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ABSTRACT

The primary objective of this research was to investigate the mechanism(s) by

which two investigational chemical penetration enhancers, octisalate (OS) and padimate

O (PO), enhance the in vitro percutaneous absorption of the opioid analgesic, fentanyl,

under predicted conditions of use in vivo. The percutaneous absorption of fentanyl in

vitro was determined using a flow-through diffusion cell design. In order to simulate the

dosing conditions that would prevail in vivo, finite dose diffusion studies were conducted

by applying fentanyl 5%w/v in ethanol alone or ethanoiic solutions contain'ig 5%w/v

fentanyl and 1 to 10%w/v of OS or PO to either shed snake skin or human female

abdominal epidermis. From these studies, it was found that OS significantly enhanced the

percutaneous absorption of fentanyl at all concentrations investigated (p<0.05 compared

with control (ethanol alone)) and that its enhancing capabilities were linearly related to its

applied concentration. On the other hand, a parabolic relationship was observed between

fentanyl permeation enhancement and the applied concentration of PO such that

significant enhancement was only observed at concentrations between 2.5 to 7.5%w/v

(p<0.05 compared with control). It was also found that the application of fentanyl with

high (> 5%w/v) concentrations of OS and PO resulted in the maintenance of optimal

fentanyl flux across the skin over prolonged periods of time and that the enhancing

capability of OS was generally superior to that of PO.

As it is often difficult to derive diffusional parameters from finite dose diffusion

data, infinite dose diffusion studies were conducted using human female abdominal

epidermis. Saturated aqueous solutions of fentanyl (2000ul) were applied to untreated

skin (control) or skin pretreated with ethanol alone or ethanoiic solutions containing 1 to

10% w/v of OS or PO. Under these conditions, both OS and PO significantly enhanced

the permeability coefficient of fentanyl at all concentrations investigated (p<0.05

compared with untreated skin). Again, the enhancing effects of OS appeared to be

linearly related to its applied concentration whereas a parabolic relationship was evident

between fentanyl permeation enhancement and the applied concentration of PO. As

similar concentration-dependent trends were evident for the enhancement of the partition

coefficient of fentanyl between the stratum corneum (SC) and the vehicle, it appeared

that a major mechanism by which OS and PO enhance fentanyl permeation is by

increasing its partitioning into the SC. As i) the saturated solubility of fentanyl in OS and



PO was found to be higher than its solubility in model liquid organic phases (octanol

(OCT) and isopropyl myristate (IPM)) and ii) both OS and PO enhanced the intrinsic

partition coefficient of fentanyl free base between IPM and water in a concentration-

dependent manner, it appears that OS and PO enhance fentanyl partitioning into the SC

by, or partly by, increasing its solubility in the SC lipids.

To further investigate the effects of OS and PO on fentanyl permeation under finite

dose conditions, tape-stripping experiments were conducted. Ethanol alone or ethanolic

solutions containing 5%w/v of fentanyl and 5%\v/v of either OS or PO were applied to

the SC surface of 1 x 5 cm pieces of full-thickness human female abdominal skin and

after a predetermined exposure time, excess solution was wiped from the skin surface and

the SC was sequentially removed by adhesive tape stripping. From these studies, it was

evident that, compared with ethanol alone, both OS and PO modified the distribution of

fentanyl across the SC such that relatively high concentrations of fentanyl were

maintained in the upper regions of the SC over prolonged exposure times. However,

discernible differences were apparent between the distribution phenomena of fentanyl

and the distribution phenomena of OS and PO. Differences were also found between the

distribution of OS across human SC in vitro and in vitro, which highlights the need to

conduct further mechanistic studies in vivo.

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) investigations

into the effects of OS and PO on human SC lipids in vitro were also conducted in order to

gain further insight into the possibility that OS and PO increase the diffusivity of fentanyl

within the SC. After a finite dose application to the skin for 2 h, both OS and PO

significantly reduced the areas and heights of SC-lipid derived CH2 asymmetric and

symmetric stretching frequencies at concentrations above 5%w/v and l%w/v respectively

(p < 0.05 compared with untreated skin and skin treated with ethanol alone). While the

apparent lipid-reducing effects of OS appeared to be related to its applied concentration

and the amount taken up into the SC, the effects of PO appeared to be saturated within a

concentration range between 1 and 10%w/v. Furthermore, OS, but not PO, appeared to

shift the CH2 asymmetric and symmetric stretching frequencies to higher wavenumbers,

which may indicate that it reduces the conformational order of the SC lipid bilayers.

However, this effect requires further investigation.
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Chapter 1 - Introduction

1.1. STRUCTURE AND FUNCTION OF THE SKIN

The skin is the largest organ of the body, accounting for more than 10% of total

body mass (1). It essentially consists of four different layers: the stratum corneum, the

viable epidermis, the dermis, and the hypodermis (or subcutaneous tissue) (Figure 1.1).

Several appendages also exist in the skin including hair follicles, sebaceous glands, sweat

glands, nails, and sensory receptors.
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Figure 1.1. Schematic representation of human skin and its appendages(2).

$

As the skin enables the body to interact most intimately with its environment it is

not surprising that the functions of the skin relate to its situation as an interface between

the body and the external environment. Accordingly, an important function of the skin is

to maintain homeostasis of the body by limiting the loss of water, electrolytes and other
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Chapter 1 - Introduction

body constituents whilst maintaining a barrier to the ingress of foreign substances from

the environment (3). The skin fulfills this role by, for example (4,5):

u.

in.

helping to maintain a relatively constant internal body temperature in the

face of variable external temperatures

encumberng the penetration of foreign substances, such as chemical,

microorganisms and other pathogens

protecting the body from external radiation, including visible light,

ultraviolet (UV) light, and ionizing radiation

The skin also offers physical protection against mechanical stress and external

pressure. The presence of water - and possibly other substances - within the stratum

corneum render this integument soft and flexible whilst the underlying skin layers (the

dermis and hypodertnis) provide bulk, cushioning, and mobility (4). Sensory nerves

within the skin also aid in the protection of the body by sensing external influences, such

as heat, cold, pressure, and pain.

The skin's outermost layer, the stratum corneum, is a heterogeneous structure

comprised of 15 to 25 layers of flattened, hexagonal cornified cells (comeocytes) that are

embedded in a continuous array of extracellular lipids (1). Although it is reported that the

surface area of skin exposed to the environment can exceed 2 mz (6), the true surface area

of the stratum corneum is difficult to determine due the presence of macroscopic furrows

(or microwrinkles) (7). In fact, it has been estimated that the presence of these furrows

can increase the surface area of skin exposed to the environment by up to 30% (8).

Although it serves a principle role in maintaining homeostasis, the stratum corneum

is an extremely thin structure, being only 10 to 20 urn in cross-sectional thickness (1).

However, the thickness of, and the number of comeocytes within, the stratum corneum

can vary considerably among different individuals and among different body sites (9,10).

Despite this large degree of inter- and intra-individual variability, the thickness of the

stratum corneum at any given body site remains relatively constant due to the fact that

comeocytes are continuously shed from the stratum corneum surface at a rate which

balances the formation of new comeocytes. The de novo production of comeocytes

originates from the viable epidermis, which is the unvascularised skin layer located

immediately below the stratum corneum.
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Chapter I - Introduction

The epidermis is a continuous stratified squamous epithelium. Although it is devoid

of blood vessels, the epidermis receives all of its nutrients, and disposes of its waste

products, by diffusional exchange with the underlying uermis (11). The majority (~90%)

of cells within the epidermis arc keratinocytcs, which undergo progressive stages of

maturation and, ultimately, terminal differentiation as they migrate from the basal

epidermal layers to the stratum corneum (12). The thickness of the viable epidermis also

varies dramatically with anatomical site. Although most of the body has an average

epidermal thickness of 40 to 50 urn, it is increased to about 80 um on the wrists and back

of the hand and reaches 400 um on the front of the fingers (13).

The stratum corneum and epidermis are not continuous structures as they are

pierced by hair follicles, pilosebaceous units and sweat gland ducts. The roots of the hair

follicles (and associated pilosebaceous units) and the secretory coils of the sweat glands

are supported by the dermis. The dermis, which is innervated and highly vascularised,

consists essentially of a matrix of connective tissue woven from fibrous proteins that are

embedded in an amorphous ground substance of mucopolysaccharide that is sparsely

populated with cells. As the dermis is the thickest skin layer (its thickness ranges from 3

to 5 mm (4)) it is responsible for giving the skin its bulkiness. Beneath the dermis is the

hypodermis (though it is absent on the eyelids and male genitalia), which consists mainly

of adipose tissue. It is also tiansversed by a system of blood vessels, although this is not

as pronounced as in the dermis.

The structure and dynamics of each of these skin layers and the skin appendage i

will be described in detail in the following sections. As the barrier function of the skin

can be mainly attributed to the stratum corneum, the structure and function of this

integument is discussed separately in Section 1.2.

1.1.1. The epidermis

The epidermis is comprised of several cell layers that are traditionally identified in

terms of their location and appearance: the stratum basale, stratum spinosum and stratum

granulosum (Figures 1.1 and 1.2). However, as "the raison d'etre of the epidermis is to

make the stratum corneum" (14) it is important to recognise that the architecture of the

epidermis represents the dynamic processes involved in the generation of the stratum

corneum (i.e. the different stages of keratinocyte mitosis and differentiation).
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Keratin bundles

Extruding lamellar
granules

Desmosomal
junction

Nocleus

Hemidesmosome

Stratum corneum

Stratum lucldim

Stratum granulosum

Stratum splnosum

Stratum basale

Basement membrane

Figure 1.2. Schematic representation of the morphological and structural changes that occur

during keratinocyte differentiation. Adapted from Schaefer and Redelmeier (15) and Walters and

Roberts (1).

1.1.1.1. Stratum basale

The stratum basale is the mitotically active layer of the epidermis where the

keratinocytes divide and begin the process of differentiation. Immediately below the

stiatum basale is the acellular basement membrane, which serves three major functions:

dermal-epidermal adherence, mechanical support for the epidermis, and the control of the

passage of cells and some large molecules (such as proteins) across the junction (1, 6).

The basal keratinocytes, which are arranged in a "fence post" fashion along the basement

membrane, are typically elongated in appearance, contain a prominent nucleus and are

relatively undifferentiated (6, 16) (Figure 1.2). Two major types of basal cell have been

identified, which vary hi their function and appearance (16). Serrated basal cells have low

mitotic activity and contain well-developed projections that extend into the dermis. Thus,

it is thought that their principal function is to anchor the epidermis to the dermis (16). On

the other hand, nonserrated basal cells have a smoother border and are believed to

function as stem cells which have the capacity to divide and produce new cells (16). The
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mitotic division of these basal cells is regulated by various intrinsic and extrinsic factors

(17).

Whereas hemidesmosomes are responsible for attaching the basal cells to the

basement layer, desmosomcs are cell-cell junctions that are responsible for maintaining

intercellular cohesion and communication (1). The desomosomal junction contains two

types of transmembrane glycoproteins (desmogleins and desmocollins) that essentially

provide a link between the keratin intermediate filaments of adjacent keratinocytes (1).

The attachment of the basal cells to the basement layer, and to each other, is also

maintained by adherens junctions, which are cell-cell junctions that differ from

hemidesmosomes and desmosomes in terms of morphological structure, molecular

composition and linkage to a basal keratinocyte (they are linked to cytoplasmic

microfilaments of actin instead of cytoplasmic keratin intermediate filaments) (1,18).

Basal keratinocytes synthesise two major keratins, keratin 14 (type I) and keratin 5

(type II) (1, 17, 18). However, as the keratinocytes migrate to the stratum spinosum and

the stratum granulosm, the synthesis of these keratins is reduced and replaced by larger

keratins, keratin 10 (type I) and keratin 1 (type II). In contrast to the keratin pair

expressed by basal keratinocytes, keratins 1 and 10 aggregate to form supramolecular

keratin assemblies called macrofibrils, which are important structural components of the

epidermis (17). This differentiation-dependent regulation of keratin expression appears to

have functional significance within the epidermis, since premature aggregation of the

basal keratinocytes could potentially eliminate the stem cell population (17).

1.1.1.2. Stratum spinosum

As the keratinocytes move from the stratum basale to the stratum spinosum they

become flatter in appearance, their nucleus reduces in size and they contain more keratin

filaments (16). Spine-like structures (or "prickles") also appear on the cell surface, which

is one of the first noticeable steps in keratinocyte differentiation (along with the

expression of keratins 1 and 10) (16, 17). These spinous projections, which appear to

form bridges between the keratinocytes, have been identified as desmosomes (16). The

cytoplasm of these keratinocytes also contains a complete compliment of organelles

(including a nucleus, nucleoli, an endoplasmic reticulum, Golgi apparatus and

mitochondria) as well as a few bundles of keratin filaments (16).
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Within the upper cell layers of the stratum spinosum, intracellular membrane

coating granules (otherwise known as Odland bodies or lamellar granules) appear in the

cytosol, which marks the transition between the stratum spinosum and the stratum

granulosum(l).

1.1.1.3. Stratum granulosm

As keratinocyte differentiation continues into the stratum granulosm, the

keratinocytes become noticeably flatter in appearance. The most prominent feature of

these keratinocytes is the presence of keratohyalin granules within the cytoplasm (16).

The keratohyalin granules contain profilaggrin, which is a histadine-rich, neutral

phosphoprotejn (17). As the keratinocytes migrate from the stratum granulosm to the

stratum corneum profilaggrin is converted to filaggrin, which aids in the assembly of the

keratin filaments in the extracellular space (4, 17). Membrane coating granules are also

present within the cytoplasm of these keratinocytes (in the endoplasmic reticulum and

Golgi apparatus) (1), Although they are also present within the stratum spinosum, the

prevalence of membrane coating granules increases in the stratum granulosm (12, 16).

The membrane coating granules are ovoid bodies that are comprised of a lipid

membrane that surrounds one or more stacks of lamellar disks, which are aligned parallel

to each other (11). These lamellar disks are believed to the precursors of the intercellular

lipid lamellae of the stratum corneum (19). Hydrolytic enzymes are also present within

the membrane coating granules (1). The most notable enzyme, stratum corneum

chromatryptic enzyme (SCCE), is able to locate at the desmosomal junctions and has thus

been implicated in the process of desquamation (1) (Section 1.2.4.).

1.1.1.4. Final stages of keratinocyte differentiation

As the keratinocytes migrate from the uppermost layers of the stratum granulosm to

the stratum corneum, the membrane coating granules migrate to the apical side of the

keratinocytes, where they fuse with the basement membrane and eventually secrete their

contents into the intercellular space (16). The polar lipid precursors derived from the

lamellar bodies are enzymatically converted in part into neutral lipids, which are

subsequently modified and rearranged edge-to-edge (20). They eventually fuse to form
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Chapter 1 - Introduction

broad, multiple intercellular lipid lamellae that are orientated approximately parallel to

the surface of the cells (19).

Concomitantly, the nucleus and all other cellular organelles are destroyed by

proteases, DNase, RNase, acid hydrolysase and plasminogen activator and as a result the

keratinocytes become flattened and compacted (17). This region of intense enzymatic

activity and cellular remodelling is often referred to as the stratum lucidim and appears to

form the first layer of the stratum corneum (6,17).

