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Chapter 1: Introduction and objectives

1. INTRODUCTION AND OBJECTIVES

Controlled drug delivery into a body is one of the major topics in pharmaceutical research.
The pathway through the skin, for example, is a predestined route for the drugs, which
undergo degradation and metabolism in the gastro-intestinal tract or the liver after an oral
application, or when only a local treatment of dermal and subdermal diseases is desired.

The development of such transdermal pharmaceutical products or applications must consider
the skin structure and functionality. The advantages of the skin as an easily accessible organ
with a limited metabolic activity is counter-balanced by it’s nearly, however protecting,
impermeability. Skin permeation, penetration, or poration (Cevc 1997) are therefore key

factors for new transdermal drug delivery systems to pass this barrier.

Skin permeability can be influenced chemically by permeation enhancers (Trommer et al.
2006) and microemulsions (Heuschkel et al. 2007), which improve and accelerate the
diffusion of drug substances across the skin. Enhanced drug transport can also be achieved by
penetrating the skin with acoustic sonophoresis (Bommannan et al. 1992), radio frequency
(RF) ablation (Levin et al. 2005), iontophoresis (Singh et al. 1989), electroporation (Prausnitz
et al. 1993) or various impact devices (Arora et al. 2007), which typically create long-lasting
pores (1 - 100 um) through the skin. An alternative and gentler skin penetration method is the
administration of drug loaded ultradeformable vesicles (Cevc et al. 1998; Honeywell-Nguyen
et al. 2002; Cevc et al. 2003Db).

The following introducing sections first summarises common knowledge on the skin structure
and the possible pathways through the barrier followed by an outline of different amphiphiles
forming bilayer membranes and micelles. The present thesis deals with such aggregates, in
particular with ultradeformable lipid bilayer vesicles and the development of the latter, based
on the bilayer membrane forming lipid soybean phosphatidylcholine and the potentially
membrane softening amphiphile polyoxyethylene (20) oleyl ether. The introducing section

closes with an overview of the objectives and structure of this thesis.



Chapter 1: Introduction and objectives

1.1. The human skin

The skin is the biggest human organ and a protecting barrier that keeps water in and noxious
substances out of a body (Hadgraft 2001). The skin controls, together with the kidney, the
body’s water-electrolyte balance, regulates the body temperature, and represents one of the
five human sense organs (Casey 2002).

The skin is composed of three anatomically distinct layers: the epidermis, the dermis and the
subcutis (Neubert et al. 2001). The overlying epidermis can be subdivided into four layers: the
viable stratum basale, stratum spinosum, stratum granulosum and the biologically dead
superficial stratum corneum, which all contain keratinocytes (right graph in Figure 1).

stratum corneum

dermis
stratum granul osum
stratum spinosum
q }- stratum basale
subcutis

Figure 1: Illustration of the mammalian skin (left) with a magnification of the epidermis (right).
(adapted and modified from Cevc et al. (2003b) )

The epidermis is a constantly self-renewing tissue. Upon leaving the basal layer where they
originate, the keratinocytes in the epidermis start to differentiate in the process of
keratinisation. During migration through the stratum spinosum and stratum granulosum,
keratinocytes undergo a number of changes in both structure and composition, finally
resulting in anucleated corneocytes filled with keratin and surrounded by an envelope of
proteins and lipids (Bouwstra et al. 2003). Corneocytes appear like flat “bricks” in the stratum
corneum, where they are held together by desmosomes and lipidic “mortar” (Elias et al.
1987). Both components contribute to the protective barrier function of the stratum corneum,
which is not a homogeneous wall, however, but rather comprises distinct clusters separated by
less well sealed “gorges” (Schéatzlein et al. 1998).
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Corneocytes protect the skin against external chemical and physical stress whereas
intercellular lipidic matrix seals their contacts preventing transdermal water loss and uptake of
noxious extracorporeal substances. This biological measure of precaution is a challenge in the
development of transdermal drug delivery systems. In other words, epicutaneous
pharmaceutical products or application techniques have to focus on all the possible

transdermal routes to achieve an effective drug transport through the skin barrier.

The core of the skin barrier is the stratum corneum, which is pretty thin (5 - 8 pum) (lizuka
1994), but very tight. The layer forming corneocytes are flat and closely packed into stacks of
about 30 cells per column. Groups of 3 to 7 of such columns form a cluster separated by a
4 — 6 um wide and deep cleft, which shortens to a few tens nm at the lipid-filled cleft bottom
(Cevc et al. 2003b). Skin lipids in these clefts and in the intercellular lipid matrix are the main
pathways for spontaneous drug migration across the skin (Loth 1986; 1987; Bouwstra et al.
2003; Cevc et al. 2003b; Hadgraft 2004); drug transport through skin appendages, such as hair
follicles and sweat glands acting as shunts, is usually negligible because such shunts only
occupy ~ 0.1 % of the total skin surface (Moser et al. 2001). Transcellular drug transport is

also small due to the impermeability of the cornified cell envelope (Bouwstra et al. 2003).

intercellular route transcellular route

lipid fatty acid ceramide

plasma membrane cytoplasma water cholesterol  triglyceride

Figure 2: Intercellular and transcellular pathways for drugs and drug
transport systems through the stratum corneum.
(adapted and modified from Barry et al. (1987))
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Figure 2 illustrates schematically the orientation of intercellular lipid matrix, which is
composed of 9, mainly saturated, ceramides (~ 50 %), saturated fatty acids (~ 15 %),
cholesterol (~ 35 %), and small amounts of triglycerides, cholesterol sulphate, and cholesterol
esters (Wartewig et al. 2007). Skin lipids are aligned parallel to the adjacent cell membranes
and are in many places in crystalline phase (Bouwstra et al. 1991). Such multilamellar lipid
crystals are adjoined by less well structured lipids, however, which are in a fluid phase
(Bouwstra et al. 2003). Lipophilic or hydrophilic drug molecules therefore typically diffuse
within the lamellar layers through the disordered hydrophobic lipid chains region or via the
aqueous pathway, respectively (Trommer et al. 2006). The hydrophilic route is normally
unimportant owing to the narrowness of hydrophilic channels between lipids having a pore
diameter d, < 0.7 nm (Ruddy et al. 1992; Yoshida et al. 1993). However, such channels can
be widened to ~ 20 nm using external forces, such as vesicular pressure (Cevc 1996) or

transdermal electrical potential (Aguilella et al. 1994).

1.2.  Amphiphilic molecules forming bilayers membranes and micelles

Amphiphilic or amphiphatic molecules (amphis (Greek) = both) possess both hydrophilic and
hydrophobic regions, and therefore dual properties. The hydrophobicity is typically mediated
by one or more hydrocarbon segments or chains whereas the hydrophilicity stems from

uncharged polar or charged groups.

Amphiphats, such as most drugs, negative, positive, or non-ionic surfactants, long chain
alcohols, fatty acids, phospholipids, glycolipids, steroids, etc. can be categorized by their
hydrophile-lipophile balance, HLB, (Griffin 1949; Davies 1957). This simple ratio is a
helpful starting information for gauging utility of different amphiphiles. Excipients with a
HLB = 3 - 6 can be used as water in oil (W/O) emulsifiers. In contrast, an O/W emulsion is
obtained by using emulsifiers with HLB = 8 — 18, dependent on total oil and water quantities.
Other categories are: wetting agents (HLB = 7 — 9), detergents (HLB = 13 — 15), and
solubilisers (HLB = 15 — 18) (Bauer et al. 2006).

Amphiphilic molecules associate into colloidal aggregates above a certain threshold
concentration, the so-called critical aggregate concentration, in presence of either polar or
non-polar “solvents”. One part of the amphiphat is then in direct contact with the surrounding
medium, whereas the other part is sheltered in the aggregate inside. In case of a polar
medium, like water, the hydrophobic moieties are embedded inside the aggregate surrounded
by the hydrophilic parts, which are in contact with water.

-4-



Chapter 1: Introduction and objectives

Aggregate shapes are diversified and are affected by amphiphiles molecular geometry
(Israelachvili 1985). Figure 3 shows the three basic molecular shapes: a cone, a cylinder and
an inverted cone. The different effective molecular geometries are caused by opposing
repulsive forces (Tanford 1973) within an interface, and can be explained with the law of the
lever. If one assigns the hydrophilic headgroup repulsion to be the load and the hydrophobic
chain repulsion to be the effort, the location of the fulcrum in terms of the interfacial
attraction then defines the final molecular shape and consequentially the aggregate shape (cf.

Figure 3).

A cylindrical molecular shape is thus obtained when repulsion between polar and apolar parts
of the molecule are comparable in strength and the fulcrum is located in the middle of the
molecule. If one kind of repulsion is excessive, the fulcrum is shifted towards the stronger
force, resulting in a cone or inverted cone for more hydrophilic or more lipophilic

amphiphats, respectively.

A ©

PV

Head group repulsion — —_— a— — - -
Interfacial attraction — — - — — N — — f_ I \- &—
Chain repulsion - - — —_— — —

Curvature

Lever law

—_
 —_—

—_

Shape

- @& o

Curvature: positive planar (positive) negative
Molecular shape: cone and truncated cone cylinder (truncated cone) inverted truncated cone
Aggregate shape: spherical and cylindrical micelles planar and vesicular bilayers inverted micelles

e.g..  Polyoxyethylene fatty alcohol ether Phosphatidylcholine Cardiolipin

Figure 3: The law of the lever and geometric aspects of different amphiphilic molecules define their
molecular and aggregate shape.
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Israelachvili and colleagues (1977; 1985) showed that molecular and aggregate structures can
be predicted reasonably well in terms of the packing parameter v/(ap’lc), v being the
hydrocarbon volume, a, the optimum surface area per molecule, and I. the critical
hydrocarbon chain length. An amphiphile with a packing parameter of v/(ap'/;) < 0.5
possesses a cone-shaped structure and tends to form spherical or cylindrical micelle
aggregates. Cylindrical molecules have v/(ag Ic) = 1 and spontaneously form planar or
vesicular bilayers. Inverted micelle aggregates are the result of inverted cone-shaped
amphiphiles with v/(ag Ic) > 1. However, one has to keep in mind that the molecular shape of
an amphiphile is influenced by hydrocarbon chain unsaturation, temperature, bulk electrolyte
concentration, pH, etc. (Israelachvili 1985), meaning that one has to reconsider molecular

shape after any external changes and modifications.

Phosphatidylcholines are a class of phospholipids with a zwitterionic headgroup composed of
a negative phosphate group esterified with glycerol and a positive choline group. The glycerol
moiety is further esterified with two saturated and/or unsaturated fatty acid chains which form
the lipophilic molecule part. The resulting packing parameter v/(ao Ic) = 1 suggests that
phosphatidylcholines should form bilayer aggregates above the critical aggregate

concentration, being ~ 107 - 10" M for diacyl-phosphatidylcholines (Marsh et al. 1986).

Combination of such molecules with a packing parameter v/(ag Ic) = 1 and of amphiphiles with
a packing parameter v/(ao Ic) < 0.5 changes the mixed aggregate properties and can improve
the membrane flexibility (Cevc et al. 2003b; Ly et al. 2004; Zhou et al. 2005). It can also
reduce aggregate stability, however (Touitou et al. 2000; Simoes et al. 2005).

Figure 4 illustrates the different vesicular aggregates involving phosphatidylcholine at high
water concentrations in dependency on surfactant concentration. A simple and relatively stiff
phosphatidylcholine bilayer vesicle can be transformed into a deformable bilayer vesicle by
progressive incorporation of a surfactant into the bilayer membrane. The membrane softening
surfactant then accumulates at the most deformed sites in the aggregate, which lowers the
energetic cost of membrane deformation (Cevc et al. 2003b). Excessive surfactant quantity
finally causes lipid solubilisation and disintegration of the bilayer, often into an elongated

cylindrical and later spherical mixed micelle (Lichtenberg et al. 1983).
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Water

Surfactant

Phosphatidylcholine

Figure 4: Schematic illustration of different lipid aggregates in dependency on the ratio of bilayer
forming phosphatidylcholines and bilayer softening and destabilising surfactants.
With increasing surfactant concentration a stiff lipid bilayer membrane vesicle (top left)
transforms into a deformable mixed bilayer vesicle (middle right) and dissolutes into
cylindrical and spherical mixed micelles at high surfactant concentrations (down left).

1.3.  Transfersome®, ultradeformable lipid bilayer vesicles as drug
carriers across the skin

The first attempts to deliver drugs through the skin by vesicular carriers were conducted in
1980, using conventional liposomes (Mezei et al. 1980). It is nowadays generally agreed that
such liposomal vesicles, both in the gel and fluid state, (Hofland et al. 1995; Cevc 1996;
Kirjavainen et al. 1996) and other vesicular colloids, such as niosomes (non-ionic surfactant
based vesicles) (van den Bergh et al. 1999), nano-particles (Jenning et al. 2000), and nano
droplets (Rhee et al. 2001), cannot cross the stratum corneum as intact carriers and are
therefore not suitable for drug delivery across the skin barrier. This incapability of the latter to
penetrate the narrow pores in the stratum corneum is based on their vesicular rigidity and the

lack of elasticity.
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More recently several other vesicular aggregates, providing elasticity, have been tested as
carriers for transdermal drug transport, but only few researchers were successful in the
development of ethosomes (Touitou et al. 2000; Godin et al. 2003), elastic surfactant based
vesicles (Bouwstra et al. 2002; Loan Honeywell-Nguyen et al. 2006), and ultradeformable
mixed lipid vesicles, Transfersome® (Cevc 1995; 1996; Cevc et al. 2003b).

Furthest developed transdermal carrier system is the Transfersome® (a trademark of
IDEA AG, Munich, Germany). Transfersome® vesicle consists of a bilayer membrane
comprising a minimum of two amphiphiles with different solubilities and consequently with
different geometric molecular packing parameters (Cevc 2004). Cylindrical amphiphats, such
as phospholipids with a very low critical aggregate concentration (CAC) in the nano molar
range, form essentially bilayer membranes, which are acceptably weakened by the cone-

shaped amphiphats having CAC > 1 uM.

The varying molecular amphiphile geometry enables the resulting bilayer membrane to
respond to external local stress. Amphiphiles that are uniformly distributed in a spherical
bilayer vesicle rearrange during vesicle deformation. The more water soluble, cone-shaped
amphiphiles accumulate in the more curved bilayer parts (cf. Figure 4), and thus make the
bilayer vesicle more flexible. Simultaneously, such local surfactant-like amphiphile
accumulation increases the capability of water exchange across the bilayer, which is also
important for a high vesicle shape adaptability (Cevc et al. 2003b). Both these features are
combined in a Transfersome® vesicle, which is thus a responsive, self-optimizing, nano-

robotic transport device capable of crossing even relative narrow pores, e.g. in the skin.

Deformable, shape-adjusting membranes are also known in nature. Neutrophiles combat
diseases by penetrating small apertures in the blood vessels tissue to reach the site of infection
or inflammation. They undergo a large deformation, which has been recorded by Tsai et al.
(1993) using the micropipette aspiration technique. Figure 5 shows the micrographs of
neutrophil deformation and elongation during an aspiration into a narrow pipette. A computer
simulation of the skin pore penetration by ultradeformable Transfersome® or a stiff liposome
shows a comparable deformation of the former and insufficient deformation of the latter
(Cevc 1997). Neutrophils are driven outside a blood vessel by chemotaxis. But what kind of

force drives the ultradeformable carriers through the human skin barrier?
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Figure 5: Computer simulation of pore penetration behaviour by a liposome (top) and a Transfersome®
vesicle (middle) and micrographs of neutrophil aspiration into pipettes (down).
(Both graphs were adapted and modified from Cevc (1997) and Tsai et al. (1993))

The driving force for the skin penetration by a Transfersome® is the transepidermal water
gradient within the epidermis, more specifically, within the stratum corneum (Cevc et al.
1992). The water concentration increases from approximately 15 - 30 % at the skin surface to
nearly 70 % in the stratum granulosum (Warner et al. 1988; Caspers et al. 2001). After a non-
occlusive application of the ultradeformable carriers, the latter try to avoid local dehydration
by penetrating, after a lag-time (dehydration time), the hydrophilic intercellular pathways in
the horny layer leading to the better hydrated regions with a higher water content (Cevc et al.
2003a). The carrier transfer takes place whenever the energetic gain, in terms of
dehydration/hydration energy, is greater than the energetic cost, due to the hydrophilic pore
widening and carrier deformation, for barrier crossing (Cevc 1999). Knowledge of the
interrelation between the transepidermal water gradient and pore penetrability points out the
necessity of non-occlusive application of the drug containing Transfersome® products, due to

the required drying and dehydration of a formulation on the skin.

Such vesicular Transfersome® products can then act as transdermal drug carriers for a broad

variety of active agents (Cevc et al. 1996), ranging from small molecules, like glucocorticoids

-9-
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(Lehmann et al. 2003; Cevc et al. 2004a), NSAIDs (Cevc et al. 2001; Rother et al. 2007),
local anaesthetics (Planas et al. 1992), to macromolecules and proteins (Paul et al. 1995; Cevc
et al. 1998; Paul et al. 1998).

1.4. Objectives and structure of the thesis

The major objective of the present thesis is the development of a new all-purpose
ultradeformable Transfersome® formulation suitable for dermal as well as transdermal
delivery of different kinds of drugs and thus for the treatment of local diseases in superficial

and deeper peripheral tissues.

Polyoxyethylene (20) oleyl ether, a widely used surfactant with different synonyms and trade
names (C1s:1EO2o macrogol (20) oleyl ether, Brij98, Oleth-20, Volpo N20, etc.) is assumed to
be a suitable amphiphilic molecule in softening bilayer membranes without compromising its
stability too much, at least within certain membrane concentration range. The low critical
micelle concentration of this non-ionic surfactant, CMC = CAC = 25 uM (Umbreit et al. 1973;
Klammt et al. 2005), the high membrane partition coefficient, log K ~ 4.3 M™ (Heerklotz et
al. 2000b), and the suitable hydrophile-lipophile balance HLB = 15.3 (Ash et al. 1980) makes
C181EO2 worth studying its influence on bilayer membranes based on soybean

phosphatidylcholine, SPC.

The main goal is strongly connected with the determination of physico-chemical properties of
the simple phosphatidylcholine vesicles, liposomes, of the mixed bilayer vesicles,
Transfersome®, but also involves their dissolution products namely the mixed lipid micelles.
The underlying questions, which must be answered to develop ultradeformable SPC/C15.1EOy

bilayer vesicles suitable for transdermal drug delivery are:

Saturation of soybean phosphatidylcholine bilayer vesicles with and their

solubilisation by polyoxyethylene (20) oleyl ether.

Effect of polyoxyethylene (20) oleyl ether on bilayer adaptability and bending rigidity

of mixed lipid vesicles, Transfersome®.

Bilayer membrane partitioning and distribution of the drugs bupivacaine and

ketoprofen in dependency on the bulk pH, membrane electrostatics and polarity.

Adaptability and elasticity of mixed bilayer vesicles, Transfersome®, in dependency
on the tested drug concentration, the bulk pH, and ionic strength.

-10-
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In chapter 1, saturation and solubilisation of phosphatidylcholine bilayer vesicles with
C18:1EOy is therefore addressed as measured with two different methods. The diffusion of
C151EOy and its effects on solubilisation kinetics is moreover tackled with time-resolved
dynamic light scattering, highlighting some important aspects of manufacturing such

Transfersome® vesicles.

The bending rigidity and adaptability of mixed bilayer membrane vesicles and of mixed
micelles is described and analysed in chapter 2 as a function of Ci5.1EOq in the membrane.
This highlights the deformability of mixed bilayer vesicles saturated with Ci5.1EO5, having
maximum adaptability. The latter is an important parameter for the carrier mediated drug

transport across the stratum corneum, as well as optimum drug vesicle interaction.

The payload of bilayer membrane vesicles with two different drugs is therefore studied in
chapter 3. The partition coefficient measurements with the base bupivacaine, a long acting
local anaesthetic, and with the acid ketoprofen, a widely used non steroidal anti-inflammatory
drug, are quantified in the chapter in dependency on their charge state, the bulk pH, bilayer

electrostatics, and polarity.

The bilayer bending rigidity and adaptability studies described in chapter 4 conclusively show
the synergistic effects of the surfactant polyoxyethylene (20) oleyl ether and of bupivacaine or
ketoprofen on bilayer adaptability, which is proportional to the pore penetration ability of the

resulting three-component bilayer vesicles.

The structure of this work is organized in independent chapters. Each of them can be read and
reviewed individually, but also reveals interrelationship between the chapters with regard to
the objectives of this thesis. Each chapter therefore starts with a short introduction, followed
by a practical section describing the used material, methods and physico-chemical principles.
The results are then presented, illustrated, and discussed in sufficient detail to highlight the

importance of the results in relation to the work in general and to the other chapters.

-11-
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Chapter 2

2. SATURATION AND SOLUBILISATION OF SOYBEAN
PHOSPHATIDYLCHOLINE BILAYER VESICLES BY
POLYOXYETHYLENE (20) OLEYL ETHER, Ci5.:EOy

2.1. Introduction

Fatty alcohol ethoxylates are non-ionic surfactants, used in a wide range of pharmaceutical
and healthcare systems. Polyoxyethylene (20) oleyl ether is one in a series of CLEOy, having a
fatty alcohols of length x and etherified by polymerisation them with y units of ethylene. Its
detailed chemical structure is illustrated in Figure 6.

0 H
HaC — 0

20

Figure 6: Structure of polyoxyethylene (20) oleyl ether, Cy5.1EO,q

Compared to non-ionic esterified surfactants of the fatty acid type (e.g. Tweens and Myrjs)
the corresponding ethers (trade names: Brij, Volpo, Oleth ...) are not subjects of hydrolysis.
This is the reason why fatty alcohol ethoxylates are stable over a wide pH range and tolerant
to extreme pH levels and high electrolyte concentrations. These virtues recommend the
CxEOy surfactants for usage in pharmaceutical formulations under extreme salt and pH
conditions. Due to its high degree of ethoxylation, C;5.1EO2 (Brij98, Volpo N20, Oleth-20) is
soluble in water up to the critical micelle concentration of CMC = 25 pM (Umbreit et al.
1973; Klammt et al. 2005) and possesses a hydrophile-lipophile balance of HLB = 15.3 (Ash
et al. 1980).

Polyoxyethylene oleyl ethers (most often y = 10 and 20) are surfactants, that are mainly used
as emulsifier/co-emulsifier in microemulsions and oil-in-water (O/W) emulsions (Boonme et
al. 2006; Wang et al. 2006; Junyapraserta et al. 2007), as detergent (Ehsan et al. 2006), or as
solubiliser (Unigema 2008). They are also applicable as dispersing (Williams et al. 1999) or
gelling agents, in the latter case to modify the rheology of suspensions (Kennedy et al. 2007).
In the face of this work, the incorporation of polyoxyethylene (20) oleyl ether into lipid
vesicles and combined action of these two components in the resulting mixed bilayer
membranes could possibly provide a new class of Transfersome® carriers for non-invasive

transdermal drug delivery, a recent and emerging application field (Cevc 1997; Cevc et al.
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2003a; Cevc et al. 2003b). Such vesicular carriers are known to be stabilised by the polar lipid
and made more adaptable and deformable by the surfactant if they are combined in the right
proportion (Cevc et al. 1998; Cevc 2004).

