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SUMMARY

Summary

In vitro models with the ability to estimate drug penetration through healthy and
compromised skin may reduce animal testing of drugs and cosmetics to a minimum. The
phospholipid vesicle based permeation assay (PVPA) is based on a tight barrier
composed of liposomes mimicking cells. It was originally made to mimic the intestinal
epithelial barrier and in this project further developed to mimic the stratum corneum
barrier of the skin. The lipid composition was changed to better mimic the lipid

composition of skin and new preparation methods of the barriers were developed.

The performance of two new skin mimicking PVPA models was evaluated by assessing
the permeation of eight drugs. The two models developed in this study
the PVPA (E-80/ceramide/cholesterol/palmitic acid/cholesteryl sulphate) and PVPA, (E-
80/cholesterol) appeared to distinguish between drugs of high and low penetration
potential when compared with permeation data from animal skin and the reconstructed

human skin, EpiSkin® as well as calculated data.

Moreover, the PVPA models mimicking skin were also applied to evaluate the
penetration potential of a drug in different liposomal formulations. The permeation of
drugs from liposomal formulations was significantly enhanced as compared to the drugs
in solution form and was able to distinguish between carriers with different
physicochemical properties. Encouraged by the results from previous experiments,
different drugs and drugs in liposomal formulations were tested in the PVPA and PVPA,
models and the permeability results were compared with the results for the reconstructed
human skin model, EpiSkin®. The results were in accordance with what was expected

considering the physicochemical properties.

Finally, PVPA barriers mimicking a compromised skin barrier (accompanying skin
disorders or skin damage) were developed. Two approaches were applied to prepare
barriers with lower barrier function. First, by adjusting the concentration of ethanol used
to fuse liposomes, thus controlling the tightness; second, reducing the thickness of the
liposome layer. Results from the PVPA models demonstrated reliable increased

permeation with the increased ethanol content and the decreased barrier thickness.
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1 INTRODUCTION

1 Introduction

1.1 General introduction

The treatment of skin disorders has a long history of use. The number of topical and
transdermal formulations has increased in recent years, as well as the interest of
pharmaceutical and cosmetic industries in innovative models for studying drug

accumulation and permeability of compounds through the skin.

In topical and transdermal drug development, the finding of a cost-effective method for
testing skin medications in an efficient and reliable manner has become of crucial
importance in recent years, especially due to growing ethical issues. Topical
administration of drugs can be targeted at the treatment of local skin diseases as well as
systemic diseases. The transdermal delivery of drugs provides an appealing alternative to
other systemic therapeutic systems as the transdermal route avoids unwanted gastro-
intestinal side effects and first-pass metabolism (Bouwstra et al., 2003). For studying
topical formulations in vivo models are commonly used. /n vivo experiments involve the
use of living biological materials; thus in vivo models are considered the gold standard
for the study of percutaneous absorption, metabolic activity and toxic effects of
formulations (Kezic, 2008). Therefore, the evaluation of in vitro models’ efficacy greatly
depends on correlation between in vivo data (Kezic, 2008). Ex vivo involves the use of
tissue (e.g. skin) outside of the organism. The study of drug penetration through skin
samples can be performed in diffusion cells or other specialized experiments. Human
skin for in vivo experiments is hard to come by, and would involve considerable ethical
considerations. As a consequence, simplified in vitro models for the assessment of drug
penetration have been introduced as replacements for in vivo experiments in early
development of drugs. Especially in early development, the need for cost-effective in
vitro models is crucial. Mathematical/computer simulation models (in silico) can also be

very efficient in the screening of large numbers of candidates during drug development.

In recent years, topical formulations have become more and more complex, due to the

rise of nanomedicine and the introduction of many nano-carriers and advanced vehicles
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for drug transport and delivery. For this reason, there is a need for better understanding of
all physicochemical interactions between the barrier and the drug, as well as vehicle and
carrier systems. To evaluate these factors it is important to have an understanding of the
complex structure of the skin in the healthy state as well as the diseased state to which

many pharmaceutical formulations are applied (Bouwstra and Ponec, 2006).

1.2 Skin composition and function

The skin serves several important roles in the human body. It is the largest organ
providing approximately 10 % of the body mass and it provides protection against
mechanical and biological insults and trauma (Williams, 2003). The large surface of the
skin provides an appealing alternative for the non-invasive administration and delivery of
drugs. However, the skin is a sturdy and complex barrier, which is very efficient in

keeping substances from penetrating and entering the body’s fluids (Williams, 2003).

The skin is a physical barrier covering and protecting the inner organs from chemicals,

physical trauma, microorganisms, UV-radiation and water loss.

The skin has several layers (Figure 1.1) with the hypodermis or the subcutaneous layer as
the inner layer with fat and blood vessels (El Maghraby et al., 2008). The next layer is the
dermis, which is composed of a scaffold of connective tissue (elastin and collagen) with
appendages going through the layer Appendages are sebaceous glands, sweat glands and

hair follicles.
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Stratum corneum
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Figure 1.1. Cross-section of the human skin with the different cell layers and appendages.
Reprinted from Pharmaceutical Press, London, Williams, A.C., Transdermal and Topical Drug
Delivery; from Theory to Clinical Practice, Copyright © (2003)

Important features of the dermis are the presence of blood vessels and lymphatic vessels
as well as nerve endings. The dermis contains water and salts, and therefore presents a
more hydrophilic environment as opposed to the outer layer. The outer layer is the
epidermis. The epidermis overlies the dermis and is comprised by multiple layers of
different cell types. It can be further divided into the stratum basale, stratum spinosum,
stratum granulosum and stratum lucidum and stratum corneum (SC) (El Maghraby et al.,
2008). The stratum licidum is generally considered part of the SC and is not present in all
parts of the body (e.g. footsoles and palms). Although metabolic activity in the skin has
been the subject of far fewer studies than that of other organs within the body, it remains
present in drug metabolism in the epidermis, hair follicles and in sebaceous glands

(Benson and Watkinson, 2011, Williams, 2003).

The healthy epidermis renews itself regularly and takes approximately 14 days
(Takahashi et al., 1987). Underneath the SC is the viable epidermis, which are living cells
that feed the SC (Bouwstra and Ponec, 2006). After a differentiation with changes in

composition and structure they mature and transform from keratinocytes into
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corneocytes, which are flat, dead and densely packed cells. The differentiation involves
the transformation of polar lipids into the SC lipids. The precursors for this
transformation are glycosphingolipids, phospholipids and sterols, which are
enzymymatically converted into more nonpolar species that surround the corneocytes in
different lamellar structures. These processes generate ceramides from glycolipids and
various free fatty acids from phospholipids, which are two of the major lipid classes
found in the skin. Other classes are cholesterol and cholesteryl sulphate. Cholesteryl
sulphate is not as abundant as the other lipid classes; however, it serves an important role
in the desquamation of cells in the SC (Bouwstra and Ponec, 2006). The SC is the main
barrier controlling the percutaneous penetration of chemicals into and through the human

skin (Barry, 2001). Figure 1.2 presents the main lipid classes in the SC.

WWO\WNWW\/MO

© /W\/\/\/\/H\NI\0H
Ceramide 1 [EOS) S 0H
/\/\/\/\/\/\/\/LOH

Palmitic acid
OH
\/\/\/\/\/\/\/\AFO

/W\/\/\/\/ir:r o
R R=0H —= Cholesterol OH
OH

R =080, —= Cholesterol sulfate Ceramide 6 [AP)
Figure 1.2. The main lipid classes found in the stratum corneum (SC). Reprinted from European
Journal of Pharmaceutics and Biopharmaceutics, 81, Ochalek, M., Heissler, S., Wohlrab, J.,
Neubert, R.H.H., Characterization of lipid model membranes designed for studying impact of
ceramide species on drug diffusion and penetration, 113-120, Copyright © (2012), with
permission from Elsevier.

The SC is composed of corneocytes with the structure resembling a brick and mortar
arrangement (Figure 1.3) (El Maghraby et al., 2008). For any compound or drug to
penetrate skin, it has to face the tight barrier of the SC. Lipids in the SC are present in a
special continuous arrangement forming a tough path called the intercellular pathway. An
alternative route is the transcellular route through the keratinocytes, which involves
partitioning in and out of the lipid domains. These two routes through the intact,

unbroken skin define the transepidermal pathways. Another route is through the
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appendages, however the appendages are only approximately 0.1 % of the skin surface

and is mostly important for large or ionic molecules (El Maghraby et al., 2008).

Intercellular route Transcellular route

Lipid Aqueous Cholesterol/ Minimal lipid Keratin
cholestery] sulphate

Figure 1.3. Brick and mortar model. Reprinted from Journal of Controlled Release, 6 Barry,
B.W. Mode of action of penetration enhancers in human skin, 85-97, Copyright © (1987), with

permission from Elsevier.

The lipids, which surround the corneocytes in the SC, have a special organisation, which
is subsequently very important for the barrier function and maintenance of healthy skin
(Bouwstra and Forster, 2002). The ceramides together with the lipids present in the SC
form multilamellar liquid crystalline gel structures. Moreover, the ceramides play an
important role of consolidating the lipids in the bilayer, because the long hydrocarbon
chains occupy the space between both monolayers; thus stabilizing the lipid structures

(Bouwstra and Forster, 2002).
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Lamellar organisation

LPP
HHHHHHHHHHHTHT

.....

— %##1
2235

] Lateral organisation

Figure 1.4. The lamellar and lateral lipid phases in stratum corneum (SC). The short periodicity
phase (SPP) of approximately 6 nm and the long periodicity phase (LPP) of approximately 13
nm. The lateral packing is liquid, hexagonal or orthorhombic. Reprinted from Household and
Personal Care today, 8, Voegeli, R., and Rawlings, A.V., Corneocare - The role of the stratum
corneum and the concept of total barrier care, 7-17, Copyright © (2013).

e

g2

T
il

Liquid phase Hexagonal phase  Orthorhombic phase

In the SC, two different lamellar phases are present (Figure 1.4), namely the long
periodicity phase (LPP), which has a repeated distance of 13 nm, and the short periodicity
phase (SPP), which has a repeated distance of 6 nm. The LPP is probably present in all
species having a SC. Besides the lamellar phases, the lateral packing of the lipids is
important for the barrier function of the skin. Orthorhombic lateral packing is a very
dense assembly of lipids as opposed to hexagonal lateral packing (Figure 1.4). Liquid
packing is the least densely packed assembly and has increased permeability of
substances as compared to the orthorhombic (low permeability) and hexagonal packing
(medium permeability). The lamellar organisation of the lipids and the presence of
ceramide 1 are important for the formation of the LPP and the long chain free fatty acids

are critical for the formation of orthorhombic lateral packing (Bouwstra and Ponec,

2006).
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DS (dihydrosphingosine) S (sphingosine) P (phytosphingosine) H (6-hydroxy-spinghosine)
R

1 Yo
NH
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CnH’znd
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R R

) \(0 ) \(0
NH NH
OH OH
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OH OH
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R, N (non-hydroxy fatty acid) o C Hap
A (a-hydroxy fatty acid) \(kCnH;m,1
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Figure 1.5. Ceramide structures. Four possible sphingosine related chains (S, sphingosine; dS,
dihydrosphingosine; H, 6-hydroxy-sphingosine; P, phytosphingosine) are linked via an amide
bond to either of three different fatty acid components (N, nonhydroxy fatty acid; A, a-hydroxy
fatty acid; EO, esterified m-hydroxy fatty acid). Reprinted from Analytical Chemistry, 84, t'Kindt,
R., Jorge, L., Dumont, E., Couturon, P., David, F., Sandra, P., Sandra, K., Profiling and
Characterizing Skin Ceramides Using Reversed-Phase Liquid Chromatography—Quadrupole
Time-of-Flight Mass Spectrometry, 403-411, Copyright © (2012), with permission from the
American Chemical Society.