Evidently, the entire process of epidermal differentiation is aimed toward the

generation of the specific morphology of the stratum corneum, which is described in

Section 1.2.2.

1.1.LS. Other cells in the epidermis

Other cells that are present in the epidermis are Langerhans cells, Merkel cells, and

melanocytes. Langerhans cells are dendritic cells that migrate from the bone marrow V6).

In recent years, it has been recognised that these cells are involved in the immune

response of the skin: they appear to bind contact allergens in the skin and transport them

to the lymph nodes, where they present these antigens to T lymphocytes (1).

Merkel cells are closely associated with nerve endings present on the dermal side of

the basement membrane, which may indicate that they are involved in the sensation of

touch (1,4). Although there has been no direct evidence to support this function, most

researchers believe that Merkel cells play a role in the mechanosensory system, the

trophic action on peripheral nerve fibres, the stimulation and maintenance of keratinocyte

proliferation, and the release of bioactive agents to the sub-epidermal structures (1,4).

Melanocytes are also present within the stratum basale, in a ratio of about 1:36 with

basal cells (6). Their main function is to produce melanin, which is synthesised in

membrane-bound organelles (the melanosomes), and to distribute it to the keratinocytes

(1). Melanin is responsible for pigmentation of the skin and hair. The main function of

melanin within the skin is to provide protection against the harmful effects of UV

radiation (4, 5).
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1.1.2. The dermis

The dermis is subdivided into two layers, the papillary dermis and the reticular

dermis. The papillary dermis is located immediately below the basement membrane,

where the dermal papillae (which appear as upward-facing pegs) interdigitate with the

rete ridges (or downward-facing pegs) of the epidermis (Figure 1.1) (5). This structural

arrangement enables the epidermis to receive its nutritive, immune and other support

systems via the dermal papillae, which are highly vascularised (5). The reticular dermis,

which constitutes the bulk of the dermis, extends from the base of the papillary dermis to

the hypodermis.

The dermis contains collagen (~75%), rcticulin (a very fine collagen) (0.4%) and

elastin fibers (4%) (4). Whilst the collagenous fibers provide a scaffold of support and

cushioning, elastin fibers are responsible for the elasticity of the skin (1). The dermal

fibres are smbedded in an amorphous ground substance, which is essentially comprised

of mucopolysaccharides (or proteoglycans) formed by hyaluronic acid, chondroitin

sulphate, dermatan sulphate, and heparan sulphate (6). Proteoglycans are capable of

absorbing copious amounts of water and thus form an aqueous, gel-like substance. It is

likely that proteoglycans function to maintain an appropriate level of hydration (to meet

metabolic needs) and an ion balance (for the exclusion of large macromolecules) (6).

They also serve to support the dermal components and may also play a role in cell

migration and differentiation (6). Fibronectin is an adhesive glycoprotein that is also

present within the dermis (6). Its functions include the promotion of cell adhesion

(particularly the attachment of cells to collagen), spreading, migration, chemotaxis,

phagocytosis, matrix and basement membrane organisation, and growth factor secretion

(6).

The dermis is sparsely populated with cells. Fibroblasts are the most abundant cell

type in the dermis and are responsible for the production of connective tissue

components, such as collagen and fibronectin (4). Mast cells, macrophages, lymphocytes,

and melanocytes are also present in the dermal tissue (6).

1.1.3. The hypodermis

The hypodermis is essentially comprised of loose connective tissue and a network
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Chapter I ~ Introduction

of adipocytes, which are arranged in lobules and linked to the dermis by interconnecting

collagen and elastin fibres. Other cells that are present within the hypodermis include

fibroblasts and macrophages (1). The major functions of the hypodermis are heat

insulation, shock absorption and energy storage. It also anchors the skin to the underlying

muscles and supports the skin's vascular and neural systems (1).

1.1.4. Vascular, lymphatic and neural systems within the skin

An extensive vascular system transverses the hypodermis and, in particular, the

dermis and is responsible for maintaining the viability of the skin (providing for

cutaneous nutrition, repair and immune responses and inaintaining tissue homeostasis)

and contributes to the skin's function as a protective barrier between the body and its

external environment (playing a role in immune response and thermoregulation) (1).

The vascular surface that is available for the exchange of materials between the

blood and local tissue is approximately equivalent to the surface area of the skin, with the

average rate of blow flow through the skin being about 0.05 ml/min/cm3 (21). The

significance of this abundant blood supply to percutaneous drug absorption is discussed

in Section 1.3.

The cutaneous blood supply arises from arterial branches that penetrate the

hypodermis and underlying muscles, which give rise to two important plexuses in the

dermis: a lower horizontal plexus located at the interface between the dermis and

hypodermis and a superficial horizontal plexus in the papillary dermis (22). The lower

plexus, which is formed by the vessels from the underlying hypodermis and muscles,

give rise to arterioles and venules that ascend vertically to interconnect with the upper

horizontal plexus. It also forms numerous lateral tributaries that supply the appendages

(e.g. hair follicles and sweat glands).

The superficial horizontal plexus supplies capillary loops found in the dermal

papillae. These papillary loops are responsible for providing the papillary dermis and

epidermis with nutritive support (6). Post capillary venules form as the papillary loop

descends into the superficial horizontal plexus and these venules are the site where

inflammatory cells migrate from the vascular space to the surrounding tissue (22).

Although the cutaneous vasculture provides critical nutritive and inflammatory

functions, the majority (-85%) of total blood flow through the skin effects
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thermoregulatory homeostasis (23). The distribution of blood flow through the skin is

mainly regulated by two components of the microvascular system: arteriovenous

anastomoses and pre-capillary sphincters (24). The arteriovenous anastomoses are located

between the capillaries and are most prominent in acral skin, such as the fingertips and

toe pads (25). During vasodilatation, they are capable of shunting blood directly from the

arterial to the venous side, bypassing the capillaries, and thus increasing overall blood

flow and heat dissipation (24, 26). In the papillary dermis, the pre-capillary sphincters

control blood flow to the capillaries of the dermal papillae (22). Both arteriovenous

anastomoses and pre-capillary sphincters are responsive to systemic stimuli (such as core

temperature changes, cardiovascular homeostasis and emotional stress) and local stimuli

(such as pain, inflammation, pressure and local temperature changes) (24).

The lymphatic system of the skin is also organised into upper and lower horizontal

plexuses (27). However, the lymphatic vessels are located slightly deeper in the papillary

dermis and are not contained within the hypodermis (28, 29). The lymphatic system is

responsible for the continual removal of excess fluid, waste products and macromolecules

(such as proteins) from the extravascular compartment of the dermis (28). The lymphatic

vessels also direct antigen-presenting cells to the lymph nodes and are thus vital for the

development of cellular immunity (28).

A complex network of somatic sensory and autonomic nerves is also present in the

skin (5). There are at least five known types of somatosensory receptors: Meissner's

corpuscles, Merkel's corpuscles, Krause's end bulbs, Ruffini terminals and Pacinian

corpsucles (6). With the exception of the Merkel's corpuscles (which may be located in

the epidermis), all of these receptors are located in the dermis (6). They are responsible

for cutaneous sensation, such as pain, pressure, itch, hot and cold. The somatosensory

and autonomic nerves of the skin form fiat networks in the papillary dermis and they

innervate the blood vessels and skin appendages (the hair papillae, the arrector pili

attached to the hair follicle and the eccrine glands) (5).

1.1.5. Skin appendages

1.1.5.1. Hair

Hair forms a protective coating over the entire body, except the lips, soles of the
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feet, palms of the hand, nipples and glabrous skin. It is mainly comprised of hard keratin,

which, unlike the soft keratin found in the stratum corneum, has a high sulphur content

(4). Hair is synthesised in the hair follicles, which are invaginations of the epidermis and

stratum corneum that slant into the dermis and may extend to the hypodermis (Figure

1.1). The base of the hair follicle (the hair bulb) encloses a stud of the dermis (connective

tissue papilla), which contains blood vessels that provide nutrients to the growing hair

matrix. A smooth muscle, the arrector pili, is also attached to the hair follicle. With

exposure to cold, or when stimulated by the sympathetic nervous system, this muscle

contracts, causing the hair to stand erect and/or a skin bulge to form in front of the follicle

(resulting in "goose bumps").

1.1.5.2. Sebaceous glands

Sebaceous glands originate from the epidermis and are primarily located in the

dermis, where they are usually found in association with hair follicles (thus forming a

pilosebaceous unit) (Figure 1.1). They are under hormonal control and are most abundant

in the scalp, forehead and upper back. The sebaceous glands, which are connected to the

hair follicles via ducts, deposit their secretions (a mixture of squalene, cholesterol,

cholesterol esters, wax esters, and triglycerides) into the upper third of the follicular canal

(30, 31). The sebum is subsequently distributed to the skin surface, where it has an acidic

pH between 4.8 and 6.4 (6) and also contains free fatty acids and small amounts of mono-

and diglycerides due to the bacterial hydrolysis of some of the triglycerides (30). As the

sebaceous glands secrete sebum by a holocrine mechanism, the phospholipMs of the cell

membranes are not present within sebum, but their fatty acids may be secreted and re-

esterified into sebum lipids (30). Sebum lubricates the skin and the short chain free fatty

acids found within this secrection are bacteriostatic and fungistatic (4).

1.1.5.3. Sweat glands

Sweat glands are divided into two subtypes: eccrine and apocrine glands. Eccrine

glands, which are epidermal in origin, are the most abundant type of glandular structure

and constitute two-thirds of all sweat glands (1). Eccrine sweat is a watery, hypotonic

fluid (containing sodium, chloride, potassium, urea, and lactate) derived from plasma,
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which has a slightly acidic pH (4). The sweat is manufactured in a secretory coil

embedded in the lower dermis or hypodermis and travels, via a duct that leads through

the dermis, to the skin surface. The principle function of sweat is to cool the body in

response to high external temperature and physical exertion: after the eccrine sweat

glands pour out their secretion over the skin surface, the water evaporates and removal of

the heat of vaporisation cools the body (4). As the autonomic nervous system innervates

the glands, emotional stress can also cause sweating.

Apocrine glands develop as part of the pilosebaceous unit and tend to be larger than

eccrine sweat glands (4). They are mainly located at the axillae, perianal and genital

regions, and the mammary areola. The bulk of the gland forms a tubule, which lies in the

hypodermis, and a secreting duct that opens into the neck of the hair follicle, above the

sebaceous gland. Few ducts exist onto the skin surface. The apocrine gland secretes a

milky fluid that contains lipids, proteins, lipoproteins and saccharides (4). This odourless

fluid can develop a characteristic odour upon metabolism by surface bacteria (32). The

secretion of apocrine sweat is regulated by the autonomic nervous system, thus emotional

stress may provoke discharge. Although they play no part in thermoregulation, apocrine

glands are considered to be vestigial secondary sex organs that have no apparent function

(4).

1.1.5.4. Nails

The nail apparatus essentially consists of the nail folds, nail matrix, nail bed and

hyponychium, all of which form the nail plate (33). The nail plate is a hard and

mechanically rigid structure that is held in place by lateral nail folds and the nail bed. It is

made up of ~25 stacked layers of terminally ditferentiated, keratinised cells that are held

together by globular, cysteine-rich proteins, which form disulphide links that act as 'glue'

(33). The nail plate is mostly comprised of keratin: most (~80%) of which is hard keratin,

whilst the remainder is soft keratin (34, 35). The nail plate has a water content in the

order of 10 to 30%, which is important for nail elasticity and flexibility (33).

'ft,

12



Chapter 1 - Introduction

1.2. STRUCTURE, DYNAMICS AND BARRIER FUNCTION OF THE

STRATUM CORNEUM

1.2.1. Assignment of the stratum corneum as the rate-limiting barrier layer of the

skin

The low permeability of human skin to various substances has been known for

some time and as early as 1853 it was recognised that the various skin layers were not

equally permeable (21). However, it was not until water permeability experiments were

conducted on isolated skin samples that it was realised that the stratum corneum was the

primary rate-limiting barrier (16). This observation was verified by Blank, who used

adhesive cellophane tape to progressively remove layers of the stratum corneum (36).

These experiments revealed that the permeability of water through excised, full-thickness

skin increased when the lowest layers of the stratum corneum were removed.

Accordingly, it was concluded that the rate-limiting barrier was located in the io vest

regions of the stratum corneum. However, after this data was reinterpreted by Schleu]»lein

it was ascertained that the bulk of the stratum corneum is a uniformly good diffiision

barrier (21).

The ability of the stratum corneum to control both the loss of water and the influx

of exogenous materials can be related in part to its high density (up to 1.4 g/cm3 in its dry

state), low level of hydration (of 15 to 20% compared with the average 70% for the

body), and the low surface area that is available for solu'e diffusion (as discussed in

forthcoming sections, it appears that substances entering the body do so via the very

narrow intercellular regions of the stratum corneum) (1). The barrier function of the

stratum corneum is further facilitated by the inconspicuous shedding of individual cells or

aggregates of cells from the stratum corneum (desquamation), where the total turnover

time of the stratum corneum is of the order of 2 to 4 weeks (37).

All of these characteristics are afforded by the unique chemical and physical

morphology of the stratum comeum, which, as mentioned in Section 1.1.1, results from

the terminal differentiation of the basal keratinocytes of the epidermis.
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1.2.2. Components of the stratum corncum

The stratum corneum is a unique, heterogeneous integument essentially composed

of 15 to 25 layers of stacked, terminally differentiated keratinocytes that are embedded in

a continuous array of extracellular lipids. This structural arrangement has given birth to

the analogy of the stratum comeum as a brick wall in which the comeocytes are the

"bricks" and the intercellular lipids are the "mortar" (16).
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Figure 1JS.A schematic representation of the "brick and mortar" model of human stratum comeum
(adapted from Johnson et ai (38)). The dimensions shown are the corneocyte diameter (d), corneocyte
thickness (t) and the vertical and lateral thickness of the intercellular space (g and s, respectively).
According to this particular model, the thickness of the stratum corneum (h) is 13.1um, which corresponds
to 15 stacked layers of comeocytes.

It is evident from the "brick and mortar" model shown in Figure 1.3 that the

eorneocytes occupy the most space within the stratum comeum whereas the intercellular

lipid lamellae are located in the very narrow regbns between the comeocytes.

Accordingly, the stratum comeum is mostly comprised of intra-corneocyte protein (75 to

80%w/w on a dry basis) whereas the intercellular lipids account for 5 to 15 %w/w of the

total dry weight (39). Though not included in the model, the cornified cell envelope

accounts for ~7%w/w of dry weight (40).

1.2.2.1. Comeocytes

During the final stages of differentiation, the keratinocytes of the stratum

granulosm are transformed into the flat, hexagonal, keratin-filled comeocytes of the
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stratum corneum. The corneocytes are aligned parallel to the stratum corneum surface

and each corneocyte measures approximately 0.5 to 1.5 um thick, with a diameter

ranging from 34 to 46|iim (41). However, these dimensions can vary according to age,

anatomical location and conditions that influence epidermal proliferation, such as UV

radiation (42).

