cells, transported to local lymph nodes and could induce immune responses (10) as a
dense network of dendritic cells likewise surrounds them.

Lately, there has been increasing interest in nano-sized drug delivery systems in the
medical field. Thanks to the small size of these particles, nanocarriers can optimize
site-specific delivery and therapeutic effect of drugs that suffer from poor solubility,
poor stability, and unwanted toxicity. By generating a better tissue distribution and
pharmacokinetics, the side effects of some substances can be reduced (21).



Another fact to consider when talking about skin penetration via hair follicles is the size
of the substances used. Since it has been shown in certain studies that medium-sized
particles (643 and 646 nm) penetrate deeper into porcine hair follicles than particles
of smaller (122 nm) or larger size (860 nm) (22). Likewise, it has been shown that by
varying the particle size, specific areas can be reached selectively within the hair
follicle (22). Similar studies performed on human hair follicles revealed results that
support this hypothesis. A study conducted by Toll et al. (23) revealed that particles
with a size of approximately 750 nm penetrated deeply into the terminal follicles of the
human scalp, whereas larger particles (3000-6000 nm) rather accumulated and
remained in the opening holes of the follicles (23).

Likewise, nanoparticulate substances penetrate much more deeply into the hair
follicles after massage than the non-particle substances. Regarding the storage of the
substance, it has been shown that the nanoparticles are stored in the hair follicles for
up to 10 days, while the non-particle substances were only detected in the follicle up
to 4 days after their application (24).

In other studies, it was demonstrated that metallic particles smaller than 10 nm
managed to penetrate the skin through the lipid matrix of the stratum corneum and the
holes of the hair follicle, reaching the deepest layers of the stratum corneum and, in
some cases, the highest strata of the viable epidermis (25). In 2007, another group
carried out a penetration study with sunscreen formulation containing TiO2
nanoparticles and reported that the particles sized about 20 nm penetrated to a depth
of 400 um in the hair follicles of human and porcine skin (26).

Another interesting fact regarding the penetration of substances is the application of
massages on the skin. It has been shown that the follicular penetration depth of
particulate substances can be increased by massaging the skin (27). An ex vivo study
demonstrated that particles with an optimal size of approximately 300—-600 nm
penetrated more deeply into hair follicles after massage application. They suggested
that the moving hair acts as a geared pump, transporting the nanoparticles deeply into
the hair follicles (up to 1500 um deep). It is thought that a combination of a nano-based
delivery system with a physical technique such as massage will lead to enhanced
treatments (28, 29). In a study carried out in 2007 by Lekki et al., it was likewise
observed that particles penetrated deeper due to the gentle rubbing and mechanical
movement of skin and hair during the topical application of sunscreens (26).

Based on the observation that hair follicles play an essential role in the skin penetration
process, many in vivo and ex vivo studies have been carried out, analyzing human
hair follicle morphology and the skin penetration process (30,31).

However, human skin often is not easily available either due to regulatory or practical
reasons. In addition, its use generates specific problems, especially if the follicular
penetration process is studied (32). More specifically, immediately after excision,
human skin shrinks significantly as the elastic fibers around the follicle contract. This
again induces an occlusion of the hair follicle. Consequently, the follicular reservoir
decreases by approximately 90% (29).



To find an appropriate animal skin model to extrapolate skin penetration studies in
humans, several studies have recently been carried out comparing hair follicle
morphology and skin structure in different animal species (33). Based on these
studies, it has been concluded that the morphology and skin penetration via the hair
follicles in mammalian animals generally tends to vary according to the animal species
and the area of the body studied (33). In this study, dog, cat, and rabbit skin provided
the most significant differences compared to human skin (33). Another study showed
that pig skin and its hair follicle structure, especially in the ear area, presented a
considerable similarity to human skin (32). An additional advantage of porcine ear skin
is that it is readily available. Moreover, the skin can remain fixed in the ear cartilage
during experiments and therefore does not contract after excision (34,17).

Different studies in which the penetration process of multiple substances in human
skin and pig skin were compared showed that the skin penetration process in both
species s similar (35,36). This led to the conclusion that pig ear skin can be considered
a suitable ex vivo model for conducting skin penetration studies, especially when the
follicular penetration route is investigated (12).

Regrettably, a complete morphological description of hair follicles was so far only
available for human skin (37) but not for pig ear skin. Therefore, the present thesis
aimed to investigate in detail the morphology of the hair follicle of the pig ear skin. It
was hypothesized that pig ear hair follicle morphometry is comparable to that of human
hair follicles. This would allow to use pig ears as an ex vivo skin model for performing
follicular and skin penetration studies and extrapolate data from pig skin experiments
to human skin.

2. Materials and Methods

2.1 Porcine ear skin and preparation of skin biopsy

The morphometric characteristics of porcine ear hair follicles were analyzed in 345
hair follicles of 10 porcine ears. Seven different parameters were determined. The skin
of the ear was selected because it is very frequently used as an ex vivo skin model to
analyze the skin penetration of products applied on the skin.

The skin of the back area of ten pig ears was studied (German domestic pig, half-year-
old). This skin was supplied by a local butcher (Gerald Nusche, Rind- und
Schweineschlachterei, Kénigs Wusterhausen, Germany). The investigations were
carried out on the same day of slaughtering. Tap water was used to clean the ears,
and excess moisture was removed with paper towels.

Each ear was zoned into three areas:

e Area A: the caudal end of the ear
e Area B: the region between A and C
e Area C: the cranial end of the ear



In the middle part of each ear, two segments of 6 cm? were demarcated. Then, 8
squared biopsies of 5 mm x 5mm were taken from each of these segments. Figure
number 3 represents the division of the ear.

Figure 3. Division of the porcine ear. The figure is taken from Zambrano et al. (38)

Subsequently, the samples were frozen through direct contact with liquid nitrogen and
then preserved at — 20° Celsius. By means of a cryotome, the skin biopsies were cut
perpendicular to the skin surface in sections of 7 um thickness (Microm cryo-Star HM
560, MICROM International GmbH, Walldorf, Germany). Then, the sections were
placed on glass slides. At least 10 hair follicles were analyzed for each area (A, B, and
C) of each porcine ear skin sample.