The ceramides are important for the barrier function of the skin, whereas 12 different
types of ceramides (Figure 1.5 and 1.6) have been identified in human skin, and the
impact of different types has been studied in various ways (e.g) the lamellar organisation
(Ochalek et al., 2012, van Smeden et al., 2011). The ceramides contain several functional
groups that can form hydrogen bonds with other proximate ceramide molecules

(Bouwstra et al., 2003); thus are important for proper lipid assembly in the SC.
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Figure 1.6. Molecular structure of selected ceramides in human stratum corneum (SC). Reprinted
from Progress in Lipid Research, 42, Bouwstra, J. A., Honeywell-Nguyen, P. L., Gooris, G. S.,
Ponec, M., Structure of the skin barrier and its modulation by vesicular formulations, 1-36,
Copyright © (2003) with permission from Elsevier.

Lipid composition and organisation are crucial for the function of a healthy skin barrier
(Bouwstra and Ponec, 2006). Especially since, the different ratios of ceramides and fatty
acid species could alter the barrier function of the skin. A reduction in the total ceramides
content was found in atopic dermatitis patients, and especially ceramide 1 (Figure 1.2 and
1.6), which is considered important for the barrier function of the skin, was markedly
reduced (Imokawa et al., 1991). For example, in atopic dermatitis, reduced ceramide
content has been reported to alter the lipid organisation. In lamellar ichthyosis patients,
there is a marked reduction in the amount of free fatty acids in SC as well as an altered
lipid organization. In Gaucher’s disease patients levels of glucosylceramides and reduced
ceramide have been found, which could indicate premature formation of the SC

(Bouwstra and Ponec, 2006).
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1.3 Enhanced skin penetration: condition and causes

The barrier function of healthy skin is to protect the body from unwanted substances in a
efficient manner; however, in everyday life the human skin comes into contact with many
chemicals which can be potentially toxic or harmful (Gattu and Maibach, 2010) (e.g.
industrial solvents, environmental pollution, cosmetics, drugs etc.). Even if the intact
healthy skin has an efficient barrier, the skin is often exposed to chemicals after trauma or
in diseased states. For example, a worker exposed to various chemicals in the workplace
can have a ruptured skin barrier, local skin inflammation after bruising or local
inflammation due to long term exposure to chemical irritants, and will in many cases
experience higher percutaneous penetration of substances through the skin as a result of
this. Pharmaceutical and cosmetic preparations are often applied to the diseased skin, or

skin in an abnormal state where the barrier is not as intact as it is in healthy skin (Gattu

and Maibach, 2010).

Mechanical damage induced by tape stripping or skin abrasion are common methods that
have been used as models for diseased skin where the skin barrier is reduced and
enhanced penetration would be expected (Akomeah et al., 2008, Bronaugh and Stewart,
1985, Matsunaga et al., 2007). For example, Akomeah et al. (2008) reported 64 fold
enhancement of caffeine penetration, however, Bronaugh and Stewart (1985) reported
only 1.6 fold increase of caffeine penetration after abrasion. The examples above both
reported enhanced penetration of caffeine, although a markedly different increase, which
often seems to be the consequence of difficult standardisation of such methods for

studying the disrupted skin (Chiang et al., 2012).

Enhanced skin penetration has been observed in studies with chemical exposure to the
skin. For example, skin exposure to sodium lauryl sulphate (SLS) is frequently used as a
model for irritant dermatitis (Chiang et al., 2012, Gattu and Maibach, 2010). Increase in
the penetration of compounds through skin has been observed after delipidization by the
SC lipids by different organic solvents or cleaning agents. In a similar manner, burns
inflicted by chemicals have also been reported to increase the penetration of compounds
through skin. Moreover, UV radiation has been shown to increases the penetration rate in

animals, but the same increase was not shown in humans. Various skin diseases have also
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been shown to affect the penetration of drugs through skin, for example atopic or
exfoliative dermatitis, psoriasis and skin cancer. In some studies, a small or undetectable
increase in the percutaneous penetration of compounds has been reported, whereas in

other studies a marked increase was observed (Chiang et al., 2012, Gattu and Maibach,

2010).

1.4 Percutaneous penetration

The “brick and mortar model” (figure 1.3) is regarded as a representative model for
potential pathways of absorption through the skin. Corneocytes represent the bricks and
the intercellular lipids the mortar in a brick wall (Michaels et al., 1975). However, other
models have been proposed, such as the domain mosaic model (Forslind, 1994) the single
gel phase model and the membrane folding model (Norlen, 2001a, Norlen, 2001b) as well

as the sandwich model (Bouwstra et al., 2003).

Drug candidates’ screening is time-consuming and costly due to the high number of
chemical entities that need to be tested. Prediction of ADMET (absorption, distribution,
metabolism, excretion and toxicology) in drug delivery research is crucial. Permeability
screening is one of the parameters important for the selection of candidates for further

development.

In the transformation from keratinocytes to corneocytes the cells are anucleated and
keratinized therefore they cannot produce protein structures for active transport
(Bouwstra et al., 2003). Hence, the transdermal absorption of permeants can be regarded

as passive (Godin and Touitou, 2007).

1.5 Models for evaluating percutaneous penetration potential

In vivo studies in humans still remains the gold standard for evaluating percutaneous
penetration, absorption of substances and risk assessment, and is recommended by the
World Health Organization (WHO) (Kielhorn et al., 2006). However, due to cost and
considerably ethical demands, the pharmaceutical industry has moved towards validated

in vitro models (Mathes et al., 2014).
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1.5.1 Ex vivo human skin

Skin explants from healthy donors or donors with various skin diseases can be
maintained in a culture as partial thickness or full thickness skin explants. Specific
physiological and biological effects of drugs have been investigated by skin explants
(Mathes et al., 2014). Human cadaver skin ex vivo is frequently used, but freezing has

been reported to increase penetration of compounds (Chiang et al., 2012).

1.5.2 In vivo / ex vivo animal skin

William Russell and Rex Burch published “The Principles of Humane Experimental
Technique” in 1959, where the 3 R’s (Replace, Reduce and Refine) were presented to
promote animal welfare in animal research. Animal models for skin research would not
be restricted by the same ethical considerations as human skin research; although there is
a progressing consensus between regulators, researchers, academia and industry to
promote the use of the 3 R’s in the use of animal models. However, for specific research,
animals could still serve as replacements for human skin in research. The main limitation
of animal skin however, is that compared to humans most animals have much more hair
follicles covering the entire body; hence the percutaneous penetration of substances will

not be the same (El Maghraby et al., 2008).

Pig skin ex vivo is often used as a replacement for human skin in ex vivo skin penetration
research, and especially pig ear skin (Klang et al., 2012). The lipids in pig skin SC have
similar lipid organization as human skin, however the lateral packing of lipids in porcine

and human SC differ markedly (Caussin et al., 2008).

1.5.3 Diffusion cell experiments

Franz diffusion cell system is generally employed for ex vivo penetration studies (Ng et
al., 2010). Franz cells (Figure 1.7) are thermostat controlled borosilicate glass chambers
with acceptor and donor chambers separated by a membrane. Skin from animals, human
skin, explants, reconstructed skin or other in vitro membranes can be used between the
donor and acceptor chamber for the evaluation of the penetration of drugs or compounds

through the barrier.

11
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Figure 1.7. Franz diffusion cell. Web. 5 dec.2014. http.//www.permegear.com/primer.pdf

1.5.4 Reconstructed skin models and full thickness skin models

Commercially, skin models of reconstructed human epidermis have emerged as the need
for reliable models has increased, namely EpiSkin®, Skinethic®, EpiDerm® and LabCyte
EPI-MODEL24® (Mathes et al., 2014). The models have been proposed for various
applications where the OECD (The Organisation for Economic Co-operation and
Development) recommends their use; however most of them are focused on safety testing
(Alepee et al., 2014, Godin and Touitou, 2007, Mathes et al., 2014, Netzlaff et al., 2005).
These models are based on keratinocytes from human donors to form an epidermis under
incubation, which makes the protocol rather complex (Mathes et al., 2014). The
reconstructed human skin models can be used for permeability testing as well as
phototoxicity, irritancy, corrosiveness and even specific studies of skin metabolism
(Godin and Touitou, 2007, Mathes et al., 2014, Netzlaff et al., 2005, Schafer-Korting et

al., 2008a). These models can also be used to test formulation and vehicle effects (Dreher

12
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et al., 2002a, Dreher et al., 2002b, Gregoire et al., 2008, Rozman et al., 2009). In a study
by Asbill et al. (2000), using an in house skin equivalent model consisting of a bio-
engineered human skin model, the barrier was shown to be more permeable than human
skin and this has also been reported for other reconstructed skin models (Mathes et al.,

2014, Netzlaff et al., 2007).

Figure 1.8 summarizes some of the more advanced biological models and their relevance

in pharmaceutical development.

g 3D full thickness +
_other cell types*

Biological complexity

¢
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Relevance for drug development

Figure 1.8. The correlation of biological in vitro models’ complexity and relevance for drug
development (RHE — reconstructed human epidermis models). Reprinted from Advanced Drug
Delivery Reviews, 69-70, Mathes, S. H., Ruffner, H., Graf-Hausner, U., The use of skin models in
drug development, 81-102, Copyright © (2014), with permission from Elsevier.

Future models can arise as cost-effective reconstructed models since most recently, a
study utilizing stem cells to generate a fully functional epidermis has been proposed

(Petrova et al., 2014).
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Full thickness models (FT) differ slightly to the epidermis models as the FT models are
cultured under less defined conditions as compared to the epidermal models (Mathes et
al., 2014). The FT models are prone to batch-to-batch variations even if the FT models
have a more organotype structure. The FT models are closer to human skin than
epidermis models with a closer resemblance to the human skin barrier function; however,
still with increased penetration compared to human cadaver skin (Mathes et al., 2014).
Both the FT models and the epidermis models lack to some extent the barrier function of
human skin, mainly because of different lipid compositions and lack of biological

constituents such as Langerhans cells and merkel cells (Mathes et al., 2014).

1.5.5 Silicon models as membranes mimicking the skin barrier

Silicone membranes (polymers, silicone and carbosil) have been suggested as membranes
mimicking the skin barrier (Feldstein et al., 1998, Iordanskii et al., 2000, Wasdo et al.,
2009). Silicone membranes have been successfully used to conduct specific
thermodynamic and kinetic analysis of membrane permeation. The permeation of a
supersaturated drug and specific effects of pH and co-solvent have been studied (Leveque
et al., 2006). Experiments using alcohols as vehicles and methyl paraben as permeant
have been conducted to study different physical aspects of membrane diffusion using

simple vehicles (McAuley et al., 2010, Oliveira et al., 2010, Oliveira et al., 2011).