The primary objective of this work was to study the influence of the surfactant
polyoxyethylene (20) oleyl ether in soybean phosphatidylcholine bilayer vesicles in terms of
bilayer membranes saturation with and solubilisation by the surfactant. Even though a lot of
publications deal with C4EO, and this topic, a detailed determination, to the best of my
knowledge, of the effective surfactant to lipid molar ratio R, at the membrane saturation limit,

sol

RS, and the solubilisation limit, R , has not been performed for C1g1EQ50 up to now.

Re = S Ot »5 for Cs >>Cq ¢ (1)
C Cy
In equation (1), c; is the total surfactant concentration, c, the total lipid concentration, and c
the free surfactant monomer concentration. The free surfactant’s concentration is comparable
to the CMC as described and determined for non-ionic surfactants by different authors (Levy
et al. 1990; Edwards et al. 1991). If cy¢ is negligibly small, compared to the total surfactant
concentration, R, can be calculated directly (Lichtenberg et al. 1983).

The classical three-stage solubilisation model (Helenius et al. 1975; Lichtenberg 1985), which
is discussed elsewhere in the text, was determined by the static (SLS) and dynamic (DLYS)
light scattering due to the fact that turbidity is an indicator of the micro structural changes,
which occur during saturation and solubilisation processes in the mixed bilayer membranes.
Beyond these two methods electron microscopy (EM), small-angle X-ray (SAXS) and
neutrons (SANS) scattering, nuclear magnetic resonance spectroscopy (NMR),
spectrofluorimetry and calorimetry are alternative methods to determine the phase boundaries
Re™ and R ; some of the methods were even applied to analyse the Kkinetics of
solubilisation. This secondary, but not less important objective concerning the optimisation
and speed-up of pharmaceutical manufacturing processes and the time for system

equilibration was measured in this work using DLS, an unusual but auspicious procedure.

The results collected with the performed experiments highlight the potential role of
polyoxyethylene (20) oleyl ether in pharmaceutical and healthcare products, e.g. in
combination with phosphatidylcholine vesicles forming ultradeformable carriers for non-

invasive transdermal drug delivery.
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2.2. Material and methods

2.2.1.  Materials

Soybean phosphatidylcholine, SPC, (assumed M,, = 800 g/mol) was purchased from Lipoid
(Ludwigshafen, Germany) with a purity grade > 90 % (Lipoid S100). This phospholipid of
biological origin is a mixture of phosphatidylcholines with different unsaturated and saturated
fatty acid chains. Polyoxyethylene (20) oleyl ether (M,, = 1150 g/mol) was acquired for the
kinetic measurements from Croda/Unigema (Nettetal, Germany). It met the European
Pharmacopoeia specification for macrogol oleyl ether. Determination of R and R was
performed with polyoxyethylene (20) oleyl ether from Sigma-Aldrich (analytical grade).
Phosphate buffer salts from VWR (Darmstadt, Germany) and aqua ad iniectabilia from

Deltaselect (Dreieich, Germany) had European Pharmacopoeia quality as well.

2.2.2.  Preparation of simple phosphatidylcholine bilayer vesicles and
surfactant solutions

Large unilamellar vesicles (LUV) were prepared from SPC as is described in detail elsewhere
(Olson et al. 1979; MacDonald et al. 1991). Lipid vesicle stock suspension with ¢, = 125 mM
in phosphate buffer (c, = 50 mM) was homogenised by a multi-extrusion step through
different track etched polycarbonate membranes (PCTE) of decreasing pore size
(d =400 nm - 50 nm, GE Osmonics). The final vesicle size and polydispersity index (PDI) of
the LUV were determined by the dynamic light scattering (DLS).

A micellar stock solution of Ci5.1EO, was prepared by stirring the surfactant in phosphate
buffer (c, = 50 mM) for 1 h above the melting point Ty, = 35 °C of C15.1EO50, to speed up the

dissolution process.

Lipid vesicle Surfactant Dilution Diluted mixed lipid vesicles
stock suspension stock solution| phosphate buffer and mixed micelles
C Oyes Cs Ch Ci Re
mM]  [m] P! (mM] | mvp  PH [MM] [mol/mol]
Sstep 125 1100  0.075 87 50 72 |a 10 0-33
Skin 125 104.3 0.079 100 50 6.5 a 5 3-12

Table 1:  Composition of mixed lipid vesicles and mixed micelles for SLS and DLS measurements
prepared by mixing the lipid vesicle stock suspension with the surfactant stock solution
and the dilution buffer resulting in different effective surfactant to lipid molar ratios R,
at constant lipid concentrations.
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Stepwise lipid solubilisation (Ssp) Was studied by individually mixing the lipid vesicle stock
suspension, the surfactant stock solution, and the dilution phosphate buffer always to a
constant SPC content of ¢, = 10 mM with an increasing amount of Cy5.1EO, providing
effective Re = 0.05 — 3.31 mol/mol. The mixtures were stirred at room temperature for one

week to equilibrate.

In contrast to the above mentioned vesicle dilution procedure, the determination of the bilayer
vesicle solubilisation kinetic (Skin) by C15:1EO20 was performed by diluting and vortexing the
unilamellar lipid vesicles with the surfactant stock solution and the dilution buffer
synchronously at the measurement start. The final SPC content was ¢, = 5 mM for each

preparation, with an effective surfactant to lipid molar ratio R, = 2.99 — 12.09 mol/mol.

2.2.3.  Bilayer solubilisation: Static light scattering

The solubilisation of lipid bilayer membranes with ¢, = 10 mM was measured with the static
light scattering using a double-beam UV-VIS spectrophotometer Shimadzu UV-1601,
computer controlled by the Shimadzu software UVProbe V.2.0. Optical density was analysed

at A =550 nm, cell length =1 cm, T = 25.0 °C as a function of added surfactant concentration.

2.2.4.  Bilayer solubilisation: Dynamic light scattering

The stepwise and kinetic solubilisation measurements were done with the photon correlation
spectroscopy (PCS) using an ALV (Langen, Germany) device (ALV-NIBS/HPPS High
Sensitivity Version, ALV-5000/EPP Multiple Tau Digital Converter, ALV-Correlator
Software V.3.0). The dynamic light scattering (DLS) was measured at a scattering angle 173°,
2 =632.8 nm, cell length =1 cm and T = 25.0 °C. The intensity weighted size distribution of
the mixed lipid bilayers and/or the mixed micelles was evaluated by cumulant analysis of the
second order (CUM2), based on the assumption of a monomodal distribution. Due to the
described (Lichtenberg et al. 2000) and expected multimodal size distribution, a continuous
inverse Laplace transformation was also performed using the regularized fit tool comparable
to CONTIN (Provencher 1982).

The hydrodynamic radius of the different mixed lipid vesicles and micelles was determined in
6 runs, each lasting 30s, for Sse, (, = 10 mM) and in a single measurement for Sy
(c; =5 mM). For the kinetic measurements, 30 time points with in an exponentially increasing
run time and time interval were recorded during a total reading time of 0.5 h, 9 h and 45 h,

depending on the effective ratio R..
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2.3. Results

2.3.1. Bilayer membrane saturation with and solubilisation by the surfactant

2.3.1.1 Static light scattering SLS

The addition of polyoxyethylene (20) oleyl ether to soybean phosphatidylcholine bilayer
vesicles (dves = 110 nm) at constant concentration ¢, = 10 mM results initially in an increase of
suspension turbidity. Only if R, exceeds a surfactant and lipid concentration dependent
threshold, light scattering starts to decrease and ends in an optically transparent colloidal
system of small mixed micelles (dmic = 10 nm).

Figure 7 shows the measured turbidity as a function of R.. The maximum light scattering

intensity is reached at a surfactant to lipid ratio Re&™

~ 0.25 mol/mol, when the vesicles

membrane seems to be saturated with C;5.1EO2. Additional amounts of surfactant molecules

cause lipid solubilisation and lead to the formation of mixed micelles. Between R, = 0.25 —

3.0 mol/mol the turbidity consequently decreases, reflecting an increasing number of small

mixed micelles, which scatter the light less than the much larger mixed lipid vesicles.
sol

Optically transparent solutions above R, ~ 3.0 mol/mol indicate the state of completed

solubilisation and the sole existence of mixed micelles in these colloidal dispersions.

1o | |
.oo? ; |
0.8.. :~ 0.90 - . |
E : “ 0.85 ° :
£ 06l | . _ *d
Sg : .‘ 0.80/E R, |
E : . ‘ O.OO’F | | | \ | T :
S 04 | PY 0.0 0.1 0.2 03 |
= : :
[} . [}
| ® |
0.2 ° !

R sat o ° R sol
¢ ° ¥

00 1 1 . 1 . 1 . 1 . ] Q a |

0.0 0.5 1.0 15 2.0 25 3.0

R_ [mol/mol]

Figure 7: The static light scattering of lipid vesicles (10 mM) with increasing Cis.1EO,, content.
The bilayer membrane is saturated at an effective surfactant to lipid molar ratio
RS = 0.25 mol/mol. Lipid vesicle solubilisation into mixed micelles is completed at
at R = 3.0 mol/mol.
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2.3.1.2 Dynamic light scattering DLS

The dynamic light scattering not only provides information on the average aggregate size,
moreover it allows parallel determination and quantification of mixed lipid vesicles and/or
mixed micelles. I thus used the DLS measurements to support and confirm the observations,
illustrated for bilayer membrane saturation and solubilisation in Figure 7.

The average size of the aggregates, evaluated by CUM2 analysis, increases by adding

sat

C181EO2 up to the saturation limit at R =~ 0.25 mol/mol (black symbols e in the left panel

sat \which can be

of Figure 8A). Solubilisation and formation of mixed micelles starts above R

seen by the initial detection of the latter, having first a diameter dnic = 35 - 38 nm, as

evaluated with the continuous inverse Laplace transformation (open triangle V in Figure 8A).

Figure 8B, which shows the light scattering intensity, supports the conclusion: Solubilisation
sat

begins at R™ = 0.25 mol/mol, where the measured intensity doubles, a consequence of the

coexistence of mixed lipid vesicle A and mixed micelles V as illustrated in Figure 8A.
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Figure 8: The dynamic light scattering of lipid vesicles (10 mM) with increasing Cg.1EO,q content.
(A) The vesicles and micelles diameter, as determined with CUM2 ( @ ) or regularized
fit/ CONTIN evaluation ( A vesicles, ¥ micelles ), as a function of the effective surfactant
to lipid molar ratio R,  Membrane saturation is reached at RS = 0.25 mol/mol and
solubilisation at R.*® ~ 3.11 mol/mol ( vertical dashed lines ).

(B) Increase in the light scattering intensity | at the point of membrane saturation,
reflecting coexistence of mixed lipid vesicles and micelles, followed by a decrease in the
light scattering due to the progressive bilayer solubilisation into mixed micelles.

© Gradlual formation of mixed micelles with increasing R, up to the solubilisation
point R
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Solubilisation is reached at Re™®'

~ 3.11 mol/mol, where mixed micelles are the only remaining
kind of aggregates in the tested colloidal system. This is evident in all panels of Figure 8, in
the lower right panel C by the increase of mixed micelles fraction to total aggregates R;" with
higher surfactant to lipid ratio. The higher number of mixed micelles and the continuous
solubilisation of vesicles with increasing R, cause a decrease in the average aggregate size and
in the measured light scattering intensity, due to exponential influence of the aggregate radius

on the Rayleigh scattering intensity, | p r® (Boufendi et al. 1994).

2.3.2.  Kinetic of aggregate dissolution

Saturation and solubilisation of lipid membranes is a solubiliser concentration driven, time-
dependent process as is described for soybean phosphatidylcholine mixed with
polyoxyethylene (20) sorbitan monooleate (Simoes et al. 2005). To analyse and quantify
kinetics of SPC dissolution by Ci5.1EO, a set of time resolved DLS measurements with

mixtures of them above the membrane solubilisation limit R, > 3 mol/mol were performed.

The ratio of mixed micelles to total aggregates R;" shows a remarkable dependency of
solubilisation time on the surfactant to lipid concentration ratio R, (Figure 9). The higher the
ratio, the faster is solubilisation, ranging from 177 min to 3.2 min for R, = 4.5 mol/mol and
Re = 12 mol/mol, respectively. The solubilisation process for effective molar ratios
Re = 3 — 4 mol/mol was not finished at the end of the experiments. Figure 7 and Figure 8
show, however, that solubilisation for such low concentrations occurs on a time scale of days

and is completed after 7 days.

The measured intensity in dependency on time shows a biphasic progression (data not
shown). Both regions were therefore evaluated separately to quantify the kinetics of
solubilisation. At short times, the intensity decreases linearly with the square root of time
(black symbols in the left panel of Figure 10); the dissolution speed in terms of light
scattering intensity decrease per t°° ranges from -0.091 min™® to -0.812 min™®® for the lowest
investigated relative surfactant concentration R = 3 mol/mol and the highest ratio
Re = 9 mol/mol, respectively. For R, = 12 mol/mol, a biphasic curve was not detected,
probably a result of the very fast dissolution process in phase one, which was not analysable
with our DLS set-up for a total solubilisation time of 3.2 min The dissolution speed at short
times and the effective surfactant to lipid ratio R, are well correlated (r = 0.992) (right panel
of Figure 10).
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Figure 9: Time-dependent DLS solubilisation measurements of lipid vesicles (5 mM)
with different C,5.,EO,, contents above the solubilisation limit R, > 3.0 mol/mol.
Left panels: Solubilisation Kinetic in terms of the intensity weighted ratio of
micelles to the total amount of aggregates R," in dependency on time.

Right panel: Half life of vesicle solubilisation respectively micelles formation
depending on R..

However, the dissolution speed is slowed-down, and becomes non-linear for later time points
t°° (grey symbols in the left panel of Figure 10). Linearity is now found for the reciprocal
square root of time however (black symbols in the left panel of Figure 11). Depending on R,
the dissolution speed, expressed in terms of the light scattering intensity decrease, is now
calculated to be 2.66 min®° and 0.44 min®® for the lowest and the highest surfactant to lipid
ratio of R, = 3 mol/mol and Re = 12 mol/mol, respectively. In contrast to the findings made at
short times, the long term dissolution speed is found to be proportional to the reciprocal R,

value, with a correlation coefficient of r = 0.984. The linearities are discussed in detail
elsewhere.
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Figure 10: Short term time-dependency of DLS intensity as measure of aggregate solubilisation.
The decrease in the light scattering intensity | is linear to the square root of time (black
symbols) , followed by a slower, non linear vesicle dissolution (grey symbols) (left panel). The
slope, i.e. the dissolution speed, in dependency on the effective ratio of surfactant to lipid R
highlights the surfactant concentration effect on the dissolution speed at short times with a
high correlation coefficient r = 0.992 (right panel). The outlier () in the right panel was not
considered, due to reduced number of fitting points (n=4).
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Figure 11: Long term time-dependency of DLS intensity as measure of aggregate solubilisation.
The decrease in the light scattering intensity | is proportional to the reciprocal square root of

time (black symbols in the left panel). A good correlation (r = 0.984) was found for the linear fit
of the dissolution speed in dependency on R, (right panel).
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2.4. Discussion

Polyoxyethylene oleyl ethers are well known surfactants, used in the chemical and
pharmaceutical industry due to their broad availability and wide range of application
described in 2.1. It is therefore surprising that in spite of extensive research works done with
polyoxyethylene alkyl and alkenyl ethers to date, little is known about the detailed function of
polyoxyethylene oleyl ethers in pharmaceutical systems. To the best of my knowledge, the
detailed solubilisation ability of C15.1EOq and its kinetics have not been published to this day,
neither for biomembranes nor for synthetic or natural phospholipids. With my results and
their comparison with those measured with different non-ionic surfactants a gap in the huge

sector of surfactants and their solubilisation properties will be bridged.

As is described in 2.2.2, the formation of a micellar solution of Ci31EO5 in water is
accelerated by increased temperature. Above the melting point T, = 35°C (Shigeta et al.
1997) the originally solid C5.1EOy (S) transforms into a liquid, oily state (Oy,). By adding
water to such liquid, different two-component phases are formed depending on final water
content and temperature. The temperature induced transformation of solid C15.1EOy into a
series of mesophases via the primary oily phase and, then secondary, isotropic inverse
micelles Oy, — hexagonal liquid crystalline phase H; — discontinuous cubic phase I; —
micelles Wy, is much faster than the dissolution S — H; — I;-— Wy, at 25°C as described
elsewhere (Kunieda et al. 1997; Shigeta et al. 1997), which involves, arguably, at least one

isothermal phase transition S — hydrated — Hj.

Solubilisation and different dissolution stages of lipid bilayers by surfactants are the topics,
analysed and discussed in many previous publications. The classical three stage model
(Helenius et al. 1975; Lichtenberg et al. 1983; Lichtenberg et al. 2000) starts with:

I:  Surfactant binding and incorporation into a bilayer membrane, resulting in mixed lipid-

surfactant bilayer vesicles with changing composition.

Il:  Formation of mixed micelles from the bilayers saturated with a surfactant. The bilayer to
micelle ratio but neither the mixed bilayer vesicles nor the mixed micelles composition

changes during this stage.

I1I: Complete solubilisation of the mixed bilayer vesicles into mixed micelles and further

decrease in average size of the latter with additional surfactant.
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Saturation stage I: Mixed lipid-surfactant bilayer vesicles

Interaction of non-ionic surfactants like C1,EOg with a phospholipid bilayer yields a more
sophisticated model than that described in previous section (Edwards et al. 1991; Lasch 1995;
Almgren 2000). Stage | must be split into a surfactant incorporation phase la, with negligible
vesicle size increase and bimodal size distribution, and a second phase Ib, with ongoing
surfactant incorporation and vesicle growth with monomodal size distribution. The size
increase also depends on the preparation procedure of lipid bilayers (Levy et al. 1990;
Partearroyo et al. 1992). In their studies a correlation has been found, for example, between
the lipid bilayers manufacturing and the vesicle growth induced by adding surfactants. SUV,
homogenised by ultrasonification, grow more than LUV, allowing good differentiation

between the stages la and Ib.

The results in Figure 7 and Figure 8 were achieved with LUV. Despite slight increase in the
suspension turbidity of the SLS measurements and a DLS detectable vesicle size increase, the
limit of soybean phosphatidylcholine bilayer saturation with C;51EO2 is the same,
RS2 = 0.25 mol/mol for both kind of measurements. Compared to other non-ionic surfactants,
the low saturation limit of C15.1EQOy is explicable with the widespread headgroup in this cone-
shaped surfactant, leading to a packing mismatch in lipid bilayers (Heerklotz et al. 1997). The
geometry asymmetry of each surfactant molecule has to be compensated by the lateral
headgroup compression and oleyl chain expansion. This is reached by polyoxyethylene
headgroup dehydration and oleyl fluidization up to the saturation limit of
RS = 0.25 mol/mol. The bilayer saturation for CigaEO, is comparable to other
polyoxyethylene (20) alkyl / alkyl phenyl ethers with the same headgroup length as shown in
Table 2.

Hydrocarbon chain Polyoxyethylene headgroup
Cx EO 10 EO 20
Oleyl Cisa n.a. 0.25
Cetyl Cis” 0.88 0.28
Lauryl Cpo" 0.58 09 n.a.
Octyl phenyl Cg.ph° 0.60 0.20

Table 2: Saturation limit in terms of the molar surfactant to lipid ratio R
for ethoxylated alkylphenols, alkanes and alkenes with different headgroup lengths and
hydrocarbon groups. With increasing headgroup length, the packing mismatch also
increases, resulting in a lower lipid bilayer saturation limit.
& Saturation data obtained from Kim et al. (1991)
P Saturation data obtained from Heerklotz et al. (1994)
° Saturation data obtained from Ribosa et al (1992)
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Whilst the change in turbidity and average vesicle size at R:™ is small, a transition from phase

la to Ib is much more obvious in Figure 8B: A minute decrease in the scattered light intensity
is followed by a jump in such intensity between R = 0.20 and 0.25 mol/mol. The jump is
explicable in terms of physical properties of light scattering and the soft vesicle form changes:
The Rayleigh scattering intensity is proportional to approximately the sixth power of the
scattering particles diameter; the latter is the sole parameter which can change during an
experiment with the increasing surfactant concentration. More specifically, with increasing
C18:1EOy content, vesicles bilayer adaptability increases during the stage Ib, i.e. with the
amount of incorporated surfactant in the bilayer (Gompper et al. 1995; Cevc 1999; Cevc et al.
2003b; Cevc 2004). The resulting changes of fluid membrane conformation is a result of
decreasing bending rigidity with accumulation of the cone-shaped surfactants in the region of

highest curvature (Kroll et al. 1992), as is illustrated in Figure 12.

davaA dapp,B =11 dapp,A dapp,c =15 dapp,A

Re,A >0 Re,B - Resat Re,C = Resat

Figure 12: Conformation of mixed lipid vesicles depending on bending rigidity.
From left to right a spherical vesicle with 2.5 kgT, a fluctuating vesicle with 1.25 kgT, and an
ultradeformable crumbled vesicle with 0 kgT. (Adapted and modified from Kroll et al.(1992))

The vesicles with a low surfactant concentration are spherical. They become more and more
flexible, which leads to progressive fluctuations with increasing surfactant concentration and
thus decreasing bending rigidity. Above R = 0.20 mol/mol, lipid membranes with a high
concentration of Cig1EQO, form strongly fluctuating, ultradeformable vesicles. This is
reflected in larger apparent hydrodynamic diameter dap,, and higher scattered light intensity
that originates mainly from the surfactant rich bilayer protrusions, driven by entropic reasons.
At this point solubilisation starts, resulting in mixed micelles with d = 35 - 38 nm for
Re = 0.25 - 0.30 mol/mol (Figure 8A). Lasch (1995) also described a surfactant-induced

transition from surfactant enriched vesicles to cylindrical mixed micelles, but in less detail.
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Two component stage 11: Mixed bilayer vesicles and mixed micelles

The formation of mixed micelles can be described for the non-ionic surfactants like C15.1EO5
by two models. Both have in common that the molar vesicle to micelle ratio but not the
composition of neither mixed vesicles nor mixed micelles changes during this stage, as has

been demonstrated in the separation experiments described by Levy et al. (1990).