2.2 Morphometric parameters of the hair follicles

In order to carry out a broad description of the morphology of porcine hair follicles,
seven parameters were defined for each hair follicle: length of the hair follicle [1],
length of the infundibulum [2], length and position of the bulge region [3 and 4],
diameter of the opening of the hair follicle [5], the thickness of the hair follicle
epithelium in the area of the infundibulum [6] and thickness of the interfollicular
epidermis [7] as indicated in Figure 4. In addition, the follicular density of each biopsy
was determined macroscopically.



Figure 4. Parameters evaluated in porcine hair follicles. Total length of the hair follicle
[1], length of the infundibulum [2], position and the length of the bulge region [3,4], hair
follicle opening at the skin surface [5.a without epithelium, 5.b with epithelium], the
thickness of the hair follicle epithelium in the area of the infundibulum: upper, middle
and lower part at the entrance of the sebaceous gland [6] and thickness of the
interfollicular epidermis with intervals of 150 and 200 um from the opening of the follicle

[7].

As the longitudinal sections of the hair follicles did not show the complete hair follicle
in all cases, it was not possible to evaluate all parameters in each hair follicle, so for
each area and parameter, a different number of follicles was determined:

e Hair follicle density: 203 hair follicles.

e Length of the hair follicle: 259 hair follicles.

e The hair follicle opening: 305 hair follicles.

e Length of the Infundibulum: 172 hair follicles.

e Epithelium in the infundibulum: 152 hair follicles.
e Length of the bulge region: 76 hair follicles.

e Position of the bulge region: 67 hair follicles.

e Epidermis interfollicular: 284 hair follicles.

For the measurements, a microscope (BX60, Olympus, Miunster, Germany) was used
in combination with the software Olympus “cellSens Dimension” (Olympus, Munster,
Germany)

2.3 statistical analysis

For the statistical analysis of the results, the Microsoft® Excel 2007 and SPSS 24 IBM
(IBM Corporation; Endicott, NY, US) statistic software was used. To find out the
differences between the various parameters in the three ear zones (A, B and C), the
descriptive statistical analysis Wilcoxon test was used. The significance level was set
at p <0.05.
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3. Results

The density of the hair follicles was determined macroscopically. The number of hair
follicles varied in the different skin areas. In area A 8 + 2 follicles per cm?2 were
detected, in area B 10 + 1 follicles per cm? and in area C 15 + 3 follicles per cm2.
Therefore, the cranial region of the ear provided the highest number of hair follicles
per cm?2.

3.1 Length of the hair follicle and infundibulum

All 345 follicles were studied. However, only in 259 follicles, the total hair length was
determined because all longitudinal sections did not show the entire hair follicle.
Following standard histological parameters, the follicles were classified according to
their growth phases in anagen or telogen.

Because the total length of the hair follicles in pig ear skin is very inhomogeneous, the
evaluated follicles were also classified into two groups depending on their whole length
(<2000 pm and > 2000 pum) as classification systems such as terminal and vellus hair
follicles are not established in pig skin.

Out of a total of n= 259 follicles studied, 64% (n= 166) were in the anagen growth
phase, and most of them (n=104) provided a length of less than 2000 ym (MV 1458 +
296 um). Only 36% of the follicles were in the telogen phase (n = 93), and 92% of the
hair follicles in the telogen phase were shorter than 2000 ym (MV 1240 + 359 pym). No
significant statistical difference was obtained between the 3 areas of the ear for this
parameter (p > 0.05). All results are summarized in Table 1.

The length of the infundibulum was determined in 172 follicles and varied according
to the growth stage and length of the hair follicle. Anagen hair follicles with a total
length of <2000 um had an infundibulum length of 373 = 72 um. Anagen hair follicles
with a total length of >2000 pm had an infundibulum length of 516+ 107 ym. Telogen
hair follicles with a total length <2000 um provided an infundibulum length of 458 +
131 um. Telogen hair follicles with a total length greater than 2000 pm had an
infundibulum length of 516 + 107 pym.

No significant statistical difference was obtained between the 3 areas of the ear for
this parameter (p > 0.05). However, the descriptive statistical analysis revealed that
there was a significant difference (p <0.05) regarding the infundibulum length between
the two groups of hair follicles (longer than 2000 pym and shorter than 2000 um).
Furthermore, this difference was present in the anagen phase and the telogen phase.
The results are summarized in Table 1.

11



TABLE 1. Results were obtained for the total follicular length (LHF) and the
infundibulum length (LI). Data are presented as mean = SD. The table is taken from
Zambrano et al. 2021. Analysis of the morphometric parameters of pig ear hair
follicles.2021 (38)

Anagen Telogen
(n=166) (n=93)
HF LHF (um) LI (um) LHF (um) LI (um)
Area A MV £ n= MW + MV £ n= MV +
<2000 pm 1440 = 300 n=37 402+ 79 1237 + 388 n=27 412 + 138
>2000 pm 2380 + 242 n=21 486 + 84 2137 + 58 n=3 567 + 102
Total 1780 + 532 n=58 438 + 91 1237 + 475 n=30 418 + 140
Area B
1440 = 308 n=35 357+ 64 1296 + 301 n=34 460 + 111
<2000 pm
>2000 pm 2506 + 272 n=16 559 + 125 2384 + 150 n=2 823+0
Total 1775 £ 577 n=51 386 + 104 1331 + 390 n=36 482 + 124
Area C
1498+ 274 n=32 355+ 58 1313+ 373 n=25 512 + 140
<2000 pm
>2000 pm 2416 + 290 n=25 536 + 115 2163 + 68 n=2 698 = 51
Total 1901 + 536 n=57 446 + 129 1376 £ 423 n=27 518 + 140
Total 63% 92%
A+B+C <2000 | 1458+ 286 373+ 72 1240 + 359 458 + 131
n=104 n=86
pum
Total 37% 8%
A+B+C >2000 | 2427+ 275 516 + 107 2215 + 144 619 + 152
n=62 n=7
pm
Total
A+B+C 100 % 100 %
1820 + 551 426 £ 111 1314 + 432 472 + 140
<2000 + >2000 n= 166 n=93
pm
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3.2 Length and Position of the bulge region

The bulge region of the hair follicle is of great importance because it represents the
reservoir of the epidermal stem cells, which are of special interest for regenerative
treatments (3). It is situated between the opening of the sebaceous gland and the
insertion of the arrector pili muscle (39,40).