1.5.6 Parallel Artificial Membrane Permeability Assay (PAMPA) as models for the

prediction of passive diffusion

The Parallel Artificial Membrane Permeability Assay (PAMPA) was first introduced by
Kansy et al. (1998). The PAMPA assay is an in vitro model for the fast prediction of
passive diffusion of drugs. It consists of a membrane separating the acceptor and donor
compartments (Figure 1.9) where the membrane is based on a porous filter support coated

with an organic solution of lipids (e.g. phospholipids in decane/dodecane) (Avdeef,

2012).

The PAMPA model has been commercialized in different versions and further developed

over the years (Figure 1.9) (Avdeef, 2005, Avdeef, 2012).
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Figure 1.9. The PAMPA sandwich assembly. Donor compartments with stirrers in the bottom
and acceptor compartments at the top. Reprinted from Wiley oBooks, Avdeef, A., Permeability —
PAMPA, Copyright © (2014), with permission from John Wiley and Sons.

Moreover, different versions of the PAMPA for estimating skin penetration have been
developed as models estimating skin penetration (Ottaviani et al., 2006, Ottaviani et al.,
2007, Sinko et al., 2009, Sinko et al., 2012). Ottaviani et al. (2006) published a PAMPA
version with the membrane containing a mixture of silicon oil and isopropyl myristate.
This version was used in combination with in silico modelling to classify drugs according
to three groups. I: low permeants, II: high permeants I1I: permeants with high membrane
retention. (Ottaviani et al., 2006, Ottaviani et al., 2007) The combined PAMPA and in
silico models have been used to evaluate candidates for topical administration (Dobricic
et al., 2014, Markovic et al., 2012). A version of the PAMPA model for estimating the
skin penetration containing ceramide analogs (certramides), cholesterol and free fatty
acid in a silicon oil solution was published later (Sinko et al., 2009, Sinko et al., 2012).
The certramides were included in the membrane as low-cost alternatives with prolonged

storage capabilities compared to ceramides (Sinko et al., 2009, Sinko et al., 2012).

A model similar to the PAMPA is the Strat-MTM, which is a commercially available
synthetic model that has a tight surface layer made of polyether sulfone (Joshi et al.,

2012, Karadzovska and Riviere, 2013).

1.5.7 In silico models for estimating skin penetration

In silico modelling uses mathematical and computational models to estimate epidermal
and dermal transport of chemicals. These approaches can be useful in the earliest stages
of drug development because of the ability to evaluate a great number of candidates in a
short time span. However, the modelling science is complex and difficult (Godin and

Touitou, 2007). In principle, mathematical modelling can assess many of the processes
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involving penetration through skin and pharmacokinetic evaluations. A good in silico
model should also be kept simple, although should not exclude important factors
(Anissimov et al., 2013). Mathematical modelling uses physicochemical and biological
parameters; therefore results are generally effective. Its reliability, on the other hand, is

reported not to be as good as some in vitro or in vivo models (Brown et al., 2012).

Quantitative structure-permeability relationship (QSPR) and in vitro-in vivo correlation
(IVIVS) are some of the common models in published literature for mathematically

estimating skin penetration and transport (Godin and Touitou, 2007).

One of the early models predicting skin penetration was the Potts and Guy model; it was
based on the Flynn dataset of 93 substances with various physicochemical properties
(Anissimov et al., 2013, Potts and Guy, 1992). The model mainly focuses on the SC as
the main barrier. These models can be useful for simple systems, but not for more
complex ones (Moss et al., 2002). However, a model for prediction of the absorption of
substances from cosmetic formulations into and through skin has been published with

reasonable results (Gregoire et al., 2009).

1.6 Liposomes
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Figure 1.10. Schematic representation of a liposome (unilamellar).
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1.6.1 Liposomes for drug delivery

Liposomes (Figure 1.10) were described as early as the 1960s (Bangham et al., 1965),
and have been extensively investigated since then. Liposomes are vesicles composed of
lipids in a membrane around an aqueous core and often the lipids are phospholipids. One
important feature of the phospholipids are the amphiphilic molecules that form
dispersions in water (Bangham et al., 1965). The size range can be in nanometers up to
several micrometers. The lipids form one or more bilayers in a lamellar form, where
drugs can be encapsulated in the core of the liposome or incorporated in the lipid bilayer
(New, 1990). Both hydrophilic and lipophilic drugs can be entrapped in or associated
with the liposomes due to the amphiphilic properties of the liposome (Torchilin, 2012).
Size and lamellarity is important for the entrapment of drugs in liposomes. It is common
to categorize the liposomes according to a mean particle size and lamellarity of either
small unilamellar vesicles (SUV) below 100 nm, large unilamellar vesicles (LUV)
ranging from 100-800 nm or multilamellar vesicles (MLV) ranging from 500-5000 nm
(Torchilin, 2012). Moreover, the role of liposomal size is dependent on the types of

administration and desired therapeutic effect.

Liposomes for skin delivery systems were described first by Mezei and Gulasekharam
(1980). They reported an increase in the concentration of triamcinolone acetonide in both
the epidermis and dermis by up to five fold, and even a reduced percutaneous absorption
as compared with the control treatment (Mezei and Gulasekharam, 1980). When
considering liposomes for topical and transdermal delivery, different perspectives have
guided the research and development. Liposomes can improve deposition of the drug
locally in the skin and reduce side effects, or they can provide systemic delivery of drugs

avoiding first-pass metabolism (EI Maghraby et al., 2006, E1 Maghraby et al., 2008).

Conventional liposomes are usually made of phosphatidylcholine (PC) or dipalmitoyl
phosphatidylcholine (DPPC) vesicles, alone or together with cholesterol they are
described as providing localized effects by accumulating in the epidermis (Barry, 2001,
El Maghraby et al., 2008). Various attempts have been described in order to overcome

the robust barrier of the SC. Deformable liposomes (flexible and elastic) are described as
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membrane elastic vesicles able to reduce the limitations of transdermal drug delivery by
enhancing the skin penetration ability (Cevc et al., 1998). Highly flexible liposomes
named transfersomes were described as very efficient in providing transdermal delivery
of drugs by following the so-called transepidermal water activity gradient to achieve
systemic delivery of drugs (Cevc and Blume, 2001, Cevc, 2003, Cevc and Gebauer,
2003). However, the ability for the intact liposome to penetrate the human skin has been
questioned (Brewer et al., 2013). Other novel forms of vesicles with increased
penetration potential, which have been described, are ethosomes (Touitou et al., 2000),
invasomes (Dragicevic-Curic et al., 2008) and propylene glycol-containing liposomes
(Elsayed et al., 2007). The diversity of the liposomes as well as low toxicity, good
biocompatibility and biodegradability, mean that liposomes still have a prospective future
in drug delivery systems, even after more than 40 years of extensive research (Mufamadi

etal., 2011).

If the liposomal carrier is intended for circulation after parenteral administration, other
surface modifications to the liposomes can prolong the circulation time in vivo by
reducing the clearance in the blood stream. So-called stealth-liposomes are the result of
the hydrophilic polymer polyethylene glycol (PEG) attached to the surface of the
liposomes. This modification subsequently reduces the clearance of the liposomal carrier
from the blood stream (Allen and Cullis, 2013, Klibanov et al., 1990). Other examples of
conjugates for long circulating liposomes by using surface modifications have been
described, e.g. chitosan, silk-fibroin, polyvinyl alcohol, or phosphatidylinositol
(Mufamadi et al., 2011, Torchilin, 2012). Moreover, in the development of specific
therapeutics, several surface attachments can be introduced for specific targeting such as
peptides, antibodies or receptors (Mufamadi et al., 2011). PEGylated liposomes have
been approved for clinical use (e.g. Doxil®/Caelyx™) with stealth liposomes as a carrier

system in the formulation, and others are under clinical trials (Torchilin, 2012).
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Figure 1.11. Biological bilayer membrane. Encyclopadia Britannica Online. Web. 10 Dec. 2014.
http.//global.britannica.com/EBchecked/media/45550/Intrinsic-proteins-penetrate-and-bind-
tightly-to-the-lipid-bilayer

The bilayer found in the liposomes can be found in biological membranes (Figures 1.10
and 1.11); therefore liposomes can be considered good candidates for modelling the

biological membrane barrier.

1.6.2 The Phospholipid Vesicle-based Permeation Assay

The original Phospholipid Vesicle-based Permeation Assay (PVPA) was developed to
mimic the intestinal barrier or the general biological barrier (Figure 1.12) (Flaten et al.,
2006a). The assay was developed as a medium to high throughput permeation model for
screening of drug candidates. The barriers in the PVPA model were made of a tight layer
of liposomes on a filter support. By using centrifugation, smaller liposomes were
deposited into the pores of the filter, and larger liposomes on top of the filter to promote
fusion of the liposomes to mimic the tight biological barrier. Further characterization
showed that the smaller liposomes filled the filter and larger liposomes were present on
top of the filter (Flaten et al., 2006b). The PVPA has been used to test various API’s and
drug candidates (Flaten et al., 2011, Hansen et al., 2011, Perlovich et al., 2012, Svenson
et al., 2009) as well as solid dispersions with poorly soluble drugs (Kanzer et al., 2010).
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Figure 1.12. The PVPA model. Reprinted from: Flaten, G.E., PhD Thesis, The Phospholipid
Vesicle-Based Barrier - A Novel Method For Passive Drug Permeability Screening, UiT — The
Arctic University of Tromsa, (2007), reprinted with permission.

Recently, the PVPA was used to test the permeability of mucoadhesive liposome
formulations, by testing coated and non-coated liposomes of acyclovir in the PVPA
model (Naderkhani et al., 2014a). Earlier studies with solubilizers, tensides and co-
solvents in donor demonstrated the model could be used to test the permeability of drugs
in some types of formulations were non aggressive surfactants are used (Fischer et al.,

2011, Flaten et al., 2008).

A Dbiomimetic intestinal permeability model has also recently been developed
(PVPAbiomimetic) for a more biologically relevant model using a more multiplex lipid

composition (see Table 1.1 for lipid composition) (Naderkhani et al., 2014b).

A modified version of the PVPA has been published involving combined dissolution and

permeability testing using an immediate and extended tablet formulation (Gantzsch et al.,
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2014). Automation of the PVPA has been tested using a robot for the most time

consuming steps of the assay (Flaten et al., 2009).

Table 1.1 summarises the different PVPA models mimicking the intestinal barrier and

their uses in pharmaceutical development.