With high-intensity dark field microscopy, Nomura et al. (2001) have determined the time-
resolved dissolution behavior of lipids by ionic and non-ionic surfactants. For the latter they
described the solubilisation processes of phosphatidylcholine membranes by a continuous
shrinkage in several steps. The shrinkage is characterised by an alternating tense and quaking
state above the saturation limit R, During the tense state lipid and surfactant molecules are
extracted from the membrane to form surfactant-lipid mixed micelles. The extraction theory is
supported by Kragh-Hansen et al. (1998), who describe the extraction procedure for the
surfactants with a slow flip-flop rate. Due to their expanded hydrophilic headgroup, ionic
surfactants (e.g. SDS) and a non-ionic surfactants (e.g. C15.1EO20) show a decelerated flip-flop
rate resulting in slow solubilisation kinetics, which is discussed in detail afterwards. Second,
following to the tense state, a very quick membrane quaking causes lipid bilayer perforation
followed by water discharge from the vesicle interior. A consequence of bilayer components
removal and water efflux is the vesicle shrinking seen in Figure 8A. Third, the molecules in
the bilayer membrane reorganise themselves by lateral diffusion and repeated tense and

sol

quaking states until the solubilisation limit R is reached.

Alternatively to the continuous-stepwise shrinkage of lipid vesicles, Nomura et al. (2001)
have discussed the solubilisation by opening-up of bilayer membranes and accumulation of
non-ionic surfactants at the exposed edges, wherefrom micellisation starts. Even though
Nomura’s group favours the continuous-stepwise shrinkage for all tested non-ionic
surfactants, the opening-up solubilisation is described by Lasch (1995) and Noguchi et al.
(2006) as well. In the work of Noguchi a computer-simulation based on consideration of
curvature energies, attractive, and repulsive potentials shows membrane opening and
dissolution from the edges. Electron microscopic pictures of Lasch show the above mentioned
humpbacked vesicles, which dissolve via open vesicles — sheets — cylindrical micelles to

spheroidal, mixed micelles.
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Solubilisation stage I11: Mixed micelles

Complete solubilisation of SPC bilayers is reached by the surfactant C15.1EO at an effective

sol

surfactant to lipid ratio of R¢™ =~ 3.11 mol/mol. This value indicates that polyoxyethylene (20)
oleyl ether is a potent non-ionic solubiliser of lipid membranes. A correlation between the
hydrophile-lipophile balance HLB and the solubilisation potency is obvious (Figure 13), and

has also been described by others (Helenius et al. 1975; Kim et al. 1991; Ribosa et al. 1992).

The HLB value, first introduced by Griffin (1949), is a measure for surfactant partitioning
tendency between an oily and an aqueous phase. The most widely used method to calculate
the HLB is the equation of Davies (1957):

HLB=7+ &GN, + GN, )
GNy and GN_ are the group numbers for the hydrophilic and lipophilic molecule parts.
Nevertheless the Davies” method is unsuitable for the majority of non-ionic surfactants. A
new calculation method for the surfactants with straight alkyl, polyoxyethylene and/or
polypropylene chains improves the calculations errors of the Davies” method by considering

the effective chain length (ECL) (Guo et al. 2006). The chain length corrected HLB, value is

defined as:
- - - o o
HLB, =7+GN¢y ™ Ney et T GNgg ™ Neoerr +GNpg ™ Npger + @GNy, + @GN, 3)

GNch,, GNeo and GNpo are the group numbers for methylene, ethylene oxide and propylene

oxide, whereas GNy and GN; are the group numbers for the other hydrophilic and lipophilic
groups. The effective chain length N is calculated for CH, , EO and PO based on the actual

chain length N:

Newer =0.965Ngy; -0.178
Neoer =13451In(Ngg)-0.16 Ngo +1.26 for 1£ Ngo £50 (4)

Npoer = 2.057 Npg +9.06
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With the listed group numbers (Table 3) the HLB, values for polyoxyethylene octyl phenyl,
cetyl and oleyl ethers could be calculated (Table 4) and plotted versus the solubilisation limit
R (Figure 13).

Group Group number GN
hydrophilic
-CH,CH,0OH 0.479
-OH 2.255
Lipophilic
-CH,- -0.475
O - 1.601

Table 3:  Group numbers of the ECL method (Guo et al. 2006)

Surfactant HLB HLB. R [mol/mol]
Polyoxyethylene (n) octylphenyl ether ?
OP-EOQgs 12.9 13.5¢ 4.10
OP-EQg35 134 14.0¢ 2.60
OP-EO1;5 14.6 14.9¢ 1.80
OP-EOQ;5 15.2 15.7 ¢ 2.60
OP-EOg 16.1 16.7 ¢ 4.20
Polyoxyethylene (n) cetyl ether °
C16EOn0 12.9 12.1¢ 5.82
C16EO1s 14.6 13.7¢ 2.37
C16EO20 15.7 14.7 ¢ 3.84
C16EO2s5 16.4 15.4 ¢ 4.28
C16EO30 16.9 15.9 ¢ 7.60
C16EOu0 17.5 16.7 ¢ 13.50
Polyoxyethylene (n) oleyl ether
C151EO10 12.4° 11.2¢ n.a.
C151EO20 15.3°¢ 13.8¢ 3.11

Table 4:  Solubilisation limit in terms of the molar surfactant to lipid ratio R,™
of ethoxylated alkylphenols, alkanes and alkenes with different HLB / HLB, values.
4 HLB and solubilisation data obtained from Ribosa et al.(1992)
® HLB and solubilisation data obtained from Kim (1991)
¢ HLB value obtained from Ash (1980)
4 HLB, value calculated with the effective chain length ECL (Guo et al. 2006)
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The solubilisation measurements of Kim and Ribosa and the review of Helenius allow the
conclusion that surfactants with HLB.* = 14.1 - 14.8 have the highest solubilisation potency
(Figure 13). The commercial available polyoxyethylene (20) oleyl ether with an HLB.= 13.8
is nearly at this HLB.* range corresponding to a minimum for the solubilisation limit R
Assuming that the given range is correct, polyoxyethylene surfactants of the oleyl type

C151EO, will have their highest lipid solubilisation potency with n= 23 - 28 EO-units.

7
4
T3l %
15+ % e
D: -
1L | |
= 013 14 15
g 10l HLB,
>
£,
U)D:cu
5L
° ()
*
O _¥ 1 1 1 1 1 1
0 12 13 14 15 16 17
HLB,

Figure 13: Effective molar surfactant to lipid ratio R, for phosphatidylcholine solubilisation
as a function of the calculated HLB, value for polyoxyethylene octyl phenyl ether
(") and polyoxyethylene cetyl ether (®) in EPC. Te small panel shows the
polynomial fitted HLB.* values of the formers compared to the determined
polyoxyethylene (20) oleyl ether (%) value in SPC.
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Short and long term dissolution kinetic

The kinetics of lipid bilayer saturation with and dissolution by polyoxyethylene (20) oleyl
ether is an interesting topic, also from the applications standpoint, but has not been explored
till now. Kragh-Hansen et al. (1998) mentioned that the solubilisation process near R
requires hours up to days, due to a slow flip-flop through the bilayer membrane, reported for
surfactants with large hydrophilic headgroups. Cig1EO5 with its long polyoxyethylene
headgroup showed such a behavior, a prolonging solubilisation time near
Res"' = 3.11 mol/mol. The dissolution half time tsyy for the effective surfactant to lipid ratio
Re = 4 mol/mol was about 5 h, whereas the dissolution half time for R = 3.5 and 3 mol/mol is
between 45 h (Figure 9), where solubilisation seems to start, and seven days, when complete

solubilisation was reached (Figure 8).

A detailed analysis of the light scattering intensity curves in dependency on time — taken as a
measure of solubilisation kinetics - reveals biphasic solubilisation. Such biphasic behavior has
first been analysed and calculated for the dynamic surface tension measurements by
Fainerman for the short times t — 0 and the long times t — ¥, using the Joos approximation
(Joos et al. 1982) and the Fainerman approximation for the latter and the former respectively
(Fainerman et al. 1994). Based on the theoretical work of Ward and Tordai (1946) for purely
diffusion-controlled adsorption to an interface and desorption back into the bulk, both

approximations solve the classic Ward and Tordai equation (5) by an asymptotic equation:
Cs,sub d(t - t)OIS (5)

I"is the surface excess, D the monomer diffusion coefficient and t the solubilisation time. ¢,
and csgp are the surfactant monomer concentrations in the bulk and the subsurface
respectively. By neglecting the back diffusion at short times, t — 0, and applying the Henry
isotherm, the Ward and Tordai equation can be simplified (Fainerman et al. 1994):

¢ 22RTC, ¢ 05 Dt §°° .
9w _; _ s.f %%EQ , short times (6)

Jo Jo g€ P

A long time approximation for t — ¥ was derived from equation (5) by Joos et al. (1982):

g(t)t®¥ :1+$ RTG® 9‘%&905

geq §29eqcs,f Bthﬂ

, long times (7)

Y0, Yt—0 and yeq are the surface tensions fort =0, t — 0 and t — ¥. RT is the thermal energy.
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Lipid membranes dissolve when their surface tension approaches or equals that of the
supporting bulk solution. In the kinetic solubilisation experiments reported herein, unilamellar
lipid vesicles were mixed with colloidal C15.1EO5 micelle solutions. A fresh interface lipid
bilayer < surfactant solution was thus created. The subsequent diffusion-controlled migration
and the surfactant adsorption to the interface lead to an initial dissolution, which is
proportional to the square-root of solubilisation time, as suggested by equation (6) and shown
in the left panel of Figure 10. In contrast linear relationship was found between the intensity
decrease and the reciprocal square-root of solubilisation time at later time points (left panel in
Figure 11), in line with the Joos approximation (equation (7)). With the data of this biphasic
solubilisation kinetic for Cig1EO5, it is consequently possible to determine the slope of
solubilisation speed in dependency on R to be -0.12511 min™® for the short times and to be
9.796 min®® in dependency on R.™ for the long times (right panels in Figure 10 and Figure

11). I equated these slopes with the slopes of equations (6) and (7).

22RTC,; 62D §>°
s .f i%EQ =0.12511 min"*° | short times 8
Jo 6P

. 2§ 05
RTG jaﬁg =9.796 min®® | long times )
deqcs,f [je D 2

Using R = 8.314 Jmol*K™ , T = 298.13 K, the surface tension of water y, = 0.072 Nm™, and
the bulk monomer concentration ¢s; = CMC = 25 pM (Umbreit et al. 1973; Klammt et al.
2005), | calculated the effective diffusion constant of C1g.1EO4t0 be De = 2.77 x 10™° m?s™.
With this diffusion constant and equilibrium surface tension y, = 0.03 Nm™ (literature data
only available for C;5.1EO;¢ (Chidambaram et al. 2000; Ko et al. 2003)) | furthermore
estimated the surface excess of polyoxyethylene (20) oleyl ether to be " ~ 0.1 nm? per

molecule.
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C,.EOQ,,
C.EO,,
* C,,EO,,
C,EO,
C,EO,
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D, [10'1°m25'1]

Figure 14: Effective bulk diffusion constants Dgs of non-ionic surfactants.
C1s:1EO; data obtained from Ko et al. (2003)
C16EO,y data obtained from Horozov et al. (1995)
C,EOg data obtained from Chen et al. (2000)
C10EOg data obtained from Eastoe et al. (2000)

DLS vyields, albeit only indirectly, information about the effective molecular diffusion
constant D and the surface excess 7" of the tested surfactant C15.1EQO2, which are in a good
agreement with literature (Figure 14). The surface excess of polyoxyethylene (20) oleyl ether
in a soybean phosphatidylcholine bilayer membrane with 7" ~ 0.1 nm? per molecule is in
reasonable agreement with surface excess values for other polyoxyethylene chain containing
surfactants. For example, Rdsch (1971) has estimated the values for the surfactants with
extended EO chains to be ~ 0.19 nm? and 0.28 nm®. In POPC/surfactant membranes surface
excesses of different polyoxyethylene lauryl ethers were measured to be /7= 0.26 — 0.63 nm?
per molecule (Lantzsch et al. 1994). In contrast to the surface excess I ~ 0.4 nm?® per
C18:1EO2 molecule at the water « air interface (Inoue et al. 2002), the excess on lipid
vesicles is significant lower due to a noticeably higher surface of a lipid molecule (A, = 0.63

nm? (Balgavy et al. 2001)) compared to water.
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2.5. Conclusion

With the solubilisation of soybean phosphatidylcholine vesicles by the surfactant
polyoxyethylene (20) oleyl ether it was demonstrated that, beyond the determination of the
saturation and solubilisation limit, the dynamic light scattering is a method, which can be used
to analyse the solubilisation Kkinetics. Indirectly, the results of kinetic solubilisation
measurements moreover provide information on molecule properties like the effective

diffusion constant or the surface excess.

Polyoxyethylene (20) oleyl ether is a surfactant which can be used as a membrane softening
component at an effective surfactant to lipid ratio of R, < 0.25 mol/mol. The resulting high
fluctuating, ultra-adaptable lipid bilayer vesicles should be able to be potential carriers for
non-invasive transdermal drug delivery.

Due to its low solubilisation limit (Re™

~ 3 mol/mol), its relatively high hydrophile-lipophile
balance (HLB =~ 15), and low critical micelle concentration (CMC = 107 M), C15:1EOy can be
used as a solubiliser, detergent or oil-in-water emulsifier in the pharmaceutical and healthcare
industry. However, the concentration dependent equilibration time for saturation and
solubilisation processes has to be considered for each application individually. The results

collected and analysed in case of this study provide a good starting point for that.
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3. BILAYER ADAPTABILITY AND ELASTICITY OF MIXED LIPID
VESICLES, TRANSFERSOME®, CONTAINING
POLYOXYETHYLENE (20) OLEYL ETHER, Ci5.:EOy

3.1. Introduction

Since their broad popularisation in 1960 — 1963, the lipid bilayer vesicles with an aqueous
core, so-called liposomes, have found good usage first as models for biological cell
membranes such as red blood cells (Popescu et al. 2006) and then as drug delivery systems
(Gregoriadis et al. 1979) or in more modern version as long-circulating liposomes (Needham
et al. 1992; Gabizon et al. 1997)).

First described in nineteen-thirties and then re-discovered and named by Bangham et al.
(1965), liposomes are most often but not exclusively made from phospholipids (e.g.

phosphatidylcholines), with or without additional membrane components.
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Figure 15: Structure of polyoxyethylene (20) oleyl ether, Ci5.,EO, (top) and
phosphatidylcholine, di-C18:2-PC (bottom).

Herein we use the word liposome to describe a simple lipid bilayer vesicle, which provides the
point of reference for determining influence(s) of membrane additives on the resulting mixed
lipid bilayer properties, such as the bilayer bending rigidity, x.. The additives, which are
typically non-phospholipids (such as cholesterol, surfactants, or drugs), may increase or
decrease bilayer elasticity and permeability. For example, the most popular additive
cholesterol reduces permeability of phosphatidylcholine membranes for the water soluble
molecules and also increases «., both by acting as a bilayer stiffener (Evans et al. 1987; Duwe
et al. 1990; Evans et al. 1990; Winterhalter 1995). On the other hand, it is also possible to
diminish the bending rigidity of a lipid bilayer from the normally high value in the range ., =
5 - 50 k,T (Winterhalter 1995), and most often around 20 k,T (Petrov 1999), to the thermal

stability limit x. = kgT by using suitable bilayer destabilisers. The resulting controllably
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destabilised bilayer is much more flexible than a simple phosphatidylcholine membrane and
more prone to fluctuate. Such membranes are referred to as mixed lipid bilayer vesicles in the
following. The best explored vesicles with increased deformability consist of a bilayer
forming lipid, like phosphatidylcholine, and a membrane softening component, like the
surfactant polysorbate 80 (Cevc et al. 2004a), a bile salt (Evans et al. 1994; Cevc et al. 1998),
lyso-phosphatidylcholine (Zhelev 1998), alcohols (Ly et al. 2004) etc..

Sufficiently high membrane flexibility paired with increased membrane permeability enable
the resulting deformable vesicle to penetrate narrow pores, even if the constriction is far too
narrow for the undeformed vesicle to fit in. The adaptability of such a suitably optimised
ultradeformable vesicle, Transfersome®, had already been used successfully for non-invasive
transdermal delivery of small (M,, < 500 Da) or big (M,, > 100 kDa) drug molecules (Cevc et
al. 1996). To reach the goal, the ultradeformable vesicles loaded with a drug must penetrate
the fine pores in the stratum corneum to reach even deeper target sites below application site.
As introduced in chapter 1.3, the underlying transport is driven by transcutaneous water
activity gradient, and thus involves carrier mediated active transport of drugs (Cevc et al.
2003a), unlike the drug transport of conventional transdermal drug delivery system (TDDS)

that relies on passive drug diffusion (i.e. permeation) across the skin.

The primary objective of this study was to develop an all-purpose, ultradeformable drug
carrier based on the surfactant polyoxyethylene (20) oleyl ether and the phospholipid soybean
phosphatidylcholine. More specifically, | studied the surfactant induced diminution of lipid
bilayer rigidity in sub-solubilisation range (cf. chapter 2.3) with different effective surfactant
to lipid molar ratios Re = c¢/c;. This property, common to all the above mentioned membrane
softeners, is the basis for making Cis.1EO, containing deformable vesicles useful for

transdermal applications.

Due to the strong effect of membrane thickness dmem 0N the bilayer’s bending rigidity ( xc
dmer” ) (Evans 1974; Bermudez et al. 2004), the experiments were performed with unilamellar
lipid vesicles. In contrast to the well established but rather difficult to use micropipette
aspiration technique (Evans et al. 1987) and different optical methods (Schneider et al. 1984;
Duwe et al. 1990), | measured the bending rigidity and adaptability of simple and mixed lipid
bilayer vesicles with a relatively new membrane adaptability assay (CMA) (Cevc et al.
2003b). The test is based on a pressure-dependent aggregate transport across nanoporous,
semi-permeable barriers with fixed size openings and in its basic form (Cevc et al. 1998; Cevc

et al. 2003a) requires no fancy equipment to conduct.
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3.2. Material and Methods

3.2.1. Materials

The natural, bilayer forming lipid soybean phosphatidylcholine, SPC, was purchased from
Lipoid (Ludwigshafen, Germany) with the grade Lipoid S100 (purity > 90 %). As a product
of biological origin, its composition of esterified unsaturated and saturated fatty acids varies.

The average fatty acid content is presented in Table 5:

Eatty acids palmitic acid | stearic acid oleic acid linoleic acid | linolenic acid others

Y C16:0 C18:0 C18:1 C18:2 C18:3

Content [%] 15.8 4.6 13.3 60.9 5.3 0.1
Table 5:  Fatty acid content of natural soybean phosphatidylcholine, SPC

(Avanti Polar Lipids 2006)

The non-ionic surfactant polyoxyethylene (20) oleyl ether, Brij98®, was of analytical grade
and supplied from Sigma-Aldrich. Phosphate buffer salts were from VWR (Darmstadt,
Germany) and aqua ad iniectabilia was from Deltaselect (Dreieich, Germany); both had

European Pharmacopoeia quality.

3.2.2.  Preparation of simple and mixed lipid bilayer vesicles, and of mixed

micelles

Mixed micelles with an effective surfactant to lipid ratio Re = 3.0 mol/mol and large
unilamellar vesicles (LUV) with R¢ = 0 - 1 mol/mol were prepared by individually mixing a
clear micellar surfactant solution (10 w-% Ci5.1EO5 in phosphate buffer, pH = 7.2, 50 mM)
and an opaque vesicle suspension (10 w-% SPC in phosphate buffer, pH = 7.2, 50 mM). The
resulting blend was stirred for 2 h before extrusion through a set of different track etched
polycarbonate membranes (PCTE, GE Osmonics) with decreasing pore diameter (d = 400 nm
— 100 nm (Olson et al. 1979; Mayer et al. 1986; MacDonald et al. 1993)). Subsequent freeze-
thaw cycles (180 min at -70°C, 30 min at 40°C) and final multi-extrusion through the PCTE
membranes (d = 400 nm — 80 nm) were used to accelerate the surfactant exchange across the
bilayers and to improve uniformity of final C15.1EO5 distribution between the outer and inner
monolayers (Biondi et al. 1992) as well as a narrow final vesicle size distribution. The
average vesicle size (dyes) and polydispersity index (PDI) were checked by the dynamic light
scattering (DLYS), as is described in chapter 2.2.4.
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Re SPC suspension C18:1EO4 suspension yes PDI pH
[mol/mol] [mg/g] [mg/g] [nm]

0.00 1000 0 118.6 0.072 7.10
0.10 874 126 103.3 0.069 7.15
0.17 807 193 109.1 0.081 7.20
0.20 777 223 106.6 0.072 7.20
0.25 736 264 103.7 0.051 7.15
0.32 685 315 100.9 0.063 7.20
1.00 410 590 104.9 0.111 7.20
3.00 188 812 13.9 0.383 7.20

Table 6:  Vesicle size, polydispersity index and bulk pH of simple and mixed lipid bilayers, and of the
mixed micelles comprising soybean phosphatidylcholine (assumed M, = 800 g/mol) and
polyoxy-ethylene (20) oleyl ether (assumed M, = 1150 g/mol) .

3.2.3. Membrane adaptability measurements

Experimental set-up

Continuous membrane adaptability measurement (CMA) relies on pressure driven filtration of
the tested vesicle suspension through a nanoporous filter, which acts as transport obstacle for
the stiff and inflexible simple bilayer vesicles with diameter ds, significantly larger than the
pore size dy (dves = 100 - 120 nm >> d, = 20 nm). In contrast, the adaptable mixed bilayer
vesicles can penetrate the barrier, which is used in the test as the *“skin surrogate”. Analysis of
the suspension flow as a function of pressure dependency provides information on the average
vesicle bilayer adaptability. The experimental set-up of a CMA device is schematically shown

in Figure 16.

In a typical CMA measurement, about 3 - 10 ml of the test suspension are placed in a
tempered filtering device containing a highly porous inorganic filter. The measurement is
started by applying a continuously changing pressure difference Ap over the filter typically
starting with Aps = 0.5 - 2.0 MPa and ending with Ap; = 0.05 - 0.1 MPa. During the vesicle
penetration test the time-course of pressure difference Ap(t) and the actual filtrated mass m(t)
are constantly recorded using a personal computer to finally obtain experimental penetrability

function:

o (Ap)= I (10)
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The value of P, is defined as a mass flow dm per time dt through the filter area A for each
applied pressure difference Ap across the barrier. (Due to slightly noisy data points, nearest
neighbour averaging is performed on the actually measured data)

@

— :
i

Figure 16: Schematic illustration of the set-up used for membrane adaptability measurements (CMA):
(1) pressure supply; (2) pressure controller; (3) controlling and recording of pressure and
filtrate weight by a computer; (4) tempered filtering device with a narrow inorganic pore
filter, d, = 20 nm; (5) analytical balance, measuring the transported suspension quantities.

Theoretical description and evaluation

The filter penetration by a vesicle suspension can be described within the framework of a
thermodynamic model assuming an activated transport process (Cevc et al. 2003b). To
penetrate pores smaller than the average vesicle diameter, each vesicle must deform,
consuming activation energy Ea. The energy of the pore penetrating vesicle E,es, consists of
bilayer deformation energy Wy and, to a negligible extent, of thermal energy kgT.