In many sections, identifying this structure was difficult. Therefore, the parameters
related to this structure were only determined in anagen hair follicles because the
increased size of the follicle during this growth phase facilitated its identification.

In 67 follicles, the bulge region was found at a depth of 881 + 208 pum from the surface
of the skin. Its length was identified in 76 follicles The mean length of the bulge region
was 272 = 36 um. Among the three areas of the ear, there was no statistical
significance (p> 0.05).

3.3 The hair follicle opening

The size of the follicular orifice was analyzed in 305 hair follicles. The follicular orifices
were measured both with (326 + 58 um) and without (113 + 43 um) integrating the
infundibular epithelium. Likewise, no statistical difference was found between the 3
zones of the studied areas (p > 0.05).

3.4 Epithelium in the infundibulum

The thickness of the infundibular epithelium was measured in three different regions
of the infundibulum as well as at the right and left sides of the infundibulum. In the
upper infundibulum, the epithelium was 59 + 11 pym thick. In the middle part, it was 51
+ 10 um thick, and in the lower part, it was 46 £ 11 um thick. Therefore, the thickness
of the infundibular epithelium was lower in the deeper hair follicle than in the upper
part. No significant differences were found between both sides of the infundibulum and
between the 3 different areas of the ear (p> 0.05).

3.5 Epidermis interfollicular

The thickness of the interfollicular epidermis was evaluated at a distance of 150 and
200 pm from the hair follicle orifices. The thickness of the epidermis on the right side
of the follicular orifice was 101 £ 2 um and 100 + 1 um, and on the left side of the
follicular orifice, the epidermis was 101 £ 2 pm and 100 £ O pm thick. There were no
differences between the 3 areas of the ear (p> 0.05)

3.6 Comparing the hair follicle morphology of human skin and porcine ear skin

As the aim of this thesis was to determine the morphometric characteristics of pig ear
hair follicles to enable a comparison of human and porcine hair follicles, the results
obtained in the present study were compared with the data obtained from human hair
follicles in an earlier study by Vogt et al. (37).
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For the comparison of the values between humans and pigs, the data obtained for the
parameters "diameter of the opening of the hair follicle", "interfollicular epidermis”, and
"thickness of the infundibular epithelium" were made without classifying the follicles
according to the total length. For the comparison of the parameters "length of the hair
follicle”, "length of the infundibulum”, and "position and length of the bulging region”,
only the follicles of the anagen phase were considered. The values of both studies are

presented in Table 2.

Table 2. Data comparison of human and porcine hair follicles. Values are in um, and
data are presented as mean + SD. Data from humans from the study of Vogt et al.
(37).

Hair follicles human skin Hair follicles pig skin

Terminal hair follicle Vellus hair follicle Hair follicle anagen stage

Length of the hair follicle 3864 + 605 um 646 + 140 pum 1458 + 296 ym

2427 + 275 ym
Length of the infundibulum 580 + 84 um 225+ 34 ym 426 £ 111 pym
Position of the bulge region 1191 £ 23 ym 362 +£88 um 881 + 208 uym
Length of the bulge region 240 £ 52 ym 91+ 27 um 272 + 36 um
Hair follicle opening at skin 172 + 70 ym 86+ 37 um 113+ 2 um
surface level
Interfollicular epidermis 136 + 37 um 101 £ 2 um
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4. Discussion and Conclusion

Considering that pig ear skin is frequently used to carry out skin penetration studies,
the objective of this work was to describe the morphometry of hair follicles in the dorsal
zone of 10 pig ears. A complete description of the morphometry of the follicles was not
available before.

One of the parameters evaluated was the number of hair follicles per cm? in different
areas of pig ear skin. As a result, it was found that the density of the follicles was
different depending on the skin area. The cranial region of each ear provided a higher
number of hairs per cm? than the caudal part. The outcome was correlated with those
obtained in other studies, where the density of the follicles was also determined.
However, the other authors did not specify in their publications in which area of the pig
ear the measurements were performed. Depending on the study, the authors reported
the existence of 11-25 hair follicles per cm? (12), 11-42 follicles per cm2 (41) or 22
follicles per cm? (33). It should be emphasized that macroscopically, the density of the
hairs on the margin of the ear is even superior. However, usually, this area of the ear
is not applied for penetration studies, as in this region, the skin is not even enough,
making handling difficult (42).

Also, in humans, the number of hair follicles usually varies depending on the body site.
As skin area with the lowest follicular density, the calf region is known with
approximately 14 hair follicles per cm2. On the contrary, a more significant number of
follicles can be found in other areas such as the chest area (25 hair follicles / cm?), in
the back (29 hair follicles / cm?), arms (18-32 hair follicles / cm?), thigh (17 hair follicles
/ cm?), abdomen (70 hair follicles / cm?). The highest density has been found in the
forehead area with an average of 292 follicles / cm?2 (30, 43). Since most in vivo human
skin penetration experiments are performed on the flexor forearm, it can be concluded
that porcine ear skin is very suitable as an ex vivo skin model in terms of follicular
density.

On the contrary, studies carried out with other animal species skin models are less
suitable compared to human skin because they mostly have a higher density of hair
follicles per cm?, which is, for example, 367 in dogs, 627 in cats, 1598 in rats, and
approx. 1728 in rabbits (33).

Another fact is that pig skin and human skin hair follicles have the same growth phases
(12). In a healthy human scalp, the vast majority of hair follicles is in the anagen growth
stage (approximately between 80 and 90%), whereas only 10% to 20% are in the final
telogen phase (44). The present study revealed that 64% of the total number of hair
follicles investigated were in the anagen stage. Only 36% were in the telogen stage,
representing another similarity between human and pig skin.

The variation in the growth phase of the hair follicle in pigs has also been observed in
other studies. Most of the follicles found in newborn pigs were also in the anagen stage
(97%). However, the proportion of follicles in the anagen, catagen and telogen phases
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tended to vary according to the age of the pigs; most of the follicles were always in the
anagen phase (45).

These results of the anagen rate are interesting because it has been shown in previous
studies that only hair follicles in the anagen growth stage are open to follicular
penetration (31). Thus, using pig skin as an ex vivo model for future skin penetration
studies would be a good option since most hair follicles can be found in the anagen
phase.