Table 1.1. Summary of the different PVPA models and their use

PVPA model” Uses References
Drugs in solution (pH 6.2/7.4) (Flaten et al., 20064, Flaten et al.,
2007, Naderkhani et al., 2014b)
pH range in donor (pH 2-8) (Flaten et al., 2006b)
Solubilizers, tensides and co-solvents in (Fischer et al., 2011, Flaten et al.,
donor 2008)
Solid dispersions with poorly water soluble (Kanzer et al., 2010)
PVPA, drugs
Coated and non-coated liposome (Naderkhani et al., 2014a)
formulations
Drug candidates (Flaten et al., 2011, Hansen et al.,
2011, Perlovich et al., 2012, Svenson
et al., 2009)
FaSSIF (Fischer et al., 2012)
Drugs in solution (pH 6.2/7.4) (Naderkhani et al., 2014b)
PVP Apiomimeti
biomimetic e nsides and co-solvents (Naderkhani et al.,, 2014b)
Combined dissolution and permeability (Gantzsch et al., 2014)
testi
PVPAmod esne
Drugs in solution (pH 7.4) (Gantzsch et al., 2014)

" lipid composition from different models:

PVPA,: E-80

PVP Apiomimetic: phosphatidylcholine/phosphatidyl ethanolamine/phosphatidyl serine/phosphatidyl

inositol/cholesterol

PVPA.4: E-80
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2 Aims of the study

The aim of the project was to develop an in vitro model for the intact skin and the
compromised skin in order to avoid excessive use of animals and human models in early
phase development of topical formulations and substances intended for topical
administration. The model should mimic the wounded skin and even to some extent the
diseased skin, and distinguish between normal skin and wounded skin, where the stratum

corneum barrier is compromised.

The specific aims throughout the project has been:

* Characterize factors that effect the tightness of the PVPA barrier

* Use of different lipid compositions to mimic the stratum corneum barrier

* Comparison of the permeability data obtained from the PVPA with literature data
from various animal skin

* Prepare specialized versions of the PVPA model to assess penetration potential of
skin-targeting nanopharmaceuticals

* Use the PVPA to assess the effects of different formulations / carrier systems on
the permeability of drugs

* Compare permeability data from the PVPA model with reconstructed human skin
EpiSkin® model.

* Prepare barriers with different degree of leakiness to mimic compromised barriers

* Assess the effects on the penetration of drugs after inducing damage to pig skin
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3 Experimental section

The experimental section reports on selected parts of the general methods and selected

materials from papers I-IV to present a background for the discussion in chapter 4.

3.1 The modified preparation of the PVPA. and PVPA, barriers

The reparation of the barriers was based on previously reported methods (Flaten et al.,
2006a). Details of the flow of the subsequent steps of centrifugation, heat, freezing and

thawing can be referred to in Figure 3.3.
The modifications for the PVPA barriers were as follows:

1) Change of lipid composition (composition 1: E-80 (77 %, w/w) and cholesterol
(23 %, w/w).

2) Change of centrifugation speed and time after addition of small liposomes.

3) Change of centrifugation speed and time after addition of liposomes to settle on
top of the filter.

4) Change of thawing temperature and time after freezing of barriers
The specific modifications for the PVPA, barriers were as follows:

1) Change of lipid composition (composition 2: E-80 (50 %, w/w), ceramides (27.5
%, w/w), cholesterol (12.5 %, w/w), cholesteryl sulfate (2.5 %, w/w), and palmitic
acid (7.5 %, w/w).

2) Change of centrifugation speed and time after addition of small liposomes.

3) Implement heating to evaporate excess solvents (water/EtOH) from liposomes to

settle on top of the filter.

The PVPA model consists of liposomes on a filter support, and the liposomes for the
PVPA. and PVPA, barriers were prepared by film hydration method (Flaten et al.,
2006a), where the lipids were dissolved in chloroform or a mixture of chloroform and
methanol (1:1) (Figure 3.2). The organic solvents were removed by evaporation before
the dried film was hydrated with phosphate buffer (PB) pH 7.4 to prepare liposomal
dispersions by hand shaking. Following the hydration, 96 % Ethanol was added to the
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dispersion (10 % v/v) to promote fusion of the lipids during further preparation. The final
lipid concentration was 6 % w/v. The liposomes were extruded by hand (composition 2)
or by nitrogen driven extrusion (composition 1). Extrusion technique was employed to
obtain liposomes of 2 different size distributions. The small liposomes going into the
filter were extruded through 400 nm filters, and the large liposomes to settle on top of the

filter were extruded through 1200 nm filters.

OH

HII, =
/\/\/\/\/\/\/\}g( OH Ceramides
\/\/\/\/\/\/\/\H/HN H

Palmitic acid

Cholesterol

Cholesteryl sulphate

—o\/\’K Phospholipids

Figure 3.1. Structure of the lipids used in the PVPA. and PVPA; models. Egg phospholipids are
from lipoid E-80 lipids.
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Figure 3.2. Liposomal preparation of the PVPA barriers.

The small liposomes (400-nm extrusion) were forced into the filter pores by
centrifugation (15 min x 2) after 100 puL of dispersion (6 % w/v) was added. The next
step was heating (50 °C for 45 min), whereas the large liposomes (1200-nm extrusion)
from composition 1 and composition 2 were deposited onto the filter support in two
different manners. The barriers for PVPA, were prepared by the addition of liposomes
from composition 1 (100 pL, 6 % w/v) and centrifugation for 60 min to settle the
liposomes on top of the filter, followed by inverted centrifugation to remove the
supernatant. The barriers were frozen at -70 °C for at least 1 hour before further use to
promote the fusion of the vesicles. The barriers for the PVPAg were prepared by adding
liposomes for the top layer from composition 2 (50 pL, 6 % w/v x 2). Further, the
liposomes were settled on top of the filter support by evaporation of the solvent at 50 °C
for 40 min (20 min in a closed and 20 min in an open container) for the first addition and
50 °C for 60 min (20 min in a closed and 40 min in an open container) for the second
addition. The PVPA barriers were immediately frozen at -70 °C before further use for
minimum 60 min. Heating was applied to thaw the PVPA_ barriers at 30 °C for 120 min,

and the PVPA; at 30 °C for 120 min followed by heating in 50 °C for 15 min.
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Figure 3.3. Flowchart for the preparation of PVPA. and PVPA,.

*) Liposomes with egg phospholipids, ceramides, cholesterol, cholesteryl sulphate and palmitic
acid were prepared with liposome dispersion evaporated at before frozen.

**) Liposomes with egg phospholipids and cholesterol were centrifuged at 1030 g and then
frozen.

**%*) Inserts were thawed at 30 °C. PVPA, was allowed to thaw an additional 15 min in 50 °C.
(950 g corresponds to 2500 rpm in our experiments and 1030 g corresponds to 2600 rpm).

3.2 Permeability experiments using the PVPA models

The permeability experiments were performed as in the previously reported method
(Flaten et al., 2006a). In short, the experiments were performed using donors of
hydrophilic marker, drugs in buffer solution or water, and drugs in liposomal dispersions
as carriers. The inserts were loaded with aliquots of 100 uL of donor solution and 600 pL
of acceptor solution were used in the acceptor wells. The inserts were moved to a new
well in 24 well (Transwell® (Corning Inc, Corning, USA) plate containing fresh donor

solution PB pH 7.4) every hour for the first three hours and every half hour the next two
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hours in order to maintain sink conditions throughout the experiments. To ensure sink
conditions, mass balance measurements were conducted following the permeability
experiments. The cumulative amount of the drugs permeating through the barriers was
plotted against time and slope of the linear part of the curve (Figure 3.4). By using the
linear part of the curve to represent the steady state flux rate, the lag time can be observed

on the curve. Linear regression was used to ensure the steady state flux rate.
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Figure 3.4. Cumulative amount of drug plotted against time of calcein in the PVPA.

Electrical resistance across the barriers was measured immediately after completion of

the permeation experiments in order to monitor the integrity of the barriers.

Permeability equation:

The apparent permeability (P,,p) across the PVPA barriers was determined using

following equations:

P (cm/s)=£x !

Eql
w At AxC, Eal)

Equation 1 is derived from Fick's law for steady state and sink conditions. AQ/At

(nmol/s) is the slope from the linear part of the curve (Figure 3.4). Furthermore, A (cm?)

is the area of the barrier insert and C4 (nmol/mL) is the donor concentration at t = 0 h.
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The slope was calculated (J = AQ/At) and the equation could be simplified (Eq 2):

P (cm/s)= J

Eq 2
app ACd ( q )

Quantification of substances was performed by three different procedures:

* UV plate reader; aliquots of 200 puL samples from the acceptor compartments
were transferred to a 96 well transparent plate and analysed by UV absorbance
(Spectramax 190; Molecular Device Corporation, Sunnyvale, CA).

* HPLC; samples were analysed by high-performance liquid chromatography
(HPLC); a reversed-phase column (Waters XTerra® C18; 5 um; 3.9 x 150 mm;
Waters, Milford, MA) installed in a Waters €2795 separations module equipped
with a UV 2489 detector.

* Hydrophilic markers (calcein and FITC-dextran) were quantified by fluorescence
spectroscopy (Polarstar fluorimeter, Fluostar, BMG Technologies, Offenburg,

Germany).

3.3 Permeation experiments using the EpiSkin® Model

The EpiSkin® was incubated in EpiSkin® medium (37 °C; 5 % CO,; 24 hours). Prior to
the permeation experiments, the EpiSkin® inserts were washed with sterile PBS buffer to
remove traces of EpiSkin® medium, and placed in new Costar® (12 wells) plates
containing 2 mL of sterile PBS buffer as the acceptor phase. The dissolved compounds or
dispersions for testing (200 puL) were added to the donor compartments for the
permeability experiments using the EpiSkin®. Permeability experiments using the
EpiSkin® are often performed for 4, 6 and/or 24 hours (Gregoire et al., 2008, Schafer-
Korting et al., 2008b, Schafer-Korting et al., 2008a). A timeframe of 5 hours was chosen
to implement similar conditions as the PVPA models. Aliquots of 500 uL were collected
from the acceptor compartment every hour and replaced with 500 uL of PBS buffer.
Figure 3.5 shows the EpiSkin® inserts and the PVPA inserts.
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Figure 3.5. Inserts with the EpiSkin® (left) and the PVPA inserts (right).

3.4 Experiments using the PVPA models in formulation development

Earlier permeability experiments using barriers with only small liposomes in the filter
support and no top layer of large liposomes revealed that increased permeability could be
seen with a decreased amount of top layer liposomes. Initial trails with different volumes
of liposomes in the top layers, showed that 35 puL of liposomes (6 % w/v) deposited on
the top layer demonstrated reproducible results of calcein and distinguished best between

the permeation of diclofenac sodium (DCS) in different liposomal formulations.
Specific changes for the preparation of the barriers were as follows:

Aliquots of 35 pL of liposomes (6 % w/v) from composition 1 (for preparation of
PVPA.) were deposited on the top layer of the filter support and centrifuged at 1030 g for
30 min. Invert centrifugation of inserts at 25 g was then used to remove the supernatant,
followed by freezing for at least 1 h. The barrier was thawed at 30 °C for 2 h prior to the

permeability experiment.