As the nucleus and other cellular organelles of the keratinocyte are completely

destroyed during the transition from the stratum granulosm to the stratum corneum, the

cell becomes filled with keratin intermediate filaments (predominantly keratins 1 and 10)

and other associated matrix proteins, such as those involved in the cornified cell envelope

(11, 16). Consequently, the interior of the corneocytes is essentially comprised of an

insoluble matrix of protein that consists primarily of soft keratin, which is mostly in the

a-helical conformation (43).

As alluded to in Section 1.1.1.1, keratins 1 and 10 aggregate to form dense keratin

fibrils (macrofibrils) within the corneocyte. During the terminal stages of epidermal

differentiation, profilaggrin (which is synthesised in the keratohyalin granules of the

keratinocytes of the stratum granulosm) is processed by dephosphorylation and

proteolysis to form filaggrin, which binds to the keratin intermediate filaments and

facilitates their aggregation into macrofibril bundles (44). The keratin intermediate

filaments are stabilised by intra- and inter-molecular disulphide bonds and it is thought

that that filaggrin organises the keratin filaments such that appropriate disulphide bonds

can be formed (17). After its formation from profilaggrin. filaggrin is processed into free

amino acids that are osmotically-active (44). These amino acids, along with various other

proteins, form an amorphous, sulphur-rich matrix of proteins that surrounds the keratin

fibers (20,45, 46).

The macrofibrils that are formed from the aggregation of the keratin intermediate

filaments are orientated approximately parallel to the long dimension of the corneocyte

(47). Due to their orientation within the corneocyte, these fibrils confer structural rigidity

on the corneocyte (47).

r If

1.2.2.2. Cornified cell envelope

The cornified cell envelope consists of two components: a thick layer (~15 nm)

adjacent to the cytoplasm of the corneocyte which is composed of "irious structural
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proteins, and a thin layer (~4 nm) composed of lipids (11, 40). The assembly of the

cornified cell envelope is believed to occur via three principal stages and begins in the

upper layers of the stratum spinosum (48):

1. Initiation: A mono layer of proteins forms along the entire inner surface of the

keratinocyte membrane, including over the desmosomes, forming a scaffold. These

proteins (including envoplakin, periplakin and involuricin and other cellular proteins

such as the desmosomes) are cross-linked by NE-(-y-glutamyl)lysine isopeptide bonds.

2. Formation of the lipid envelope: Hydroxycermamide molecules, which contain long

co-hydroxyacyl chains comprised of 30 to 34 carbons, form a lipid monolayer over the

entire corneocyte surface and are covalently bound to the glutamine residues of

scaffold proteins such as involucrin via ester linkages (20). It is thought half of the

lipid modules are covalently bound to the scaffold proteins by the co-hydroxy

terminus and the other half by the sphingosine head-group (11) (Figure 1.4). This

arrangement allows for the unbound portion of the hydroxycermarnides to

interdigitate into the lipid bilayers of the intercellular space (16).

3. Reinforcement: Loricrin, compkxed with small proline-rich proteins, and small

amounts of other proteins (such as cystatin A) are cross-linked with the pre-existing

protein layer. In addition to im N^-y-glutamyOlysine isopeptide bonds formed by

the action of tranglutaminase en.zyme5, other protein cross-links are also formed

within the protein scaffold, such as N',Ns-bis(-y-gbitamyl)spermidine and disulphide

bonds (42). This extensive network of cross linking contributes to the overall integrity

and the insolubility of this structure. The keratin intermediate filament-filaggrin

complex also becomes crass-linked to the protein scaffold (42).

Although the cornified cell envelope itself does not possess intrinsic water barrier

properties, it is thought to play an important role in the organisation of the intercellular

lipid lamellae, inter-corneocyte cohesion, the semi-permeable properties of the stratum

corneum and/or the unusual resistance of the stratum corneum to proteolytic enzymes

(16,49).
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UNKING CERAMIDES

CORNIRED ENVELOPE
PROTEIN

Figure 1.4. A representation of the cornified cell envelope. Adapted from Lazo et al (50).

1.2.2.3. Comeodesmosomes

During the final stages of epidermal differentiation the structure of epidermal

desmosomes is also modified such that an electron-dense plug referred to as a

corneodesmosome is formed (51). Analogous to the functions of the desmosomal

structures in the epidermis, the comeodesmosomes provide a link between the keratin

intermediate filaments of adjacent corneocytes, "riveting" the cells together (47).

Comeodesmosomes are composed of the same transmembrane glycoproteins found in

desmosomes (desmogleins and desmocollins) as well as additional specialised proteins

such as corneodesmosin, which plays a critical role in cohesion within the

comeodesmosomal structure (51).

1.2.2.4. Intercellular lipids

The intercellular lipids of the stratum corneum form a continuous phase of broad

lipid lamellae that are orientated approximately parallel to the stratum corneum surface

(52, 53). As previously mentioned, the membrane coating granules contain lamellar disks,
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which are precursors of the intercellular stratum corneum lipids. These lipid precursors

include phospholipids, free sterols, and glucosylceramides (54). During the transition

from the stratum granulosm to the stratum corneum, the membrane coating granules fuse

with the plasma membrane of the granular cell and discharge their contents into the

intercellular space (refer to Section 1.1.4). Following the extrusion of the lamellar disks,

the polar lipid precursors are enzymatically cleaved to form nonpolar lipids that are

eventually assembled into lamellar structures (which will be described in forthcoming

sections). In particular, acid hydrolases break down the phospholipids into free fatty acids

and glucosylceramides to ceramides (53).

As a result of these biochemical transformations, there are distinct variations in the

distribution of lipid classes during the course of epidermal differentiation (1). In

particular, phospholipids - which dominate in the stratum basale - are absent in the

stratum corneum. Consequently, the intercellular space of the stratum corneum contains

an unusual lipid composition consisting of a roughly equimolar mixture of ceramides,

cholesterol and free fatty acids (1,16, 55) (Table 1.1).

Concurrent with the changes in lipid composition that occur following the extrusion

of the lamellar granule contents, the stacks of lamellar disks extruded from the membrane

coating granules are rearranged edge-tc-edge and then fuse to form the continuous

intercellular lamellae (11). It is thought that the lamellar disks are formed by the

flattening of membrane-bound vesicles (liposomes), which results in intercellular

lamellar sheets comprised of double lipid bilayers (11).

During the formation of the lipid lamellae at the interface between the stratum

granulosm and stratum corneum, the lamellae orientate parallel to the comeocytes and the

lipid mono layer of the cornified cell envelope acts as a template during this process (i.e. it

acts as a substrate to which the unbound lipids may adhere and adopt their lateral

organisation) (52). Interestingly, however, isolated lipid mixtures of ceramides and

cholesterol reveal a similar phase behaviour to that found in intact stratum corneum (56).

Thus, it is thought that the cornified lipid envelope may not be important for the

formation of the lamellar phases, but is very important for the orientation of the lipid

lamellae in the stratum corneum (52).
i / f
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Table 1.1, General composition of stratum comeum lipids (expressed at as percentage of the total
weight (%w/w) or total mole fraction (mol %) of extracted stratum corneum lipids). Adapted
from Wertz and Downing (16) and Walters and Roberts (1).

Lipid

Cholesterol esters
Cholesterol
Cholesterol sulphate

Total cholesterol
Ceramide 1
Ceramide 2
Ceramide 3
Ceramide 4
Ceramide 5
Ceramide 6

Total ceramides
Fatty acids
Others

% w/w

10.0
26.9
1.9

38.8
3.2
8.9
4.9
6.1
5.7
12.3
41.1
9.1
11.1

mol %

7.5
33.4
2.0
42.9
1.6
6.6
3.5
4.2
5.0
8.6

29.5
17.0
10.6

As previously mentioned, the major lipid classes found within the intercellular

space of the stratum corneum are ceramides, cholesterol and free fatty acids. At present,

eight different classes of ceramides have been isolated from human stratum comeum,

where the classification is arbitrarily based on polarity, with ceramide 1 being the least

polar (1) (Figure 1.5). The ceramides consist of a sphingosine or phytosphingosine base

to which a non-hydroxy or a-hydroxy fatty acid is chemical linked. Within the stratum

corneum, the fatty acid acyl chains are predominantly comprised of 24 and 26 carbons

(57, 58).

Due to their amphipliilic structure and long-chain constituent acyl fatty acids,

ceramides are thought to play a critical role in the barrier function of the stratum corneum

(1, 16, 58-60). However, despite the fact that numerous studies have demonstrated that

ceramides are required for the normal barrier function of the stratum corneum (49, 01,

62), the exact functions of the individual ceramide types are still not fully understood (1).

However, due to their hydrogen-bonding capabilities it is likely that the ceramides form

inter-lipid hydrogen bonds between their head-group moieties and that these bonds play a

critical role in the formation of very rigid sublattices (52).
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Ceramide 1, which possess a unique molecular structure consisting of a linoleic

acid chemically bound to a 30 to 34 carbon co-hydroxy fatty acid, has been found to play

a critical role in the organisation of the intercellular lipid lamellae. It is postulated that the

long co-hydroxyacyl chain of ceramide 1 completely spans one lipid bilayer whilst its

ester-linked linoleate inserts into an adjacent bilayer (16). This arrangement enables

ceramide 1 to act as a "molecular rivet" that links two adjacent bilayers together, thus

allowing for a tightly-packed structure (16,63).

Ceramide 2 HN >-OH

OH

Ceramide 5

Ceramide 7
OH Ceramide 8

Figure 1.5. Molecular structures of the ceramides found within the intercellular space of human
stratum corneum. From Bouwstra et al (19).

In most biological membranes cholesterol acts as a stabiliser and reduces the

mobility of the lipid alkyl chains. It is likely that cholesterol serves a similar function in

the intercellular lipid lamellae of the stratum corneum as it appears to loosen the chain

packing of the ceramide alkyl chains (64). Although the exact role of cholesterol esters

within the lipid lamellae is quite elusive, it is possible that these lipids span adjacent Hpid

bilayers and act as additional stabilising agents (1).

The role of cholesterol sulphate appears to be somewhat varied. It has been

demonstrated that cholesterol sulphate is required for the formation of proper lipid phase
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behaviour over a wide temperature range as it stabilises the lipid lamellar phases. This

function may be due, or partly due, to the electrostatic interactions induced by the

negatively charged sulphate group and/or the ability of cholesterol sulphate to dissolve

cholesterol in the lamellar phases (19). As mentioned in Section 1.2.4, cholesterol

sulphate also plays a role in the desquamation process.

The free fatty acids of the stratum corneum intercellular space are composed of

saturated long-chain acids in which the majority are lignoceric acid (comprised of a 24-

carbon chain) and hexacoanoic acid (comprised of a 26-carbon chain) (1). Saturated and

unsaturated fatty acids with shorter chains are also found within the upper layers of the

stratum corneum, however these are components of the sebaceous lipids. Although the

exact roles of the free fatty acids are unclear, free fatty acids increase the solubility of

cholesterol in lipid mixtures which may be essential for the barrier function of the stratum

corneum (63).

1.2.3. Relationship between stratum corneum microstructure and barrier function

It was not until the 1950's and 1960's that experiments were performed which

demonstrated that removal of the stratum corneum lipids by solvent extraction

dramatically increased water permeability, indicating that the intercellular lipids play a

critical role in the barrier function of the stratum corneum (53). The contribution of the

lipid bilayers to the ability of the stratum corneum to act as a barrier that limits the

permeation of various substances and water loss through the skin can be attributed to

their highly ordered arrangement (47).

As the carbon chains of the free fatty acids and most ceramides found within the

intercellular space are non-branched and saturated, they can attract each other through

van der Waal's attraction as the lipids aggregate to form bilayers structures. This high

degree of attraction results in a tight, closely-packed and well-organised crystalline

structure (47) (Figure 1.6). As mentioned in Section 1.2.2.4, the association between the

adjacent ceramide molecules is also stabilised by hydrogen bonding interactions between

the polar head groups.

From this highly ordered arrangement it may be inferred that the lipid lamellae

exist as a very stable, crystaiiuie phase. However, as the stratum corneum is a somewhat

semi-permeable memb-ane (rather than an impermeable membrane) it is apparent that the

21
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intercellular lipid lamellae do not entirely exist in a crystalline state (21, 47).

Consequently, various models have been developed - based on the results of various

biophysical studies on the stratum corneum - in order to define the physical state of the

lipid lamellae.

CORNEOCYTE

K LIPID I
|- BILAYERS —I

CORNEOCYTE

3 - HYDROPHILIC DOMAIN:
Lipid polar head groups

IIYDROPIIOBIC DOMAIN:
Ciosely packed hydrocarbon
chains

Figure 1.6. A schematic representation of the highly ordered arrangement of the intercellular
lipid bilayers within human stratum corneum. Adapted from Lindberg and Forslind (47).

For instance, the "domain mosaic model" proposed by Forslind and colleagues

suggests that large crystalline domains are separated by thin liquid crystalline channels

and that any water present in the intercellular space associates with the liquid crystalline

phase (47). On the other hand, Bouwstra and co-workers have proposed a "sandwich

model" in which a narrow fluid domain is sandwiched between two broad crystalline

lipid layers (59). More recently it has been revealed that although lipid packing is

predominantly orthohombic (crystalline phase) there may be some lipids that have a

looser, hexagonal packing (gel phase) in the upper layers of the stratum corneum (65).

Although the exact physical state of the lipid lamellae has not yet been elucidated,

it is evident from the diverse range of biophysical investigations that have been

conducted over recent decades that the intercellular lipid bilayers show an exceptional

degree of conformational order (66) and therefore impose a high degree of diffiisional
22
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resistance to solute permeation. For instance, it is well established that the stratum

corneum intercellular lipid bilayers undergo phase transitions (in which the alkyl chains

of the lipid bilayers change from a closely-packed, crystalline state or a gel-like state to a

liquid-crystalline state) at ~35, 70 and 80 °C, wi h the latter being associated with the

corneocyte lipid envelope (67). Thus, at normal physiological skin temperatures (~32°C)

the stratum corneum would function as a coherent barrier towards solute transport (47). It

has been demonstrated, however, that water vapour permeability increases as a fiinction

of increasing temperature and that this effect is most likely to be related to a decrease in

the conformational order of the lipid alkyl chains (68, 69). Furthermore, at temperatures

above 70°C water vapour permeability is characterised by an activation energy similar to

that of free diffusion, suggesting that the stratum corneum lipid bilayers offer little

diffusional resistance under these conditions (68).

1.2.4. Desquamation

In order to maintain a constant stratum corneum thickness at any given body site

the superficial parts of this integument must be continuously shed, or desquamated, at a

rate which balances the formation of new corneocytes. Although the exact mechanisms

involved in desquamation are not fully understood, it would appear that

corneodesmosomes are responsible for inter-corneocyte cohesion and thus their

proteolytic degradation plays a critical role during this process (51). An event that has

been implicated in this process is the activation of stratum corneum chymolryptic enzyme

(SCEE) and stratum corneum tryptic enzyme (SCTE) (1). Other proteins that may play a

role in desquamation include cathepsin D, desquamin and stratum corneum gelatinase (1).