As already described in the introduction, different hair follicle areas are of particular
interest for new therapeutic options. By choosing a specific particle size, different
areas within the hair follicles can be targeted selectively (46). Therefore, the
knowledge about the precise position of the different hair follicle structures is more
than essential. Although the structure of human and pig hair follicles is very similar,
the position of these structures (such as infundibulum, isthmus, bulge region, bulb
region, sebaceous gland and insertion of erector pili muscle) in porcine ear skin has
not been determined yet.

As described in the results, the follicles were grouped into two classes, depending on
their total length. The length for the anagen hairs of class 1 (> 2000 um) was 2,427 +
275 pm, and the length for the anagen hairs of class 2 (<2000 pm) was 1,458 + 297
pm. Without classification, the average length of the anagen hairs was 1,820 + 551
pm. In humans, the total length of terminal hairs in the anagen phase is approx. 3,000
um (37). Comparing human and pig ear results, it can be stated that both species
provide comparable large hair follicles. However, in humans, the length of vellus hair
follicles is significantly smaller and accounted for 646 + 140 um (37). Vellus hairs,
defined as short, non-pigmented and generally non-medullated hairs, cannot be found
in the pig ear (47).

Another parameter studied was the length of the infundibulum, which varied according
to the total length of the hair follicle. For example, anagen hair follicles with a length
<2,000 uym provided an infundibulum length of approximately 373 £72 ym, and anagen
hair follicles with a length of > 2,000 um offered a longer infundibulum, which had a
length of 516 £ 107 um. The results are in concordance with other studies in porcine
skin, in which the approximate length of the infundibulum was around 500 pm (12).

In humans, the infundibulum of the terminal hairs in the anagen phase is approximately
500 um long, and the length of the infundibulum of vellus hair is 225 + 34 uym (37).
Comparing the data obtained in pig skin with those of human skin, it can be observed
that there is a remarkable similarity in terms of the length of the infundibulum.

Due to the importance of the bulge region as a reservoir of stem cells, which participate
in the proliferation and regeneration process of the hair follicles as well as of the
epidermis (48), the position and length of this region were determined in the present
study. It was obtained that in pig anagen hair follicles, the bulge region was located at
881 £ 208 um from the skin surface. In humans, the bulge region is located at a depth
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of 1,191 + 23 uym, which is quite comparable. Likewise, the data for the length of the
bulge region in porcine anagen hair follicles and human hair follicles (272 = 36 um and
240 £ 52 um) were very good comparable (37).

A phenomenon that draws attention in the present study and that also occurs in human
hair follicles is the thickness of the follicular epithelium at the level of the infundibulum.
It was demonstrated that the epithelium's thickness continually declined in deeper
parts of the hair follicle (12). Data for human and porcine hair follicles were shown to
be well comparable (upper part of the hair follicle: human 65 pm, pig: 59 um; distal
portion of infundibulum: human 53 um, pig: 46 um (37).

A further parameter for which the similarity between pig and human hair follicles can
be appreciated is the follicular orifice on the skin surface. The opening diameter of the
follicular orifice in pigs was 113 + 2 uym; other studies also carried out on porcine ears
suggest a diameter of 200 + 24 pm. In humans, this value usually varies according to
the body area evaluated and shows similarity to the pig skin (for example, human scalp
172 + 70 pm, forearm approx. 78 um and against 66 ym (33,37,43).

In humans, the thickness of the interfollicular epidermis tends to vary according to the
area of the body evaluated. The following values have been described for different
regions: buttock 97 um, shoulder 81 pm, scalp and retroauricular region 136 um,
dorsal forearm 75 pm (37, 49). In the present study, the thickness of the interfollicular
epidermis in pig skin was approximately 100 ym, similar result were described in other
studies carried out with pig skin, where the epidermis was 72 um thick (12). Both
results are very similar to the data described in humans.

It is interesting to mention that, in general, the thickness of the infundibular epithelium
is lower than that of the interfollicular epidermis and that the thickness of the epithelium
in the infundibular area decreases in thickness in the lower part of the hair follicle.
Therefore, it can be assumed that the barrier properties are continuously reduced in
deeper parts of the hair follicles and that percutaneous absorption can be enhanced
when the substances reach deeper parts of the hair follicles (37)

After analyzing the data obtained and comparing the results between pig skin and
human skin, it can be concluded that the morphometry of pig hair follicles is very similar
to human skin follicles. So, it can be concluded that pig skin and especially the dorsal
area of the ear represents a good ex vivo skin model for the investigation of skin
penetration of topically applied substances and that an extrapolation of the results to
the human situation should be possible, although this needs further experiments.

The results obtained in the present study allow us to know in detail the morphometric
characteristics of the structures of the hair follicle in pigs skin, which would be of great
help when carrying out subsequent studies of follicular penetration with a specific
target inside the follicle, which could be important in the clinical application of topical
substances for the treatment of various pathologies. However, different limitations can
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be observed when carrying out studies in pig ears; although follicular structures in pigs
and humans are very similar since it is an ex vivo animal model, the pharmacology of
the applied substances and their effects on human skin in vivo cannot be known with
certainty. Therefore, in later studies, they could be raised as questions: is the
absorption and pharmacology of substances applied topically to pig skin similar to
human skin? Would they have the same adverse effects? Would it be safe to
experiment with substances in pig skin and then extrapolate these results to human
skin?

For this reason, we invite future working groups to continue studying this area of
dermatology and cutaneous physiology.
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Abstract

Background: Porcine ear skin is used in studies of percutaneous penetration as a
substitute for human skin. The objective of the present study was to determine the
structure of the hair follicles on the dorsal area of porcine ear skin and make a mor-
phometric comparison with the hair follicles of human skin.

Materials and Methods: Sections of frozen biopsies were cut vertically to the skin
surface in longitudinal sections using a cryotome and were investigated using micros-
copy. For each hair follicle, various parameters were determined.

Results: The follicular density in porcine ear skin varies according to the area studied,
and the length of most of the follicles was approximately 1458 + 286 pm. The size of
the follicular orifice was also determined in a total of 305 follicles. It showed a diam-
eter of roughly 113 + 43 pm.