35 pL of liposomes (6 % w/v) from composition 2 (for preparation of PVPA;) were
placed onto the filter support and centrifuged at 950 g for 15 min (to align the vesicles on
the surface). After evaporation at 50 °C for 30 min (15 min in a closed container and 15
min in an open container), the barrier was frozen at -70 °C for at least 1 h. The barrier

was thawed at 30 °C for 2 h prior to the permeability experiment.
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3.5 Preparation of PVPA barriers to mimic compromised stratum

corneum (SC) barrier

In order to prepare PVPA barrier to mimic the compromised skin, two approaches were
applied. The first was to change the ethanol content to manipulate the fusion of lipids in
the barrier. To promote fusion of the lipids in the barriers, 96 % (v/v) ethanol is added to
the liposomal dispersions used to prepare the PVPA barriers at a concentration of 10 %
(v/v) in the dispersions. Different concentrations were tested (0-20 % v/v) in the original
PVPA, model (original intestinal model containing E-80). The concentration of 10 %
resulted in the tightest PVPA, barriers; however, it was shown that varying the ethanol
concentration increased the permeability of calcein. PVPA, barriers (E-80/cholesterol)
were in a similar manner made with a varying degree of ethanol in the liposomes. The
liposome dispersions for the top layer of the filter support of the PVPA, barriers were
prepared with the concentrations of 96 % (v/v) ethanol of 5, 10, 15 and 20 % (v/v).

The second approach involved the reduction of the thickness of the top layer of the
PVPA. and PVPA; (E-80/ceramide/cholesterol/palmitic acid/cholesteryl sulphate)
barriers. To mimic the SC barrier with reduced thickness, large liposomes (1200 nm filter
extrusion to layer on the top of the filter support) were added in different volumes. The
small liposomes (400 nm extrusion) going into the pores of the filter support were as
previously described. The top layer of liposomes in the PVPA. model was previously
prepared with 100 pL (6 % w/v) of liposomal dispersion. In order to mimic a SC barrier
with reduced barrier thickness, 50 and 25 pL of liposome composition 1 (6 % w/v) was
deposited onto the filter support. With the thinner liposome layer, a reduced
centrifugation time of 30 min at 1030 g was applied. Furthermore, thawing time was
reduced to 60 min at 30 °C in a closed container. Similar modified versions of the PVPA,
were prepared by adding 50 or 25 pL of liposome composition 2 (6 % w/v), followed by
centrifugation at 950 g for 15 min to evenly distribute the liposomes onto the filter
support. Further, the evaporation of the dispersion liquid was performed by keeping the
inserts in a closed container at 50 °C for 15 min, followed by 5 and 15 min in an open

container for the 25 and 50 pL inserts, respectively. After evaporation of liquid, the
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inserts were stored at - 70 °C for at least 1 hour before further experiments. The thawing

time was reduced to 60 min at 30 °C in a closed container.

3.6 Calculations of physicochemical properties and skin penetration

Schrodinger’s QikProp application running on Meastro software 9.1 (Schrodinger, New
York) was used to calculate the log K, (log of the skin permeation coefficient), log P,
polar surface area (PSA), and molecular weight for the drugs and the hydrophilic
fluorescing markers calcein and FITC—dextran. All the substances except FITC—dextran

were within the structural limits of the program.

3.7 Statistical methods

SPSS Statistics (version 21/22, IBM software, IBM, New York, NY) was used for
statistical evaluation. Student’s t-test was used for the comparison of two means.
ANOVA and Tukey’s post hoc tests were used to compare variance between more than

two means. A p<0.05 was considered statistically significant.

3.8 Drugs and compounds used for permeability testing

Different compounds with varying physicochemical properties were chosen for the

different experiments and they are presented in Figure 3.6.
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Hydrophilic markers. Left: Calcein (622.55 Da). Right: FITC-dextran, FD-4, (4000 Da). FITC
attached randomly to hydroxyl group. (FITC-dextran: fluorescein isothiocyanate-dextran)
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Figure 3.6. The structures and molecular masses of the compounds used in permeability
experiments. Partition coefficients (Log P) and Log D (pH 7.4) was taken from taken from (Zhu
et al., 2002) except for flufenamic acid which was taken from (Alelyunas et al., 2010)
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4 Results and discussion

The results and discussion chapter of the thesis is divided into four parts. First, the
development of the methods for preparing the PVPA. (E-80 and cholesterol) and the
PVPA; (E-80, ceramide, cholesterol, cholesteryl sulfate, and palmitic acid) models are
discussed. The second part is related to the evaluation of the PVPA, and the PVPA;‘ by
permeability testing of compunds. The third part is related to the PVPA models ability to
assess the skin penetration potential of simple formulations. In the last part, the
development and evaluation of the PVPA, and PVPA; as models for the compromised
skin barrier are discussed. The compromised skin is considered as the damaged or partly

damaged epithelial barrier.

4.1 Development of the PVPA mimicking the skin barrier

4.1.1 Choice of compounds to evaluate the models during method development

To evaluate barrier integrity during the development of the PVPA. and the PVPA;
models, the hydrophilic markers calcein (Figure 3.6) and FITC-dextran were chosen
because of the high molecular weights (calcein: 622.5 Da; FITC-dextran, 4000 Da) and
hydrophilic properties. Calcein or FITC-dextran are not expected to exhibit high
penetration through the intact skin and could thus be used as a marker to measure the
integrity of the barriers. A selection of four drugs was chosen for comparison with
existing literature concerning animal skin penetration literature data (Stahl et al., 2011),

covering a range of different physicochemical properties.

4.1.2 Preliminary experiments

Permeability data from 20 drugs, which was obtained earlier with the original PVPA
(Flaten et al., 2006a, Flaten et al., 2008, Flaten et al., 2009), and newly obtained
experimental permeability values for flufenamic acid, ibuprofen, indomethacin, and
salicylic was used to compare permeability data with calculated partition coefficients

(Log P) values and calculated log of skin permeation coefficients (log K,) (Figure 4.1).
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Figure 4.1. Correlation between log Py, values from the original PVPA, and calculated log P
values (A) and log K, values (B). Experimentally obtained permeability values from literature
(Flaten et al., 2006a, Flaten et al., 2008, Flaten et al., 2009) for 20 drugs (acebutolol, alprenolol,
atenolol, amiloride, caffeine, chloramphenicol, chlorothiazide, cimetidine, enalapril,
hydrochlorothiazide, metoprolol, nadolol, naproxen, propranolol, ranitidine, sulphasalazine,
sulpiride, testosterone, timolol, and terbutaline) are shown as squares, whereas newly obtained
experimental permeability values for flufenamic acid, ibuprofen, indomethacin, and salicylic acid
are represented by circles.

In the PVPA model mimicking the general biological barrier or intestinal epithelium
(herby named the PVPA,), the lipid composition is composed of only egg phospholipids
(from E-80). Permeability results from 24 drugs using the PVPA, were compared with
their calculated log P and log K, values to assess the PVPA, model’s ability to rank
selected drugs according to expected penetration data. The PVPA, was able to distinguish
between drugs with expected high and low skin penetration potentials. The compounds

with the highest log P and K,, values exhibited the highest permeability.

Moreover, The correlations between log P. values (log of the effective permeability
coefficient) from Franz diffusion cell experiments using animal skin and permeability
results from the PVPA, (Figure 4.2) showed that the model was able to distinguish well
between poorly and highly absorbed drugs. The evaluation of these results was the basis

for the development of the PVPA model as an in vitro skin permeation model.
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Figure 4.2. Correlation between log P, values from Franz diffusion cell experiments (Lian et al.,
2008) and Py, values (A) and log Py, values (B) from the original PVPA, (Flaten et al., 2006a)
for the following drugs: atenolol, caffeine, chloramphenicol, chlortiazide, enalapril,
hydrochlorothiazide, metoprolol, sulfasalazine, sulpiride, terbutline, and testosterone.

4.1.3 Selection of lipids for the PVPA models mimicking the skin barrier

Previous work has shown that drop-wise addition of liposomes made from stratum
corneum (SC) lipids onto a filter support was a relevant model for the epidermal barrier
(Abraham and Downing, 1989). The liposomes were prepared from isolated SC lipids
consisting of 55 % (w/w) of ceramides, 25 % (w/w) cholesterol, 15 % (w/w) free fatty
acids and 5 % (w/w) of cholesteryl sulphate Abraham and Downing (1989). Furthermore,
the water permeability through the barriers was tested in a specialized diffusion cell. For
the preparation of the PVPA models egg phospholipids (E-80) was used in combination
with either cholesterol (PVPA,) or the main lipid classes found in the skin (PVPA;) to
prepare liposomes for the skin-mimicking barrier. Phospholipids are not usually found in
the SC, but are abundant in the deeper skin layers (Williams, 2003). The in vitro models
for permeability screening studies such as various PAMPA models or silicon membrane
models usually contain a proportion of organic solvents, silicon oil, isopropyl myristate,
polymers or carbosil, and only a small or non-existent amount of the skin lipids on a filter
support (Feldstein et al., 1998, lordanskii et al., 2000, Joshi et al., 2012, Ottaviani et al.,
2006, Sinko et al., 2009, Wasdo et al., 2009). More complex in vitro models like
reconstructed human epidermis models are based on cell cultures. They are often very
expensive, hence more suitable for safety testing and assessing specific biological effects
(e.g. pharmacological effect or metabolism), rather than drug permeability screening

studies (Alepee et al., 2014, Godin and Touitou, 2007, Mathes et al., 2014, Netzlaff et al.,
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2005). Liposomal models are all based on a lipid bilayer, which can be compared to
biological lipid bilayers (Figure 4.3). A simplified method for assessing skin penetration
potential based on the artificial PVPA barriers would enable the testing and permeability

evaluation of various drugs and formulations at early development stage.
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Figure 4.3. Schematic drawing of lipid bilayers from liposomes used in the PVPA model.

4.1.4 Modification of the lipid compositions of the PVPA barriers

During the development of the PVPA mimicking the SC barrier of the skin, specific
changes to the lipid composition were applied. The first alteration was the inclusion of
cholesterol in the liposomes in addition to phospholipids. Cholesterol (Figure 3.1) is
found in the skin and is important for the packing and organization of the skin lipids
(Bouwstra, 2002). The existing method (Flaten et al., 2006a) for preparing the PVPA,
barriers did not produce tight barriers when including cholesterol in the liposomes. By
using the original preparation procedure, barriers with a mean calcein permeability of
0.38 x 10 ° cm/s were obtained as compared with 0.08 x 107® cm/s for the original PVPA
barriers. Extruded liposomes (through 800 nm filter) were used for the original PVPA, as
large liposomes to settle on top of the filter. However, for the PVPA,, it was necessary to
increase the filter pore size to 1200 nm to be able to obtain liposomes large enough not to
pass through the filter support during centrifugation. The size distribution of E-
80/Cholesterol liposomes extruded through 400 nm filters was 278 + 87 nm, and when
extruded through 1200 nm filters was 756 = 100 nm. For the centrifugation needed to
deposit the small liposomes into the pores of the filter support, different centrifugation

speeds in the range 2000 - 3000 rpm were tested. Figure 4.4 shows the effect of
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increasing the centrifugation speed during the deposition of the smaller liposomes into
the filter support. The PVPA, was originally prepared with 2000 rpm (610 g)
centrifugation to deposit the small liposomes into the filter support, however the 2000
rpm resulted in an increased permeability of calcein (Figure 4.4). Since centrifugation
speeds of 2500 rpm (950 g) and higher provided significantly tighter barriers
demonstrated by the higher permeability of calcein and greater electrical resistance
(Figure 4.4), the centrifugation of 2500 rpm was thus chosen for depositing the small

liposomes into the filter support.
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Figure 4.4. The effect of different centrifugation speeds after addition of small liposomes on the
calcein permeability values (P,,,) and electrical resistance. Error bars represent standard
deviations.