1
Eues = KeT +Wy =KgT +Aglyn, 1Ap (11)

The deformation work depends on the transport-driving pressure Ap and on the dimensions of
the pore with a cross section A, and length I,, of which there are n, per unit area.

-37-



Chapter 3

In thermodynamic equilibrium a distribution of energetic states with certain population
density rather than just a well-defined energy level exists. The equilibrium vesicle population
density n of different energetic levels can be described by the Maxwell-Boltzmann
distribution (Skrdla et al. 2005):

3

2 - é U
n(EA’Eves): Tpx Eveg X\/ EA Xexpé——Ag (12)
u

Integration of equation (12) yields the ratio of the vesicles with ability for barrier penetration,

i.e. the penetrability P (erf is the error function):

2 0 é U
P(En.Eyee)=1-erfl | oA 24 [ oup2 Ead (13)
ves & Euesi

ves e ves

Alternatively, the penetrability P can be expressed in terms of applied pressure Ap with only
two fitting parameters: Ppax, corresponding to the maximum penetrability at Ap — oo, and p*,
corresponding to the characteristic pressure at which the average vesicle energy equals the

activation energy (Ea /Eves = 1) when P(4p = p*) = 0.57 Ppax.

T, & [p*0 [4p* & p*if
P(Ap): P Xil-erf \/—:+\/ XeXPa— —(|V (14)
o O wp s pap Apiy
Gompper et al. (1995) described the proportionality between Ex and p* with a model similar
to that given in equation (13), but used the more general driving field f* instead or the
threshold p*.

The p* value thus gauges the average vesicle’s bending rigidity and the barrier’s penetrability
in units of inverse pressure, a* = 1/p* ; this is the only vesicle-characterising parameter and
independent of the other suspension parameters, such as the average vesicle size (Cevc et al.
2003b; Cevc 2004). In contrast, the Pnax Value depends on the filter and sample parameters
(such as filter porosity, filter area, sample viscosity, temperature, etc.) and can be referenced

to the vesicle free suspension medium.

By adjusting the curve described in equation (14) to the measured experimental penetrability
curve Pep, the system-specific parameters p* and Pmax can be derived using Levenberg-
Marquard standard least square fitting procedure (Levenberg 1944; Marquardt 1963).

-38-



Chapter 3
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Figure 17: lllustration of relative pore penetrability P/P., by a vesicle
as a function of the penetration-driving pressure difference
across the pore Ap and of the vesicle energy E,., based on
the Maxwell-Boltzmann distribution.

3.3.  Results

3.3.1.  Penetrability of simple and mixed lipid bilayer vesicles, or of mixed
micelles

The penetrability curves given in Figure 18 for different bilayers mixtures, made from
polyoxyethylene (20) oleyl ether and phosphatidylcholine membranes, reveal an increasing
ability of the vesicles with increasing R to penetrate narrow pores; the penetration is clearly
different for the simple lipid vesicles, the mixed lipid bilayer vesicles, or the mixed micelles,

however all aggregates.

The pore penetration P function for the mixed lipid vesicles with 100 - 110 nm diameter
(Table 6), pressed through pores with dys/d, > 5 , increases until the effective surfactant to
lipid ratio reaches R, = 0.25 mol/mol. The flow behavior of much smaller mixed lipid
micelles (dmic = 14 nm) contrasts the flux of simple or mixed vesicle suspensions. Even at low
trans-pore pressure differences, the colloidal suspension of mixed micelles flows nearly
freely, similar to the pressure-independent flow of simple buffer solution through the filters
(cf. Figure 19 and Cevc et al. (2003b; 2004)).
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The mixed micelles with a relative size of dmic/d, = 0.7 can thus demonstrably pass the

obstacle without any difficulty or transformation.

4

R =0 R,=0.10 R, =017 R,=0.20
3k

P [s/m]

0.5 | 0.0 | 0.5 | 0.0 | 0.5 | 1.0
D p [MPa]

Figure 18: Pore penetrability in dependency of the driving pressure (P values — Py, data «)
for a suspension of simple lipid vesicles (top left; R. = 0 mol/mol, de/d, > 5) or for the mixed
bilayer vesicles (from top left to bottom right) with different molar surfactant to lipid ratios
Re; the corresponding mixed micelles are shown for reference (bottom right; R, = 3 mol/mol,
dmic/dp < 0.7). With increasing relative C,5.1EO, content the pore penetration ability of mixed
lipid vesicles increases. For the mixed micelles, no significant pressure dependency is observed.
Simple lipid bilayers, liposomes, with an average size (dves = 120 nm) comparable to that of
the tested mixed lipid bilayer vesicles are nearly unable to penetrate a nanoporous filter when
driven with a pressure difference of up to Ap < 1 MPa; a driving pressure at which the mixed
lipid bilayer vesicles show a high and increasing penetrability depending on R.. The small
amount of liposomes, which have passed the filter at the high driving pressure, have arguably
been ruptured rather than deformed during the narrow pore penetration. This is evidenced by
approximately -50 % reduction in the average vesicle size after penetration compared to the
starting value. The mixed lipid vesicles, in contrast, retain their original size within
-10 — -20 % size reduction. (The higher is the suspension flux the greater degree of
fragmentation, probably owing to the corresponding increase in shearing force (1 MPa),

especially at the measurement’s start (data not shown)).
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A more detailed and quantitative comparison of the data measured with the tested mixed lipid
bilayer vesicles in Figure 19 requires penetrability curves fitting. This then reveals an increase
in penetrability values with increasing C15.1EO,y contents in phosphatidylcholine bilayers, up
to the limiting surfactant to lipid ratio of R, > 0.25 mol/mol = R, where the membrane is

saturated with the surfactant and vesicle solubilisation begins (cf. chapter 2.3.1).

buffer

0.1+

P/P

/

0

Re
mol/mol]
0.01 : ' :

0.0 0.5 1.0
D p [MPa]

Figure 19: Relative penetrability P/P.. curves for the mixed lipid
vesicles with different C.5.,EO, to SPC molar ratios, R..
Pure buffer and mixed micelle suspension (R, = 3 mol/mol)
data, as well as results of measurements with simple lipid
vesicles (R, = 0 mol/mol) are shown for comparison.

As soon as lipid solubilisation is complete, leaving the mixed lipid micelles as the only
residual aggregate form, the penetrability curve becomes nearly pressure independent and is
comparable to that of a pure buffer solution. The reason is that p* — 0 makes the model
underlying equation (14) no longer applicable due to the fact that for the mixed micelles with

an aggregate size smaller than the pores deformation is no longer necessary.
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3.3.2.  Adaptability of simple and mixed lipid bilayer vesicles, or of mixed
micelles

The characteristic pressure p* at which the average vesicle energy equals the pore penetration
activation energy decreases with increasing R, up to the membrane saturation limit
RS This is highlighted logarithmically in Figure 20. In other words: at Re"* = 0.25 mol/mol
the maximum possible vesicle shape adaptability is therefore reached (in inverse pressure
terms: a* = 1/ p* =~ 1.5 MPa™). This emphasises polyoxyethylene (20) oleyl ether ability to
lower the activation energy for pore penetration by the vesicles containing such surfactant,
and thus for membrane deformation. Compared to simple (Re = 0 mol/mol) or mixed bilayer
vesicles with relatively low surfactant content (R, = 0.1 mol/mol), the adaptability of mixed
lipid bilayer vesicles saturated with Cy5.1EO5 is improved by a factor of 8 for the former and

by 3 for the latter composition.

10 :
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R, [mol/mol]

Figure 20: Characteristic pressure p* in dependence of different molar surfactant to lipid ratio R..
With increasing R, the p* value, at which the average vesicle energy equals the
activation energy, decreases up to the saturation limit R = 0.25 mol/mol, highlighted
logarithmically through the triple measured data points (e).
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3.4. Discussion

The use of phosphatidylcholine bilayer vesicles in research and pharmaceutical products is
sensitive to their physico-chemical properties, such as the average vesicle size, lipid bilayer
phase (gel or fluid), membrane permeability, bilayer elasticity, etc. The latter property is a
topic that has been intensively studied and discussed for both simple and mixed lipid bilayers
vesicles, with or without a second membrane component. Mixtures of phosphatidylcholine
with various surfactants, monoacyl-phosphatidylcholines, alcohols, cholesterol, etc. provide

ample examples for that.

Polyoxyethylene fatty alcohol ethers are edge-active compounds that can influence
phosphatidylcholine bilayers rather strongly ((Heerklotz et al. 2000a). Within the framework
of this work, | studied relative surfactant concentration effect on the pore penetration ability
of the mixed lipid vesicles comprising SPC and Ci5.1EOg, which yielded information not
only on vesicle adaptability a* or the corresponding lipid bilayer bending rigidity «. but also
on lipid bilayer solubilisation, which | had studied independently to even greater level of

detail with the static and dynamic light scattering in chapter 2.
Membrane saturation limit

Polyoxyethylene (20) oleyl ether is a rather *“strong” surfactant that can disintegrate lipid

sat

bilayers at surfactant/lipid ratio R.™ < 1 mol/mol (Heerklotz et al. 2000a); the substance also
possesses a relative high partition coefficient in phosphatidylcholine bilayers: logK ~ 4 M
(Heerklotz et al. 2000b), due to its relatively low CMC = 25 pM (Umbreit et al. 1973;
Klammt et al. 2005). As a result, the saturation limit of SPC membranes with C;g.1EQOy is
quite low as is illustrated in Figure 20 and as has also been confirmed in chapter 2.3.1. Both,
membrane adaptability and the light scattering measurements thus reveal similar membrane
saturation limit of R = 0.25 mol/mol.

Penetrability curves for the mixed lipid bilayers with R.™

> (.25 mol/mol do not differ from
each other. This is indicative of progressive lipid solubilisation, leading to progressive
formation of mixed micelles co-existing with a diminishing number of surfactant-saturated
mixed lipid vesicles above this ratio. The composition of the mixed lipid vesicles in the
solubilisation range (Re = 0.25 — 3.0 mol/mol) is arguably constant and independent of R,

sat

(Levy et al. 1990) causing all vesicles above R to have approximately similar energy Eyes.
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Thus, the same membrane deformation energy Ea is necessary for pushing the vesicles
through narrow pores, according to equation (13), explaining congruent penetrability curves

at low penetration driving pressures.
Membrane adaptability and bending rigidity

The deformation energy Ea involved in pore penetration is proportional to the membrane
bending rigidity ., as described by the Helfrich Hamiltonian (Helfrich 1986). This is to say
that the shape and fluctuations of lipid bilayer vesicles are controlled by «¢, as the total energy
for membrane deformation is independent of vesicle size (Helfrich 1973). The independency
is explicable for the pore penetration by the spherical vesicles of different sizes (dves > dy),
when the work of vesicle deformation stems nearly exclusively from the highly curved ends
of the resulting spherocylinder (Cevc et al. 2003b; 2004).

Bending rigidity of various phosphatidylcholine bilayers has been measured to be between
5 kpT and 50 kT, depending on the hydrocarbon chains composition (Winterhalter 1995). The
actual value is particularly sensitive to the fatty acid chains length and the degree of
unsaturation: in contrast to the di-saturated and mono-unsaturated phosphatidylcholine
bilayers, poly-cis-unsaturated membranes are more elastic (Beblik et al. 1985; Rawicz et al.
2000).

To compare elasticity of soybean phosphatidylcholine membranes containing
polyoxyethylene (20) oleyl ether in terms of ., a bridging between the measured
characteristic pressure p* and bilayer bending rigidity must be done. Due to proportionality
Ea 1 ke 1 T* 0 p* (Gompper et al. 1995), the bending rigidities and inverse adaptabilities of
different SPC/C15.1EO,9 mixed bilayer membranes can be scaled, in the first approximation,

as follows:

_ p*xkc,l
Ke=——— (15)

p*
pi* is the characteristic inverse adaptability of simple SPC bilayer vesicles, and ., the
corresponding bilayer bending rigidity. Unfortunately, to the best of my knowledge, no «
value for simple soybean phosphatidylcholine bilayer membranes has been published to date.
| therefore estimated ., by considering the fatty acids chains composition of SPC and
calculating x., additive with the proportionate bilayer bending rigidities of the different
diacyl-phosphatidylcholines in SPC.
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Fatty acids Cis0 Clsgg Cig1 Ciso Cis3 Coo4 others
K [KeT] 48.6° 43.7° 20.7° 10.7° 9.2° 10.7° | -
EPC [%)] ¢ 34.0 11.0 32.0 180 | e 3.3 1.7
SPC [%] © 15.8 46 13.3 60.9 53 | e 0.1
Cmeasured k_ccalculated
EPC 26.7 - 27.9 kgT °° 30.7 kgT
SPC n.a. 19.5 kgT

Table 7:  Estimation of x, for the simple soybean phosphatidylcholine bilayers based on proportionate
bending rigidities of different diacyl phosphatidylcholines in SPC.
The same estimate for egg-yolk phosphatidylcholine (EPC) yields a result consistent with
published data.
b Bending rigidity for diacyl-PCs obtained from Beblik et al. (1985)* and Rawicz et al. (2000)°
° Fatty acid composition of EPC and SPC obtained from Avanti Polar Lipids (2006)
¢ Bending rigidity for EPC obtained from Duwe et al. (1990)¢ and Schneider et al. (1984)°

As a control for the estimate, literature data of x. for egg-yolk phosphatidylcholine (EPC)
were used and are listed together with the calculated results in Table 7. For EPC a bending
rigidity of x. = 30.7 kgT was calculated, which is in a good agreement with published
measured results x. = 26.7 — 27.9 kgT (Schneider et al. 1984; Duwe et al. 1990). SPC bilayer
membranes should then have a slightly lower value x;; = 19.5 kgT, and thus a higher
elasticity. Therefore, SPC seems to be better suited as educt for manufacturing

ultradeformable, mixed carrier vesicles in combination with C15.1E020 than EPC.

Nevertheless, the bending rigidity of simple SPC vesicles is much higher than the required
low bending rigidity of ultradeformable carriers, which is and should be in the range of
ke ~ kgT (Safinya et al. 1989; Gompper et al. 1995; Cevc et al. 1998).

Edge-active substances with a high affinity for the strongly curved membranes lower the
vesicle deformation energy by way of curvature-induced lateral demixing of membrane
components; this leads to accumulation of the membrane softening ingredients in the most
curved parts of the deformed bilayer vesicle (Gompper et al. 1995; Cevc et al. 1996; Cevc et
al. 2003b). A significantly higher artificial and mammalian skin penetrability for the mixed,
surfactant containing bilayer membranes compared to simple lipid bilayer vesicles has indeed
been reported (Bouwstra et al. 2003; Cevc et al. 2003a; Cevc et al. 2003b; Cevc et al. 2004a).

The non-ionic, edge-active, surfactant polyoxyethylene (20) oleyl ether was shown in this
study to reduce . in concentration dependent manner by nearly a factor of 8; from x.~ 19.5

keT for simple SPC vesicles the mixed bilayer elasticity energy decreases to k. =~ 2.5 kgT for
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the membranes with 20 mol-% Ci5.,EOy in the SPC matrix. Figure 21 illustrates the
phenomenon for Ci5.1EO5 up to 20 mol-%, which corresponds to the membrane saturation
limit Re™" = 0.25 mol/mol. Beyond this threshold, the surfactant starts to dissolve some bilayer
vesicles resulting in coexistence of mixed bilayer vesicles, with essentially constant
properties, and the corresponding mixed micelles, with no aqueous core and practically zero

penetration resistance in case of 20 nm pores.
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Figure 21: Bending rigidity, x;, and characteristic pressure, p*, in dependency on the molar
ratio of C.5.,EQOy in the lipid bilayer membrane.
The bending rigidity of simple soybean phosphatidylcholine vesicles with x, =
20 kgT softens to a low value of k. = 2.5 kgT at the saturation limit with 20 mol-
% C1541EOy in ultradeformable carrier vesicles, Transfersome®.

The bending rigidity x. = 2.5 kgT of the C15.1EO, saturated bilayer membranes approaches
optimum elasticity of ultradeformable bilayer vesicles near the thermal energy kgT. This is
illustrated in the computer simulation of pore penetration by a vesicle with a bending energy
of 2 kgT in Figure 22 (Gompper et al. 1995). By inference, such mixed bilayer vesicles are
flexible enough to penetrate also even narrow hydrophilic pathways in the stratum corneum of

mammalian skin.
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in vitro in vivo

—
— ——
—_— e

deformation deformation

by pressure by transbarrier

water gradient

Figure 22: Computer simulation of vesicle penetration through pores with d, << dyes.
The ultradeformable vesicle with a bending rigidity of 2 kgT can penetrate through artificial
or human skin pores driven by an applied pressure (in vitro) or a transbarrier water gradient
(in vivo) (Adapted and modified from Gompper et al. (1995)).

Highly flexible, and fluid vesicles transport through the stratum corneum is detectable by
electron microscopy as well, e.g. in the freeze fractures micrographs of the skin-strip tapes
shown in Figure 23. Related data have been published for other kinds of elastic vesicles,
composed of a bilayer-forming non-ionic surfactant plus a micelle-forming ionic surfactant
(Honeywell-Nguyen et al. 2002).

Figure 23: The skin: freeze fracture electron micrograph of ultradeformable
vesicles in hydrophilic skin pores of the stratum corneum.
(by courtesy of Prof. Dr. J. Bouwstra)
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Mixed micelles

Penetrability curves of mixed micelles and mixed lipid bilayer vesicles are shown in

sat

Figure 19. Coexistence of both such aggregate types between R, = 0.25 mol/mol and
R = 3 mol/mol should also be reflected in detailed penetrability data derived from the
corresponding suspensions. However, the penetrability fits given in Figure 19 reveal no
significant difference between the surfactant saturated vesicle suspension and the suspension
containing a mixture of such vesicles and mixed micelles. This is not surprising given that
equation (14) only allows for one kind of penetrating aggregates. One therefore has to revert
to the raw data, and focus on the low pressures regime to see anomalies (cf. Figure 18):
at Ap — 0 the measured penetrability is slightly increased compared to the penetrability fit
derived using equation (14). This is an indication of the relatively higher rate of micellar
suspension penetration at low pressures compared to vesicles suspension. Co-consideration of

vesicles and micelles with the following formula

I::‘tot (A p) A i * I:)mic (A p) + (1 - a)x I:)ves (A p) (16)

thus permits calculation of the micellar fraction anmjc in the tested suspension.
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Figure 24: Relative micellar concentration a./as, in dependence of the surfactant to lipid ratio, R,
or the free surfactant concentration c.s respectively. The micellar fraction increases
between RS and R linear as is described by Levy et al. (1990) (solid line), however
with a slight micelle detection below R, (dashed line, r = 0.999).
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Figure 24 suggests a linear increase of micellar fraction with increasing surfactant to lipid
ratio R, till complete solubilisation is reached at R = 3 mol/mol. The linear and continuous
formation of micelles is consistent with the results of Levy et al. (1990) and Heerklotz et al.
(1994). The former determined phospholipid and surfactant concentrations in the supernatant
and pellet of ultracentrifuged suspensions and reported a linear increase for the former and a
linear decrease for the latter component between RS2 and R:S”. Given the micellar size
constancy in this range (cf. Figure 8 in chapter 2.3), the number of mixed micelles should

therefore increase linearly between R and R:>"', in agreement with our finding.

Existence and detection of mixed micelles is not limited to the range of progressive vesicles
solubilisation between R, = 0.25 — 3 mol/mol, however. | also detected some micelles below
that range, for R, = 0.17 - 0.25 mol/mol. An explanation could be the high used total
surfactant concentration, which had been ¢; = 10 — 23 mM in the latter range of R, values.
With the molar partition coefficient value of log K = 4.3 M (Heerklotz et al. 2000a; 2000b)
the corresponding free, i.e. monomeric non-aggregated, surfactant concentration is calculated
from equation (17) to be ¢s; = 9 — 12 uM, which is close to CMC = 25 uM (Umbreit et al.
1973; Klammt et al. 2005).

K xc,

C.r =C.—— "
sf s 1+ K,

C (17)

Lichtenberg et al. (1993; 2000) reported for most surfactants a free monomer concentration at
the saturation limit cs* < CMC. Depending on total lipid and surfactant concentrations he

sat

considered the formation of mixed micelles below RS and cs™, respectively, a possibility

especially for highly concentrated vesicle suspensions used in this work.

3.5. Conclusion

With this study it was shown that it is possible to correlate results of membrane adaptability
measurements with several key properties of simple and mixed lipid bilayer vesicle
membranes. Most importantly, | have shown that the adaptability a* of such vesicles can be
assessed and translated into bilayer bending rigidity ., using a suitable phenomenological
theoretical model. We furthermore provided an experimental alternative for measuring the

saturation limit RS

of surfactants in lipid bilayers compared to the more conventional,
mostly spectroscopic, methods. Such physical option had been, indeed, demanded by
Lichtenberg et al.(1983) long ago, and seems to be suitable for this purpose, whilst being also

indicative of the tested vesicles ability to cross narrow pores. Better resolved CMA curves, in
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the future, could also be used to detect the presence of micelles in a suspension of lipid
vesicles, and to quantify the concentration of the former. A good estimate of the latter was

achieved already with the current set-up.

Polyoxyethylene (20) oleyl ether is a “strong” surfactant with concentration dependent, but on
the whole excellent, membrane softening activity. Using this surfactant and soybean
phosphatidylcholine, ultra-adaptable bilayer vesicles can be produced, provided that the

surfactant/lipid concentrations ratio is kept below R < 0.25 mol/mol.

The results collected and analysed in this study provide a good starting point for future
practical developments based on such all-purpose ultradeformable vesicles, Transfersome®,
with the intended use as carriers for either low or high molecular weight drugs for non-

invasive transdermal drug delivery.
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4. WATER-MEMBRANE PARTITIONING AND DISTRIBUTION OF
BUPIVACAINE AND KETOPROFEN IN BILAYERS IN
DEPENDENCY ON pH AND ELECTROSTATICS

4.1. Introduction

The pharmacokinetic and pharmacodynamic characteristics of a new drug molecule, or a well-
established drug with a new indication or application form, are important and interesting in
therapeutic product development. The hydrophilicity < lipophilicity ratio often relates to the
drug’s biological properties, as observed during Absorption, Distribution; Metabolism, and
Excretion. Beyond ADME, the drug’s interaction with specific and unspecific targets
(receptors, enzymes, proteins etc.) may also depend on relative hydrophilicity or lipophilicity

of the active agent.

The widely used determination of 1-octanol/water partition coefficient, Py, can yield useful
information on the drug’s relative lipophilicity. However, 1-octanol is not a biological
molecule. It is therefore much better and more relevant to study the drug’s partition
coefficient between phospholipids and water, Prem, Which can be measured using lipid bilayer
membrane vesicles. The membrane model simulates physiological drug surrounding more
precisely than an isotropic solvent, such as 1-octanol. In vitro pharmacokinetic and
pharmacodynamic properties are thus correlated better with an in vivo situation in which
numerous membrane « drug interactions are expected during ADME, e.g the transcellular

passage of an orally applied drug through lipid bilayers in the intestinal epithelium.