Conclusion: The results showed a very good similarity between human and pig hair
follicles. Therefore, porcine ear skin can be considered as a very suitable model of

KEYWORDS

1 | INTRODUCTION

In recent years, the relevance of hair follicles in the process of skin
penetration has been demonstrated in many studies. The stratum
corneum is the outermost layer of the skin and represents the main
skin barrier. The stratum corneum is discontinuous in the region of
the hair follicles, which facilitates faster absorption of certain sub-
stances and drugs in these areas.! Additionally, the presence of
numerous blood capillaries, in close contact with the hair follicle,
enables a rapid uptake of various actives into the bloodstream.??
This previous statement could be corroborated in a study conducted
by Otberg et al demonstrating that, after a caffeine application for
2 minutes in a shampoo formulation, caffeine penetrated through
the hair follicles and the stratum corneum. However, absorption
through the hair follicles and relevant levels of caffeine in the blood

human skin in dermal and especially follicular penetration studies.

hair follicle morphology, human skin, in vitro model, porcine ear skin

was already found 5 minutes after topical application. Comparable
levels could not be obtained before 20 minutes when caffeine pene-
trated exclusively through the stratum corneum of the interfollicular
epidermis.® Whereas the intercellular penetration pathway along the
lipid layers around the corneocytes can still be considered as the
most relevant one for most topically applied substances, the follicu-
lar penetration pathway offers entrance to further target structures
of interest. The epidermal stem cells, for example, which are located
in the bulge region of the hair follicle, are of special interest for re-
generative therapy approaches, the dendritic cells, which are sur-
rounding the infundibular part of the hair follicle, can be targeted if
transfollicular immune therapy is desired.’

Likewise, in recent years, a growing interest has been devel-
oped in nanometer-sized drug delivery systems in the field of
medicine. Due to their small size, nanocarriers can improve the

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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site-specific drug delivery and therapeutic effect of drugs that
suffer from poor solubility, poor stability, and unwanted toxicity.
This helps to generate better tissue distribution and pharmacoki-
netics and thus a reduction of the adverse effects of certain drugs
in the body.®

However, it has been observed that not all of the topically ap-
plied particles or substances can cross the epidermis. Consequently,
the hair follicles play a fundamental role again in their penetration,
storage, and transport. The results of many studies suggested that
particles located in the stratum corneum were nearly quantitatively
removed after 1 daly.7 In contrast, particles in the hair follicles re-
mained for more than 10 days. This could be observed, for example,
in a study carried out with Itraconazole applied topically onto the
forearm of male and female volunteers. 2 weeks after the last appli-
cation of the substance, relevant concentrations of it were observed
in the hair follicles, stating that these represent a long-term reser-
voir for topically applied substances.® It has also been suggested that
nanoparticles after penetrating the skin might be taken up by local
lymph nodes and then transported into the blood.” Another aspect
that is important to highlight when we talk about skin penetration
through hair follicles is the size of the particle. In a study by Patzelt
et al, it was determined that the particles of medium size (643 and
646 nm) penetrated deeper into porcine hair follicles than smaller
(122 nm) or larger particles (860 nm).? It was also concluded that by
varying the particle size, different sites within the porcine hair folli-
cle can be targeted selectively.” Studies conducted with human hair
follicles revealed similar results, showing that particles with a size of
approximately 750 nm penetrated deeper into the terminal follicles
of human Scalp.’® Due to the confirmed impact of the hair follicles in
the process of transdermal penetration, different authors have car-
ried out multiple in vivo or ex vivo studies on the morphology of the
hair follicles and the follicular penetration of various substances into
human skin.}%*2

However, access to human skin as a skin model is usually lim-
ited, and its use has certain disadvantages for follicular penetration
studies.*® For example, upon excision, human skin shrinks due to
the contraction of the elastic fibers, producing a contraction and
permanent occlusion of the hair follicular orifice and decreasing the
follicle reservoir, significantly limiting the penetration process by
up to 90%.24

Therefore, and in search for an appropriate animal skin model to
extrapolate skin penetration studies in humans, different compara-
tive studies of hair follicle morphology and skin structure in different
species have been carried out in the recent past. The morphology
and skin penetration of various substances through the hair follicles
in mammals generally vary according to the species and area of the
body.’> However, porcine skin and the hair follicle morphology in
the area of the ear have high similarity with human skin in contrast
to other pig skin regions. For this reason, it has been concluded that
porcine ear skin should be a suitable ex vivo model for percutaneous
penetration studies, especially when the follicular penetration path-
way is investigated.® Studies comparing the penetration behavior of

various substances in human skin, as well as pig skin, revealed that
the penetration process in both models is similar.}”:*®

Unfortunately, the morphological description of hair follicles
is only available for human skin'® but not for porcine ear skin, yet.
Therefore, the objective of the present study was to determine the
morphometric characteristics of the hair follicles in pig ears in order
to enable a more specific comparison of human and porcine hair fol-
licles, and to allow a better extrapolation of data obtained from pig

skin experiments to the in the human situation.

2 | MATERIALS AND METHODS

The morphometry of porcine ear hair follicles was investigated
on 345 longitudinal sections of hair follicles of n = 10 individu-
als by determining seven different parameters. The ear skin was
selected, as porcine ear skin is a frequently utilized ex vivo skin
model to investigate the intercellular and especially the follicular
penetration of topically applied compounds. Thus, the knowledge
of the exact morphometry is very relevant but only partly avail-
able yet.

2.1 | Porcine ear skin

The investigations were performed using ear skin (dorsal region) from
10 pigs (German domestic pig, 6 months old). The ears were kindly
provided by a regional butcher and were investigated on the day of
slaughtering. After arrival, the ears were cleaned using cold water. The
experiments were authorized by the Federal Ministry of Consumer
Protection and Agriculture, Landkreis Dahme-Spreewald. In prepara-
tion for the experiments, the ears were washed under cold tap water
and dried using soft paper towels.

2.2 | Preparation of longitudinal hair
follicle sections

As hair follicle density is verifiably varying in different parts of
porcine ears, each ear was divided into three areas (A, B, and C),
whereby area A was determined to be the caudal end of the ear,
area B the middle part, and area C the cranial end of the ear. For
each area, 2 fields of 6 cm? were marked in the central region and 8
square biopsies sized 5 mm x 5 mm were removed from each field,
as demonstrated in Figure 1.