It has also been suggested that corneodesmosin, which is associated with the extracellular

part of the: corneodesmosome, is continuously degraded in the stratum corneum (1).

One change in lipid composition that has been found to accompany desquamation

is a decrease in the amount of cholesterol sulphate (16). As cholesterol sulphate may have

an inhibitory effect on desquamation (51), it is possible that its degradation plays an

important role in the exfoliative process.
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1.2.5. Repair of barrier function following perturbation

Damage to the stratum corneum may result from physical insult (such as tape-

stripping) or exposure of the skin to various chemicals (such as those used to enhance

drug permeation through the skin - dimethyl sulphoxide, surfactants and Azone® are

some examples (Section 1.4.3.2)) (70). Once the stratum corneum is perturbed a variety

of signalling responses are initiated to stimulate a metabolic response within the

underlying epidermis, which is ultimately aimed towards normalising the stratum

corneum barrier function. The restoration of barrier function appears to follow a biphasic

process (42, 71). During the initial rapid phase of barrier recovery there is a temporary

increase in the secretion of lamellar bodies from the granular cells of the epideimis, an

increase in cholesterol and fatty acid synthesis and accelerated production and secretion

of new lamellar bodies into the intercellular space (71). During the subsequent, slower

phase there is an increase in ceramide synthesis and an increase in deoxyribonucleic acid

synthesis, which leads to epidermal hyperplasia (71). Repeated or severe barrier

disruption may also stimulate an inflammatory response, which involves the deeper skin

layers (42).

1.3. PRINCIPLES OF PERCUTANEOUS DRUG ABSORPTION

1.3.1. Drug absorption through the skin

Substances that come into contact with the skin surface, either deliberately or

accidentally, can penetrate the stratum corneum, permeate the skin strata and eventually

diffuse into the underlying tissues or become absorbed into the dermal blood supply and

hence the systemic circulation (Figure 1.7). From a pharmaceutical standpoint, this

process can be exploited and/or manipulated in order to deliver substances (1, 72-74):

\

i. to the skin surface (e.g. cosmetics, sunscreens, insect repellents)

ii. to targeted skin layers (e.g. corticosteroids to treat localised skin disorders)

iii. to underlying tissues (e.g. non steroidal anti-inflammatory agents to treat

muscular inflammation)
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iv. into the systemic circulation (e.g. oestradiol to treat symptoms of

menopause, nicotine to aid smoking cessation, glyceryl trinitrate for the

treatment of angina pectoris and fentanyl for the treatment of chronic

cancer-related pain)

As evidenced by the latter examples, the skin has become a popular site for

systemic drug administration, which can mainly be attributed to the fact that transdermal

drug delivery (TDD) presents numerous advantages over conventional routes of drug

administration, which are discussed in Section 1.5.1. However, TDD also has limitations,

which are mainly related to the biological, physicochemical and pharmacokinctic aspects

of percutaneous absorption (75, 76). For instance, due to the efficient barrier properties of

the stratum corneum there will be a characteristic lag time prior to the accumulation of

adequate plasma drug concentrations and the onset of therapeutic action. Thus, TDD is

not suitable for acute conditions where a rapid therapeutic effect is desired.

FORMULATION

STRATUM
CORNEUM (SC)

Drug in formulation

EPIDERMIS

DERMIS

HYPODERMIS

Binding in
depot

Receptor
binding

Metabolism

Receptor
binding

Depot?
< = *

Partition into SC

Diffusion in SC

* Partition into epidermis

Diffusion in epidermis

Partition into dermis

• Metabolism

• Dermal blood
supply

Surface loss

Depot

Muscle

Partition into
hypodermis

Systemic
circulation

t
Tissues

Figure 1.7. Diagrammatic representation of some of the processes involved in the absorption of
substances through the skin. Modified from Barry (77) and Walters and Roberts (1).
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The initial point of contact for a topically applied drug is the skin surface, which is

covered by sebum, sweat and surface bacteria. It is thouglit that this superficial layer has

a negligible impact on percutaneous absorption as it permits the penetration of both polar

and non-polar compounds (75). It is possible, however, that some drugs are degraded by

surface bacteria (75). It has also been proposed that desquamation can reduce the

percutaneous absorption of lipophilic chemicals or chemicals with high molecular

weights (78).

As the stratum corneum is the main rate-limiting barrier of the skin, the partitioning

of a drug into the stratum corneum and its subsequent diffusion through this integument

are critical determinants of percutaneous drug absorption. As discussed in forthcoming

sections, the rate and extent of either of these processes are influenced by the

physicochemical properties of the drug and of the applied formulation. Provided that the

stratum corneum does not act as a significant depot for the drug, the drug will then

partition into the underlying epidermis.

As discussed in forthcoming sections, the stratum corneum and the epidermis Jie

quite distinct structures in that the stratum corneum essentially provides a lipophilic

milieu for drug diffusion whereas the epidermis provides a more hydrophilic domain. As

the epidermis does not contain a local blood supply, it essentially serves as an unstirred

aqueous boundary layer for any substance with high lipid solubility and low aqueous

solubility (71) (refer to Section 1.3.3.2.3). As the epidermis also contains a variety of

enzymes, a significant amount of the drug may not reach the underlying skin strata if the

drug is susceptible to enzymatic degradation (75).

Although the dermis represents another hydrophilic domain within the skin it is

thought that the difrusional resistance offered by this layer is unlikely to have a

significant effect on the percutaneous absorption of lipophilic substances as they will be

cleared by the local blood supply (79). It has been shov/n, however, that lymphatic flow

may limit the clearance of larger solutes (80). The dermis is also a potential site in which

substances may bind to proteins, such as receptor ligands (and thus exert a physiologic

effect) and it is a further site for metabolic degradation (81). Partitioning into the

hypodermis and underlying muscles can occur if the drug bypasses the dermal blood

supply (73). As the hypodermis is predominantly composed of adipose tissue, it is

possible that lipophilic drugs may accumulate within this layer if they are not cleared by

the dermal blood supply (81).
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Stratum
corneum

At the simplest level, percutaneous drug absorption might be regarded as a series of

steps involving partitioning and diffusion through a multilaminated structure. As each

skin layer can be regarded as an isotropic medium that contributes a diffusional resistance

to the overall resistance of the structure, it is evident that the layer that imposes the

greatest resistance to the transport of most drugs through the skin is the stratum •jorneum

(21).

1.3.2 Transport pathways through the stratum corneum

Given that the stratum corneum is not continuous, but pierced by hair follicles and

sweat glands, there are three potential routes of drug transport across the stratum

corneum: transappendageal, transcellular or intercellular (73, 82) (Figure 1.8).

Transappendageal Intercellular Transcellular

Hydrophilic domain

Fatty acid | Ceramide

Cell cytoplasm

Plasma membrane

Intercellular
space

Hydrophilic solutes

Lipophilic solutes

Lipid Aqueous
Hydn'.phobic domain

Cholesterol' Glucosylceramide

Figure 1.8. Potential transport pathways through tJ. ** stratum corneum. Adapted from Barry (82)
and Roberts (73).

Ths contribution of the skin appendages (the transappendageal pathway) to

transdermal transport remains controversial. As the hair follicles only occupy 0.1% of the

iota! skin area and drug diffusion along the sweat pores would be against an outward

aqueous flow, it is thought that this route may only be of minor significance (83). On the
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other hand, Schcuplein has suggested that the tronsappendagcnl pathway dominates

transport during the early stages of drug penncation whereas bulk diffusion through the

stratum corneum predominates during the latter stages (84). Although it is possible that

the transappendagcal route offers an alternative pathway for a permeating molecule, it is

generally accepted that diffusion through the bulk of the stratum corneum dominates

during the latter stages of skin transport (75).

Drug diffusion through the transccllular pathway involves an alternate passage

through the predominately aqueous comeocytes and the narrow intercellular Iipid domain

between the comeocytes. On the other hand, the intercellular route involves drug

permeation solely via the intercellular Iipid matrix. The question as to which route

dominates drug transport through the stratum corneum has been subject to much

conjecture. It has been suggested that for a penetrating drug the relative importance of

these two routes will depend on its solubility, its partition coefficients for the

proteinaceous (aqueous) and Iipid domains and its diffusivities within these phases (82).

In agreement with this theory, it has been proposed that the uptake of relatively

hydrophilic solutes (with a log octanol/waler partition coefficient (log Koavw) < 3) is

governed by the intra-comeocyte protein domain while more lipophilic solutes (log

KOCT/W > 3) reside preferentially in the intercellular Iipid domain (85). It must be borne in

mind, however, that in order for a drug to penetrate the comeocytes, it must associate

with the cornified cell envelope (the Iipid mono layer is significantly more hydrophobic

than the intercellular Iipid lamellae (83) and the scaffold of proteins are highly insoluble)

as well as the tightly-packed intra-corneocyte keratin intermediate filaments. As the.se

components are likely to make the comeocytes very dense and almost impermeable to

solute transport (39), it is thought that the corneocytes act as mechanical barriers that

increase the diffusionaH path-length of solutes (83).

In light of these factors, it is probably not surprising that there is accumulating

evidence to suggest that the intercellular route dominates the transport of both

hydrophilic and lipophilic drugs (75, 86-88). As diffusions! and morphomctric data

supports the presence of Iipid and polar pathways through the intercellular Iipid domain

(75, 89), Roberts et al have proposed a bicontinuous intercellular transport pathway in

which lipophilic solutes associate with the hydrophobic domain (the closely-packed

hydrocarbon chains) of the Jipid bilayers whilst relatively hydrophilic solutes traverse the

intercellular domain via the Iipid polar head group region (75) (Figure 1.8).
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Although it is likely that the intercellular route dominates drug permeation, the

structure of the stratum corncum dictates that a penetrating molecule must difTu.se

through the intercellular lipids regardless of which transport pathway predominates.

Thus, it is generally accepted that the divisional resistance offered by the intercellular

stratum eorneum lipids plays a critical role in skin permeation (39).

1.3.3. Factors affecting percutaneous drug absorption

IJ.3.1. Biologicalfactors

Percutaneous drug absorption can vary depending on the area of the body to which

the drug of interest is applied (90, 91). Although sitc-to-sitc variations in skin

permeability may not follow the same pattern for all compounds, it is generally agreed

that some body sites (such as the head and genital region) are usually more permeable

than others (such as the extremities) (90). For instance, the skin penetration of ben/ok

acid, caffeine and acetyl salicylic acid has been found to decrease in the order of forehead

> postauricular > abdomen > arm (92).

Although the thickness of and the number of comcocytcs within the stratum

eorneum can vary among different anatomical sites (9,10), it has been demonstrated that

these differences are insufficient to account for regional variations in percutaneous drug

absorption (93), Rather, it would appear that sitc-to-sitc variations in skin permeability

are related to differences in the content and composition of the stratum comcum lipids

(93-96).

At present, the relationship between age or sex and skin permeability has been not

been extensively tnvcftignted. Mont of the evidence reported to date seems to indicate

that percutaneous drug absorption is not significantly different between men and women

(90, 97-99). However, there are conflicting reports as to whether age-related differences

affect percutaneous drug absorption in humans. Although some researchers have reported

that the skin of the newborn infants, children and/or the elderly are more permeable than

29



Chapter 1 - Introduction

that of adults (71, 77, 90, 100), several studies have failed to show any age-related

differences in skin permeability (71, 77,90,97,98,100). It is possible, however, that the

physicochemical properties of the drug of interest may be an important consideration

when assessing age-related variations in percutaneous absorption (101). Although further

research needs to be conducted, it is possible that various morphological and

physiological determinants could be responsible for age-related differences in

percutaneous drug absorption such as a reduced level of skin hydration, reduced

epidermal turnover, decreased microvascular bbod How, and an increase in the size of

the corneocytes (90).

Differences have been found in both the permeability and structure of skin of

different racial descent. For instance, Caucasian skin has been found to he more

permeable, have fewer stratum comcum ceil layers and a lower Jipid content than black

skin (90). Different hypcracmie responses have also been detected between black and

white skin (90). The permeability of compounds such as methyl nicotinate has been

found to vary among Caucasians, Hispanics, Blacks, and Asians (102). It has been

reported that although the comeocytcs of Caucasian, Hispanic, Black, and Asian stratum

comcum are of a similar size there arc differences in spontaneous desquamation (90).

Inter-racial variations in stratum comeum ccramide content have also been reported

(103).

As alluded to in previous sections, the dermal bbod flow usually function* as a

"sink"' for diffusing substances that reach this skin layer. As this "sink" ensures that

dermal drug concentrations remain near zero and that the concentration gradient across

th« epidermis remains maximal, h is possible than an increase in dermal bbod flow could

reduce drug residence time in the dermls and increase the concentration gradient across

the epidermis (i.e. increase the rate and extent of percutaneous drug absorption) (71). As

the stratum comeum is the rale-limiting harrier towards the permeation of most drugs, the

dermal bbod supply may have a greater effect on percutaneous absorption when the

barrier function of the stratum comcum is compromised or when dermal bbod flow is

drastically reduced (71,77),
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IJJJJ. Exercise, humidity and temperature

It has been demonstrated that exercise, an increase in skin or body temperature

and/or an increase in humidity can enhance percutaneous drug absorption (104-108).

Although it is possible that exercise and elevated skin and body temperature can enhance

percutaneous drug absorption by increasing the rate of dermal blood flow (106-108),

changes in skin temperature can also have a profound effect on the phase behaviour of the

stratum corncum intercellular lipid lamellae, as previously discussed in Section 1.2.3.

Several factors can impair the barrier function of the stratum corncum. For instance,

various skin disorders (such as ichythiosis, psoriasis and atopic, irritant-contact and

allergy-contact dermatitis) have been shown to impair skin barrier function (as assessed

by an increase in transcpidcrmal w*»tcr loss) (71). Various solvents, drugs and vehicles

can also ahcr the barrier properties of the skin. For instance, some solvents (such as

mcthanol, cthanoL acetone, dimethylsulphoxidc, ethyl ether, chloroform and carbon

tctrachloridc) have been found to extract lipids from the stratum corncum (109). On the

other hand, it has been proposed that keratolytic agents, such as salicylic acid, rcaorcinol

and urea impair the barrier properties of the stratum corncum via protein denaturation

(109). It has also been suggested that polar solvents, such as water and propyicne glycol,

may alter the integrity of the stratum corneum by osmotic* or hygroscopic-related effects

(109). As discussed in Section 1.4.3.2, chemical penetration enhancers may also reduce

the harrier function of the stratum comeum.

It has been recognised for some time that the skin contains a variety of enzymes

that arc capable of metabolising K>th endogenous chemicals (such as hormones and

steroids) and foreign substances that come into contact with it (110, 111). Many of the

drug metabolising enzymes that have been identified in the skin arc similar to those found

in the liver, although quantitative and qualitative differences in enzymatic activity have

been observed (90). In general the specific activities of cutaneous metabolising enzymes

appear to be lower than their hepatic counterparts (90). However, certain enzymes (such
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as N-acctyltransfcrascs and reductascs) have demonstrated fairly high activity (90). Some

of the enzymes found within the skin include enzymes involved in both Phase 1

"funct»onalisatbnM reactions (such as oxidation enzymes that belong to the cytochromc

IM50 system, rcductases and estcrases) and Phase 2 "conjugation" reactions (such as

glutathione transfcrascs, glucuronosyltransfcrascs, sulfotransfcrases and

acetyltransferases) (111). Studies into the localisation of various enzymes in the skin

indicate that in most instances the epidermis, sebaceous glands and upper portion of the

hair follicles arc the major locations of xenobiotic enzymes and that the enzymatic

activity of the epidermis is generally greater than that of the dcrmis (111).