Beyond pharmacological aspects, galenic problems can also be tackled by studying bilayer
membrane partition and distribution coefficient. Optimum loading of a drug on/into lipid
vesicles is among others a major key in the development of good pharmaceutical products
based on lipid bilayer vesicles (Langner et al. 1999; Cevc et al. 2001; 2004a; Allison 2007,
Rother et al. 2007). Knowledge of Pmen Will thus provide a good basis in galenic research

works.

In contrast to the common shake-flask method (Bouchard et al. 2002), which is used for Py,
but inapplicable to Pprem determination, the drug membrane partition coefficient can be
measured using different methods such as ultrafiltration (Austin et al. 1995), titration (Avdeef
et al. 1998), dialysis (Kramer et al. 1998), immobilized artificial membrane (IAM)-HPLC
(Ottiger et al. 1999), and the predictable quantitative structure activity relationship
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simulations (QSAR) (Patel et al. 2001). Each of these methods has its merits, but pH-metric
titration is the only one that allows determination of partition and distribution coefficients as a
function of the drug dissociation.

The current commercial drug substances can be divided into three groups (Balon et al. 1999):
bases (75 %), acids (20 %) and neutral molecules (5 %). The basic or acidic drugs often
coexist in a charged and neutral form, dependent on the formulation or ambient pH. Detailed
pH-metric titrations by Avdeef (2003) showed that for the neutral molecules the partition
coefficient in bilayer membranes is comparable with that in 1-octanol, PN e = PNosw, While
for the ionized drug form the partition coefficient is significantly higher in a membrane than
in 1-octanol, P'vem >> P'w. Therefore, the resulting pH dependent drug distribution
coefficient, Dyem, IS higher in the membrane at pH values where the ionized species

predominates.

Ketoprofen Bupivacaine
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Figure 25: Structures of the acid ketoprofen (left) and the base bupivacaine (right).
(A) chemical structure; (B) 3-D structure; (C) surface lipophilicity; (D) surface charge
(Generated with HyperChem.)
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Drug partitioning into membranes is also sensitive to electrostatic and polarity effects, and to
interactions between the drug molecules and phospholipid bilayers (Cevc et al. 1987). This
explains why different salt concentrations (Bauerle et al. 1991; Alcorn et al. 1993; Thomas et
al. 1993; Austin et al. 1998) or different choice of phospholipids, such as
phosphatidylcholine, phosphatidylethanolamine, and phosphatidylserine (Langner et al. 1995;
Pedros et al. 1997; Takegami et al. 2005), influence P'emand Dien.

| therefore studied partitioning and distribution of the basic local anaesthetic bupivacaine and
of the acidic non-steroidal anti-inflammatory drug (NSAID) ketoprofen (Figure 25) into
bilayers of soybean phosphatidylcholine. | measured the drug partitioning in this work in
dependency on the bulk pH but also explored the influence of salt concentration on equilibria.
To the best of my knowledge, no bilayer membrane partitioning data have been published for
these molecules to date, at least not considering electrostatic interactions between the drugs
and the membrane in parallel. Such interactions are important, however, in designing drug
containing ultradeformable bilayer membranes, with the intended use as vesicular carriers for
transdermal drug delivery (Cevc et al. 2003b; Cevc 2004).

The outcome of the present study will confirm observations of different authors which also
measured and considered electrostatic effect on drug membrane distribution. Unfortunately,
numerousness partition and distribution coefficient data published for various drugs and
excipients to date neglect such electrostatic interactions. With the results of the following
partition coefficient measurements, | tried to study drug partitioning as a function of bilayer’s
charge density, surface potential, and polarity, finding out that these interactions are

substantial when measuring and presenting P™mem, P'mem, and Dimen.
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4.2.  Theoretical background

The dissociation constant, pK,, of an ionizable acid or base in water is defined as the negative
common logarithm of the dissociation equilibrium, K,
+ -
_ogH:O IA']
[AH]

- _log IF:OIIE]
[BH']

pK, =-logK, = for acids
(18)

for bases

with a pH dependent dissociation degree, a, defined as:

_ 10 pH - pKa
* = 10m e 11 )

Any drug’s dissociation is influenced by polar and electrostatic effects involving the
surrounding solvent as well as ions. Dissociation constant is therefore different in a lipid
bilayer membrane, pKnem, and in water, pK,. pH-metric titration of an acid or base in lipid
bilayer vesicles suspension therefore yields an effective dissociation constant for the
molecules in contact with water and with lipid aggregates. The relationship is not a straight
one however, but rather a result of four coupled equations of equilibrium, as is illustrated in
Figure 26.

The resulting apparent dissociation constant, pKapp, depends on partition coefficients of the
charged and the neutral drug forms, P'yem and PNem, respectively, as well as on the pK, and
pKmem Values, with the apparent value being between the two.

Basic drug molecules Acidic drug molecules
5
= + PK, + PR, - *
2| BH+HO ——> B+H,0 AH+H,0 —> A +H;0
£

Figure 26: Schematic illustration of dissociation and partitioning of bases (i.e. cationic acids) and acids in
a system consisting of an aqueous bulk phase and lipid bilayer membranes.
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The charge-specific partition coefficients for the neutral and for the ionized molecules can be
calculated from the respective, directly measured, drug concentrations in the bilayer
membrane, Crem, and in water, c,, (Miyazaki et al. 1992):

N |

C C

N _— “mem | — “mem

I:)mem - N I:)mem - | (20)
w Cw

The associated pH dependent, phenomenological drug distribution coefficient, Dmem,

considers both the neutral and ionized molecules (Miyazaki et al. 1992):

N l
Crem +C

Drem = —n——1 (21)

Cy +Cy
Alternatively, by measuring the apparent dissociation constants, pKapp(j), for at least two
different lipid volume ratios v; = Viipia / Vierar ( J = 1 and 2), the neutral and ionized drug’s
partition coefficients in lipid bilayers can be calculated from the known dissociation constant

in water, pK, (Avdeef 1992; Avdeef et al. 1998):

v, XlO‘(PKapp(z)— pKa)‘ ~v, XlO‘(PKapp(l)— pKa)‘ B (V2 N Vl)Xlo ‘(F)Kapp(l)‘L PKapp (2)-2 pKa)‘

pN =
mem VLV, Xglo(pKapp(l)- pKa)‘ _ 10‘(pKapp (2)- PKa)‘ U (22)
pl -V xlO‘(pKapp (2)-pca)| _ v, Xlo‘(pKapp (1)- pKa )| v, -,
- V.V Xélo‘(pKapP W- pKa)‘ _ lo‘(pKapp(Z)- pKa)‘ u (23)
V2 "4 ,
: d

Knowledge of both partition coefficients enables pH-dependent evaluation of the drug’s

distribution including both charged and neutral molecular forms:
10g Dyery = 10g (P + P, 110°(PFaPH)) - jog f1 4 10°(PKa-PH) ) (24)

with the drug specific sign s = +1 for acidic and s = -1 for basic drug substances.

Equations (20) - (24) are valid so long as membrane properties are not affected significantly
by the membrane bound drug. Practically speaking, this is true for high lipid/drug ratios or
small partition coefficient P'yen. Otherwise, when an appreciable drug quantity is bound to the
membrane, corrections must be made for the drug-induced changes in the membrane
properties, especially for the membrane’s electrostatic potential. The influence of
electrostatics on the drug partitioning must then be considered. This is typically done as a
function of the membrane surface charge density, o, the bulk ions concentration, ¢y, and the

polarity of the membrane/water interface, emem.
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The surface charge density can be estimated from the known dissociation degree, «, of an acid

or a base at the bilayer membrane surface (Austin et al. 1998):

AN My HZ%E

Adrug errug + A| XI’|

(25)

z is the drug’s charge number and e the elementary electronic charge. Aqryg and Ay are the
surface area of the drug and the bilayer forming lipid in the membrane, respectively (A >>

Adrug Within this work). rqryg and ry are the mole ratios of the former and of the latter.

The Debye screening length, Zp, which gives the “thickness” Ap of the diffuse electric double
layer near a charge, influences the surface potential as well, in dependency on ions, i, with

bulk concentrations c,,; and the charge number z; (Cevc 1990):

exeq tkgT
Nyl Qi e, (26)

¢ and g are the dielectric constant of the solution and the permittivity of free space,
respectively. The remaining parameters are the thermal energy, kgT, and the Avogadro

number, Na.

At 25 °C equation (26) simplifies for monovalent salts with total bulk salt concentration ¢,
(Israelachvili 1992):

Jp =0.304xc,, °° 27)

The surface potential, y cc, is usually calculated within the framework of the Gouy-Chapman
model (Gouy 1910; Chapman 1913):

2xkgT . 1€ zxexsxly U
Yoec =7 tsinh & rere tk.T TQ
Zxe e €18y *Kpl

(28)
_stlp
exe,

for yo< 25 mV
Within a membrane interface, e.g. near a phospholipid bilayer membrane, the polarity

changes. In terms of the dielectric constant, the difference is from epem = 35 at the headgroup
t0 emem ~ 2 within the fatty acid chains or to & = 78 in the “bulk” (Marsh 2001).
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Therefore, the membrane surface potential o has to calculated based on equation (28)

_ 2xkgT 1e zrexsxl g ﬂ
Yo = xsinh~
Zxe eZXememerXKBTu
(29)
X
- stho for wo< 25 mV
ememxeo

which only differs from the latter in the dielectric constant value.

In this work, | assumed the location of the charged bupivacaine and ketoprofen, i.e. the
position of the surface charge, near the headgroup and fixed the polarity to emem = 30.

Knowledge of electrostatic surface potential then allows calculation of the drug’s

concentration at the membrane surface, based on equation (20), simply by:

é-z xexyqu
| | 0
Crem = Pmem exPe

(30)
g kgT

O

Coming back to the experimental determination and evaluation of partition coefficients via
pH-metric titrations, it is clear that, under electrostatic consideration and influence, the
apparent dissociation constant is a function of lipid volume ratio, vj. pKapp values determined
for at least two different lipid volume ratios thus allow derivation of the partition coefficients

PMmem and P'em for the neutral and ionized drug forms, respectively:

¢ p
é N u
Prem ¥V +1 .
PK app (Vi) = DK, + slog? P ; (31)
8P e xexpeiyouxvJ +1(
e Kp U U

Equation (31) must be solved together, and consistent, with equations (25),(29), and (30),
using least squares fitting procedure.

The pH dependent distribution of ionizable molecules in a lipid bilayer membrane is then

given, based on equation (24), by:

mem

é
log D Ioge memxexpe% + PN q0s(PKa-pH) Iogh+105 PKa- pH)] (32)
é ¢ kKeT 0
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4.3. Material and Methods

4.3.1. Materials

Soybean phosphatidylcholine (SPC) was chosen as the bilayer forming lipid and was
purchased from Lipoid with the purity grade Lipoid S100 (Ludwigshafen, Germany).
Bupivacaine (hydrochloride monohydrate) and ketoprofen were supplied by Heumann PCS
(Feucht, Germany) and Bidachem (Fornovo S. Giovanni, ltaly), respectively; both met the
quality specifications of the European Pharmacopoeia (EP). Potassium chloride, sodium
hydroxide, hydrochloric acid (all VWR, Darmstadt, Germany), and water for injection

(Deltaselect, Dreieich, Germany) had EP quality as well.

4.3.2.  Preparation of drug containing large unilamellar lipid bilayer vesicles
and blank solutions

Large unilamellar vesicle suspensions with two different lipid concentrations
(160 mg/g and 50 mg/g, assuming p = 1 g/ml) were used in the study. The corresponding SPC
quantity was interspersed into an aqueous solution of either bupivacaine or ketoprofen,
always keeping the final drug concentration constant (c; = 20 mM). To determine the
influence of electrostatics on the drugs partitioning, different amounts of potassium chloride

were added to each suspension.

For better homogeneity, the suspensions were stirred for 2 h, and then extruded through a set
of different track-etched poly-carbonate membranes (PCTE, GE Osmonics) with decreasing
pore size (400 nm — 100 nm); a freeze-thaw cycle (180 min at -70 °C, 30 min at 40 °C) and
multi-extrusion through PCTE membranes with decreasing pore sizes (400 nm — 80 nm)
finished the vesicle preparation (Olson et al. 1979; Mayer et al. 1986; MacDonald et al.
1993). The resulting vesicle size and polydispersity were determined by the dynamic light
scattering (DLS), as is described in chapter 2.2.4. This yielded an average vesicle diameter of
dves = 100 + 15 nm and polydispersity index of PDI < 0.15.

The drug free blank solutions without any lipid vesicle were prepared by dissolving the

required potassium chloride quantities in water.

Directly before a pH-metric titration, the pH value of the vesicle suspension and its allocated
blank solution were adjusted to the starting pH < 3 and pH > 11 for bupivacaine and
ketoprofen titrations, respectively. This was done using adequate volumes of sodium

hydroxide (10 M) or hydrochloric acid (4 M). The resulting final ionic strength, comprising
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all ions (potassium chloride, sodium hydroxide, hydrochloric acid, and drug counter ions) was

calculated to be in the range of I.= 35 mM to 265 mM.

4.3.3.  pH-metric determination of the apparent dissociation constants,
membrane partition coefficients, and distribution coefficients

Determination of drug partition coefficients for the uncharged (neutral) molecule and for the
charged (ionized) entity, as well as analysis of the pH-dependent distribution coefficient, are
based on the pioneer work of Avdeef (1992; 1998).

According to the fundamental equations (22) and (23), the pKap Of lipid vesicle suspensions
with two different total lipid volume ratios, v;, is needed to derive PN e and Plrem. As pointed
out by Balon et al. (1999), the partition coefficients for the neutral and ionized drug forms are
independent on the tested lipid ratios; in contrast, the membrane partitioning of a drug is
typically temperature sensitive. Thus, all the measurements were done at 25 £+ 0.3 °C. Blank
solutions provided controls, and supported the calculation of the mol equivalent of the titrated

drug substance.

The pH glass electrode DG111-SC was calibrated using the titrator DL67 and the LabX Pro
titration software (all from Mettler-Toledo, Giessen, Germany). This was done daily before
the measurements, which were done in triplicate for the drug vesicle suspension and its
reference blank solution. For the ketoprofen containing suspensions, a “down”-titration (from
high to low pH) was employed. For the oppositely charged bupivacaine, an “up”-titration in
opposite direction was chosen (lower panels in Figure 27). The analytes were determined with
two different titrants: sodium hydroxide (0.5 M) and hydrochloric acid (1 M) for bupivacaine
and ketoprofen samples, respectively.

In all experiments, the pH change per titrant addition was limited to A pH < 0.1. This was
done dynamically by the software. The pH equilibration between the lipid vesicle exterior and
interior was adjusted to be 1 - 2 min between each addition, as had been suggested in the
literature (Pauletti et al. 1994).

To evaluate the pKyp, Values, the ratio of the ionized drug molecules

r _ eV - Vi)

ionized — Cd XVtotal (33)

was first calculated. c; is the titrant concentration and Vy, and Vi are the titrant volumes used
for titrating blank solution and vesicle suspension in dependency on pH, respectively.
Cq and Viqtq are the total drug concentration and the measured volume, respectively.
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The ratio of the ionized drug molecules as a function of pH yields an apparent dissociation
constant, pKapp, read-off at the inflexion point of the sigmoidal curve given in Figure 27. At
pH = pKapp, the ratio of the charged and neutral molecules is 1:1.

1.0

0.8

0.6

ionized

= 04

0.2

0.0

14 114

..................
..............
.....................

0.0 0.5 1.0 15 20 0.0 0.5 1.0 15
VNaOH [mL] VHCI [mL]

Figure 27: lllustration of pH-metric titrations for the determination of the apparent dissociation constant,
PKapp, OF bupivacaine (left panels) and ketoprofen (right panels) in bilayer vesicle suspensions.
The lower panels show the measurements of the drug containing lipid vesicle suspensions
(black dotted line) and the blank solutions (grey dotted line). The upper panels illustrate the
ratio of ionized drug (black line) and its derivation (grey line) in dependency on pH.

With the pKapp derived from the experimental data measured with two different lipid ratios, vj,
and further considering the known aqueous dissociation constants of bupivacaine, pK; = 8.09
(Friberger et al. 1971)) or of ketoprofen, pK, = 4.36 (Rafols et al. 1997), the various partition
and distribution coefficients were derived in dependency on electrostatics with a least square

fitting procedure involving equations (31) and (32). The results are given in the following
section.
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4.4. Results and discussion

4.4.1.  Apparent dissociation equilibrium of bupivacaine and ketoprofen
pH-metric titrations of bupivacaine or ketoprofen containing bilayer membranes yielded
different apparent dissociation equilibria in dependency on lipid/drug ratio and total ionic
strength, I (symbols in Figure 28).

Lipid/drug ratio [mol/mol]
0 5 10

8.2 w \ T
“ pK,=8.09 I.= 35mM
8.0 - —1,= 65mM °
78 L — 1. =265mM _%
— &
>
7.6 f g_
g 121 — &

¥
S 65

6.0 - =
L 2
(@]
55 S
i 8
50 I = 35mM || X

I —— 1 = 85mM

4'5? pK =4.36 —— I_=235mM

| | |
0.00 0.05 0.10 0.15 0.20

Lipid volume ratio, v,

Figure 28: The apparent dissociation constant, pKag,, 0f bupivacaine and ketoprofen in
bilayer membrane with different lipid/drug ratios.
With decreasing lipid/drug ratio, the pKgg, shift is reduced due to lower lipid
volume ratio, v;, and due to electrostatic repulsion between the charged bilayer
membrane and the drug molecules at the membrane/water interface.
(ee > measured data ; =—— fitted data ; % reference data )

The pK, shift between the bilayer membrane and water is empirically in the range of -1 to —
1.5 units for bases (Miyazaki et al. 1992) and +2 to +3 units for acids (Austin et al. 1998). For
the base bupivacaine, which has an intrinsic dissociation constant of pK, = 8.09 in water, the
apparent dissociation constant is shifted downwards to pKap = 7.15 — 7.33. For ketoprofen the
shift is upwards, from pK, = 4.36 to pKap = 5.96 — 6.38. Figure 28 suggests, that the
magnitude of this effect depends, among others, on lipid/drug ratio, as is illustrated in Figure
26 for the four coupled equations of equilibrium. In addition, the data fitting curve based on
equation (31) shows an electrostatic influence on pKapp shift, which will get attention in the

following section.
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4.4.2. Bilayer surface charge in dependency on pH

The fitted pKapp curves given in Figure 28 highlight electrostatic effects on drug partitioning.
They show, for example, that at low lipid/drug ratio the pKap shift increases with salt
concentration. This is not surprising given that ions from the surrounding bulk solution not
only affect the Debye screening length, Ap; they moreover affect the surface charge density, o,
and the resulting surface potential, v (cf. equations (25),(26), and (29)).

Figure 29 for bupivacaine and Figure 30 for ketoprofen furthermore illustrate that for constant
drug concentration the drug dependent bilayer surface charge density decreases with
increasing lipid concentration. This is due to enlarged lipid area in case of high total lipid
concentration. High ionic strength, and the corresponding short screening length, reduce
repulsion of the equally charged drug molecules from the membrane/water interface, where

more such molecules reside, and increase pKap, shift, as is shown in Figure 28.

lipid : drug = 3.125 [mol/mol] I lipid : drug = 10 [mol/mol] I

35

- 0.20

-1 0.15

- 0.10

s [e/nm’]

- 0.05

—— 0.00

Figure 29: Surface charge density, ¢, of bupivacaine containing bilayer membranes in dependency on
the bulk pH, ionic strength, I, or the drug/lipid ratio.
Bupivacaine, a tertiary amine base, is positively charged at low pH and neutral at high pH.
With increasing pH, the drug dependent surface charge density therefore changes.
Decreasing lipid/drug ratio and increasing I, both results in higher surface charge
densities, due to weakened electrostatic repulsions.
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Figure 30: Surface charge density, o, of ketoprofen containing bilayer membranes in dependency on
the bulk pH, ionic strength, I, or the drug/lipid ratio.
Ketoprofen, a propionic acid derivative, is negatively charged at high pH and neutral at
low pH. With increasing pH, the drug dependent surface charge density therefore changes.
Decreasing lipid/drug ratio and increasing I, both result in higher surface charge densities,
due to weakened electrostatic repulsions.

The deviation from sigmoidal curve progression, which is seen in Figure 29 and Figure 30 at
low ionic strengths, highlights a phenomenon. Theoretically, in absence of any repulsion, the
membrane bound drug molecules should change from neutral form into the charged one
according to dissociation equation, i.e. sigmoidally with decreasing or increasing pH for
bupivacaine or ketoprofen suspensions, respectively. In reality, the pH-induced changes of
bilayer surface charge density can actually force some of the charged drug molecules out of
the bilayer, thus reducing the final surface charge density. The propensity for this is higher at

low salt concentration, when electrostatic interactions are less screened.

Electrostatic surface potential is therefore one reason why charged and neutral drugs show
different membrane partitioning in dependency on the surrounding salt concentration, an

observation, which will be presented and discussed in the following section.
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4.4.3. Bilayer membrane partition and distribution in dependency on charge
state and electrostatics

The widely used 1-octanol/water partition coefficient (P"yu,) of neutral molecules is similar to
the value measured with phospholipid bilayer membranes in water (Pyem) (Avdeef et al.
1998). For the charged molecules, however, the partition coefficients P'oy, and P'yem are
totally different for the most part (Miyazaki et al. 1992; Austin et al. 1995; Avdeef et al.
1998). The reason is that partitioning of amphiphilic acidic or basic drugs from water into a
membrane depends, among others, on electrostatic effects, on the drug’s charge state, and on

polarity. For example:

The propionic acid derivative ketoprofen in neutral form possesses an 1-octanol/water
partition coefficient log PNy = 3.12 (La Rotonda et al. 1983). This is in good accord with
log PNmem = 3.27 found in this study. For the ionized ketoprofen the partition values in octanol
and membrane differ significantly: log P! = -0.95 (Avdeef 2003) and log Pl em = 0.15 -
1.18, in dependency on ionic strength.

Bupivacaine, a tertiary amine base, has a similar log PN, = 3.38 (Razak et al. 2001) but ten
times lower partition coefficient in the neutral form in a bilayer: log PN e = 2.43. However,
the partitioning of the positively charged bupivacaine is significantly higher compared to
ionized ketoprofen, particularly at low salt concentrations: log P'yem = 1.23 - 1.58.
Unfortunately, to the best of my knowledge, there are no other comparable literature data for

the partitioning of charged bupivacaine in 1-octanol/water.