For the depositing of large liposomes on the filter, time and speed of centrifugation were
tested. The results (Figure 4.5) indicate that no significant change in permeation of
calcein with centrifugation time from 30 to 50 min was observed, however, a trend of

decreasing permeability was observed.
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Figure 4.5. The effect of centrifugation time on the permeability values (P,,,) of calcein and
electrical resistance for liposomes staying on top of the filter. Error bars represent standard
deviations.

Furthermore, when minimum centrifugation time was set to 30 min, maximum
centrifugation speed without tearing or destroying of the filter support was found to be
3000 rpm. The filter support was found to tolerate 2600-rpm centrifugation up to 90 min.
A centrifugation time of 60 minutes at 2600 rpm of the large liposomes to settle on top of

the filter was chosen to produce tight barriers without tearing of the filter support.

The PVPA barriers were frozen immediately after preparation. Thawing temperatures
ranging from 30 °C to 90 °C were tested and the effect on the permeability was
investigated (Figure 4.6). The temperatures of 30 °C and 40 °C both resulted in
acceptable permeability of calcein, however 40 °C resulted in isolated incidences of
discoloration of the barriers after thawing, and as a consequence, the 30 °C temperature
of thawing was chosen with a thawing time of 120 min. For an even tighter barrier,

additional freeze-thaw cycling can be performed (Figure 4.7).
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Figure 4.6. The effect of increasing temperature during the freeze—thaw cycles (A) and duration
of heating during the freeze-thaw cycles (B) on the permeability values (P,,,) of calcein and
electrical resistance. Error bars represent standard deviations.
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Figure 4.7. The effect of the number of freeze-thaw cycles on the permeability values (Pyy,) of
calcein. Error bars represent standard deviations.

The new complex lipid composition with E-80, ceramides, cholesterol, cholesteryl
sulfate, and palmitic acid in the PVPA; barriers demonstrated increased and high
permeability values when using centrifugation to settle the liposomes as shown by the
mean calcein permeability of 5 x 10™® cm/s that was obtained as compared with 0.08 x
107® cm/s for the original PVPA barriers. As soon as the centrifugation was terminated,
visual investigation of the supernatant demonstrated that the centrifugation of the
liposomal dispersion did not settle the liposomes onto the filters as with the PVPA, and
the PVPA.. Additional centrifugation was tested and also centrifugation with extra buffer
solution on top was applied in an attempt to settle the liposomes. The liposomes were
rapidly re-dispersed soon after the centrifugation was terminated. The preparation of the
PVPA was more complex, and different evaporation methods were applied to allow the
solvents (water/EtOH) to escape the insert. After different trials on the deposit of
liposomes onto the top layer by evaporation, the final solution was to add two separate
aliquots of liposomes before the solvents were allowed to escape the insert; first by
heating in a closed container, then in an open container. Adding single aliquots of the
liposomes resulted in accumulation of lipids on the insert walls, which was not desired as
this could potentially interfere with the tested drugs or formulations. The thawing time

and temperature of the inserts were tested in an early version of the PVPA, barriers
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(Figure 4.8) and 30 °C demonstrated the most reproducible results without experiencing

discoloration of the barriers.
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Figure 4.8. The effect of thawing temperatures and time on the permeability values (P,,,) of
calcein and electrical resistance in the PVPA,. Error bars represent standard deviations.

Different thawing times of the PVPA barrier were tested to achieve dry inserts and the
final result was 30 °C for 120 min, then increasing the temperature to 50 °C and leaving
the insets in the oven for another 15 min. Thawing the inserts at 30 °C for 120 min
resulted in moist barriers not suitable for permeation experiments. The flowchart
presented in Figure 3.3 is an overview over the final preparation of the PVPA. and
PVPA; barriers. The findings from the method development revealed that the PVPA

model’s preparation could effectively be controlled.

4.1.5 Stability of the PVPA, and PVPAg barriers

The stability (shelf life integrity) of the PVPA barriers was assessed in order to evaluate

the storage capabilities of the PVPA barriers. The barriers were prepared and stored in a
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freezer at -70 °C for designated time intervals. The permeability results of calcein and
caffeine were assessed in the PVPA, and the PVPA, barriers after storage and the results
are presented in Figure 4.9. Significant increase or decrease in the permeability results
upon storage was considered a sign of instability. The results showed that the PVPA,
barriers could be stored for up to 16 months before a significant decrease of permeability
was seen. The PVPA; barriers could be stored for up to two weeks, whereas after one

month, a high variation in the results was seen.
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Figure 4.9. Effect of storage (-70 °C) on permeability through the PVPA. and PVPA, barriers.
Error bars represent standard deviations (n=6).

The PVPA. with the high proportion of cholesterol in the barrier was more stable upon
storage than both the PVPA and the PVPA, (Flaten et al., 2006b).

The ceramides included in the PVPA barrier have in other models been discarded due to
the limited storage stability and cost in favour of ceramide-mimicking analogs with

different chemical structure for increased storage stability (Sinko et al., 2009).

The stability of the skin-PAMPA model was evaluated by testing the permeability of
eight drugs over a six-month period namely, indomethacin, warfarin, piroxicam, niflumic
acid, progesterone, carbamazepine, chlorpromazine and verapamil. In the results from the
permeability experiments, it was reported that the skin-PAMPA could be stored at room

temperature for up to six months without compromise (Tsinman, 2013). This
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demonstrated the benefits of the choice of certramides as opposed to ceramides in the
PAMPA membrane. Ceramides tend to have shorter storage stability as compared to

certramides (Sinko et al., 2012).

The EpiSkin® model which is an example of a reconstructed skin using skin cells from
humans has limitations in regards to storage stability. The EpiSkin® model requires
special attention throughout experiments. The planning and realization of experiments
will follow a strict time-schedule; moreover the limited testing period of up to three days

1s restricting its use in permeability screening experiments (Mathes et al., 2014).

The PVPA, and PVPA together, provide a skin-like permeation assay, which has shown
to have decent storage capabilities and at the same time provide lipid composition in the

barriers similar to those in the SC barrier.

4.2 Permeability results from the PVPA models mimicking intact skin

barrier

The combined permeability results from Papers I, III and IV are presented in Figure 4.10.
The results are from the drugs in PB as vehicle obtained with the PVPA, and PVPA,
models mimicking intact skin. For a drug to penetrate the skin, the log P value should be
in the range of 1-3 and the molecular mass below 500 Da (Van Gele et al., 2011). The
compounds used throughout the project were chosen as model drugs and hydrophilic
markers to cover broad ranges of lipophilicity and molecular size. In general the results
demonstrated a clear trend, where both models ranked the compounds of small molecular
mass with higher permeability than those of high molecular mass and compounds having
near favourable lipophilicity also demonstrated increased permeability (see chapter 3.8

for properties of the compounds).
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Figure 4.10. Permeability of the hydrophilic markers FITC-dextran and calcein and eight drugs
from the PVPA, (A) and the PVPA; (B). Error bars represent standard deviations.

The results from the permeability ranking are discussed below.

4.2.1 Permeability results from the PVPA model compared with different animal

skin penetration results

The integrity of the PVPA,, PVPA. and PVPA; barrier was measured using hydrophilic
markers calcein and FITC-dextran. A selection of eight drugs (Figure 3.6.) were used to
evaluate the performance of the models. The permeability results were compared with
literature values obtained from different animal skin and calculated log K, values. The
results are presented in table 4.1. All the PVPA models demonstrated that permeability
values for the hydrophilic markers calcein and FITC-dextran were considerably lower
than the tested drugs, as would be expected due to the size. Drugs can be ranked
accordingly to the determined permeability as from the lowest to the highest permeation:
salicylic acid<flufenamic acid<indomethacin<ibuprofen, for all three PVPA models. The
permeability data from the PVPA models was compared with previously reported
permeability data from different types of animal skin (rat, cattle, dog and pig) in the
Franz diffusion cell system. The permeability rank order obtained from the animal skin
was (from, the lowest to the highest) salicylic acid<indomethacin<ibuprofen<flufenamic

acid. Flufenamic acid showed lower permeability in the PVPA models than in animal
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skin, however the flufenamic acid demonstrated higher barrier retention than the other

drugs.

Table 4.1. Permeability values (P,,,) for flufenamic acid, ibuprofen, indomethacin, salicylic acid,
FITC-dextran and calcein across the different PVPA models as well as across different types of
animal skin in Franz diffusion cell experiments together with calculated physicochemical
properties (polar surface area, (PSA), and log of skin permeation coefficients (log k,) and
literature values on experimental log D and pKa values.

Drugs PVPA, PVPA, PVPA, Franz diffusion cell®
P,, SD. P, SD P, SD. P, (107 cm/s)

(10 cm/s) (10 cm/s) (10 cm/s) Rat Cattle Dog Pig

Flufenamic acid 1.68 0.59 040 0.06 059 0.15 160 0.85 0.8l 0.59
Ibuprofen 842 086 280 060 795 069 120 061 038 0.18
Indomethacin 223 037 142 036 448 0.79 081 057 032 0.14
Salicylic acid 0.59 003 031 0.07 041 0.03 077 039 031 0.14

FITC-dextran 0.006 0.003 0.010 0.007 0.026 0.009 - - - -

Calcein 0.084 0.011 0.081 0.041 0.126 0.033 - - - -
Drugs logK, PSA log P M, log D° pKa*®
Flufenamic acid  -2.11 57.7 5.23 281.2 2.03 39
Ibuprofen -2.52 48.8 3.50 206.3 0.68-1.02 4.6
Indomethacin -2.68 86.3 4.27 357.8 0.93-1.00 4.5
Salicylic acid -3.42 70.4 2.26 138.1 -1.44 3.0
FITC-dextran <-13" - - 4000¢ -

Calcein -11.8 286.6 -1.71 622.5 - 1.8/9.2

 from (Stahl et al., 2011)

® from (Alelyunas et al., 2010) and (Zhu et al., 2002)

¢ from (Avdeef, 2003), (Hansen et al., 2008), (Ermondi et al., 2004) and (Flaten et al., 2006a)

4from the producer.

— denotes literature values not available or calculations could not be performed

* due to limitation in QikProp this is FITC with only 7 glucose compared to 20 that is the number found in one FITC-
dextran molecule
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It is known that the ceramide composition of samples taken from different animalswill
result in varying ceramide type and content (Bouwstra et al., 1999). Differences in the
lipid type and composition of varied species could be the reason for the deviation in
penetration through the different skin types. Moreover, when comparing their values, a
significant variation in drug penetration may be observed between these animals. From
this study it should be noted that the skin sites were not always consistent and that skin
on different sites of the body will vary in terms of penetration potential of drugs and
compounds (Elliott and Yuan, 2011, Magnusson et al., 2001). Extrapolation of skin
absorption from different species is therefore difficult due to differences in the anatomy
and physiology (Magnusson et al., 2001). Despite of its limitations, animal skin as a
model for human skin was found to be useful in establishing the PVPA mimicking of the
skin barrier. The PVPA models were presenting reproducible permeability results and
were able to distinguish between compounds with high and low skin penetration

potential.