As the metabolism of foreign substances involves detoxification and elimination

processes, which result in the formation of molecules that are more hydrophilic and easily

excreted, it is evident that cutaneous metabolism can contribute to the clearance of

xenobiotics from the skin, which in turn can reduce the extent of percutaneous drug

absorption and hence the pharmacological effect of the substance (110). Thus, a major

potential outcome of cutaneous metabolism is the "skin first-pass effect" in which a

significant amount of a topically-applied substance is metabolised on route to its site of

actbn in regions of the skin or into the systemic circulation (75).

It is well established that inter-species variations in percutaneous drug absorption

exist. Many different animal models have been used to study in vitro and in vivo

percutaneous drug absorption including mice, rats, rabbits, monkeys, and pigs (75, 90).

Several differences have been reported in the structure and barrier function of the skin

from different animals and - not surprisingly - the permeability of various substances.

For instance, the skin of small laboratory animals (such as mice and rats) usually has a

higher number of hair follicles than that of human skin and is generally more permeable

to various solutes (90). Species-related differences in percutaneous drug absorption have

also been related to differences in the enzymatic activity of the skin (112) as well as

differences in stratum corneum thickness, corneocyte adhesion, surface lipid content and

intercellular lipid content and/or composition (90, 113). In general species-related

differences in skin permeability are usually less than 5-fold and the permeability of pig

and rhesus monkey skin has been found to be similar to that of human skin (90).
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1.3.3.2. Physkochemical determinants

As active transport processes across the skin have not been observed, the usual laws

of thermodynamics that pertain to passive diffusion processes can be applied to skin

permeation phenomena (21). At the simplest and most ideal level the stratum corneum

can be regarded as an homogenous slab of inert material that has a finite and uniform

thickness '. Consequently, the penetration of most drugs across the stratum corneum is

generally regarded as a passive diffusion process that, at the simplest level, can be

described by Fick's first law of diffusion2 (114).

The mathematical theory of Fick's first law of diffusion is based on the hypothesis

that the rate of transfer (or flux (J)) of a diffusing substance at any point in a system and

at any instant is proportional to the concentration gradient (114,1 IS):

= -DC

dx

dlna
dx~

)

PlnC £>Inyl / _*
dx dx

d£ G/lnyl
dx* dx J

DdC
dx

(for a constant y)

1.1

1.2

1.3

1.4

1.5

where D is the diffusion coefficient of the drug in the barrier, R is the gas constant, T is

the absolute temperature, dp /dx is the chemical potential gradient across the membrane,

a is the thermodynamic activity of the drug, which is the product of concentration, C,

1 Although the stratum comeum is a heterogeneous structure that is biochemically active, this is a
theoretical model that permits convenient mathematical solutions to skin diffusion phenomena.
2 Fick's second law of diffusion, which relates the rate of change in concentration with time at a given point
in a system to the rate of change in the concentration gradient at that point, is also used to derive
mathematical solutions to non-steady state boundary conditions, where the principle of conservation of
matter must be considered when describing drug transport across the stratum comeum (refer to Chapters 2
and 4).
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and the activity coefficient, y.

Equation 1.5 shows that the concentration of drug across the membrane decreases

linearly as a function of increasing distance from the outermost surface of the membrane

in contact with the vehicle to the innermost surface of the membrane (i.e. it describes a

steady-state concentration-distance profile) and that the rate of transfer of the diffusing

drug is the same across all sections of the membrane. Although Equation 1.5 implies that

the concentration gradient becomes the driving force for drug transport, it should be

noted (as highlighted by Equations 1.2 to 1.4) that the origin of drug transport across the

skin is a gradient in the chemical potential or activity, where the skin provides the

resistance or proportionality factor between the flux and the activity gradient (116). The

rate of transfer across the membrane, dQ/dt, is given by (115):

D(C9-Ck)
dt

1.6

where h is the thickness of the membrane, Q is the amount of drug penetrated per unit

area of the membrane, Q is the concentration of drug at the outermost surface of the

membrane in contact with the vehicle and C* is the concentration of drug at the innermost

surface of the membrane. The concentration of drug at the outermost surface of the

membrane is related to the concentration of the drug in the vehicle (C\) by the stratum

corneum-vehicle partition coefficient, Ksc/i"-

-scr
_£o_ 1.7

Thus, if a high, fixed concentration of drug is maintained at the outermost surface

of the membrane and the concentration of the drug at the innermost surface of the

membrane is maintained at zero (i.e. "sink" conditions), the rate of drug transfer (or drug

flux) across the membrane can be given by (115):

1.8

where Jss is the steady-state drug flux across the membrane. It is evident from this

simplified form of Fick's first law of diffusion that the major physicochemical
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determinants of solute flux are Cv, K«e/vand D. As highlighted in forthcoming sections,

these parameters can be affected by various drug-vehicle, vehicle-skin, and drug-skin

interactions. There are numerous drug-vehicle, vehicle-skin, and drug-skin Interactions

that may affect percutaneous drug absorption (75, 117), however only those that are

relevant to the work described in this thesis arc described.

L 3J. 2. /. Drug-vchick interactions

It would appear from Equation 1.8 that drug flux across the skin is proportional to

the concentration of drug in the applied vehicle. It is pertinent to bear in mind, however,

that the driving force for diffusive transport across the stratum comcum is a gradient in

the chemical potential or activity of the drug (Equation 1.2). Thus, Equation 1.8 can be

rc-writtenas(118):

ss
_ av D 1.9

where ay is the thermodynamic activity of the drug in the vehicle and ysc is its activity

coefficient in the stratum comeum. The thermodynamic activity of the drug in the vehicle

can be regarded as the tendency of the drug to partition out of the vehicle and into the

stratum comeum (in other words, the "escaping tendency" of the drug from the vehicle)

(118, 119). It is evident from this definition lhat an increase in the thermodynamic

activity of the drug in the vehicle will increase its partitioning into the uppermost layers

of the stratum comcum, which in turn will increase the activity gradient across the

stratum comeum (119).

As drug flux across the stratum comeum is proportional to the concentration of the

drug in the applied vehicle, the ratio of drug concentration to its solubility in the vehicle

(i.e. the degree of saturation, Cy/Sv) may be used as an indication of the drug's "escaping

tendency" from the vehicle (119). In a saturated solution, excess solid drug exhibits

maximum thermodynamic activity, as the solid state is the pure form of the drug. Hence,

the thermodynamic activity of dissolved drug, which is available for partitioning into the

skin, will also be maximal as it is equal to that of the solid drug with which it is in

equilibrium (118). Thus, a major deduction from these concepts is that drug flux across

the skin will be maximal when the thermodynamic activity of the applied drug is
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maximal. This will occur when Cv exceeds its solubility limit in the vehicle (i.e. when the

applied vehicle is a saturated solution). Otherwise, when the applied vehicle is a sub-

saturated solution, drug flux across the skin will be proportional to the degree of

saturation, provided the vehicle does not interact with the stratum comeum (118,120).

IJ.3J.2i Vehicle-skin interactions

A major assumption relevant to the use of Kick's first law of dilTusion is that

components of the applied formulation do not interact with the stratum corneum. It is

known, however, that vehicles can penetrate the stratum comeum and in most instances

alter the barrier properties of the stratum comeum. Water, for example, is a common

vehicle used in topical and transdcrmal formulations. It is known that upon contact with

liquid water, the stratum corneum can absorb up to five times its dry weight of this

substance, which would obviously increase the level of hydration of the stratum corneum

(121). It lias been demonstrated on numerous occasions that an increase in stratum

corneum hydration can influence its permeability to various substances (121, 122). The

possible mechanisms by which water disrupts the barrier properties of the stratum

comeum are described in Chapter 4 (Section 4.4.1). It is also known that viscous vehicles

(such as white soft paraffin, lanolin) and occlusive transdermal delivery systems

(patches) can increase the level of hydration of the stratum comeum, whereas other

vehicles (particularly humectants such as glycerol) can 'Svithdraw" water from the skin

(77). On the other hand, some vehicle components (such as chemical penetration

enhancers) can reduce the barrier function of the stratum comeum by extracting or

perturbing the organisation of the intercellular lipid bilayers (refer to Section 1,4.3.2).

/. i, 3, ?• 3- Drug-skin interactions

Various models have been proposed in order to define structure-activity

relationships in skin permeability, most of which pertain to relationships between Ksc/i-

and/or D (or D/h) and the physicochemical properties of the applied drug (75,83).

As topically-applied drugs must penetrate both the intercellular Hpid domain of the

stratum comeum and the more hydrophilic milieu of the epidermis before reaching the

systemic circulation, they must possess balanced lipid and water solubilities. Drugs that
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are too hydrophilic are unlikely to partition from the vehicle into the stratum corneum

whereas drugs that are too lipid soluble will have a high affinity for the stratum corneum

and are thus unlikely to partition (or readily partition) into the epidermis. Thus, the rate-

limiting factor in the percutaneous absorption of a highly lipophilic compound will be its

partitioning at the stratum corneum-epidermal interface (123). Consequently, a parabolic

relationship is often observed between the percutaneous absorption of a series of

homologous compounds and their log KOCT/W values (75), where optimal values of log

KOCT/W for percutaneous absorption are generally between 1 to 3 (124). A parabolic

relationship has also been observed between the percutaneous absorption of a series of

homologous compounds and their solubility parameters, where optimal absorption is

observed for compounds that have a solubility parameter close to that of the stratum

corneum lipids (refer to Chapter 4).

A negative linear correlation between solute flux and melting point has been

observed for various drugs (123)s which highlights the fact that the solubility and

diftusivity of a solute in the intercellular stratum corneum lipid domain is also determined

by its melting point and crystallinity (83). High-melting, hard crystalline drugs with low

enthalpies of fusion are generally less soluble than soft, low-melting crystals (125).

The diffusivity of a solute within the intercellular iipid lamellae will also depend on

its molecular size and hydrogen bonding abilities (75). It has been found that the stratum

corneum is predominantly a hydrogen-bond donor and that the diffusion coefficient of a

drug within the stratum corneum (expressed as log D) decreases as the number of

hydrogen bonding groups on the molecule increases, reaching a limiting minimum value

for molecules with about four hydrogen-bonding groups (75). It has been proposed that

the hydrogen bonding ability of a diffusing molecule will dictate its diffusion within or

across the lipid and polar domains of the stratum corneum lipid bilayers (83). In

particular, weak hydrogen-bonding molecules will not bind to the polar head group

region and will therefore diffuse freely through the lipophilic core of the lipid bilayers

whereas strong hydrogen-bonding molecules will be attracted to the rigid polar walls of

the lamellae and will diffuse more slowly through this domain (83).

The diffusion coefficient of a drug within the stratum corneum lipid domain is also

related to its molecular weight and molecular volume (83). Although it is likely that

molecular weight has little effect on the diffusivity of small drugs moieties ( MW < 600

Da), the diffusion of larger molecules (MW > 1000 Da) such as proteins is likely to be
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hindered in part by their bulk and also because they usually contain multiple hydrogen

bonding groups (125).

In addition to the above-mentioned physicochemical parameters, drug-skin

interactions also include those in which the solute binds to binding sites (such as proteins)

in the skin (in terms of showing resistance to being washed off or removed from the skin,

this is known as 'substantivity') or those in which the solute may alter the barrier

properties of the skin (75).

1.4. PASSIVE ENHANCEMENT STRATEGIES IN PERCUTANEOUS DRUG

ABSORPTION

It is evident from pievious sections that the stratum corneum is a formidable barrier

to most topically-applied substances and as such the rate of drug transfer across this

membrane is often the major rate-limiting step in percutaneous drug absorption. Thus, in

terms of TDD, it is often difficult to deliver therapeutically relevant amounts of drug to

the systemic circulation following its topical application to a convenient area of skin.

This is confounded by the fact that there is often a lag-time associated with TDD.

Although these difficulties can be alleviated in part by selecting suitable drug candidates

(Section 1.5.2.1) it is often necessary to employ various enhancement strategies.

It is apparent from the simplified forms of Fick's first law of diffusion presented in

Section 1.3.4.2 that the important physicochemical determinants of drug flux across the

skin arc the thermodynamic activity of the drug in the applied vehicle, the partition

coefficient of the drug between the stratum corneum and the vehicle (Ksc/v) and the

diffusion coefficient of the drug within the stratum corneum (D). Thus, enhancement

strategies that are often employed to enhance percutaneous drug absorption are

fundamentally aimed at optimising one or more of these parameters.

I <

1.4.1. Strategies that influence thermodynamic activity

As the degree of saturation (Cv/Sv) provides a measure of the thermodynamic

activity of a drug in an applied formulation, this parameter can be modified in order to

optimise percutaneous drug absorption. Increasing the concentration of a drug in a given
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vehicle will increase drug flux across the skin (126), however this strategy is limited by

the fact that a drug will have a finite solubility within a given formulation.

Thermodynamic optimisation of a formulation can also be achieved by reducing the

solubility of the drug in the vehicle. Vehicles or other formulation components that are

good solvents for the drug will "retain" the drug by reducing its thermodynamic activity

whereas those that are poor solvents will increase its thermodynamic activity (119).

However, as a topically-applied drug must be in molecular form in order to permeate the

skin, this approach needs to be tailored such that the drug "is sufficiently soluble...but

not so soluble" (126) in the vehicle in order to maintain a favourable stratum corneum-

vehicle partition coefficient.

/. 4.1. /. Supersaturation

Supersaturated systems are those in which the drug exhibits unusually high (i.e.

greater than unity) thermodynamic activity. This high level of thermodynamic activity

will most likely be accompanied by a similar rise in the thermodynamic activity of the

drug in the outermost layer of the stratum corneum (127). Accordingly, the chemical

potential gradient formed across the stratum corneum will be substantially greater than

that formed from a saturated solution. Thus, "maximal" drug flux across the skin (i.e, flux

achieved with a saturated solution) can be enhanced many-fold. For instance, Megrab et

al demonstrated that compared with the in vitro flux obtained from a saturated solution,

oestradiol flux across human epidermis was enhanced up to 12-fold following the

application of solutions that were up to 12-ibid supersaturated (128).

Supersaturated states can be attained using volatile vehicles (129, 130), mixed

cosolvent systems (131, 132), temperature changes (132) or the uptake of water into the

formulation from the skin (132). In most supersaturated systems crystallisation can occur

and impart instability to the system (131). In such instances, anti-nucleant polymers may

be incorporated into the formulation.