The follicular density of each biopsy was determined macro-
scopically. Afterward, the biopsies were shock-frozen in liquid ni-
trogen and stored at -20°C. The frozen biopsies were cut vertically
to the skin surface in longitudinal sections of 7 um thickness using
a cryotome (Microm cryo-Star HM 560, MICROM International
GmbH). The sections were transferred to glass slides (Menzel
Glaser Superfrost®, Thermo Fischer Scientific Inc Waltham). For
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each hair follicle, various sections were prepared. For each area
(A, B, and C) of each porcine ear skin sample, a minimum of 10 hair
follicles was investigated.

FIGURE 1 Schematic representation of the division of the
porcine ears

2.3 | Determination of the morphometric
parameters of the hair follicles

Using a microscope (BX60, Olympus), Camera (XC10, Olympus), and
the software “cellSens Dimension” (Olympus), multiple parameters
were determined for each hair follicle: the length of the hair follicle
(a), the length of the infundibulum (b), the length and position of the
bulge region (c and d), the opening of the hair follicle (e), the thick-
ness of the hair follicle epithelium in the area of the infundibulum
(f) and the thickness of the interfollicular epidermis (g) as depicted
in Figure 2.

As the longitudinal sections of the hair follicles often did not dis-
play the complete hair follicle, the numbers of hair follicles assessed
for the specific parameters are presented in Table 1.

2.4 | Statistical results

The statistical analyses were performed using the software program
Microsoft® Excel 2007 and SPSS 24 IBM Statistic software (IBM
Corporation). Mean values and standard deviations were calcu-
lated. The descriptive statistical analysis Wilcoxon test was used to

FIGURE 2 Morphometric measurements on porcine hair follicles from the dorsal auricular region. Total length of the hair follicle

(1), length of the infundibulum (2), position and the length of the bulge region (3,4), hair follicle opening at the skin surface (5.a without
epithelium, 5.b with epithelium), thickness of the hair follicle epithelium in the area of the infundibulum: upper, middle and lower part at the
entrance of the sebaceous gland (6) and thickness of the interfollicular epidermis with intervals of 150 and 200 um from the opening of the
follicle (7). Figure A representation of the anagen phase and figure B telogen phase hair follicle
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determine the significance of the differences between the different
parameters in three areas of the ear (A, B and C).

3 | RESULTS
3.1 | Hairfollicle density

The density of the hair follicles in the dorsal skin area of the porcine
ears was determined. The results revealed that the number of hair
follicles varied according to the area of the ear. The area indicated
as zone C (cranial region) had the highest density of hair follicles per
cm?, while the area with the lowest density of follicles was the most
caudal area (area A). The results are presented in Table 2.

3.2 | Length of the hair follicle

Atotal of 345 follicles were investigated. The total length of the hairfol-
licles was only determined in n = 259 follicles and they were classified
according to their anagen and telogen growth phases. Histologically,
it is possible to recognize the follicles in the anagen phase, because
these follicles are long, very straight and angled. In the telogen phase,
the hairs are shorter, and the hair shaft is closer to the surface of the
skin.*? Figure 3 shows an example of a microscopic image that was
used for the evaluations. 64% of the hair follicles (n = 166) were in

TABLE 1 Numbers of hair follicles evaluated by parameter per
area in the dorsal region of porcine ear skin

Area

Parameter AreaA AreaB (g

Hair follicle density 50 62 90
Length of the hair follicle 88 87 84
The opening of the hair follicle 106 103 96
Length of the Infundibulum 63 54 55
Epithelium in the area of the 60 45 47

infundibulum

Length of the bulge region 33 15 28
Position of the bulge region 26 15 26
Epidermis interfollicular 100 91 93

Note: The values by category were combined for the total sum of
follicles evaluated.

TABLE 2 Mean density of hair follicles per cm? in the dorsal area
of the porcine ears

Number of hair

Ear area follicles per cm?
A 8+2
B 10+1
6 15+3

Note: Data are presented as mean + SD.

the anagen phase, and 36% were in the telogen phase (n = 93). The
follicles were also classified into two groups according to their length
(<2000 pm and >2000 pm). 64% of the hair follicles in the anagen
phase had a length <2000 pm (MV 1458 + 296 um), whereas 92%
of the hair follicles in the telogen phase measured less than 2000 pm
(MV 1240 + 359 um). No significant difference in follicle length was
found for the different ear skin areas (P > .05).

3.3 | Length of the infundibulum

The length of the infundibulum was determined in a total of 172 fol-
licles. For the anagen hair follicles with a total length of <2000 pm, the
infundibulum length was 373 + 72 um (n = 64), for telogen hair fol-
licles (<2000 um), the infundibulum length was 458 + 131 um (n = 64).

In hair follicles >2000 um, the length of the infundibulum was
516 + 107 pm (n = 38) in anagen hair follicles and 619 + 152 pm (n=6)in
telogen hair follicles. There were no statistical differences (P > .05) for
the infundibulum length between the different skin areas A, B, and C.

The descriptive statistical analysis with the Wilcoxon test re-
vealed that there was a significant difference (P < .05) between the
two hair follicle groups (<2000 pm and >2000 pum) concerning the
infundibulum length. This was observed in follicles in the anagen
phase as well as in the telogen phase. All results concerning the
total follicular length and the length of the infundibulum are sum-
marized in Table 3.

3.4 | Length and position of the bulge region

The bulge region is generally viewed as a prominent epithelial protu-
berance of the outer sheath of the follicle root. It is located between
the opening of the sebaceous gland and the attachment site of the
arrector pili muscle. In most cases, it is challenging to identify this
lateral protrusion.'”?° The parameters were only determined in the
follicles in the anagen phase because the size of the follicle during
this growth phase made it easier to identify it.

The position of the bulge region could be identified in 67 follicles.
For these follicles, it was found at a depth of 881 + 208 pm from the
surface of the skin. The length of the bulge region was 272 + 36 pm
(n = 76). There was no significant statistical difference between the
three areas of the ear (P > .05). To assess the position and length of
the bulbar region, all the follicles found were added, without classi-
fying them by their total length, because the values were similar in
all the follicles. The results are summarized in Table 4.