The calculated log K, values were evaluated and based on the rank order. The rank order
from low to high skin penetration potential was as follows: FITC-
dextran<calcein<salicycic acid<indomethacin<ibuprofen<flufenamic acid. However, the
QikProp program was not able to calculate log K, values for large molecules such as

FITC-dextran.

4.2.2 Permeability results from the PVPA,, PVPA, and EpiSkin® model

Available since 1998, EpiSkin® has been established as a commercial skin model for
safety testing of skin irritants and is regularly used in drug/skin studies (Fentem and
Botham, 2002, Netzlaff et al., 2005). Skin cells from human donors are grown on a
collagen support in order to function as a reconstructed epidermis (Gregoire et al., 2008,

Schafer-Korting et al., 2008a).

The permeabilities of three different drugs in the PVPA, and PVPA; models were
compared with results obtained from the EpiSkin® model. Acyclovir (ACV),

chloramphenicol (CAM) and caffeine (CF) were chosen as model drugs. The drugs were
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tested in solution form (PB pH 7.4) and in liposomal carriers (discussed in chapter 4.3.2).

The permeability results from the drugs in the different models can be seen in Figure
4.11.
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Figure 4.11. Permeability of acyclovir (ACV), chloramphenicol (CAM) and caffeine (CF) in
buffer solutions. Error bars represent standard deviations.

The ranking of drugs based on their permeability values of the drugs in solution form for
both the PVPA, and PVPA; was in increasing order: ACV, CAM and CF (Figure 4.11 A
and B. CF demonstrated the overall highest permeability values in all models. The results
exhibited the same trend as the published results from the PVPA, (Flaten et al., 2006a,
Naderkhani et al., 2014a). However, the PVPA; demonstrated a clear distinction between

the highly permeable caffeine compared to the acyclovir and the chloramphenicol.

ACV has a log P value at -1.56; making it more hydrophilic than chloramphenicol and
caffeine, which have log P values of 1.14 and -0.07, respectively (Wishart et al., 2008).
Molecules with lower molecular mass and appropriate lipophilicity (log P between 1 and
3) are expected to pass through the SC barrier more effectively than larger hydrophilic
molecules (Van Gele et al., 2011). CF is a smaller molecule (194.2 Da) than ACV (225.2
Da) and CAM (323.1 Da). The observed high permeability of CF was probably due to its
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smaller mass. However, the slightly more lipophilic CAM was expected to contribute to
somewhat higher permeability than ACV. Eventually, the results obtained from the
PVPA, model displayed almost the same trend as the results from the EpiSkin® model
(Figure 4.11 C). For example, caffeine which expressed highly soluble and permeable
characteristics (Wishart et al., 2008), behaved similarly as in the consolidated EpiSkin®

model.

4.3 The PVPA as a permeation model in formulation development

The effects of carrier systems and formulations destined for skin administration are
complex and the studies involving the human skin in vivo including many different skin
sites or the study of human skin samples ex vivo would in theory be excellent for the
study of carrier and vehicle effects from pharmaceutical formulations. However, human
skin is not available in large quantities and would also require a high degree of
standardisation to generate reliable data (Gregoire et al., 2008). As a consequence, in an
early stage of drug development, before entering in vivo studies, specific effects of carrier

systems might be studied in vitro, if reliable models were to be available.

4.3.1 The PVPA as a potential in vitro SC model towards a high-throughput

screening model in formulation development

In early development, the need for a high-throughput screening with clear distinguishing

of candidates is crucial before entering costly and time-consuming skin experiments.

Many nanopharmaceuticals has been developed for various drug delivery systems, for
example nanoparticles (nanospheres, nanocapsules) derived from natural or synthetic
polymers, nanoemulsions, solid lipid nanoparticles, nanostructured lipid -carriers,
dendrimers and vesicular nanosystems, such as niosomes and liposomes, to enhance the
transport of drugs through the skin (Cereda et al., 2013, Cevc and Vierl, 2010, Kristl et
al., 2010, Prow et al., 2011). Improved bioavailability and different pharmacokinetic
properties can be achieved by using different nanopharmaceuticals. Liposomes have a

non-toxic nature and have the ability to encapsulate different compounds (hydrophilic,
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lipophilic and amphiphilic) and also achieve improved skin drug delivery. Therefore

liposomes were chosen for the study of carrier effects in the project.

The liposome formulations were developed by our collaboration group in Croatia
(Department of Pharmaceutics, Faculty of Pharmacy and Biochemistry, University of

Zagreb, Zagreb, Croatia).

The model drug diclofenac sodium was used throughout the experiments in conventional

liposomes, deformable liposomes and propylene glycol coated liposomes.

The initial experiments using the PVPA. and the PVPA; models for assessing the
permeability of diclofenac sodium from the liposomal carriers resulted in low
concentration of the drugs in the acceptor compartments, which in turn provided a low
detection of drugs and low apparent permeability (P,p,) with high variation of the results.
Different alternatives were evaluated to increase the differentiation in the ranking. The
initial aim was to keep the assay as similar to the way in which they were described in

chapter 3.1 as possible but still obtain a clear ranking from the permeability results.

Small modifications in the preparation of the PVPA barriers resulted in new barriers with
the addition of a smaller volume of liposomes containing the largest vesicles on top of the
PVPA barriers resulting in reduced thickness. The positive effects were that the PVPA
barriers needed fewer lipids during the preparation, reducing the cost and at the same
time providing a better distinction between the penetration potential of the drug from
selected liposomal formulations. In order to use the model in the proposed manner, the
permeability from a control was set as a baseline and the permeability of the drug in the
carrier systems was evaluated in comparison to the control. The effect on the
permeability of different drug-in-liposome systems was assessed and compared to the
saturated solution of diclofenac sodium in water (control). The results from the
permeability experiments from PVPA. (Figure 4.12) showed slight increase in the
permeability of diclofenac sodium from deformable liposomes and propylene glycol

containing liposomes.
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Figure 4.12. The permeability of diclofenac sodium from the liposomal formulations in PVPA,
barrier. Error bars represent standard deviations.

7.00 1 OPapp * Resistance T* r 1500
1 * =
3 6.00 { I l a
5 5.00 1 . 8
3 2 - 1000 £
S 4.00 = 2
®
(2} (]
Q 300 1 =
% T }** B 500 -g
& 1.00 - w

0.00 . ; : 0

Control CL-A DL-A PGL-10-A

Figure 4.13. The permeability of diclofenac sodium from the liposomal formulations in PVPA,
barrier. Error bars represent standard deviations. *P,,, is significantly different (ANOVA,
p<0.05) from the control. **Electrical resistance is significantly different (ANOVA, p<0.05)
from the control.

Figure 4.13 shows the permeability results from diclofenac sodium in the PVPA,. The
presence of edge activators in the deformable liposomes increased the permeability of
DCS. The presence of edge activators will promote the increased penetration of drugs
into skin by allowing the vesicles to squeeze between cells in the SC (Cevc et al., 1998,

Cevc and Gebauer, 2003). The rankings from the permeability experiments, especially
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those with the increased permeability of diclofenac sodium in propylene glycol

containing liposomes were the same as in previous findings (Elsayed et al., 2007).

Earlier studies have reported increased penetration of diclofenac sodium in deformable
liposomes using ex vivo skin (El Zaafarany et al., 2010; Ghanbarzadeh & Arami, 2013).
The enhancement of penetration was expressed as a ratio of the permeability coefficients,
which was between 2.4 and 5.2. In our studies with the PVPA, this ratio was 2.65; hence

the PVPA exhibited similar results as ex vivo skin.

This manner of using the PVPA model could provide insights to whether a specific
formulation or carrier system will potentially demonstrate an increased or reduced

penetration of drugs in a formulation or carrier compared to the specified control.
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Figure 4.15. Overview over the permeability experiments with liposome formulations.
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4.3.2 PVPA; and EpiSkin® in assessment of drug therapies destined for skin

administration

One of the goals of this project was to determine the ability of the phospholipid vesicle-
based permeation assays (PVPA) to assess the effect of different formulations on drug
permeability. Different liposomal formulations were tested and the results from the
PVPA model were compared with corresponding results from the EpiSkin® model. The
PVPA; (as described in chapter 3.1) was used two assess three different liposomal
formulations of acyclvoir (ACV) and chloramphenicol (CAM). ACV-PC was liposomes
of PC (S 100) and acyclovir. ACV-PC/PG was liposomes of PC (S 100) / EPG-Na and
acyclovir. CAM-PC was liposomes of PC (S 100) and chloramphenicol. The liposomal
characteristics were evaluated and are presented in Table 4.2. The results from the size
distribution measurements showed two clear distributions of vesicles (150 and 650 nm).
Hence, the liposomes were considered multilamellar vesicles with the main fractions
ranging from 619-667 nm and a polydispersity index (PI) ranging from 0.20-0-35. The
negatively charged liposomes were observed to have a slightly smaller size distribution
than the liposomes with a charge closer to neutral. The zeta potential of the PC liposomes

was closer to neutral than that of the PC/PG liposomes.

Table 4.2. Liposomal characteristics, with size distribution, polydispersity index (PI), entrapment
efficiency and zeta potential (n=3)

Formulation  Size distribution PI Entrapment Zeta
efficiency potential
Peak 1 Weight Peak 2 Weight
(nm) intensity (nm) intensity mean i SD  mean £ SD
(%) (%) (ng/mg lipid) (mV)
ACV-PC 663 96 175 4 0.20 155 £1.5 -13.5+3.0
ACV-PC/PG 619 90 124 10 0.35 164 £0.9 -313+20
CAM-PC 667 96 158 4 0.28 32.5 £3.8 -13.8+1.7
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Entrapment of CAM was higher than ACV and somewhat expected as CAM is more
lipophilic than ACV.

The PVPA model has previously been shown to resemble the skin barrier more than the
PVPA. and was therefore chosen in the evaluation of the liposomal formulations for
comparison with the EpiSkin®. Due to experimental error, the permeability results for
ACV-PC/PG in the EpiSkin® are unfortunately missing. The three different liposomal
dispersions were evaluated using the PVPA; model, and the permeability results for
ACV-PC and ACV-PC/PG indicated significant (p<0.01) increases in drug permeability
for both formulations compared to ACV in solution (Figure 4.16 A).
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Figure 4.16. Permeability of ACV, CAM and CF in solutions (SOL) and liposomal formulations
(PC or PC/PG) in the PVPA, (A) and the EpiSkin® (B). Error bars represent standard deviations.