As alluded to previously, a topically-applied drug must be in solution in order to

penetrate the skin. Therefore, drug precipitation or crystallisation may impose a

dissolution-rate limiting effect on percutaneous drug absorption and may thus counteract

the enhancing effects of supersaturation. Inis has been demonstrated when small

volumes of volatile or volatilc:non-volativle vehicle systems have been used in order to
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achieve supersaturated states. Although supersaturation caused by the evaporation of the

volatile vehicle component has been shown to increase drug flux, it has also been found

that increasing the concentration of drug or the volatile component in the vehicle may

lead to drug precipitation and to a subsequent decrease in drug flux (129, 130).

1.4.2. Strategies that improve drug solubility in the stratum corneum

Vehicles and/or formulation excipients can modify the solubility of a drug within

the stratum corneum, thus increasing the partitioning of the drug from the vehicle into the

stratum corneum. As discussed in Chapter 4, solubility parameters provide a measure of

how materials will interact with each other: materials that have similar solubility

parameters are likely to have a high affinity for each other (133). Thus, a vehicle or

formulation excipient that permeates the skin can increase the solubility of a drug within

the stratum corneum (and hence Ksc/v) by shifting the solubility parameter of the stratum

corneum lipids (5 ~ 20 MPa"2 (134)) in the direction of the drug (135). For instance,

propylene glycol (§ ~ 29 MPal/2 (136)) has been found to increase the skin permeability

of metronidazole ( 5 - 2 8 MPa l /2) (135). Similarly, Transcutol* - which is also thought

to alter the solubility parameter of the stratum corneum lipids - has been found to

increase the permeation of some drugs through the skin by increasing their stratum

corneum-vehicle partition coefficients (137, 138). Other solvents, such as ethanol and N-

methyl pyrrolidone, may also alter ihe solubility parameter of the stratum corneum lipids

(135).

1.4.2.1. Strategies that reduce the barrier/unction of the stratum corneum

1.4,2.1.1. Occlusion

It is well established that occlusion of the skin enhances the percutaneous

absorption of most drugs (with the exception of many highly lipophilic drugs) and that

this effect is related in part to an increase in the humidity under the occlusive system and

hence an increase in the level of hydratbn of the stratum corneum (121). With regard to

transdermal drug delivery, the best example of an occlusive delivery system is a

transdermal patch.
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L 4.2. L 2. Chemical penetration.enhmcers

By definition, chemical penetration enhancers (CPEs) (or accelerants, absorption

promoters or adjuvants) are substances that arc incorporated into transdermal

formulations in order to promote the penetration of topically applied substances (139,

140). Hundreds of substances have been investigated for their ability to enhance drug

penetration through the skin. These substances include sulphoxides, alcohols, fatty acids,

polyols, amines, amides, surfactants, alkanes, terpencs and Azone® and Azone®

analogues (140). However, in order to be acceptable, safe and effective, a CPE must

possess the properties outlined in Table 1.2.

Table 1.2. Desinble properties of a chemical penetration enhancer (141).

Pharmacologically inert
Non-irritating, non-allergcnic, non-toxic
Non damaging to viable cells
Rapid onset of effect with a predictable duration of activity
Effects are completely and rapidly reversible upon removal
£ fleets do not cause the loss of endogenous materials from the body
Physically and chemically compatible with drugs and excipicnts in the dosage form
Cosmdically acceptable when applied to the skin
Odorless, inexpensive, tasteless, colourless

In light of the previous considerations outlined in this introduction it is evident that

in order to promote the skin penetration of a topically applied substance, a CPE must

partition into the stratum comeum and interact with its constituents in a manner that

ultimately reduces the resistance of the skin to drug diffusion (39). In an attempt to

identify the potential modes of action of CPEs, the Lipid-Protein-Parthioning (LPP)

theory has been developed, which essentially describes three mechanisms that may

dominate accelerant action (142,143):

I.

ii.

disruption of the intercellular lipid bilayers

interaction within intracellular proteins
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iii. improvement of partitioning of a drug, co-enhancer or cosolvent into the

stratum corneum

The LPP theory has subsequently been extended to include (75):

iv. disruption of the cornified cell envelope

v. effect on intercellular junctions, such as desmosomes

vi. alteration of drug partitioning between stratum comeum components and

the intercellular lipids

It has been suggested that the effectiveness of a CPE resides in its ability to alter the

principal transport pathways associated with drug penetration across the stratum comeum

(39). Although it is generally thought that the intercellular lipid route dominates solute

transport, it should be kept in mind that a penetrating molecule would diffuse through the

intercellular lipids regardless of which transport pathway dominates. Substances that

perturb the highly ordered arrangement of the intero Mular lipid bilayers are therefore

likely to reduce the diffusional resistance of the stratum corneum to most solutes (39,

144-147).

Like the ceramide molecules that are thought to play a critical role in stabilising the

lamellar structure, many CPEs have a polar head group and a long alkyl chain, which

enables them to insert between the lipid bilayers and disrupt the packing of the ceramide

molecules (148,149). Thus, depending on their structure and physicochemical properties,

many CPEs can disrupt the organisation of the intercellular lipid bilayers by interacting

with the polar head groups and/or the hydrophobic tails of the lipid bilayers (Figure 1.9)

(39,75,132,142,143).

Interactions with the polar head groups can modify hydrogen bonding and ionic

forces, which may disturb the hydration spheres of the lipid bilayers and subsequently

disturb lipid packing within this plane (39, 142). This perturbation may make the domain

more fluid - and may possibly increase the water volume between the bilayers - which

may therefore promote the diffusion of (polar/hydrophilic) solutes within this region.

Disruption to the polar head group region would also alter the packing of the lipid alkyl

chains, which may also reduce the resistance of this region to the diffusion of (non-

polar/lipophilic) solutes.
42
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Figure 1.9. The possible sites at which a chemical penetration enhancer can interact with the stratum
comeum intercellular lipid bilayers: at or near the polar groups (A and B) and/or between the hydrophobic
alkyl chains (142).

For instance, one of the most researched CPEs is Azone®, which has been found to

be effective in enhancing the transdermal fluxes of a variety of compounds (39). Due to

its structure, Azone* adopts a "soup spoon" configuration as it inserts between the lipid

bilayers, which causes its lactam functionality to lie in the plane of the polar head group

region (39). Experimental data has shown that Azone® fluidises the stratum corneum

lipids (39, 150-152), which has been related to its ability to reduce the packing of the

lipid alkyl chains and its ability to modify inter-lipid hydrogen bonding between the polar

head groups of adjacent ceramide molecules (152,153).

Due to their structure, many CPEs can insert between the hydrocarbon chains of the

lipid bilayers, thus disturbing their packing, increasing their fluidity and ultimately

reducing their diftusional resistance (142). In some instances, alterations in the

hydrophobic region of the bilayers may also alter the packing of the polar head groups,

which may ultimately facilitate solute diffusion through this region (142). The ability of

CPEs to disturb the packing of the lipid alkyl chains appears to be related to structural

features such as the length (10 to 14 carbons appears optimal (154)) and degree of

saturation of their hydrocarbon chains. For instance, the enhancing ability of cis-

monounsaturated fatty acids (such as oleic acid) has been related to the "kink" in their

alkenyl chains, which may disrupt the tight packing of the lipid bilayers (146,155,156).

At high loadings, some CPEs (such as oleic acid and terpenes) may reduce the

divisional resistance of the stratum corneum lipids by forming separate fluid phases

within or between the lipid lamellae (157-159). For oleic acid, it has been suggested that
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this solid-fluid phase separation enhances drug transport through the stratum comeum

through the formation of pe-meable defects in the lamellae (159). The ability of oleic acid

to become heterogeneously dispersed in the lipid lamellae has also been related to the cis

double bond in its alkenyl chain (132).

CPEs may reduce the barrier function of the stratum comeum by a number of other

mechanisms. For instance, various solvents and micellar solutions have been found to

extract lipids from the stratum comeum (160). It has also been proposed that CPEs such

as propylene glycol, ethanol and dimethylsulphoxide alter the conformation of

intracellular keratin filaments by replacing bound water molecules (39). Various caustic

solvents such as acids and phenols may also disrupt intracellular keratin organisation and

may destroy desmosomal junctions (75).

As discussed in Section 1.2.5, any disruption to the barrier function of the stratum

comeum will elicit a biological repair response. For this reason, and various other

reasons, many existing CPEs can cause skin damage, irritation or allerginicity, which

potentially renders them clinically unacceptable (124). However, newly synthesised CPEs

are subject to lengthy regulatory approval procedures that are equivalent to those for any

new chemical entity, which could impede their development (124). Therefore,

considerable effort is presently directed at identifying common, generally regarded as

safe (GRAS) substances that possess permeation-modulating properties.

The efforts of our research group have primarily focused on the potential of certain

sunscreen agents to enhance TDD (161). Of these agents, octisalate (OS) and padimate O

(PO) have gained the most attention. The major attraction of these compounds is that they

have GRAS status and over many years of use as topical sunscreens they have shown a

low incidence of local skin reactions (161).

Although OS and PO have both been found to enhance the in vitro and/or in vivo

percutaneous absorption of a variety of drugs (162-169), there is currently little insight

into their possible mechanism(s) of action. Based on their chemical structures (Figure

1.10) and physicochemical properties (Table 1.3), OS and PO would be expected to have

a high affinity for the stratum comeum lipids as they are highly lipophilic, have low

water solubility, their solubility parameters are close to that of the stratum comeum

lipids, they are liquids at room temperature and they are amphiphilic structures.

Although OS and PO have been found to lower the transition temperature of model

stratum comeum lipid mixtures (170), it is evident from the many possible modes of
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action that have been proposed for various CPEs that any number of mechanisms may be

responsible for the enhancing effects of OS and PO. As the effectiveness of a CPE resides

in its ability to alter the transport pathways associated with drug penetration across the

stratum corneum (39), a knowledge of the mechanisms of action of OS and PO would

assist in their rational use as CPEs. Consequently, further mechanistic studies are

required in order to elucidate the possible mechanism(s) of action of OS and PO.

A. Octisalate, 2-Ethylhcxyl salicylate B. Padimate O, 2-Ethylhexyl p-NJV-

dhnethylaminobenzoate

Figure 1.10. The chemical structures of octisalate and padimate O

Table 13. Some physicochcmical properties of octisalate and padimate O

Physical form *

MW (Da)*

LogKocr/w

Octano! solubility
(mg/m\)e

Water solubility
Gig/ml)"

8(MPaI/2)d

Octisalate

Non-volatile, colourless
to pale yellow liquid,

characteristically bland
odour

250.34

5.97

709.14

0.717

21.74

Padimate 0

Non-volatile, pale
yellow mobile liquid,
characteristically mild

odour

277.40

5.77

205.77

0.198

18.4

a Martindale The Complete Drug Reference, 32nd Edn, Pharmaceutical Press, London UK, 1999
b Estimated using EPI Suite (v.3.11) computer software package (U.S. Environmental Protection Agency)
c Experimentally determined at 32°C, refer to Chapter 4 (Section 4.3.5.2)
d Estimated using Thermo Chemical Properties Estimation Software: Solubility Parameter Estimation from
Fedor's Cohesive Euergy (obtained from http.7/www. pirika.com/chem/TCPEE/TCPEJitm)
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1.5. TRANSDERMAL DELIVERY OF OPIOID ANALGESICS

1.5.1. Rationale

Although opioid pharmacotherapy is the mainstay treatment for chronic,

nociceptive cancer pain (171), there are several disadvantages associated with

conventional forms of drug administration, which limits the clinical versatility and utility

of most opioid analgesics. For instance (172-174):

i. most opioids have limited oral bioavailability due to extensive first-pass

metabolism in the gastrointestinal tract (GIT) and liver

ii. fluctuating periods of side effects or toxicity and inadequate pain relief may

result from peak and trough opioid serum levels associated with conventional

dosage regimens, such as periodic oral, intravenous (IV) bolus or

intramuscular (IM) administration

iii. IV, IM or subcutaneous opioid administration is not only invasive, but

requires specialised training and is most appropriate in an inpatient setting

with hon-.iMbulant patients.

Thus, the impetus tor utilising novel routes of opioid administration comes from the

goal to maximise analgesia, minimise side effects and provide a convenient dosage

schedule for cancer patients who require parenteral opioid administration (175). In this

context, TDD may confer a "real benefit" over conventional routes of opioid

administration as it (76,161,173,176):

i. bypasses the GIT, thus transdermally administered drugs are not effected by

the variables that influence gastrointestinal absorption, such as chemical

degradation. Parenteral forms of drug delivery may also be desirable for

patients who are unable to swallow or tolerate oral medications due to head or

neck cancer or opioid-induced side effects

ii. avoids first-pass metabolism in the GIT and liver

iii. is non-invasive
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iv. produces relatively constant serum drug levels. This attribute is particularly

advantageous for the systemic delivery of opioids with a narrow therapeutic

window as fluctuations in serum levels (associated with inadequate pain relief

or toxicity) are eliminated

v. provides sustained drug delivery. This allows for the implementation of

simplified, convenient (e.g. once-daily) dosage regimens over a long-term

basis. This feature of TDD also expands clinical role of opioids that have been

limited by unacceptably short half-lives

vi. allows for the relatively facile termination of systemic drug input by removal

of the transdermal delivery system from the skin (provided that significant

levels of the drug dc not accumulate within the skin)

However, as highlighted throughout this introduction, the use of the skin to deliver

therapeutically relevant drug concentrations into the systemic circulation is often

associated with various difficulties, including (1):

i. the efficient rate-limiting barrier properties of the stratum corneum

ii. the skin's "first-pass" metabolic effect

iii. the potential for a transdermal delivery system to cause skin irritation

iv. identifying an appropriate enhancement strategy to facilitate percutaneous

drug absorption

v. an incomplete understanding of the mechanisms involved with some

permeation enhancement strategies. This has been particularly evident with

CPEs.

1.5.2. Technical feasibility

In light of the above-mentioned problems associated with TDD, the following

considerations would assist in the design, development and optimisation of a transdermal

delivery system that has tlie potential to be a useful addition to the armamentarium

against cancer pain:
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i. Select an opioid analgesic that has the physicochemical, pharmacokinetic

and pharmacodynamic properties that are amenable to TDD

ii. Select a delivery system that incorporates the necessary enhancement

strategies to facilitate percutaneous drug absorption and reduces the

potential for skin irritation

iii. Understand the mechanism(s) involved in skin permeation enhancement.

As the latter consideration is fundamental to the objectives of this thesis, the

following sections describe how the former aspects of TDD were considered during the

initial stages of this research.

1.5.2.1. Drug candidate selection

Some of the physicochemical, pharmacokinetic and pharmacodynamic properties of

an ideal drug candidate for TDD are listed in Table 1.4. The properties of some opioid

analgesics that were evaluated for their technical feasibility are listed in Appendix I. In

addition to these properties, it was also necessary to consider the clinical role of different

opioids in cancer pain management.

For instance, partial agonists may precipitate withdrawal symptoms in opioid-

dependent patients and may also be incapable of relieving severe cancer pain as a ceiling

to their analgesic effect may occur at high doses (177). Thus, although buprenorphine

appears to be a good candidate for TDD (178) (refer to Appendix I), its role in cancer

pain management may be somewhat limited.

Mixed agonist-antagonists (such as pentazocine, nalbuphine and butorphanol) may

also be of limited use in cancer pain management as they may precipitate withdrawal

symptoms in opioid-dependent patients and can cause psychotomimetic side effects

(174).