I.[mMM] log PNy log PN em log P'opw log P'mem
35 3.00 0.15
Ketoprofen 85 3.12° 3.19 -0.95° 0.92
235 3.27 1.18
35 2.08 1.23
Bupivacaine 65 3.38°¢ 2.17 nfa 1.41
265 2.43 1.58

Table 8:  Partition coefficients of neutral (N) and ionized (I) ketoprofen and bupivacaine
in a 1-octanol/water, P, or bilayer membrane/water, Ppem, System in
dependency on the ionic strength, I.
3(La Rotonda et al. 1983), ® (Avdeef 2003), ¢ (Razak et al. 2001)
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Figure 31: Bilayer membrane distribution of bupivacaine (left panel) and ketoprofen (right
panel) in dependency on pH and ionic strength.
With increasing pH bupivacaine shows an increasing membrane distribution whereas
the ketoprofen distribution decreases. Both drug molecules reveal a higher logD® em
value with increasing ionic strength. Data representing lipid/drug ratio 10 mol/mol.

Since both ketoprofen and bupivacaine have a similar log PV, value but different partition
coefficients for the neutral as well as the ionized molecular form (cf. Figure 31), these
observations are interesting and form the basis for a deeper theoretical discussion at molecular

level.

Uncharged ketoprofen partitions into a bilayer membrane more than uncharged bupivacaine.
In contrast, positively charged bupivacaine is more bilayer-affine than negatively charged
ketoprofen, at least at low ionic strengths (Figure 31). These observations are consistent with
the results of Avdeef et al. (1998) for other NSAIDs or local anaesthetics, and can be
explained with different location of the charged and neutral molecular forms in the

membrane-water interface (cf. Figure 32).

lonized amphiphiles, like the positively charged bupivacaine and the negatively charged
ketoprofen, are located closer to the bulk. Both drugs displace water of lipid hydration, as was
shown for other charged amphiphiles by Hogberg et al. (2007). The drugs may moreover
interact with the negatively charged phosphate group (bupivacaine) or the positively charged
trimethylammonium group (ketoprofen). However, the drugs orientation is likely to be

different for the two tested drugs, owing to more central position of the bupivacaine’s charge

-65-



Chapter 4

in comparison with ketoprofen. This makes the ionized ketoprofen more sensitive to

electrostatic effects, as is shown in Figure 31.

The neutral drug molecules are inserted deeper in the water-membrane interface, near the
fatty acid ester group. Ketoprofen can then bind via hydrogen bonds to the fatty acid carbonyl
group, finally resulting in an increased PNpem (Avdeef et al. 1998; Hogberg et al. 2007). The
following section supports this conclusion and provides deeper insight into the electrostatic

and polarity induced contributions to the drug’s partitioning into lipid membranes.

Charged drug molecules within a monolayer

Figure 32: Schematic illustration of ketoprofen and bupivacaine location within
a phosphatidylcholine membrane in dependency on their ionization.
(only a monolayer is presented). The upper graph shows charged
ketoprofen (left molecule) and charged bupivacaine (right molecule)
incorporated in the upper part of lipid headgroup region. The lower
graph illustrates the position of the neutral drugs in the deeper lipid
monolayer regions. (Generated with ACD/3D-viewer.)
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4.4.4. Influence of electrostatics and polarity on membrane dissociation
The dissociation equilibrium of acids and bases in bilayer vesicle suspensions is shifted by

polar and electrostatic effects compared to the bulk pK; (Cevc et al. 1987):
PKapp = PK, + A pKZ £ A pK (34)
A pK,® is the electrostatic contribution and A pK,"™

the shift.

is the polarity dependent contribution to

The electrostatic shift is given by:

T 2.3xkgT

(35)

The value of A pK,"' depends on interfacial dielectric constant, mem, at the drug binding site.
Its sign depends on the change in total number of charges on dissociation (Fernandez et al.
1977; Cevc et al. 1981). In other words, interaction of zwitterionic phosphatidylcholine
membranes with the molecular acid ketoprofen AH should cause a positive polarity induced
shift, due to increase of total charge from (+ -) to (+ - -). For dissociation of the cationic acid
bupivacaine BH" the reverse should be true, owing to total charge decrease from (+ - +) to

(+-).

The values for A pK.® and A pK,™ for different salt concentrations at lipid/drug ratio of
10 mol/mol were calculated from the measured pKay, values and the determined surface

potential o (cf. equations (29)) using equations (34) and (35).

I [mM] yo[mV] A pK,* A pK!
35 61 1.03 -1.95
Bupivacaine 65 55 0.93 -1.79
265 37 0.63 -152
35 -36 0.61 141
Ketoprofen 85 -54 0.91 0.93
235 -38 0.64 1.18

Table 9:  Surface potential w, and the derived values of the electrostatic and polarity induced
contribution to the pK, shift for bupivacaine and ketoprofen in phosphatidylcholine
bilayer membranes at different ionic stengths with a lipid/drug ratio of 10 mol/mol.

Table 9 reveals that the polarity induced shift, which is an indicator of charged molecules

location in the membrane-water interface (Fernandez et al. 1977), is different for bupivacaine
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and ketoprofen. For ketoprofen A pK,"

is in the range of 0.9 to 1.4, which is in good accord
with the values reported for other amphiphiles: + 1.1 (Fernandez et al. 1977). The polarity
induced shift for bupivacaine is negative and somewhat larger, A pK;"* = -1.5 — -2.0,
consistent with general expectations and the assumedly deeper insertion of this drug into the

interface.

Fernandez and Fromherz (1977) published polarity induced shifts as a function of different
dioxin-water mixtures representing various dielectric constants. Knowledge of the latter
information on dielectric profile near a phosphatidylcholine bilayer membrane (Marsh 2001)
enables semi-quantitative estimation of the drug’s location in the membrane-water interface.
The location of ketoprofen is then concluded to be between the trimethylammonium and
phosphate groups, having polarity of emem = 28 — 35. Bupivacaine is located somewhat deeper
in the membrane, more precisely, between the phosphate and the fatty acid carbonyl groups
(emem = 20 — 28). This observation is consistent with the discussion in section 4.4.3, where the
higher P'nem value for bupivacaine prompted me to assume its location more inside the

membrane compared to ketoprofen.

45. Conclusion and outlook

Knowledge of the dissociation equilibria of basic and acidic drug molecules, such as
bupivacaine and ketoprofen, and defined information on their partition and distribution
behaviour in bio-mimetic phosphatidylcholine membranes are important and useful for

solving pharmacological or galenic questions related to these drugs.

Primarily with regard to the development of modern pharmaceutical forms based on bilayer
membrane vesicles, the partition and distribution behaviour in dependency on pH,
electrostatics, and polarity will provide a good starting point for optimising drug loading,
improving formulation stability, and simulating in vivo behaviour. The pH and salt
concentration dependent effects studied herein are being used in the development of new
medicinal products based on Transfersome® technology (Cevc et al. 2003b; Cevc 2004).
Especially the combination of bupivacaine or ketoprofen with such ultra adaptable, highly
fluctuating lipid vesicles, e.g. based on polyoxyethylene (20) oleyl ether saturated
phosphatidylcholine bilayer membranes, could generate new products for the local and carrier

mediated treatment of neuropathic pain or inflammation in near future.

Furthermore, membranes comprising phosphatidylcholine, which is the most common lipid in

living cells (Yorek 1993), are suitable models to study biologically relevant partitioning of
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new drugs or novel drug applications. Knowledge of the charged and uncharged drug
distribution into such bio-mimetic membrane can thus provide a good starting point for
optimisation of drug action, e.g. for potentiating local anaesthetics action or reducing adverse
side effects of NSAIDs.

Local anaesthetics of the bupivacaine type, both in neutral and ionized form, bind to the 6"
transmembrane segment of the o-1V subunit in the voltage-gated sodium ion channel
(Ragsdale et al. 1994). The resulting channel blocking hinders action potential building and
nerve pulse transmission (Chernoff et al. 1990). However, before interacting with the sodium
channel, a local anaesthetic must first diffuse, predominantly in its neutral form, through the
nerve cell membrane (Hogberg et al. 2007). This allows the drug to reach its binding site,
which is only accessible from the cell interior. An uncharged local anaesthetic unbinds much
faster from the channel, resulting in accelerated recovery from the nerve block (Schwarz et al.
1977). This relationship could be a prospective challenge in development of new or optimised
anaesthetics comprising both: a high membrane partitioning to reach the site of action and a

prolonged binding to the latter.

Partition coefficient measurements should therefore be used as a starting point for solving
such pharmacological questions. To be more reliable, such future studies should be performed
with a negatively charged membrane similar to that in nerve cell, e.g. composed of the
zwitterionic phosphatidylcholines and the negatively charged phospholipids (Inouye et al.
1988).

Ketoprofen belongs to the group of non-selective cyclooxygenase COX-I and -Il inhibitors,
which are broadly used to treat any kind of mild to moderate pain and inflammation. Like the
other plentifully administered non-selective NSAIDs, ketoprofen can induce gastrointestinal
injuries due to COX-1 inhibition and to hindrance of the cytoprotective prostaglandin
expression in the gastrointestinal tract. The scientific evidence of this theory is inconsistent,
however, e.g. different drug potencies in COX-1 inhibition at comparable “COX-1 induced”
adverse side effects were reported (Lichtenberger 2001). The non-selective NSAID-caused
gastrointestinal injuries can therefore also be explained by chemical reaction with and
destabilisation of the protective phospholipid lining of the mucus gel layer (Lichtenberger et
al. 1995; Giraud et al. 1999). Therefore, knowledge of ketoprofen’s and any other NSAIDs
partitioning and distribution into lipid bilayers could support further development of “safe”
NSAIDs.
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5. ADAPTABILITY AND ELASTICITY OF TRANSFERSOME®, MIXED
BILAYER VESICLES, IN DEPENDENCY ON DRUG
CONCENTRATION, pH, AND IONIC STRENGTH

5.1. Introduction

Transfersome® vesicles are mixed lipid aggregates with an ultra-adaptable bilayer membrane
and are suitable for transdermal drug delivery. The carriers are composed of at least one
bilayer-forming lipid and one or more bilayer softening amphiphiles, e.g. a phospholipid and
a surfactant (Cevc et al. 2003b). The mixed lipid vesicle is able to penetrate fine skin pores
smaller than its average size, driven by hydration gradient in the mammalian skin barrier, i.e.
the epidermis, and more specifically spoken the stratum corneum (Cevc et al. 1992; Cevc et
al. 2003a; Kiselev et al. 2005). In contrast to diffusion based, more conventional, transdermal
drug delivery systems, TDDS, such as gels, cremes, ointments and patches, the carrier based
delivery systems can transport drug substances more or less independent of their molecular
weight and lipophilicity/hydrophilicity through the natural skin barrier, and into deeper,
peripheral tissues (Cevc 1997).

Simple, stiff soybean phosphatidylcholine (SPC) vesicles, i.e. the conventional liposomes, can
be transformed into flexible Transfersome® by addition of membrane softening surfactants,
such as polyoxyethylene (20) oleyl ether (C15.1EQOy0), as is described prior in this work. In this
study, the amphiphilic molecules ethanol, bupivacaine, and ketoprofen (Table 10) were
combined with Ci1EO, saturated SPC mixed lipid bilayer vesicles having an effective
surfactant to lipid molar ratio of Re = 0.25 mol/mol. The combination served the major
objective of this study: development of different polyoxyethylene (20) oleyl ether based

Transfersome® formulations for optimum transdermal drug delivery.

Bupivacaine is a cationic, long acting local anaesthetic of the anilide type, which to date is
mainly applied by infiltration, peripheral, epidural, and spinal injection (Ruetsch et al. 2001).
The two former methods are predestined for drug delivery from a topically applied
formulation to the site of local anaesthesia and analgesia. Unfortunately, the current,
medicinal products comprising mainly lidocaine have only have a short and weak analgetic
effect, let alone an anaesthetic one. The development of locally acting, bupivacaine
containing, ultra-adaptable lipid carrier formulations could lead to stronger and longer acting
anaesthesia, due to the four times higher potency of bupivacaine compared to lidocaine

(Ruetsch et al. 2001). The expectation is also supported by the published data of Grant et al.
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(2001; 2004) who reported prolonged bupivacaine action after subcutaneously injection of the

drug in combination with liposomes.

cl' H,0
N"/H
OH
< HN \l\'\
CHg
CH;, HsC CHs
Ethanol Ketoprofen Bupivacaine
x HCI x H,O
pKa 15.9° 436" 8.09 ¢
Charge o* 0 ¥BH® -1 0 ¥BH® +1

Table 10: The structure of ethanol, ketoprofen, and bupivacaine and their
electrostatic charge in dependency on pH and pK, value.
(Vollhardt et al. 1998) 2, (Rafols et al. 1997) °, (Friberger et al. 1971) ©
*Ethanol is a very weak acid in aqueous media and thus uncharged.

In contrast to the base bupivacaine, i.e. a cationic acid, the non-steroidal anti-inflammatory
drug ketoprofen is a propionic acid derivative, normally negatively charged under
physiological conditions. This NSAID is commercially applied orally or topically against
rheumatoid arthritis and osteoarthritis. As a nonselective COX1-/COX2-inhibitor its local
application is favoured due to several gastrointestinal adverse effects after orally application,
but at the expense of relatively poor efficacy for the diffusion based TDDS. The carrier
mediated transport of ketoprofen through the skin has been reported to be as effective as an
orally administered selective COX2-inhibitor, celecoxib, provided that the former drug was
used in suitable carriers, Transfersome® (Rother et al. 2007). | therefore chose ketoprofen in
this study to determine primarily its influence on the mechanics of C,4.1EO, saturated, mixed

lipid vesicle membranes.

The second study objective was the determination of the influence of the amphiphilic drugs

bupivacaine, ketoprofen, and the manufacturing excipient ethanol on the carrier’s adaptability

and bending rigidity, respectively. Numerous publications report alterations of membrane

mechanics and stability by alcohols (Lobbecke et al. 1995; Chanturiya et al. 1999; Ly et al.

2004), which increase lipid bilayer elasticity and even cause membrane solubilisation. A
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reduction of bilayer bending rigidity has also been reported for many other amphiphilic drug
molecules such as salicylate (Zhou et al. 2005), azithromycin (Fa et al. 2007), lidocaine
(Hogberg et al. 2007), and others (Ondrias et al. 1991). The investigations in this work were
performed with different amphiphile concentrations and at different pH and ionic strengths,
due to the well known effect of amphiphile geometry, membrane charge, and salts on the
membrane mechanics and electrostatics (Israelachvili 1985; Winterhalter et al. 1988; Cevc
1990).

5.2.  Material and Methods

5.2.1. Materials

The active drug substances bupivacaine hydrochloride monohydrate and ketoprofen were
supplied in European Pharmacopoeia quality by Heumann PCS (Feucht, Germany) and
Bidachem (Fornovo S. Giovanni, Italy), respectively. Soybean phosphatidylcholine (assumed
My = 800 g/mol) with a purity grade > 90% (Lipoid S100) was purchased from Lipoid
(Ludwigshafen, Germany). Polyoxyethylene (20) oleyl ether (assumed M,, = 1150 g/mol) was
acquired from Croda / Unigema (Nettetal, Germany) and met the European Pharmacopoeia
specification for macrogol oleyl ether as well the following used ingredients: phosphate or
acetate buffer components, sodium chloride, sodium hydroxide, hydrochloric acid (all VWR,
Darmstadt, Germany), ethanol (BfB, Munich, Germany) and water for injection (Deltaselect,

Dreieich, Germany).

5.2.2.  Preparation of simple and mixed lipid bilayer vesicles with/without
active drug substances

Lipid vesicle suspensions used in this study had typically a total lipid dry mass between
TL = 7.7 - 10 w-% (SPC + Ci31EO5) with experimental dependent different effective
surfactant to lipid molar ratios, R. = ¢/c;, and varying drug concentrations, ¢4 (Table 11). The
pH of the investigated suspensions was adjusted with a suitable buffer, e.g. a phosphate or an
acetate buffer, resulting in various but comparable ionic strengths, I., to which the drug

counter ions contributed as well. lonic strength is defined as:

n
I, =05xQ z,°xc, (36)
i=1
ci being the bulk molar concentration of the ion i with the charge number z; .
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The simple and mixed lipid suspensions were manufactured with two different, widely-used
methods, depending on their ethanol content. For the ethanol containing suspensions, the
injection method was used (Batzri et al. 1973; Lasic 1993) whereas for the ethanol free
formulations freeze-thaw cycles combined the lipophilic and hydrophilic components
(MacDonald et al. 1993). Both manufacturing processes were finished with a homogenisation
step (Olson et al. 1979; Mayer et al. 1986). The measurement of the vesicle sizes and the
polydispersity indices using the dynamic light scattering (DLS) are described in chapter 2.2.4.

In detail:
Ethanol containing mixed lipid vesicle suspensions

All lipophilic components, i.e. the SPC and the amphiphilic surfactant Cig.1EQ, were
dissolved in ethanol, whereas water acted as solvent for the hydrophilic substances such as the
active agent. The lipophilic phase was then slowly injected by a syringe through thin-walled
needle into the stirring water phase, resulting in an inhomogeneous lipid vesicle suspension.
Homogenisation of the original, polydispersed suspension to large unilamellar vesicles (LUV)
with a diameter dyes = 110 £ 15 nm and polydispersity index PDI < 0.15 was achieved by
multi-extrusion through different track etched polycarbonate membranes (PCTE, GE

Osmonics) of decreasing pore diameters (d, = 400 nm — 80 nm).

Ethanol free mixed lipid vesicle suspensions

Most of the studied lipid vesicle suspensions were free of ethanol and thus produced by
mixing all lipophilic, amphiphilic and hydrophilic compounds and stirring them for > 12 h.
Afterwards, the oligo- (OLV) and multilamellar (MLV) vesicle suspension was extruded
through different PCTE membranes of decreasing pore diameters (d = 400 nm — 100 nm),
followed by subsequent freeze-thaw cycles (180 min at -70°C, 30 min at 40°C), and finished
with a multi-extrusion step through PCTE membranes (d = 400 nm — 80 nm) as is described
above. The resulting large unilamellar vesicles (LUV) had a diameter dys = 110 + 15 nm and
a polydispersity index PDI < 0.15.
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. Re Cq IC
UG [mol/mol] [MM] , *[M] [MM] ol
000 | e ~ 100 72
v 1 010 | e ~
8. 0.10 100 72
x ¢ X2 R — ~ 100 72
7 020 | e ~ 100 72
025 | e ~ 100 72
0.00 67 - 60 47
(93]
W 0.10 67 ~ 60 47
O »
I ¢ 0.175 67 - 60 47
w
0.25 67 - 60 47
0.25 0.50 * ~ 100 72
o 0.25 0.76 * ~ 100 72
o w 0.25 130 % ~100 7.2
7 0.25 174 * ~ 100 72
0.25 217 % ~ 100 72
0 0.25 14 ~125 72
L 0.25 27 ~125 72
o X
I 0.25 39 ~125 72
)
0.25 50 ~125 72
o 0.25 53 206 47
r = 0.25 53 356 4.7
m -
7 0.25 53 556 47
0.25 40 ~ 100 7.25
. 0.25 40 ~ 100 6.65
g 0.25 40 ~ 100 6.45
x5
0 3 0.25 40 ~ 100 6.20
(9]
0.25 40 ~ 100 5.75
0.25 53 ~ 60 470

Table 11: Composition of the tested suspensions comprising simple and mixed lipid vesicles

used for membrane adaptability measurements in dependency on effective C5.1EO,,to SPC

molar ratio, R, active drug concentration, cq, ionic strength, I, and pH.

o0 Series “S”:  Mixed lipid bilayer vesicles with different Surfactant to lipid ratio, R,

o0 Series “SB”: Mixed lipid bilayer vesicles with different Surfactant to lipid ratio, R, and
constant Bupivacaine x HCI x H,0 concentration

o0 Series“E”:  Ethanol in mixed lipid bilayer vesicles with R, = 0.25 mol/mol

o0 Series “K”:  Ketoprofen in mixed lipid bilayer vesicles with R, = 0.25 mol/mol

o Series “l.”:  Different ionic strength in bupivacaine containing mixed lipid bilayer
vesicles having R, = 0.25 mol/mol

o Series “pH”: Different pH values in bupivacaine containing mixed lipid bilayer vesicles at
R. = 0.25 mol/mol
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5.2.3. Membrane adaptability measurements and bending rigidity
Membrane bending rigidity and the overall vesicle adaptability were determined with the
recently introduced continuous membrane adaptability assay (CMA), which is described in

more detail in chapter 3.2.3.

In short: the CMA relies on a tempered, pressure driven filtration of the tested vesicle
suspension through a nanoporous filter with area A, which acts as an obstacle to the transport
of stiff and inflexible bilayer vesicles, when the pore diameter d, is at least 50 % smaller than
the average vesicles diameter dyes (Hunter et al. 1998; Cevc et al. 2003b). Adaptable vesicles
with a flexible bilayer in contrast are able to penetrate the pores. This ability is analysed
quantitatively in terms of mass flow m(t) in dependency on driving pressure Ap(t) and finally

yields an experimental penetrability function

1 dm

Pexp(A p): ApXAf XE (37)

in which the trans-filter flow-driving pressure is the independent variable.

The penetrability described by equation (37) is an activated process that can be modelled
theoretically (Cevc et al. 2003b). To penetrate relatively narrow pores, the pore crossing
vesicles with energy E, must be deformed using activation energy, E.. Based on the
Maxwell-Boltzmann distribution, the ratio of the vesicles with ability to penetrate the porous

barrier is defined as:

Ea

&
P(EA,EveS):l—erfg\/

0 |4E ¢ E,U
:+\/ Axexpg- —2 (38)
ves g P Eyes & Eues

erf is the error function.

Alternatively, the penetrability can be expressed as a function of the penetration driving
pressure, Ap, with only two fitting parameters: p*, corresponding to the characteristic pressure
at which the average vesicle energy equals the activation energy (Ea /Eves = 1) and Ppax,

corresponding to the maximum penetrability of the barrier (at A p — ):

T 2[pro [4pr ¢ p*if
PAp)= PR xil-erf \/—:+\/ XeXpa= ——(y 39
(4p)= P + 8 ap; Vpap TP aply 9

By adjusting the penetrability curve described by equation (39) to the measured experimental

penetrability data Peyp, the system specific parameters p* and Pmayx Can be derived.
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p* value is one measure of the average bilayer bending rigidity .. For the simple and mixed
lipid bilayer vesicles based on soybean phosphatidylcholine the bending rigidity can be
expressed in units of thermal energy, kgT, using the measured characteristic pressure p* as is
described in detail in chapter 3.4:

Kk = PT1367,

o= vpa 8T (40)

The characteristic pressure and the vesicle adaptability (in units of inverse pressure),
a* = 1/p*, are the only vesicle characterising parameters, and nearly independent of the other
suspension parameters, such as the average vesicle size (Cevc et al. 2003b; Cevc 2004). In
contrast, the Pnax value depends on the filter and sample parameters, such as the filter
porosity, filter area, sample viscosity, temperature etc., and can be referenced to the vesicle
free suspension medium or to suitable reference suspensions containing aggregates that are

smaller than the pore diameter (in that case no activation is necessary) .

In the solubilisation range the total penetrability is the sum of the pore penetration by the
saturated mixed lipid vesicles and the resulting mixed lipid micelles.