3.5 | Opening of the hair follicle
The size of the follicular orifice in the infundibulum area was determined
in a total of 305 follicles. Measurements were made with and without

the infundibular epithelium. The mean diameter of the opening of the
hair follicle, including the infundibular epithelium, was 326 + 58 pm, and
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FIGURE 3 Photographic
representation of the hair follicles

in pig ears in their different growth
phases (A. anagen phase and B. telogen
phase)

TABLE 3 Summary of the data obtained for total follicular length (LHF) and length of the infundibulum (L1)

Anagen [n = 166) Telogen (n = 93)
LHF u LHF u
HF MV n= MW MV n= MVs
Area A
<2000 ym 1440 + 300 37 402479 1237+ 388 27 412 + 138
>2000 pm 23B0 + 242 21 486 1 84 2137 £ 58 3 567 + 102
Total 17804+ 532 58 438+ 1237+ 475 30 418 + 140
Area B
<2000 pum 1440 £ 308 35 357 £ 64 12964301 34 460 + 111
>2000 pm 2506 £272 16 559 +125 2384:150 2 823+0
Total 17754577 5 386 2 104 1331390 346 482 + 124
AreaC
<2000 ym 1498 £ 274 32 355+ 58 1313373 25 512 4 140
>2000 pm 2416 + 290 25 536 + 115 2163 + 68 2 698 + 51
Total 1901 + 536 57 446 4129 1376 £ 423 27 518 + 140
Total A+ B + C < 2000 um 1458 + 286  63% 373+ 72 1240 £ 359 92% 458 + 131
104 86
Total A+ B+ C> 2000 ym 2427 4275 3% 516 & 107 2215+ 144 8% 619 4+ 152
62
Total A+ B + C <2000 ym + >2000 ym 1820 + 551 100% 426 + 111 1314 £ 432 100% 472 + 140
166 93

Note: Values are given in pm, The LHF and LI were determined on histological sections of the dorsal area of pig ears, The follicles were divided into
different categories according to their length (HL) and growth phase (anagen and telogen). Data are presented as mean + SD.

without the epithelium 113 + 43 um. No statistical differences were
observed for the different porcine ear areas (P > 05) (Figure 4),

3.6 | Epithelium in the area of the infundibulum

Also, the thickness of the infundibular epithelium was measured.
The measurements were made at three different regions of the

infundibulum. In the upper part of the infundibulum, the epithe-
lium was 59 = 11 pm thick, In the middle part, it was 51 = 10 ym
thick and in the lower part at the entrance of the sebaceous
gland 46 + 11 pm thick, The measurements were made on the
right and left side of each hair follicle. No significant differences
were found in the thickness between both sides as well as be-
tween the 3 different areas (A, B, and C) of the ear (P > .05)
({Figure 5).
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3.7 | Thickness of the interfollicular epidermis

The thickness of the interfollicular epidermis was also determined
in the three areas of the ear (A, B, and C) with a lateral distance on
both sides of the follicular orifice of 150 and 200 pm. The following
results were obtained: Right side of the follicular orifice 101 + 2 um

TABLE 4 Summary of the data obtained for the position and
length of the bulge region of porcine hairs per area on histological

sections of dorsal area of pig ears
Position of the bulge Length of the
region bulge region
Area A 924 + 196 270 + 37
Area B 803 + 176 281+ 36
Area C 883 + 223 270 + 34
Total A+B+C 881 + 208 272 + 36

Note: Values are given in pm, data are presented as mean + SD.
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FIGURE 4 Size of the hair follicular orifices. The diameter of the
hair follicular orifices was measured with epithelium (+) and without
epithelium (-) at the skin surface. Data are presented as mean + SD.
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and 100 + 1 um; left side of the follicular orifice 101 + 2 um and
100 + 0 um. No significant difference between the three areas of the
ear (P > .05) could be determined (Figure 6).

3.8 | Comparing results: human skin vs porcine
ear skin

Table 5 compares the results obtained from the measurements of
the different structures of the hair follicle in humans and pig ears.
The data from humans originate from the study of Vogt et al.*°

In pig ear, a greater variation in the length of the hair follicles
could be found. Due to this, the follicles were classified into two
groups. The classification was based on whether the hair was longer
or shorter than 2000 pm. Only follicles in the anagen phase were
evaluated. The other results obtained in this study by parameters
were grouped into a single category in order to enable a clearer rep-

resentation and comparison of the values.

4 | DISCUSSION

The morphometry of the hair follicles in three different central dor-
sal areas of 10 pig ears was studied, as this skin area is frequently
utilized as an ex vivo skin model for penetration investigations and a
complete overview of the morphometric data was not available yet
but would be useful to evaluate obtained data correctly.

The results of this study showed that the average density of hair
follicles per cm? is different depending on the skin area under in-
vestigation. The cranial zone presented on average a higher number
of hairs per cm?, with a maximum number of 18. The area with the
lowest average number of hairs per cm? was the caudal area with
10 hairs. The results obtained were compared to other publications
determining the follicular density in pig ears. The density of hair fol-
licles per cm? varied in these studies; however, their results are sim-
ilar. Some described the presence of 11-25 hair follicles per cm? *¢;
others 11-42 per cm?.2! Unfortunately, the authors did not specify

Sebaceous gland
opening

FIGURE 5 Thickness of the
infundibular epithelium of porcine hair
follicles. The thickness was measured at
three different points and on both sides
of the infundibulum from the skin surface
down to the entry level of the sebaceous
duct. The diagram illustrates that the
thickness of the infundibular epithelium

Left side of the infundibulum

Right side of the infundibulum

decreases continuously with increasing
depth of the hair follicle
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FIGURE 6 Thickness of the
interfollicular epidermis on both sides of
the hair follicle (+right side, -left side).
The thickness was measured at 150 ym
and 200 pm from the hair follicular orifice
of porcine ear skin. Data are presented as
mean + SO
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TABLE 5 Comparison of human and porcine hair follicles

Length of the hair follicle (anagen 3864 4 605 1458+ 296
stage) 2427 £ 275

Length of the infundibulum {anagen 580 + B4 426 + 111
stage}

Position of the bulge region (anagen  1191+23 881 + 208
stage}

Length of the bulge region (anagen 240 £ 52 272x 36
stage)

Diameter of the hair follicle opening 172+ 70 11322
at skin surface level

Interfolicular epidermis 136 + 37 10122

Note: Values are given in pm, data are presented as mean + SD (includes
data from humans ociginate from the study of Vogt et al*%).

the area of the ear in which the hair follicles were quantified, In prin-
ciple, it should be noted that macroscopically the density of hairs at
the edge of the ear is much higher, However, typically this area is
not utilized for penetration studies, as the skin is not sufficiently flat
within this area ??