In light of these problems, the selection of a feasible candidate for TDD was limited

to pure opioid receptor agonists. Based on their chemical structures, most opioid agonists

may be classified as phenanthrene, phenylpiperidine, or diphenylheptane derivatives

(179).
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Table 1.4. Some physicochcmicat, pharmacokinetic and pharmacodynamic properties of a
feasible drug candidate for transdermal drug delivery (123-125, 134,161).

Property Feasible drug candidate

Daily dose

MW

MP

LogKocmv

5

Hydrogen bonding groups

Elimination half life (t.np)

Oral bioavailability

< 50mg/day8

< 1000 Da, preferably < 500 to 600 Da

Preferably < 200°C

Between 1 to 3

~20MPa l /2

<3

A couple to few hours

Negligible

1 For practical, cosmetic and economic reasons, the size of a transdermal delivery system should not exceed
~ 50 cm2: Due to the barrier properties of the stratum corneum, it may not be possible to deliver more than
50 mg of drug per day (123). For the same reasons, therapeutic plasma concentrations of the drug should be
of the order of ng/ml.

Phenanthrene derivatives include codeine, hydromorphone, levorphanol, morphine,

oxycodone and oxymorphone. In general, these compounds were not considered feasible

candidates for TDD as they are not very potent, have relatively high melting points and

their lipid and water solubilities are unsuitably balanced (in most instances, log KOCTTW <

1). In further support of this notion was the research conducted by Roy and Flynn who,

based on their data, concluded that the low in vitro skin permeability of codeine,

morphine and hydromorphone coupled with their low potencies make these drug poor

transdermal candidates: the estimated patch sizes for these compounds were ridiculously

large (ranging from 2,631 cm2 for hydromorphone to 62,500 cm2 for morphine) (180).

Methadone (a diphenylheptane derivative) is another opioid that has been proposed

as a drug for cancer pain management (175). However, it has good oral bioavailability ( -

85%) and a long plasma half life (17 to 24 h, with reports of up to 50 h in some cancer

patients) (175) and is therefore an unsuitable candidate for TDD.

Phenylpiperidine derivatives include pethidine (meperidine), fentanyl, sufentanil,

lofentanil and alfentanil. Although pethidine has a solubility parameter that is close to

what may be the optimum for stratum corneum permeation (8 = 19.6 MPa1/2) and a very
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low melting point (180), it is relatively hydrophilic (log K,X:T/W » 1.6) and not very potent

(required daily doses may be of the order of 150 to 600 mg IV/IM (refer to Appendix II)).

Based on their physicochemical, pharmacokinetic and pharmacodynamic

properties, all of the remaining phenylpiperidine derivatives have the potential to be

suitable candidates for TDD (refer to Appendix I), however i) alfentanil is not as potent

as fentanyl (181), ii) due to its high potency, large doses of naloxone cannot displace

lofentanil receptor binding and therefore there may be issues regarding its safety (182,

183) and iii) while sufentanil appears to be an ideal candidate for TDD, there were

problems with its. availability at the time this research was initiated. Thus, fentanyl was

chosen as a model opioid analgesic during this research because:

i. its role in cancer pain management has been established

ii. it has suitable physicochemical properties

iii. low doses are required to produce analgesia

iv. it undergoes extensive first-pass metabolism (184)

v. it has a high safety therapeutic safety index (LDJO/EDSO) (185).

The chemical structure and some physicochemical, pharmacokinetic, and

pharmacodynamic properties of fentanyl are shown in Figure 1.11 and Table 1.4,

respectively. In addition to the above-mentioned attributes, previous studies with skin

homogenates indicate that the percutaneous absorption of fentanyl is unlikely to be

significantly affected by cutaneous metabolism (186).

O

Figure 1.11. The chemical structure of fentanyl
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Table 1.4. Some physicochemical, phurmacokinetic, and pharmacodynamic properties of fentanyl

Daily dose
Therapeutic levels

MW

MP
pK.

LogKO/w
8

Hydrogen bonding groups

ti«p
Oral bioavailabiliry

(LDM/ED*)

IOO~600ug(IV.r
0.2-2ng/mla

336.48 Dab

83 - 84 °C *
8.9°

2.86c

20.0MPa1/2c

1
3.7 h e

Negligiblef

2727°

* From Muijsers and WagstafT(187)
h Martindale The Complete Drug Reference, 32nd Edn, Pharmaceutical Press, London UK, 1999
£ From Roy and Flynn (180)
d From Roy and Flynn (188)
8 From Willensetal (185)
f From Scholz( 184)

The feasibility of using the transdermal route to deliver therapeutically relevant

amounts of fentanyl into the systemic circulation has been previously established (176,

178, 180, 189-191). Like most other compounds, it has been found that the unionised

form of fentanyl permeates the skin more readily than its ionised counterpart (97). As it is

a weak base, the transdermal delivery of fentanyl by iontophoresis has received a great

deal of attention (178). Although the research conducted to date indicates that therapeutic

plasma concentrations can be achieved within a relatively short period of time, the

feasibility of the iontophoretic transdermal delivery of fentanyl appears to be limited to

acute or breakthrough pain (178).

Given that the transdermal delivery rate (TDR) required to maintain steady-state

therapeutic plasma concentrations of a drug can be estimated as (192):

TDR = Therapeutic concentration at steady state (Css) x total body clearance (CL)

then the TDR required for fentanyl (Css = 0 . 2 - 2 ng/ml and CL = 53 L/h (187)) will be

approximately 10 to 100 ug/h, which amounts to a required delivery rate of 0.24 to 2.4

mg/day. Evidently, a TDR within this range is achievable with delivery systems that are
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less than 50 cm2: the Durogesic® patch, which is the only fentan> 1-containing transdermal

therapeutic system (TTS) that is commercially available at present, is available in sizes of

up to 40 cm2 and delivers fentanyl at a rate of 25 u.g/h per 10 cm2 patch size (193). The

effectiveness of this TTS has also been demonstrated in chronic cancer pain management:

it has been reported that after an initial lag time most cancer patients experience adequate

analgesia following the topical application of the Durogesic® patch and in most instances

analgesia was superior to the preceding treatment (178, 187). However, as mentioned in

Chapter 3, a major problem associated with occlusive transdermal therapeutic systems,

such as Durogesic®, is their potential to cause skin irritation

1.5.2.2. Transdermal delivery system

In an attempt to utilise a delivery system that reduces the potential for skin irritation

and incorporates the necessary enhancement strategies to facilitate the percutaneous

absorption of fentanyl, a non-occlusive delivery system was utilised during this research.

As mentioned in Chapter 3, the key feature of this delivery system is the application of a

small dose (a "finite" dose) of a volatile:non-volatile vehicle system in which OS or PO

are the non-volatile components and ethancl is the volatile component of the system. Due

to the fact that a "finite dose" of the formulation is applied to the skin, the percutaneous

absorption of fentanyl from a delivery system of this nature may be affected by a number

of variables including the changing thermodynamic properties of the formulation due to

the evaporation of ethanol and the potential for OS and PO to reduce the barrier function

of the stratum corneum.

1.6. OBJECTIVES OF THIS THESIS

The primary objective of this thesis was to investigate the possible mechanism(s)

by which OS and PO facilitate the percutaneous absorption of fentanyl in vitro under the

"finite dose" conditions that would prevail if the non-occlusive transdermal delivery

system of interest was applied to humans in vivo (i.e. predicted conditions of use).

la order to achieve this objective, it was first necessary to identify a suitable a

model for studying the percutaneous absorption of ferftuiyl in vitro and the effects of OS

and PO. The objectives of subsequent research were to first establish the feasibility of
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using OS and PO to enhance the transdermal delivery of fentanyl under p-edicted in vivo

conditions of use and then to determine some of the possible mechanism(s) by which OS

and PO enhance the transdermal delivery of fentanyl under simulated in vivo conditions

of use. Due to the nature of the delivery system, it was hypothesised that OS and PO

would facilitate the skin penetration of fentanyl by altering its thermodynamic activity in

the applied vehicle. However, it was also hypothesised that OS and PO would penetrate

and subsequently interact with components of the stratum corneum in a manner that

increases the partitioning of fentanyl into the stratum corneum and/or increases the

difiusivity of fentanyl within the stratum corneum. In order to investigate these

hypotheses, the following objectives were established:

i. To investigate the whether OS and PO increase the partitioning of fentanyl

into the stratum corneum and if so, to elucidate whether OS and PO enhance

fentanyl partitioning into the stratum corneum by increasing its affinity for

the stratum corneum iipids

ii. To determine whether OS and PO modify the distribution of fentanyl across

the stratum corneum

iii. To investigate the whether OS and PO increase the diffusion of fentanyl

through the stratum corneum and if so, to investigate whether OS and PO

perturb the barrier properties of the stratum corneum by extracting and/or

reducing the conformational order of the intercellular lipid bilayers.

As the ultimate aim of further research (beyond this research) is to develop a

formulation that, when applied to the skin surface, will deliver sufficient quantities of

fentanyl to the systemic circulation in order to achieve and maintain chronic cancer pain

control over an acceptable period of time in humans in vivo, another objective of this

research was:

iv. To determine the distribution profiles of OS and PO across human stratum

corneum in vitro and in vivo in order to gain further insight into their possible

mechanism(s) of action in vitro and to elucidate whether this in vitro data was

predictive for their distribution across human stratum corneum (and perhaps

some of their mechanism(s) of action) in vivo.
53
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Chapter 2 ~ Development of a Suitable Model for Studying In Vitro Fentanyl Percutaneous Absorption

2.1. INTRODUCTION

The most common methods for evaluating in vitro percutaneous drug absorption

involve the use of "diffusion cells" (1). The diffusion cell technique is a popular approach

for investigating the kinetics and mechanisms of transdermal drug delivery (2), can serve

as a tool for the rapid screening of vehicle effects during the initial stages of formulation

development (3, 4), offers advantages associated with cost, time, and practicality and

provides opportunities to reduce, refine, and replace in vivo animal studies (1,4,5).

Although many variations of the diffusion cell exist, the two systems that are

commonly used are static and flow-through diffusion cells (1,3). Both types of diffusion

cell are acceptable methods to predict in vivo percutaneous drug absorption (4, 6), and it

has been reported that both systems produce equivalent results (7). In either cell design,

the skin membrane is mounted between a donor chamber and a receptor chamber, and the

amount of compound permeating through the skin (from the applied formulation (the

donor side) to receptor solution (the receptor side)) is determined as a function of time.

While the static diffusion cell is useful for the evaluation of large drug volumes, a flow-

through design (which was employed for the diffusion studies described in this thesis)

allows for automatic sampling and continuous flow of solution through the receiver

chamber to maintain sink conditions (8).

Over recent decades, considerable emphasis has been placed on the need for

relevant in vitro data produced in a reliable and reproducible manner. Several protocols

have been written in an attempt to aid the development and standardization of in vitro

testing procedures (6). These guidelines address a number of issues that are pertinent to

the accurate in vitro evaluation of transdermal drug delivery. They also highlight that an

important issue to be considered prior to conducting an in vitro percutaneous drug

absorption study is the selection of an appropriate receptor solution.

The primary objective of a receptor solution is, essentially, to mimic the sink

conditions that prevail during percutaneous drug absorption in vivo. Therefore, in an

effort to obtain reliable in vitro data that is predictive of in vivo percutaneous absorption,

the concentration of the permeating compound within the receptor solution must remain

consistently low during an in vitro experiment. It is now generally accepted that, in order

to maintain an adequate diffusion gradient across the skin, the thermodynamic activity of
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the compound within the receptor solution must not exceed 10% of its activity within the

donor solution (4,9)

A commonly used receptor phase is isotonic phosphate buffer pH 7.4. However, the

use of an entirely aqueous receptor solution is not recommended for compounds with

limited aqueous solubility (i.e. less than ~10ug/ml or logKocT/w~3) (9, 10), as diffusion

of the compound across the aqueous receptor layer may become rate-limiting (11).

Consequently, under these conditions, in vitro permeation data can grossly underestimate

the rate of percutaneous drug absorption in vivo (10, 12). Franz (13) addiessed this

problem as early as 1975, when he excluded highly water-insoluble compounds as it was

felt that their in vitro permeability might be "artificially limited due to their insolubility in

the dermal bathing solution". This issue was subsequently investigated by a number of

workers, who generally observed that the /« vitro skin permeation of lipophilic

compounds could be improved by replacing aqueous receptor fluids with solutions

containing solubilising agents (10,14,15).

Examples of solubilising agents added to receptor solutions include bovine serum

albumin (BSA), nonionic surfactants (such as polyethylene glycol oleyl ether (Volpo 20),

polyethylene-polypropylene glycol (Poloxamer 188), octoxynol 9 (Triton-X 100),

polysorbate 80 (Tween 80)), and organic solvents (such as ethanol or methanol) (1, 10,

16, 17). However, the presence of BSA or nonionic surfactants in the receptor solution

^an complicate sample analysis (1). Therefore, receptor solutioas containing organic

solvents are particularly useful as they provide reasonable sink conditions for many

permeating compounds, are simple to prepare, and eliminate the need for anti-microbial

agents (which may also interfere with permeant analysis). For instance, ethanohwater

systems (at concentrations of up to 50%v/v ethanol) have been used for studying the

percutaneous absorption of a variety of lipophilic compounds (1,17).

Kasting et al (12) utilised either isotonic phosphate buffer pH 7.4 or a 1:1 ethanol:

water system as receptor solutions for studying the in vitro skin permeation of highly

lipophilic compounds. Whilst it was found that use of the phosphate buffer led to under-

predicted percutaneous absorption in vivo, it was also evident that use of the ethanol:

water system led to an over-prediction of drug absorption. It is likely that this latter error

was incurred by the back-diffusion of ethanol into the skin, which could have led to

alterations in the physical and chemical properties of the stratum corneum.
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Chapter 2 - Development of a Suitable Model for Studying In Vitro Fentanyl Percutaneous Absorption

Therefore, care must be exercised when using a solubilising agent, such as ethanol,

as the receptor solution itself must not adversely effect the barrier properties of the skin

or the physicochemical properties of the permeating compound (4).

2.2. OBJECTIVES

The overall objective of these studies was to select a receptor solution that would

maintain sink conditions during the in vitro investigation of fentanyl absorption without

deleteriously affecting the barrier properties of the skin.

It was necessary to explore this concept as fentanyl has a relatively high octanol-

water partition coefficient (logKocr/w = 2.86 at 37°C) and its solubility in citrate-

phosphate buffer (pH 7.4) had been reported to be 51 ug/ml at 37°C (18). Isotonic

phosphate buffer pH 7.4 preserved with 0.1%w/v sodium azide (IPB pH 7.4 (NaNj)) is

often used as a receptor solution when conducting in vitro skin diffusion studies in our

research group and by an affiliated pharmaceutical company, Acrux Ltd. (19). However,

when studying the in vitro percutaneous absorption of lipophilic compounds, dilute

aqueous solutions of ethanol (containing 10 to 30%v/v ethanol) have often been

employed by these groups (19). Therefore, the percutaneous absorption of fentanyl in

vitro was investigated using either IPB pH 7.4 (NaNs) or 20%v/v aqueous ethanol as the

receptor solution.