I:)tot (A p): A mic XPmic (A p)+ (1_ a)XPves (A p) (41)
Co-consideration of vesicle and micelle pore penetration abilities allows calculation of the

micellar fraction in the mixed suspension, Omic.

5.3. Results

Penetration of nanoporous barriers by simple lipid vesicles can be improved, in concentration
dependent fashion, by addition of an amphiphilic surfactant, such as C1g.1EOy (cf. chapter 3).
The results measured in this study illustrate a diversified view over the effect of additional
amphiphats incorporation (uncharged, negatively, and positively charged) into such mixed

lipid bilayer membranes, including the influence of pH and I; on the latter.

5.3.1.  Concentration dependent influence of uncharged amphiphile ethanol on
the bending rigidity of mixed lipid bilayer vesicles

The membrane softening and, as the case may be, destabilising effect of the uncharged
excipient ethanol on Cyg.1EO, saturated SPC mixed bilayer vesicles with R, = 0.25 mol/mol

was analysed, concentration dependent, with series “E” (Table 11).
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Ethanol and other short chain alcohols are known to laterally expand, thin and thus reduce the
bending rigidity of phosphatidylcholine bilayer membranes (Vierl et al. 1994; Lobbecke et al.
1995; Ly et al. 2002; Ly et al. 2004) including even complete bilayer solubilisation with 45 —
50 w-% ethanol (Touitou et al. 2000).

Membrane c_, . [M]
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Figure 33: Influence of ethanol (filled symbols) on bending rigidity of mixed lipid bilayers
(empty symbols) with C15.:EO,q to SPC molar ratio of R, = 0.25 mol/mol.
The lower panel shows decreasing &, with increasing ethanol concentration, highlighted
with a sigmoidal ad-hoc fit. Above a total concentration ~ 1.3 M, corresponding to a
membrane concentration ~ 9.5 M, the bilayer membrane becomes instable, with a
bending rigidity x. < kgT, causing mixed micelles formation (upper panel).

Adaptability measurements in the lower panel of Figure 33 with polyoxyethylene (20) oleyl
ether saturated soybean phosphatidylcholine membranes (Re = 0.25 mol/mol) confirm the
bilayer softening effect of ethanol. They reveal a quasi-sigmoidal decrease of the bilayer
bending rigidity with increasing ethanol concentration. At ~ 1.3 M total ethanol concentration,
corresponding to a bilayer membrane concentration of ~ 9.5 M (Ly et al. 2004), the bilayer
elasticity is in the range of x. =~ kgT, and even below the thermal energy at higher
concentrations. Bilayer destabilisation above 1.3 M ethanol (7.5 v-%) results in formation of
mixed micelles, which represent an increasing fraction of total aggregates (upper panel in
Figure 33). This resembles the lysis measurements reported by Ly et al. (2002), which
showed a decreasing lysis tension up to 10 v-% ethanol when a steady state is reached,
corresponding to SOPC membrane saturation with ethanol. Thereafter, vesicle solubilisation
starts and is completed at ~ 55 v-% ethanol.
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5.3.2.  Bending rigidity of mixed lipid bilayer vesicles containing negatively
charged ketoprofen

In analogy to the quasi-sigmoidal dependency of ethanol effect on Cig.1EO, saturated SPC
mixed bilayer vesicles, the addition of negatively charged ketoprofen (series “K” at pH = 7.2)
to such bilayer membranes also decreases the bending rigidity in concentration dependent
manner (Figure 34). The bilayer adaptability, a", and bending rigidity, ., change after an
initial plateau up to a steady state level of p* = 1/a"~ 0.28 MPa™ and «. ~ kT, corresponding
to a total ketoprofen concentration > 55 mM and a bilayer membrane concentration of

Cketoprofen > 350 mM (calculated with the partition results derived in chapter 4.4.3.

Membrane Coetoprofen [mM]

0 100 200 300 400
T \ T T 0.9

k. IksT]

p* = 1l/a* [MPa]

1f--- thermalenergy, kT --ccvoeoae e T @——— 103

0 I I I 0.0
0 20 40 60

Total ¢ mM]

Ketoprofen [

Figure 34: Influence of negatively charged ketoprofen (filled symbols) on bending rigidity of mixed
lipid bilayers (empty symbols) ) with C5.,EO,, to SPC molar ratio of R, = 0.25 mol/mol.
Ketoprofen reduces, concentration dependent, the bending rigidity of Cy5.,EO,/SPC
vesicles to x; = kgT, highlighted with a sigmoidal ad-hoc fit.
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5.3.3.  Effect of positively charged bupivacaine on pore penetration and
bending rigidity of simple and mixed lipid bilayers

In addition to testing membrane softening effects of uncharged ethanol and negatively
charged ketoprofen in Ci51EO20/SPC mixed lipid bilayer vesicles, | studied the related
influence of positively charged bupivacaine at constant total drug concentration on mixed

bilayer membranes with different surfactant to lipid ratios R,

Narrow pore penetration by different C15.1EO,0/SPC mixed lipid bilayer vesicles (series “S”)
depends on the surfactant concentration in the bilayer membrane, as is presented in Figure 35
(grey curves). As extensively discussed elsewhere, the pore penetration by such mixed bilayer
vesicles increases up to the molar surfactant to lipid saturation limit, Re = 0.25 mol/mol.
Adaptability of the corresponding mixed bilayer vesicles containing positively charged
bupivacaine at pH = 4.7 under constant total drug concentration (series “SB”) reveals an
additional membrane softening effect resulting in higher pore penetrability (black curves in
Figure 35).

R R

max

0.1}

P/P

0.01 }

‘ U
0.0 0.5 1.0

D p [MPa]

Figure 35: Relative pore penetrability, P/P., Of the mixed bilayer
vesicles composed of different C,5.1EO,/SPC ratios, R, with
(black) or without (grey) bupivacaine 67 mM

-80-



Chapter 5

Compared to the drug-free bilayer membranes with similar surfactant concentration, the
mixed lipid vesicles comprising positively charged bupivacaine have a lower bilayer rigidity,
ke, and therefore a lower characteristic pressure, p*, as is highlighted in Figure 36 with an
exponential ad-hoc fit. Interaction of bupivacaine (total Cg,,iyacaine = 67 MM) with a simple or
mixed lipid bilayer membrane reduces the elastic energy of the latter by a factor of 2 - 3,
resulting in highly deformable, yet stable vesicles with x. = 1.2 kgT for the surfactant-lipid

mixture with R. = 0.25 mol/mol.

k. TkgT]
p* = 1/a* [MPa]

R [mol/mol]

Figure 36: Bilayer rigidity, x, and penetration enforcing characteristic pressure, p*, as a function
of different C,5.,EO,, to SPC ratios, R,, with (e) or without (¢) added bupivacaine.
The positively charged bupivacaine (67 mM) softens simple (R, = 0 mol/mol) as well as
mixed lipid vesicles (R, > 0 mol/mol) compared to bupivacaine free bilayer membranes.
Triple measured data points highlighted by an exponential ad-hoc fit.
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5.3.4. Influence of the drug charge state, the bulk pH, and the ionic strength on
bilayer bending rigidity

A detailed analysis of the bupivacaine mediated bilayer membrane softening, using mixed
lipid bvesicles with a constant total bupivacaine concentration and uniform surfactant to lipid
ratio, Re, reveals a pH and ionic strength dependent effectiveness of bupivacaine on pore
penetration by the resulting vesicles. The same data also document a concomitant decrease of

the bilayer bending rigidity (series “pH” and series “I.”).

The left panel in illustrates a more or less constant and low bilayer bending rigidity at pH <
6.2, which increases at pH > 6.2; At pH = 7.2 for example, the bupivacaine containing bilayer
is less flexible than the comparable, bupivacaine free bilayer membrane, indicating that only
positively charged bupivacaine softens a lipid membrane in contrast to the uncharged drug

which stiffens the bilayer.
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o 0.9 Jo40
3t 140
o)
1035
L 106 —
[
2L g = 12t
o Py = 1030
g
o © . ¢
L 4 {03 = /0] EEUUEURURUURUUUUITI: AUNUUIUUUUR TR UPISIY
L L T T P thermal energy, k.T - - - K=kT + loos
0.0 ‘ ‘ ‘ To.oo
0 p : 5 7 80-0 0 200 400 600
oH I, [mM]

Figure 37: Rigidity of the mixed bilayer vesicles (R, = 0.25 mol/mol) without (o) or with (e 40 mM;
4 53 mM) membrane associated bupivacaine as a function of bulk pH and ionic strength, I..
Left panel illustrates . value decrease with decreasing pH whereas the right panel shows a
reduced bending rigidity with increasing I.

lonic strength influences bilayer rigidity as well. As is illustrated in the right panel of
Figure 37, x. decreases with increasing salt concentration reaching, within experimental error,
the thermal stability limit at x. = kgT. Both observations are closely related to drug partition
into the bilayer membrane and to the resulting changes in membrane electrostatics

(cf. chapter 4.4.2), and are intensively discussed later in the text.
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5.4. Discussion

Polyoxyethylene (20) oleyl ether is a non-ionic surfactant, which forms, in combination with
certain lipids and composition dependent, fluctuating and adaptable bilayer membranes. The
most deformable vesicle with such a bilayer, Transfersome®, is a carrier suitable for non-
invasive transdermal drug delivery of low and high molecular active agents owing to its
ability to cross even very narrow pores in the skin barrier (Cevc 1997; 2004). The membrane
softening activity of C15.1EOy at an effective surfactant to lipid ratio R, < 0.25 mol/mol was
analysed in this study in presence of positively and negatively charged drug molecules and of

the uncharged ethanol, which is known to interact with natural and artificial membranes.
Ethanol in mixed lipid vesicles

Ethanol is a small amphiphilic molecule that has been used, as a solvent, in the preparation of
lipid bilayer vesicles for years using the so-called injection method (Batzri et al. 1973; Lasic
1993). The influence of ethanol on phospholipids has been investigated independently with
structural questions and objectives in mind (Rowe et al. 1990; Nagel et al. 1992; Vierl et al.
1994). In this work, | studied the interaction of ethanol with ultradeformable vesicles,
comprising SPC and Cig1EQO,, with the focus on its ability to change the mechanical
properties of lipid bilayers like membrane bending rigidity and thus the resulting vesicle

adaptability for skin pore penetration.

Ethanol reduces bending rigidity of surfactant saturated phosphatidylcholine membranes (R, =
0.25 mol/mol) in concentration dependent fashion as is shown in Figure 33. In a suspension
with ~ 1.3 M ethanol, the bilayer elasticity energy decreases up to x. =~ kgT (Figure 38).
Micropipette aspiration measurements of Ly et al. (2002; 2004), done with SOPC membranes,
also confirm x. reduction in dependency on ethanol concentration. The addition of 1.3 M
ethanol to C15.1EO,¢/SPC vesicles diminishes «; by a factor of ~ 2.5 whereas the same alcohol
amount in SOPC reduces the bilayers elasticity energy by only ~ 14 %. Such decrease, 13 %
and 16 %, was found in this work at lower ethanol concentrations, 0.5 M and 0.76 M,
respectively. The most likely reasons for the difference are disparate lipid concentrations used

in this study and by Ly, being 10 w-% and 0.05 w-%, respectively.

For more detailed interpretation of the observation one has to consider the membrane/water

interface in detail. The phosphatidylcholine headgroup is well hydrated with multiple

hydrogen bonds between water and the lipid phosphate and choline group, and for fewer

water molecules around the fatty acid carbonyl group. FT-IR results (Chiou et al. 1992),
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NMR measurements (Barry et al. 1994; Holte et al. 1997) and microscopic molecular
dynamic simulations (Patra et al. 2006) all show that ethanol competes with water for
hydrogen bonding with the phosphate group and the fatty acid carbonyl group. However, the
alcohol has an advantage over water owing to its slight hydrophobicity. Competition plus an
additional interaction of the ethanolic hydrophobic part and the upper segments of lipid tails
also favours alcohol binding and dehydrates the bilayer membrane. As a consequence, the
bound ethanol increases interfacial solvation and thus the surface area per molecule, while
reducing interfacial hydration. This increases membrane disorder and decreases the bilayer
thickness. All these modifications lead to a reduced bilayer bending rigidity and increased
membrane flexibility (Winterhalter 1995; Ly et al. 2002; 2004).

Nevertheless, ethanol has only a slight effect on the bending rigidity of ultradeformable,
C18:1EOy based, mixed lipid vesicles (TL = 10 w-%) at concentrations < 0.75 M. For the
manufacturing of such mixed lipid vesicles by the widely used injection method this solvent
concentration is sufficient to manufacture the ethanolic intermediate product nonseriously
influencing . in the final product. However, at higher ethanol values, the mixed lipid vesicles
become highly flexible at ¢ = 1.3 M and presumably instable above this concentration as

reported in 5.3.1.
Negatively and positively charged drug substances in mixed lipid vesicles

Interaction of drug substances with biological membranes is a broad topic analysed and
intensively discussed in pharmaceutical research; this relates to drug resorption, distribution,

mode of action, and excretion.

The influence of neutral, negatively, and positively charged amphiphilic active agents on
membrane mechanics, such as lipid cohesion and bilayer elasticity, is far less well studied and
understood. It can be determined with different methods, and is among other factors important
in development of highly fluctuating, ultradeformable lipid carriers for transdermal drug
delivery. Computer simulations and micropipette aspirations are common methods to
determine bending rigidity, x., of phosphatidylcholine bilayers. Examples include an NSAID,
salicylate (Zhou et al. 2005), a local anaesthetic, lidocaine (Hogberg et al. 2007), and an
antibiotic, azithromycin (Fa et al. 2007). The positively charged lidocaine, the negatively
charged salicylate, and the amphiphilic azithromycin reduce . in concentration dependent

fashion by up to ~ 50 %.

-84-



Chapter 5

Figure 38 illustrates the adaptability measurements done with ketoprofen and bupivacaine
containing mixed lipid vesicles. The influence of these drugs on the rigidity of Ci5.1EOy
saturated SPC bilayer vesicles (R. = 0.25 mol/mol) is obvious. Both, the negatively charged
ketoprofen and the positively charged bupivacaine lower the bending rigidity of drug-free,
deformable mixed lipid vesicles down to the level of thermal energy, x. = 1 - 1.2 kgT, where
highly fluctuating vesicles prevail (Safinya et al. 1989; Gompper et al. 1995; Cevc et al.
1998). To understand their influence on membrane mechanics, one has to take a detailed look

on bilayer composition and membrane-drug interactions.

All tested drug molecules partition into and interact with the mixed bilayer membrane. As has
been shown with partition coefficient measurements in chapter 4.4.3, the partitioning of

uncharged molecules is stronger than of charged ones.
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Figure 38: Bending rigidity of simple lipid bilayer vesicles (Ref. SPC) and different,
surfactant based mixed lipid bilayer.
Interaction of an amphiphilic molecule with Cy3.,EO,, saturated mixed
vesicles (Ref. S with R, = 0.25 mol/mol) softens the mixed lipid bilayer
membrane concentration dependent up to k. =1 - 1.2 kgT. (K = ketoprofen
50 mM ; B = bupivacaine 53 mM ; E = ethanol 1.3 M)

Nevertheless, the charged molecules reduce x;, as is discussed later in the text. Charged
bupivacaine interacts with the polar lipid headgroups via hydrogen bonds between the
positively charged NH-group and the phosphate oxygens or the fatty acid carbonyl oxygen,
similar to the interaction of ethanol with phosphatidylcholines. The positively charged NH-

group is additionally attracted by the electrostatic forces to the negatively charged phosphate
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group. Similar electrostatic attraction potentially exists between the negatively charged
ketoprofen and the positively charged choline nitrogen. As a consequence, the surface area
per lipid molecule interacting with the drug increases, and membrane cohesion decreases, as

has been reported for the amphiphilic drug molecule azithromycin (Fa et al. 2007).

The increased and measured membrane adaptability for all the tested drug substances in
Ci151EOy saturated SPC vesicles is therefore a result of the reduced bending rigidity.
Furthermore an additional, supporting mechanism of action is possible. Amphiphilic small
charged molecules, like salicylate (Zhou et al. 2005), larger charged amphiphiles, like sodium
cholate (Schubert et al. 1986), or the non-ionic surfactants polysorbate 20 (Karatekin et al.
2003) and octyl-B-D-glucopyranoside (Schubert et al. 1988) are all able to form and stabilise
membrane holes, formed inter alia spontaneously due to decreased lipid cohesion. The holes
help the ultradeformable vesicles to react to deformations by permitting an easy exchange of
water between the vesicle interior and the vesicle surroundings, and vice versa. The improved
water permeability plus the higher membrane flexibility make a vesicle adaptable enough to
enter the skin pores smaller than its average vesicle size, and allows the vesicle to act as a

carrier for transdermal drug delivery (Cevc et al. 2003Db).
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Figure 39: pH-dependent bupivacaine distribution logD in lipid membranes ( ) and
pH-controlled bending rigidity x. of bupivacaine containing (e 40 mM; ¢ 53
mM) and drug-free (o) mixed lipid bilayer vesicles (R, = 0.25 mol/mol).
The small panel illustrates increasing bilayer elasticity with increasing
amounts of charged bupivacaine in the membrane. P is the partition
coefficient for the ionized form.
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Amphiphilic, basic, or acidic drug substances interact with the lipid bilayer membranes
differently at various pH values, dependent on their charge state. This is also reflected in
Figure 39, which illustrates pH-dependent bupivacaine effect on partitioning into and rigidity
of mixed lipid bilayers. Bupivacaine possesses a pH-dependent membrane distribution with
~ 8 times higher affinity for the lipid at pH > 8.5 compared to pH < 6, i.e. above and below
the apparent pKapp = 7.25 , when uncharged and positively charged bupivacaine prevail. In
parallel to increasing membrane partitioning of uncharged drug above pH = 6.2, the mixed
bilayer stiffens and bending rigidity, «c, increases. The uncharged bupivacaine thus seems to
stiffen rather than soften the lipid bilayer. Compared to the drug-free Ci5.1EO2/SPC mixed
lipid vesicles (open symbol in Figure 39), the charged drug, conversely, softens the mixed
bilayer membrane at lower pH values. Despite its reduced membrane affinity, the positively
charged bupivacaine increases the elasticity of Cig.1EO,, saturated phosphatidylcholine

bilayer vesicles to k. ~ 1.2 kgT.

Such a stiffening and softening effect of molecules on bilayer membranes has been reported
by different authors. Hogberg et al. (2007) determined the charge specific location of
lidocaine, also a anilide local anaesthetic like bupivacaine, in a lipid bilayer. The uncharged
lidocaine is inserted in the bilayer near the fatty acid ester group and the upper part of the
lipid tail whereas the positively charged lidocaine is located at the polar headgroup level. The
charged form also interacts more strongly with water and the lipid headgroup. Charged
anaesthetics thus displace hydration water of the lipid bilayer resulting in a positive
membrane curvature, whilst also reducing bending rigidity. In contrast, the deeper located
uncharged local anaesthetics stiffen the bilayer membrane, as does cholesterol. The latter is
located deeper in the bilayer membrane and promotes negative membrane curvature and thus
higher bending rigidity (Evans et al. 1987; Duwe et al. 1990; Evans et al. 1990; Winterhalter
1995; Lundbaek et al. 2004).

Owing to partially electrostatic interaction between the drug molecule and the mixed lipid
bilayer, the ionic strength, I, influences the bending rigidity, . as well. Electrostatic
contribution to the bending rigidity of a lipid membrane has been reported preciously based
on simulations (Winterhalter et al. 1988; 1992) or experiments (Delorme et al. 2007; Zhou et
al. 2007) due to the fact that the bilayer bending rigidity is the sum of mechanical and

electrostatic terms:

k.=k."+k® (42)
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The electric contribution was calculated by Winterhalter et al (1988) to be proportional to the

square of the Debye screening length x | Ap® . The Debye screening length, Ap, in

electrolytes or colloidal dispersions can be calculated with the ionic strength as follows (Cevc

1990):
exen tksT
|].=- [—-0" "B b 12011 43
D W,ZXNAXeZXIC p HI¢ (43)

¢ and g are the dielectric constant of the aqueous phase and the permittivity of free space,
respectively. The remaining parameters are thermal energy kgT, the Avogadro number N and
the elementary electronic charge e.

Therefore it is not surprising that Figure 40 suggest a linear correlation (r = 0.9998) between
ke and the reciprocal ionic strength, I.1. This observation confirms the calculations of
Winterhalter due to proportionality between «*' 1 Ao 1t (cf. Equation (43) and supports
my findings in chapter 4, where a strong relationship between electrostatics and bilayer

membrane partitioning was intensively discussed.
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Figure 40: Partitioning, P, of positively charged bupivacaine in lipid membrane ( )
and the bending rigidity x. of bupivacaine containing mixed vesicles (—e—)
as a function of reciprocal ionic strength, I.™.

(cg=53mM ; pH =4.7 ; R, = 0.25 mol/mol)

-88-



Chapter 5

Synergy in reducing bilayer bending rigidity

It is worth to ask one final question: Do amphiphilic drug substances soften lipid membranes
separately or jointly with the surfactant, which co-forms the basic deformable bilayer in
combination with phosphatidylcholine? In other words, is there a synergistic effect between

the two amphiphiles?

Synergy between two amphiphilic, membrane softening components has been described by
Cevc et al. (2004b) for the negatively charged ketoprofen and the non-ionic surfactant
polysorbate 80. Regarding Figure 36 and considering prior results and discussions, it is
obvious that both components employed in this study, the positively charged bupivacaine and
the non-ionic surfactant polyoxyethylene (20) oleyl ether can individually reduce the lipid
bilayer rigidity.

decreasing bending rigidity

0.12 e

'S

(&)

@«

=

. o

F--- maximumsynergy ----------—scm——a------------- 3

o]

c

[3+1
— 0.08} S
S 2
g
=, $)
> [
=3 3
o =
> @
52} o]
0.04 |- -

(@]

>

c

>

(72]

(@)]

£

@

o

0.00 L L L L e
0.00 0.05 0.10 0.15 0.20 025 '~

R, [mol/mol] R™

Figure 41: Synergy of Cy5.1EO,q and bupivacaine in softening lipid bilayers with a
maximum at effective surfactant to lipid ratio R, = 0.16 mol/mol.

Based on Figure 36, which shows for both series (“SB” with a constant bupivacaine
concentration and an increasing surfactant concentration; “S” without bupivacaine) a
Re — dependent decrease in bilayer’s relative bending rigidity

SB
_kc

crel = | g
ke

k (44)

-89-



Chapter 5

One can quantify the synergistic, bilayer softening effect of the two studied membrane

softeners as follows:

K? (45)

c,rel

synergy = k

crel —

i.e. the difference between relative bending rigidities of the formulations with R, > 0 mol/mol

and R. = 0 mol/mol.