In humans, the number of hair follicles likewise varies depending
on the area of the body. On the calf region, on average a number of
14 hair follicles per cm? can be found, whereas a higher density can
be determined in the region of the chest (25 hair follicles/cm?), on
the back (29 hair folficles/cm?), on the arms (18-32 hair follicles/cm?),
on the thigh (17 hair follicles/cm?), or on the abdomen (70 hair folli-
cles/cm?). The highest density has been described on the forehead
with an average of 292 follicles/cm”.'*** As most in vivo skin exper-
iments are performed on the arm, it can be stated that with regard
to follicular density, the porcine ear skin is well suitable as ex vivo
skin model, Other models of animal skin are less suitable compared

Area B Area C

Distance from hair follicle opening in um

to human skin due to their much higher density of follicles per cm?,
which is, for example, 367 in dogs, 627 in cats, 1598 In rats, and
approx. 1728 in rabbits.**

A further similarity between porcine skin and human skin is that
the hair follicles undergo the same growth cycle and the hairs show
the same growth stages.'® At any given time, the vast majority of
the halr follicle in healthy human scalp are considered to be in the
anagen stage {(80%-90%) and between 10% and 20% in the telogen
one.™ In the present study, 64% of the total number of follicles was
found to be in the anagen stage and 36% were in the telogen phase.
No data were found to compare our results with other studies in pig
skin. These results are interesting for future skin penetration studies
using pig skin as a model because in previous studies, it could be
demonstrated that the growth stage of a hair follicle has an influence
on the penetration process. It was shown that only hair follicles,
which are in the anagen stage and thus show hair growth activity,
are open for follicular penetration.’”

As already described In the introduction part, different areas
of the hair follicle are of specific interest for new therapeutic ap-
proaches. Selective targeting of these areas within the hair follicle
can be reached by selecting a specifically sized drug delivery system
such as nanocarriers.”” Therefore, it is crucial to know the exact lo-
calization of the corresponding structure within the hair follicle. In
principle, the structure of human and porcine hair follicles is com-
parable as both provide an infundibulum, an isthmus, a bulge region,
and a bulb region. A sebaceous gland and an erector pili muscle are
also associated with the hair follicles of both species.”” It has not
been investigated if these structures within the hair follicles are lo-
calized in the same position and have a comparable size in human
and porcine hair follicles,

In the present study, we decided to classify the hair follicles
into two groups (group 1: >2000 um and group 2: <2000 pm), as
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classification into terminal and vellus hairs as available for human
hair follicles is not usual in pigs.

The average length for the hairs of group 1 (>2000 um) was
2427 + 275 um, the average length for hairs of group 2 (<2000 um)
was 1458 + 297 um. In humans, the total length of terminal hairs
in the anagen stage is even greater, with a mean dermal depth of
approx. 3000 pm.° If we compare the results, we can see that in
pig ear we can find hair follicles of great size just like in human skin.
However, there is a variation in the length of the hair follicles of
the pig skin, with an average length of 1820 + 551 um. In humans,
the length of vellus hair follicles is smaller 646 + 140 pm.lo Vellus
hairs, which are defined as short, non-pigmented and generally non-
medullated hairs, were not found in the pig ear.?

The length of the infundibulum of the hair follicles in the anagen
phase varied depending on the total length of the hair follicle. Hair
follicles <2000 pm had an infundibulum length of approximately
373 + 72 pm, hair follicles >2000 pm provided a longer infundib-
ulum, with an average length of 516 + 107 pm. These results are in
concordance with previous studies in pigs, where the length of the
infundibulum was approximately 500 pm.“’ In humans, the length
of the infundibulum is comparable with an average value of 500 pm
in terminal hairs, which are in the anagen phase. The length of the
infundibulum in human vellus hair is 225 + 34 pm.*°

Due to the importance of the bulge region as a reservoir of
stem cells, which participate in the process of proliferation and
regeneration of both the hair follicles and the epidermis,?’ the po-
sition and length of the bulge region were also studied. In pig hair
follicles, the bulge region was located at 881 + 208 um from the
skin surface and in humans at 1191 + 23 pm, which is well com-
parable. The length of the bulge region was also well comparable
in porcine hair follicles and human hair follicles (272 + 36 pm and
240 + 52 pm).*°

The follicular orifice on the skin surface also demonstrated sim-
ilarity between porcine ear skin and human skin. Concerning the di-
ameter of the entrance hole of the follicle in the infundibular area,
in pigs, the opening diameter of the follicle was 113 + 2 pm and in
humans 172 + 70 pm.

Additionally, the thickness of the follicular epithelium in the
area of the infundibulum was determined and was shown to de-
crease continuously with increasing depth of the hair follicle. This
phenomenon can also be observed in human follicles.}® Data for
human and porcine hair follicles were demonstrated to be relatively
comparable (upper part of hair follicle: human 65 um, pig: 59 um;
distal part of infundibulum: human 53 um, pig: 46 pm.lo The thick-
ness of the interfollicular epidermis was approximately 100 pm in
the present study. In other studies, also performed with pig skin,
values of 72 pm were given.’® However, both results are similar
to human data available although the thickness of interfollicular
epidermis also varies according to the region of the body: buttock
97 pm, shoulder 81 um, scalp and retroauricular region 136 pm,
forearm dorsal 75 pm.%28

However, all studies confirmed that the thickness of the infun-
dibular epithelium is lower than the thickness of the interfollicular

epidermis with decreasing thickness in the lower part of the infun-
dibulum. Therefore, it can be assumed that the barrier properties
continuously decrease inside the hair follicles with increasing depth
and that percutaneous absorption can be enhanced when sub-
stances reach deeper parts of the hair follicles.

5 | CONCLUSION

In summary, our results reveal that the morphometric characteristics
of the central part of the porcine hair follicles have good similarity
with the human hair follicles. Thus, it can be stated that the porcine
ear skin is a good ex vivo skin model for skin penetration studies.
Furthermore, it can be concluded that, apart from the follicular den-
sity, there are no significant differences in the investigated morpho-
metric data of the hair follicles between the 3 areas of the central
ear.
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