A small increase in the results from the more negative ACV-PC/PG liposomes was
observed with the ACV-PC. There were no significant changes in the permeability of
CAM in liposomes compared with the CAM in solution. Naderkhani et al. (2014a)
demonstrated similar results with ACV and showed increased permeation of ACV in

liposomal formulations. The results from the EpiSkin® are presented in figure 4.16 B. In
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the EpiSkin®, the observed results were different, where a significant (p<0.05) decrease
in the permeability of ACV in liposomes (ACV-PC) was noted compared to that in
solution form. In the EpiSkin® model, the dermis (represented by a collagen layer)
contributes to the barrier properties, especially for lipophilic molecules (Rozman et al.,
2009). The deposition of drugs in the epidermis and collagen layers of the EpiSkin® can
be determined by separating the layers and extracting compounds and quantifying the
amounts in the different layers (Figure 4.17) (Rozman et al., 2009). However, this
approach is not time efficient and it may yield results inefficient for high-throughput

screening of large number of chemical entities.

Figure 4.17. EpiSkin® barrier. Photo taken in our group in collaboration with Montserrat Martin-
Armas on a Zeiss Axioplan fluorescence microscope; Nokon Digital Sight DS-L1 Camera.

The EpiSkin® has been used to assess formulations in previous studies. For example,
depositions of vitamins from different emulsions into the barrier as well as their
permeation through the barrier were investigated (Rozman et al., 2009). The vitamins in

microemulsions showed enhanced percutaneous absorption compared to vitamins in
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solutions (Rozman et al., 2009). Simple formulations of benzoic acid, caffeine and
mannitol in glycerol have also been studied with EpiSkin® (Dreher et al., 2002b). The
results were compared with penetration in the human skin as well as the EpiDerm®
reconstructed skin model. The reconstructed models exhibited similar results, but showed
higher penetration compared to the human skin. Cosmetic formulations have been
investigated using the EpiSkin® and EpiDerm® and compared to human skin ex vivo
(Dreher et al., 2002a). The main findings were that the less pronounced vehicle effects
were observed in the reconstructed skin models and that the effects of cosmetic vehicles
on bioavailability were less predictable using the reconstructed human skin models than

with human skin ex vivo.

The PVPA, and EpiSkin® models were also used to investigate the faith of drugs in
different carrier systems. The amounts of drugs present in the barriers were calculated
based on the amounts in the donor and acceptor compartments following after the

permeability experiments. The mass balances are presented in Figure 4.18.

A PVPA, B EpiSkin®
100% - 100%
80% - 8 Donor 80% - I B Donor
60% 60% -
O Barrier OBarrier
40% 40%
20% - W Acceptor 20% ® Acceptor
0% + 0% —— ‘
& Q C> ¥ L A N 1l O *
P oF F ,%Q @f‘ ,%O P F L
YW SN & ol
v TR ¥ Y UL

Figure 4.18. Mass balances of drugs in donor, barrier and acceptor after completed permeability
experiments using the PVPA, (A) and EpiSkin® (B).

The results from Figure 4.18 show that a high proportion of the ACV in the liposomal
formulations was deposited into the PVPA, barriers. The CAM in solution and CAM in

liposomes demonstrated the lowest permeability of the tested compounds, and the CAM
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in liposomes demonstrated the opposite as that of the ACV in liposomes in the PVPA,. In
the EpiSkin® a high proportion of the CAM was found in the barrier, that suggest a high

level of barrier retention, which again could contribute to low permeability values.

The results suggest the PVPA,’ ability to be applied in formulation development where it
can be used to evaluate different carrier systems and selection by assessing permeability

of candidates and detecting formulation effects.

4.4 PVPA as in vitro models for the compromised skin barrier

4.4.1 Preliminary results: Effect of ethanol concentration of the liposomes on the

permeability in the PVPA,

Ethanol was originally added to the liposomes for the PVPA, to induce a high degree of
fusion during the freeze-thaw procedures of the preparation. In order to evaluate the
effect of ethanol on the tightness of the barriers, the concentration of ethanol in the
liposomal dispersion used to prepare the barriers was varied from 0 to 20 % v/v (Figure
4.19). The permeability results of different hydrophilic markers (calcein and FITC-
dextran) revealed that 10 % ethanol produced the tightest barriers, moreover the results
varied according to the concentration of ethanol in the dispersions. From these results it
can be concluded that ethanol concentration can be used to control the tightness of the

PVPA barriers.
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Figure 4.19. The effect of increasing ethanol concentration in the original PVPA, liposomal
dispersion on the permeability values (P,,) of calcein (a) and FITC—dextran (b). Error bars
represent standard deviations.
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4.4.2 Reducing barrier tightness by varying the content of ethanol in the PVPA,

barriers mimicking compromised SC

The fusion of the liposomes during the preparation of the PVPA barriers is dependent on
the presence of ethanol (Flaten et al., 2006a). To determine whether the same effect
shown with the PVPA, barriers could be seen when cholesterol is present in the
liposomes, the PVPA, barriers were made with ethanol content from 5 - 20 % in the top
liposome layer to induce different degree of leakiness. The results are presented in Figure
4.20 and show that the hydrophilic marker calcein exhibited increasing permeability with
increasing ethanol concentrations. This suggested that the lower concentrations correlated

with tighter barriers.

The permeability of DCS exhibited a similar trend as observed for calcein; while for CF
no significant change in permeability could be observed with the varying ethanol content
(Figure 4.20). The varying concentration of ethanol seems to contribute to the tightness
of the PVPA, barriers, resulting in barriers able to distinguish between permeability of
drugs with different chemical properties and could potentially be used to make barriers

representing different degrees of compromised skin.
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Figure 4.20. The effect of increased concentration of ethanol in top layer of large liposomes
mimicking compromised SC (5, 10, 15 and 20 % ethanol, v/v). Error bars represent standard
deviations. Permeability results for calcein are magnified for clarity.

4.4.3 Inducing barrier leakiness by decreasing the volume of liposomes in the top

layer of the PVPA. and PVPA, barriers to mimic compromised SC

The PVPA. and PVPA; models developed to mimic the skin barrier (chapter 3.1 and
Figure 3.3) were prepared with 100 puL of liposomes in the top layer. To simulate the
compromised barrier with reduced thickness of the SC layer, the top layer of the PVPA,
and PVPA; barriers were made with reduced volumes (50 and 25 pL) of liposomes (6 %
w/v). The permeability of calcein, chloramphenicol (CAM), diclofenac sodium (DCS)
and caffeine (CF) were tested and the results revealed a clear trend with increased
permeability in the modified barriers of reduced volumes of liposomes as shown in
Figure 4.21. The increase in calcein permeability with reduced liposome volume was
significant for all approaches (p<0.01); the only exception was when PVPAy barriers
made with 50 plL were compared with those without reduced liposome volume (100 puL)

in the top layer.
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Figure 4.21. The effect of decreased volume of top layer of large liposomes mimicking
compromised stratum corneum (SC) (100, 50 and 25 pl liposomal dispersion). Error bars

represent standard deviations. Calcein results are magnified for clarity.

The results from the drugs (CAM, DCS and CF) were in a similar manner as calcein and
exhibited permeability values, which increased significantly with decreasing volume of

liposomes in the top layer (p<0.01).

DCS exhibited the highest increase in permeability when comparing the results from the
PVPA, barriers with 25 and 100 pL of liposome dispersion. Moreover, permeability
results for CF in the PVPA demonstrated the highest overall permeability values in this
study, and the least difference between intact PVPA barrier (100 uL) and compromised
PVPA barriers (25 and 50 pL).

The experiments demonstrated that reducing the volume resulted in a clear and
reproducible increase in the permeation of compounds. The reduced barrier thickness
affected the permeability slightly differently corresponding to the characteristics of the
drugs.
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4.4.4 Inducing SC-damage in pig skin to disrupt the skin barrier

Treatments with HCl and NaOH were applied to induce damage to the skin. The results
from the penetration experiments performed on these skin samples are displayed in
Figure 4.22. The penetration of DCS through the skin samples after HCI treatment was
significantly lower than after the other treatments and when comparing to control
(p<0.01). However, uncertainties regarding effects of swelling and the thickness of the
skin samples commend careful considerations regarding whether the observed effect is
due to acid-induced burns or a consequence of biological variations within the skin

samples.

The influence of alkali treatment showed that treating the pig skin with 3 M NaOH for 5
min resulted in the highest penetration of CAM, although not significantly different to

control (Figure 4.22).
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Figure 4.22. Ex vivo penetration studies of diclofenac sodium (DCS), chloramphenicol (CAM),
and caffeine (CF) on intact skin samples and after different approaches used to tamper or disrupt
the skin barrier. Error bars represent standard deviations.
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Burns from hot beverages are quite common. The results from the penetration
experiments through skin treated with hot water are presented in Figure 4.22. The
penetration results for CAM after skin treatment with hot water (90 °C) demonstrated
lower penetration (p<0.05) than control. The skin was swollen and the damage was
visible. Two known factors could influence the penetration through SC, namely hydration
and heat. The damaged barrier was not confirmed by the penetration experiments.
However, hydration and different pH of the skin are known to cause fluctuation in the
amount of drugs available after skin administration (Barry, 2001, Luebberding et al.,

2013).

The higher temperature achieved by a gas flame was applied to the skin of a pigs ear to
induce damage. The flame was moved over the skin surface. The results from our
penetration studies are given in Figure 4.22. The results from DCS did not show any
differences from the control. However, for the CAM results, the penetration was lower
than control (p<0.01). Burns are reported to induce severe damages to the SC (Chiang et
al., 2012). In former studies, higher temperature has demonstrated higher penetration-rate

through skin (Boosalis et al., 1987).

Even if pig skin has been used as a model for the compromised barrier in earlier studies,
the standardisation is difficult, in our case, the results from the penetration experiments
using pig skin showed that the standardization of experiments was difficult; hence it was

challenging to interpret the results.

Damaged skin barrier

VS
Art|f|C|aI damaged skln barner (PVPA)

—Liposomes

Filter support

Figure 4.23. Overview over the experiments with compromised barriers.
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5 Conclusions and perspectives

In summary, the PVPA models using liposomes in the filters have an inherently cellular-
like two-phase structure quite comparable to that of biological tissues. Permeation models
mimicking the human SC barrier of the skin were developed by changing the lipid
composition of the liposomes used in the PVPA barriers. The models were able to

distinguish between compounds with different degree of skin absorption potential.

Furthermore, the PVPA models were applied in the screening of different drug-in-
liposome preparations. The permeation of drugs from liposomal carriers was affected by
the physicochemical properties of the liposomes with different compositions; hence the

models were able to distinguish between carrier effects.

Moreover, the different degree of leakiness (mimicking a compromised SC barrier
accompanying skin disorders or skin damage) can be engineered by adjusting the
concentration of ethanol used to fuse liposomes, thus controlling the tightness; or

reducing the thickness of the liposome layer for a barrier with lower barrier function.

Future projects for the skin PVPA models would be to evaluate the PVPA. and PVPA,
models performance in regards to assess the penetration potential from various
compounds in more advanced formulation systems dealing with emulsions or vehicles

known to affect the barrier properties of the skin.
A structural analysis of the liposomes in the PVPA barriers should be conducted.

Eventually, the PVPA models should be tested against human skin and in vivo data.
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