Figure 41 illustrates the resulting synergy parameter pertaining to the membranes containing
positively charged bupivacaine and non-ionic polyoxyethylene (20) oleyl ether; the data are
shown as a function of the effective Cy15.1EO2 to SPC molar ratio. Synergy is evidently
maximum at R ~ 0.16 mol/mol but persists up to the surfactant saturation limit R.*" = 0.25
mol/mol. Below the maximum, additional surfactant progressively improves the drug’s
membrane-softening potency whereas above the maximum the two kinds of amphiphiles
seem to start hindering each other in their bilayer softening activity, without completely

loosing their synergistic ability.

5.5. Conclusions and outlook

The development of new medicinal products for non-invasive transdermal drug delivery is a
topic of public interest. Availability of such products could improve local efficacy without
systemic, and in the ideal case, no local adverse effects. In contrast to conventional TDDS,
ultra-adaptable Transfersome® carriers are able to transport active drug substances in a
targeted fashion through the skin and even into deeper peripheral tissue regions (Cevc et al.
2001; Cevc 2003; Cevc et al. 2004a; Rother et al. 2007). The results obtained in this study
with Transfersome® vesicles, based on a bilayer forming lipid (soybean phosphatidylcholine),
the membrane softening surfactant polyoxyethylene (20) oleyl ether, and several drugs, all
show excellent in vitro adaptability and pore penetrability. However, the suitability of such
highly fluctuating and deformable lipid carriers for practical usage depends on suspension
parameters, such as amphiphiles concentration, formulation pH, and ionic strength. The latter
parameters and the concentration of the excipient ethanol have all to be adjusted during
formulation development to optimise the carrier adaptability in terms of bilayer bending
rigidity, whilst maintaining carrier integrity (. > kgT). Future preclinical and clinical studies
will be necessary to confirm the good in vitro pore penetrability of the ketoprofen and
bupivacaine loaded ultra-adaptable lipid carriers, and their suitability for in vivo treatment of

pain and inflammation.
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6. SUMMARY

Transfersome® are ultradeformable lipid bilayer vesicles for the local treatment of diseases in
superficial and deeper peripheral tissues. The non-invasive dermal and transdermal drug
delivery is mediated by these carrier vesicles, which consist of a bilayer forming lipid, such as
phosphatidylcholines, and a membrane softening component, like surfactants or amphiphilic
drugs. Their high vesicle shape adaptability is the result of the flexible bilayer membrane and
the capability of water exchange across the bilayer. Both properties enable the bilayer vesicle
to cross the narrow hydrophilic pores in the skin barrier, i.e. the stratum corneum. The driving
force for the pore penetration by a Transfersome® is the transepidermal water gradient within
the stratum corneum. After non-occlusive application, the bilayer vesicle tries to avoid local
dehydration on the skin by penetrating the hydrophilic intercellular pathways in the horny

layer.

The major objective in this thesis was the development and characterization of such a new all-
purpose Transfersome® formulation using the bilayer softening amphiphile polyoxyethylene
(20) oleyl ether, C15.1EO2. The low critical micelle concentration, CMC = 25 uM, the high
membrane partition coefficient, log K = 4.3 M™, the suitable hydrophile-lipophile balance,
HLB = 15.3, and the cone-shaped geometry made this surfactant worth studying its influence
on bilayer membranes in combination with the bilayer forming phospholipid soybean
phosphatidylcholine, SPC.

SPC bilayer membrane saturation and solubilisation measurements with and by Ci5.1EOy,
respectively, were performed using the static and the dynamic light scattering. Both methods
yielded a concordant bilayer saturation limit at an effective surfactant to lipid molar ratio of
R = 0.25 mol/mol, a result comparable to other surfactants with the same polar head group
length of 20 ethylenoxide units (Octylphenyl-EO RS = 0.20 mol/mol; CyEO4
RS = 0.28 mol/mol). This low value and the low molar solubilisation ratio of
R = 3 mol/mol allows to classify polyoxyethylene (20) oleyl ether as a rather strong
surfactant. In this work I could also show that the time-resolved dynamic light scattering is a
suitable and alternative method to analyse the biphasic solubilisation kinetics of such type of
surfactants as function of R.. With the results of kinetic solubilisation measurements | could
moreover provide information on molecule properties like the effective diffusion constant,

Dest = 2.8 X 10°m?s?, or the surface excess "~ 0.1 nm?.
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The influence of C151EO5 on the vesicles shape adaptability was then measured with the
recent continuous membrane adaptability assay by analysing different effective molar ratios
Re ranging from surfactant-free SPC liposomes (Re = 0 mol/mol; dyes = 120 nm), to C15.1EO2
saturated mixed bilayer vesicles (RS = 0.25 mol/mol; dws ~ 110 nm), and finally to
solubilised bilayers, i.e. mixed amphiphat micelles (R = 3 mol/mol; dmic £ 15 nm). The
aggregates deformability is measured in that assay as pore penetrability P by the studied
aggregates and yields P vs. pressure data similar to those generated by a computer model of
ultradeformable vesicle penetration through a constriction. The penetrability of the measured
bilayer vesicles through narrow pores (d, = 20 nm << dyes) increased non-linearly and size
independent with R, and reached maximum value plateau for a surfactant saturated bilayer at
RS = 0.25 mol/mol. The flexibility of the saturated membrane remained constant for Re >
RS until complete bilayer solubilisation was reached and mixed micelles were the only
aggregates, which passed the obstacle easily due to dmic< d,. With this study | could moreover
show that the adaptability a* of such vesicles can be assessed and translated into bilayer
bending rigidity x. using a suitable phenomenological theoretical model. The bending rigidity
of surfactant-free SPC liposomes could be reduced using Ci5.1EO9 by a factor of ~ 8 from
ke = 19.5 kgT to k. = 2.5 kgT for the mixed bilayer vesicles having RS2 = 0.25 mol/mol. The
latter mixed vesicles were demonstrably capable of crossing even very narrow pores, and thus
should be suitable for targeted drug delivery across intact skin, which also contains

hydrophilic pores with an “open diameter” around 20-30 nm.

The payload of bilayer membrane vesicles with a drug substance was studied in another set of
experiments in dependency on the drug’s charge state, bulk pH, bilayer electrostatics, and
polarity. The bilayer membrane partitioning of the uncharged, neutral drugs, PNpen, was found
to be comparable to reported partition values between 1-octanol and water, being
log PN em = 3.0 - 3.3 for ketoprofen and log PNoem = 2.1 — 2.4 for bupivacaine. In contrast, the
membrane partition coefficients for the negatively or positively charged active agents were
significantly higher compared to the 1-octanol/water partitioning. In dependency on the bulk
salt concentration the partition coefficient for ionized ketoprofen ranged from log P'yem = 0.15
to 1.18 whereas for ionized bupivacaine higher values between log P'yem = 1.2 and 1.6 were
measured. Knowledge and evaluation of the electrostatic influence on the drug partitioning as
a function of the membrane surface charge density, the bulk ions concentration, and the
polarity of the membrane-water interface enabled me to estimate the drug’s location in the

membrane-water interface. Negatively charged ketoprofen is therefore located in the
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zwitterionic phosphatidylcholine bilayer membrane between the choline and phosphate group,
whereas positively charged bupivacaine is distributed somewhat deeper in the bilayer
membrane, between the phosphate and fatty acid carbonyl group.

The effect of drug-vesicle interaction on the bilayer bending rigidity and adaptability of
C151EOy0 unsaturated and saturated mixed bilayer vesicles was conclusively studied using
negatively charged ketoprofen, positively charged bupivacaine and uncharged ethanol; the
latter often used as excipient during vesicle manufacturing process. All three amphiphiles
could reduce the bending rigidity of C,5.1EO,( saturated mixed lipid vesicles in concentration
dependent manner from x. = 2.5 kgT to the thermal energy level at . = kgT. Beyond drug
concentration, the bulk pH influenced membrane mechanics as well. For the tertiary amine
bupivacaine | could demonstrate that only the positively charged drug reduces «. whereas the
neutral form even stiffens the bilayer membrane. Furthermore, polyoxyethylene (20) oleyl
ether and positively charged bupivacaine could synergistically reduce the bilayer bending
rigidity, having maximum synergistic potency at Re = 0.16 mol/mol and cgryg = 67 mM for the

tested suspensions.

The results obtained in this thesis with Transfersome® vesicles, based on the bilayer forming
lipid soybean phosphatidylcholine, the membrane softening surfactant polyoxyethylene (20)
oleyl ether, and several drugs, show that specific in vitro studies on membrane adaptability,
pore penetrability, bilayer integrity and drug/vesicle interaction are excellent tools to design
highly fluctuating and deformable lipid bilayer vesicles with the intended use as drug carriers
for non-invasive, transdermal drug delivery. However, future preclinical and clinical studies
will be necessary and indispensable to confirm the suitability of this type of Transfersome®,
designed and optimised in the present thesis for the application as local anaesthetic, analgetic,

or anti-inflammatory pharmaceutical product.

-93-



-94-



Chapter 7: Zusammenfassung

7. ZUSAMMENFASSUNG

Die nicht-invasive, transdermale Behandlung von lokal ausgeprégten Erkrankungen ist ein
interessantes Gebiet in der Forschung und Entwicklung neuer Medikamente und
Technologien. Transfersome® haben sich dabei schon als eine geeignete neue
Technologieform erwiesen. Transfersome® sind Lipidvesikel, welche aus einer flexiblen und
ultradeformierbaren Lipiddoppelschicht aufgebaut sind. Im Gegensatz zu konventionellen
Liposomen enthalten Transfersome® neben den bei beiden Vesikelarten vorkommenden
membranaufbauenden Phospholipiden, z.B. Phosphatidylcholin, ein oder mehrere amphiphile
Membranbestandteile, welche die Lipiddoppelschicht flexibel und anpassungsfahig machen.
Zu dieser membranerweichenden Substanzklasse gehdren sowohl bestimmte Tenside als auch
ausgewdhlte amphiphile Wirkstoffe. Auf Grund ihrer Anpassungsfahigkeit, auch Adaptabilitat
genannt, konnen diese gemischten Lipidvesikel als Wirkstofftrager fur den gezielten dermalen
und transdermalen Wirkstofftransport in oberflachliche aber auch tiefere, periphere Gewebe
eingesetzt werden. Transfersome® Vesikel (iberwinden dabei nach lokaler, nicht-okklusiver
Auftragung die Hautbarriere, genauer gesagt das Stratum corneum. Die treibende Kraft fur
diesen aktiven Transport ist dabei der transkutane Feuchtigkeitsgradient, vor allem innerhalb
des Stratum corneums. Die durch die nicht-okklusive Anwendung einhergehende Vesikel-
deydration treibt die Wirkstofftrager unter Vesikeldeformation durch die engen hydrophilen
interzellularen Poren des Stratum corneums. Diese Porenpenetration findet immer dann statt,
wenn der Energiegewinn bezlglich Dehydration/Rehydration groRer ist als der energetische
Aufwand fir die Vesikeldeformation. Mit diesem Hintergrund ist es verstandlich und durch
verdffentlichte  Vergleichsstudien zwischen ultradeformierbaren  Transfersome® und
herkdmmlichen, relativen unflexibeln Liposomen belegt, dass nur erstgenannte flr einen

effektiven transdermalen Wirkstofftransport in Frage kommen.

Ziel und Aufgabenstellung dieser Doktorarbeit war es, eine fur diverse Wirkstoffe geeignete
Transfersome® Formulierung zu entwickeln und diese im Hinblick auf Adaptabilitat und
Stabilitdt physikomechanisch zu charakterisieren. Als mdoglicherweise geeignetes
membranerweichendes Tensid wurde dabei im Vorfeld Polyoxyethylen-20-oleylether
(C181EOyo) identifiziert. Die geringe Mizellbildungskonzentration von CMC = 25 pM, ein
hoher molarer Membranverteilungskoeffizient, log K = 4.3 M™, ein HLB-Wert von
HLB = 15.3 und die damit verbundenen kegelférmige Molekllgeometrie schienen geeignete

Voraussetzungen zu sein, um das Zusammenspiel von Cig1EO5 mit einer Lipidmembran
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bestehend aus Soja Phosphatidylcholin (SPC) detailliert zu untersuchen und im Hinblick auf
Deformierbarkeit der Lipiddoppelschicht zu optimieren.

Mit Hilfe der statischen und dynamischen Lichtstreuung wurden wichtige Parameter
beziglich der Wechselwirkung zwischen Tensid und Lipid ermittelt: die Membransattigung

R und die Vesikelsolubilisierung Re™

, jeweils als molares Verhaltnis R von Cig.1EO zu
SPC. Beide Methoden lieferten ein Ubereinstimmendes Sattigungsverhéltnis von
R = 0.25 mol/mol, ein Ergebnis das vergleichbar ist mit dem von nicht-ionischen Tensiden
derselben Kopfgruppenldnge (Polyoxyethylene-20-octylphenylether: RS2 = 0.20 mol/mol;
Polyoxyethylen-20-cetylether: R™* = 0.28 mol/mol). Dieses Ergebnis bedeutet, dass bei einen
Molverhaltnis von SPC/C151EO, = 4/1 die Lipiddoppelschicht mit dem Tensid maximal
beladen ist und eine weiter Erhdhung der Tensidkonzentration zur Vesikelauflésung fuhrt,
also zur Solubilisierung und Bildung von Mischmizellen. Eine solche kontinuierlich
stattfindende Vesikelsolubilisierung und Mischmizellbildung wurde zwischen 0.25 < R < 3

sol

[mol/mol] beobachtet, welche bei R~ = 3 mol/mol abgeschlossen war und die dabei

entstandenen Mischmizellen die dann einzig verbliebenen Aggregate bildeten. Sowohl das

sat sol

niedrige Séttigungsverhdltnis R als auch das geringe Solubilisierungsverhéltnis Re
bestatigten die Einstufung von CigEOy als ,starkes” Tensid. Zeitlich aufgelOste
Solubilisierungsmessungen mit Hilfe der dynamischen Lichtstreuung zeigten und bekrétigten
des Weiteren eine schon friher von anderen Autoren verdffentlichte zweiphasige
Solubilisierungskinetik. Die in dieser Arbeit durchgefihrten kinetischen Messungen in
Abhédngigkeit von R, ermdglichten eine indirekte Bestimmung des effektiven
Diffusionskoeffizienten von Cig.1EOz mit Desr = 2.8 » 107° m?™ und eine Abschatzung

seiner Oberflachenausdehnung von 7"~ 0.1 nm?.

Neben den Membranséttigungs- und Solubilisierungseigenschaften von Polyoxyethylen-20-
oleylether wurde in ergdnzenden Experimenten der Einfluss des Tensids auf die Adaptabilitat
der Lipiddoppelschicht untersucht. Hierbei wurde mit einem Adaptabilitatstest (CMA) das
Penetrationsverhalten von Lipidvesikeln mit unterschiedlichem Tensid zu Lipidverhaltnis Re
durch Poren mit einem Durchmesser von d, =~ 20 nm untersucht. Das Prinzip einer solchen
CMA-Messung beruht darauf, dass deformierbare Lipidvesikel mit einem Vesikel-
durchmesser von d.es > 5 dp durch angelegten Druck die engen Filterporen penetrieren und
anschliessend im Filtrat fast unverandert vorliegen. Steife, unverformbare Lipidvesikel
derselben GroRe konnen hingegen die Barriere nicht passieren. Nur bei sehr hohen

Energieeintragen, z.B. in Form von hohem Druck, werden diese Vesikel unter
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Fragmentierung durch die Poren gepresst, ein Vorgang, der auch als Extrusion bekannt ist.
Die wahrend einer Messung ermittelte Penetrabilitdit P in Abh&ngigkeit des angelegten
Drucks Ap lasst daher Ruckschlisse auf die Membranadaptabilitdt zu. In den durchgefihrten
Messungen nahm die Adaptabilitdt beginnend mit steifen Liposomen (R = 0 mol/mol;
dves = 120 nm) kontinuierlich und nicht-linear mit zunehmender C41EO, - Konzentration zu.
Die maximale Membranadaptabilitat a* der gemischten Lipidvesikel (dyes = 110 nm) wurde
mit Re = RS = 0.25 mol/mol erreicht und blieb dann fir RS < R, < R konstant. Oberhalb

von R.>

= 3 mol/mol, also dem Bereich, wo nur noch Mischmizellen existieren, nahm die
Penetrabilitdt dann sprunghaft zu, da die entstandenen Mizellen mit einem Durchmesser
dmic < dp die Barriere mehr oder weniger drucklos passieren konnten. Ubereinstimmend kann
gesagt werden, dass sowohl die Membransattigungsexperimente mit der statischen und
dynamischen Lichtstreuung als auch die Adaptabilitdtsmessung geeignete Methoden sind, die
maximale Beladung, also die maximale Membranflexibilitat einer Lipiddoppelschicht durch
Einbau von Tensiden zu ermitteln. Unter Zuhilfenahme eines phanomenologischen Modells
konnte ferner diese Flexibilitdt in Form der allgemein bekannten Biegesteifigkeit der
Lipiddoppelschicht, x;, quantifiziert werden. Die Biegesteifigkeit eines tensidfreien SPC-
Vesikels konnte mit C5.1EO5o um den Faktor ~ 8 von x; = 19.5 kgT auf x; = 2.5 kgT reduziert
werden. Diese optimierten Transfersome® Vesikel scheinen somit geeignet zu sein, beladen
mit Wirkstoff diesen gezielt durch die hydrophilen Poren der Hornhautbarriere transportieren
zu konnen. Diese in der interzellularen Lipidmatrix des Stratum corneums vorhandenen Poren
sind zwar mit eine Durchmesser von d, < 0.7 nm sehr eng, kdnnen aber, wie von anderen
Autoren publiziert, durch externe Krafte wie Vesikeldruck oder ein elektrischen Potential auf

bis zu 20 nm geweitet werden, womit sie fiir Transfersome® Vesikel passierbar sind.

Um die Transfersome® Vesikel als transdermale Wirkstofftrager einsetzen zu konnen ist es
essentiell die Wechselwirkungen zwischen Vesikel und Wirkstoff und deren Beeinflussung zu
kennen. Anhand zweier amphiphiler Wirkstoffe wurde die Partition dieser in Abhangigkeit
ihres Ladungszustands, des pH-Werts, der Membranelektrostatik und Polaritat untersucht.
pH-metrische Titrationsexperimente zeigten dabei, dass die Membranpartition PVen eines
Wirkstoffs im ungeladenen Zustand vergleichbar ist mit dem Wert, welcher in einem
klassischen ~ 1-Octanol/Wasser ~ System  ermittelt wird. Fur  Ketoprofen, ein
Proprionsaurederivat, wurde ein Verteilungskoeffizient von log PNyem = 3.0 - 3.3 und fir
Bupivacain, ein tertiares Amin, log PNem = 2.1 — 2.4 ermittelt. Fur die geladenen Wirkstoffe

wurde jedoch ein gegenteiliges Verhalten beobachtet. Sowohl negativ geladenes Ketoprofen
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als auch positiv geladenes Bupivacain zeigten eine signifikant hohere Partition in die
Lipiddoppelschicht als in eine 1-Octanol Phase. In Abh&ngigkeit der lonenstarke wurde fir
Ketoprofen eine Membranpartition der geladene Form von log P'yem = 0.15 bis 1.18 und fiir
geladenes Bupivacain ein Wert von log P'yem = 1.2 bis 1.6 gemessen. Die Kenntnis und die
Beriicksichtigung eines elektrostatischen Einflusses auf das Verteilungsverhalten von
geladenen Wirkstoffen in Abhangigkeit der Oberflachenladungsdichte des Vesikels, der
Salzkonzentration und des Polaritatsprofils der Membran-Wasser Grenzschicht ermdglichten
es, die Lage der Wirkstoffmolekdle innerhalb der Lipiddoppelschicht abzuschétzen. Negativ
geladenes Ketoprofen orientiert sich vermutlich innerhalb der hydrophilen Lipidkopfgruppe
zwischen der Cholin- und Phosphatgruppe wohingegen positiv geladenes Bupivacaine ein
wenig tiefer in der Membran sitzt, und zwar zwischen der Phosphatgruppe und der

Carbonylgruppe der Fettséuren.

Da es sich bei den untersuchten Wirkstoffen um amphiphile Molekule handelt, wurde in einer
abschlieBenden Studie der Einfluss von negativ geladenem Ketoprofen und positiv geladenem
Bupivacain auf gemischte Lipidvesikel, zusammengesetzt aus SPC und C;g.1EO2, untersucht.
Erganzt wurde diese Serie um ungeladenes Ethanol, welches wahrend der Herstellung von
Transfersome® Formulierungen als Hilfsstoff eingesetzt wird und auf Grund seiner
amphiphilen Eigenschaften ebenfalls die Biegesteifigkeit von Lipiddoppelschichten
beeinflussen dirfte. Adaptabilitdtsmessungen zeigten, dass alle drei Molekile die
Biegesteifigkeit von Cg1EO,o gesattigten Lipidvesikel von x, = 2.5 kgT konzentrations-
abhéngig auf x. =~ kgT reduzieren kdnnen. Mit andere Worten: thermische Energie ist
ausreichend um die Vesikel zu verformen. Neben dem Konzentrationseinfluss wurde
exemplarisch bei Bupivacain auch der Einfluss des pH-Werts auf die Vesikeladaptabilitat
untersucht. Dabei konnte nachgewiesen werden, dass nur positiv geladenes Bupivacain bei
ausreichend tiefem pH-Wert die Lipiddoppelschicht flexibler macht und dass die ungeladene
Form letztgenannte kontraproduktiv versteift. Allerdings brachte die Kombination von positiv
geladenem Bupivacain und nichtionischem Polyoxyethylen-20-oleylether auch die
Erkenntnis, dass beide Molekile die Biegesteifigkeit der Lipiddoppelschicht synergistisch
senken. In den getesteten Formulierungen wurde dabei ein Synergieoptimum bei einem
molaren Ci54EOy zu SPC Verhdltnis von Re = 0.16 mol/mol und einer

Bupivacainkonzentration von Cgryg = 67 mM ermittelt.

Die Ergebnisse dieser Doktorarbeit mit Transfersome® Vesikeln zeigen zum einen, dass

Polyoxyethylen-20-oleylether ein exzellentes Tensid ist, welches die Lipiddoppelschicht von
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Phosphatidylcholinmembranen in geeignetem molaren Mischungsverhaltnis ausreichend
verformbar macht, und zum anderen, dass spezifische, und dabei trotzdem leicht
durchzufuhrende Methoden wie Adaptabilitdtsmessung, Solubilisierungsmessung und
pH-metrische Partitionsmessung geeignete Werkzeuge sind, um ultraverformbare
Wirkstofftrager fur den gezielten transdermalen Transport zu entwickeln und zu optimieren.
Trotzdem ist es notwendig und unabdingbar, das untersuchte in vitro Verhalten dieser
Lipidvesikel in zukinftigen praklinischen und Kklinischen Studien zu bestdtigen, um die in
dieser Doktorarbeit verwendeten Wirkstoffe Bupivacain und Ketoprofen Transfersome® dann
gezielt und effektiv zur Lokalanésthesie beziehungsweise zur Analgesie und

Entziindungshemmung einsetzen zu kénnen.
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