In light of previous research, it was hypothesised that 20%v/v aqueous ethanol

could potentially alter the barrier properties of the skin. Therefore, a secondary objective

of this research was to investigate the possible mechanism(s) by which the ethanolic

receptor solution may alter fentanyl absorption. Consequently, the effect of the ethanolic

receptor on the partition coefficient of fentanyl between human stratum corneum (SC)

and water were compared to that of IPb pH 7.4 (NaNs).

It will become evident in Chapter 3 that the ultimate intention of these in vitro

percutaneous absorption studies was to determine whether octisalate (OS) and padimate

O (PO) enhance the percutaneous absorption of fentanyl. Therefore, another objective of

the work presented in this chapter was to determine whether the ethanolic receptor

solution modified the mechanism(s) by which OS enhanced the in vitro percutaneous

absorption of fentanyl. It was hypothesised that the ethanolic receptor solution could alter
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skin penetration, and hence the mechanism(s) of action, of OS as it is a highly lipophilic

compound (logKocT/w= 5.771) that is sparingly soluble in IPB pH 7.4 ( < 1 ug/ml (20)).

2.3. MATERIALS AND METHODS

2.3.1. Materials

Fentanyl was manufactured by Macfarlan Smith Ltd. (Edinburgh, UK). OS was

supplied by Bronson and Jacobs (Australia). HPLC grade acetonitrile was supplied by

Merck (Australia). Purified water was obtained from a Milli-Q™ water purification

system (Millipore, Bedford, MA, USA). All other chemicals were of analytical grade.

2.3.2. Fentanyl saturated solubility studies

Fentanyl was added in excess to IPB pH 7.4 (Naty), 20%v/v aqueous ethanol, or

water. The suspensions were vortexed for 30 sec, then placed in a shaking water bath at

32 ± 1°C (SS40-D, Grant Instruments (Cambridge) Ltd., England) where they were

agitated at 15 strokes/min for 72 h. At the end of this equilibration period, the samples

were centrifiiged at 3500 rpm for 20 min at 32°C in a Beckman GS-CR centrifuge

(Beckman Instruments Inc., Palo Alto, CA, USA). The pH of the supernatant was

determined using a Metrohm 632 pH meter (Metrohm Herisau, Switzerland). A 1000 u.1

aliquot was diluted with an appropriate volume of either IPB pH 7.4 (Naty) or 20%v/v

aqueous ethanol. The concentration of fentanyl within each sample was then determined

using the HPLC/UV assay detailed in Section 2.3.5. The saturated solubility of fentanyl

in each of the fluids was determined in triplicate.

2.3.3. In vitro skin diffusion studies

2.3.3.1. Skin preparation

Human female abdominal epidermis was separated from abdominal tissue obtained

from two individual donors following abdominoplasty. Full-thickness skin samples were

' Estimated using EPISuite (Version 3.11) computer software package (U.S. Environmental Protection

Agency)
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prepared by removing subcutaneous tissue and fat from the underside of the dermal

membrane using a stainless steel surgical blade. Epidermal membranes were prepared by

a heat-separation technique (21). After the full-thickness skin samples were immersed in

water (maintained at 60°C) for 45 sec, the epidermis was removed by gently peeling it

away from the dermis. The epidermal membranes were floated (SC-side up) over purified

water whilst being transferred onto filter paper. The samples were dried overnight under

ambient conditions and stored in aluminum foil at -20°C for not more than 12 months

(22). The samples were defrosted under ambient conditions for approximately 2 to 4 h

prior to use.

2.3.3.2. In vitro diffusion studies

In vitro skin diffusion studies were performed using modified stainless steel flow-

through diffusion cells. The donor chamber of each cell consisted of a well that could

hold a maximum of 4000 jil of donor solution, and the skin placed between the donor and

receptor chambers had a diffusion area of 0.79 cm2.

Parallel diffusion studies were conducted, where the receptor solution comprised

either IPB pH 7.4 (NaN3) or 20%v/v aqueous ethanol. To avoid the formation of air

bubbles beneath the skin, the receptor solution was heated to 40°C, then degassed by

spraying it in fine droplets under vacuum with continuous stirring. The solution was

degassed three times before each diffusion study.

For each diffusion experiment, thawed epidermal membranes were cut into square

pieces, each with an area of approximately 1 cm2, and were mounted over the receptor

well. The donor and receptor chambers were then bolted tightly together. Before

transferring the skin to the diffusion cell, the receptor compartment was filled with

approximately 100 uJ of receptor solution and a wire mesh was placed over the receptor

well. The wire mesh encourages turbulent flow of receptor solution through the receptor

well, which mitigates the formation of unstirred, limiting boundary layers and thus helps

maintain sink conditions (3, 23). It also prevents air bubbles from forming beneath the

skin.

The diffusion cells were mounted onto a hollow stainless steel bar, through which

thermostated water was pumped to maintain the temperature of the cells at 32 ± 0.5°C. To

ensure sink conditions were maintained throughout a diffusion study, the receptor
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solution was pumped through the receptor compartment at a flow rate of 1 ml/h by means

of a peristaltic pump (Watson Marlow Microcasette Pump, UK). As the receptor chamber

had a volume capacity in the order of 50 fil, the total volume of receptor solution was

replaced approximately 20 times per hour at this flow rate. The diffusion experiments

were conducted over a 24 h period, whereby diffusion samples were collected every hour

for the first four hours, then every two hours for the remaining 24 h, using an automated

fraction collector (ISCO Retriever II, NE).

The skin was initially equilibrated with the receptor fluid for 1 h before the

commencement of each study. For all diffusion experiments, the donor solution was a

saturated aqueous solution of fentanyi. The donor solution was prepared by dispersing

excess fentanyl (3 mg/ml) in purified water. The solution was vortexed for 1 min and

placed in water bath maintained at 32 ± 1°C, where it was continuously shaken at 15

strokes/min for 72 h. The donor solution was vortexed for 30 sec immediately before

application to the skin to ensure uniform dispersion of the solid fentanyl crystals. It was

applied to the skin at a dose of 2000 ui

In order to investigate the effect of the receptor solution on the absorption of

fentanyl, the equilibration period between the skin and the receptor solution was extended

for a further 2 or 12 h period prior to the application of the donor solution (4<n<12).

To investigate the effect of the receptor solution on the enhancement of fentanyl

percutaneous absorption by OS, the skin was either left untreated (control) or was

pretreated with a finite dose (5 ul/cm2) of 5%w/v OS in 95%v/v ethanol for a period of

either 2 or 12 h (4<n<12). The skin was then rinsed three times with 500 ul of purified

water and gently blotted dry with low-lint, absorbent tissue (Kimwipes®, Kimberly-Clark

Australia). The donor solution was then applied to the skin.

2.3.4. Stratum corneum-water partitioning studies

2,3.4.1. Isolation of human stratum corneum

SC sheets were isolated from freshly separated epidermis (which were prepared

according to the method described in Section 2.3.3.1) using the method described by

Corawell et al (24). The SC was obtained by floating the epidermis (SC-side up) over an

aqueous solution of 0.000 l%w/v trypsin (bovine, type III (Sigma-Aldrich, St Louis, MO,
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USA)) and 0.5%w/v sodium bicarbonate for 12 h (24). After this time, the SC was

removed from the trypsin solution and sandwiched between filter paper. To ensure

complete removal of digested epidermal material, the underside of the SC was blotted dry

with cotton l)alls, rinsed several times with purified water and then floated (epidermal-

side down) over purified water for several hours. The SC was then transferred onto wire

mesh (SC-side up) and dried under ambient conditions for 12 h. The dried SC sheets were

stored over silica gel, under vacuum, for a maximum of 2 weeks.

2.3.4.2. Stratum corneum-waterpartitioning studies

Desiccated SC was die-punched into 5 cm2 circular pieces and the individual discs

were weighed on a Mettler Toledo balance (Mettler Toledo, AT261, Switzerland). The

discs were laid flat, epidermal-side down, over filter paper and, using wire mesh for

support, they were floated over the receptor solution (either IPB pH 7.4 (NaNa) or

20%v/v aqueous ethanol (n=5)). In order to mimic the experimental conditions described

in Section 2.3.3.2, the SC discs were equilibrated with the receptor solution for 1 h. At

the end of this initial equilibration period, the discs were left in contact with the receptor

solution for an additional 2 or 12 h period. Thereafter, the SC discs were removed from

the receptor solution, separated from the wire mesh and filter paper, and immersed in

3000 ul of an aqueous solution sub-saturated with fentanyl. The solution was prepared by

adding 60 ng/ml of fentanyl to purified water. After equilibrating the solution at 32 ± 1°C

for 72 hours, it was filtered through a 0.20 um filter before use to ensure the complete

removal of excess solid.

After the SC was added to the solution, the samples were vortexed for 30 sec, and

then placed in a shaking water bath maintained at 32 ± 1°C. The samples were stored in

the water bath, where they were continuously shaken at a rate of 15 strokes/min, for 24 h.

At the end of the 24 h period, the SC discs were removed from the bathing solution.

Excess solution that had adsorbed onto the SC surface was removed by sandwiching the

discs between filter paper for 30 sec. The discs were then re-weighed.

Fentanyl uptake into the SC was determined by a depletion method (25). The

concentration of fentanyl within the bathing solution was determined before and after 24

h immersion of the SC discs using the HPLC/UV assay described in Section 2.3.5.
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2.3.5. Analytical methods

Fentanyl concentrations within the permeation, partitioning or saturated solubility

samples were determined using reverse phase HPLC in conjunction with UV detection.

The HPLC system consisted of a Waters 610 pump, Waters 600E system controller,

Waters 712 WISP autosampler, and Waters 486 UV absorbance detector. The data was

analysed on a Shimadzu C-R6A integrator (Shimadzu Corp., Japan).

Fentanyl quantification was performed using a Waters Symmetry Cn column (5|im

particle size, 3.9 x 150 mm) and a RP-8 Newguard cartridge guard column (Aquapore 7

Urn, 3 x 1 5 mm, Alltech/Perkin Elmer, CA, USA). The injection volume was 150 u l The

mobile phase (32%v/v acetonitrile, 68%v/v water, 0.068%v/v perchloric acid (70%v/v),

and 10 mM heptane sulphonic acid) was pumped through the column at a flow rate of

lml/min. UV detection was performed at 210 nm. The retention time for fentanyl under

these conditions was —12.1 min.

Calibration curves for each assay (i.e. fentanyl in IPB pH 7.4 (NaN3) or 20%v/v

aqueous ethanol) were constructed using standard solutions at concentrations within the

range of 0.05 to 10 ^ig/ml. A linear relationship between peak area and concentration

was confirmed by the correlation coefficient generated by linear regression (using the

least squares method) of the calibration curve, which was weighted by a factor of 1/x.

The linearity of each assay was excellent (r2> 0.995).

Intra-day precision and accuracy were determined from standard solutions (n=5) at

three different concentrations (0.05, 1 and 10 ug/ml). Intra-day precision and accuracy

were highly satisfactory, as %CV was less than 3.5% and less than 9.0% and accuracy

ranged from 99.3 to 104.4% and from 96.5 to 101.6% for fentanyl in either IPB pH 7.4

(NaN3) or 20%v/v aqueous ethanol, respectively.

Inter-day precision of each assay was determined over three different days, using

standard solutions freshly prepared on each day of analysis. Each assay was highly

reproducible, with precision (%CV) being less than 5.3% or 3.6% for fentanyl in either

IPB pH 7.4 (NaN3) or 20%v/v aqueous ethanol, respectively.
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2.3.6. Mathematical analysis

2.3.6,1. Fentanyl diffusionalparameters

Fentanyl permeation profiles were fitted to the following solution of Fick's second

law of diffusion (refer to Chapter 4) (26):

Q t =AK s c / v hC, D-L i
2 ~ 6 ~

e x 2.1

Where Qt is the amount of fentanyl that permeates the epidermis into the receptor

solution at time, t. A is the skin surface diffusion area, Ksc/v is the partition coefficient of

fentanyl between the SC and the vehicle (water), h is the thickness of the SC (which was

assumed to be 13 um (27)), D is the diffusion coefficient of fentanyl within the SC, and

Cv is the concentration of fentanyl within the donor solution. As the donor solution was

saturated with fentanyl and was applied to the skin at a sufficiently large dose, it was

assumed that the concentration of fentanyl within the donor solution did not significantly

deplete over the duration of the experiment. Hence, Cy was replaced by the saturated

solubility of fentanyl in water (91.47 ng/ml at 32°C).

The parameters Ksc/vh and D/h2 in Equation 2.1 were replaced by the terms a and

by respectively. The parameters a and b were derived by fitting the permeation data to the

theoretical equation, using a computer software package (SigmaPlot®, Version 8.01,

SPSS Inc., USA). A non-linear least squares method was used to fit the data. The

permeability coefficient, Kp, was then calculated by multiplying the parameters a and b,

which is therefore equivalent to the expression:

2.2

Fentanyl flux (J) across the skin was calculated from the permeability coefficient, where:

J = 2.3
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2.3.6.2. Stratum corneum-water partition coefficient

The partition coefficient of fentanyl between isolated human SC and water (Ksc/w)

was calculated according to the following equation (28):

K
K* Wr

sc/w X 2.4
PD

Whe-^:

Mass (ug) of fentanyl / Mass (mg) of dessicated SC

Mass (ng) of fentanyl / Mass (mg) of donor solution

PD = Density of the donor solution (g/cm3)

WD = Mass (g) of desiccated SC (i.e. SC weight prior to immersion in the donor solution)

VH = Volume (cm3) of hydrated SC, which is determined from the weight of the SC after

24 h immersion in the sub-saturated fentanyl solution, assuming that the SC has a density

oflg/cm :(29))

I .

2.3.6.3. Enhancement ratios generated by octisalate pretreatment

The enhancement of the various difrusional parameters (J, Kp, Ksc/v or D) derived

from Equations 2.1 and 2.3 and of the partition coefficient of fentanyl between isolated

SC and water (Ksc/w) (calculated from Equation 2.4) following pretreatment with OS was

defined in terms of an enhancement ratio (ER), where:

ER =
Parameter derived from epidermis or SC pretreated with OS

Parameter derived from untreated epidermis or SC
2.5

2.3.7. Statistical analysis

Statistical significance was determined between the sample means of the treatment

groups using the Student's t-test (two-tei!ed). A probability of n<0.05 was considered

statistically significant. All results are presented as the mean ± SEM.
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2.4. RESULTS AND DISCUSS ION

i

2.4.1. Fentanyl solubility and sink conditions

The saturated solubility of fentanyl in water (the donor vehicle) and in each of the

receptor solutions, the solution pH, and the predicted percentage of fentanyl ionisation

are shown in Table 2.1. Firstly, it should be noted that the solubility of fentanyl in IPB

pH 7.4 (NaNa) at 32°C was markedly higher than that previously reported in citrate-

phosphate buffer pH 7.4 at 25°C (18) (-448 ug/ml versus -51 ug/ml). It is also important

to note that the saturated solubility of fentanyl in IPB pH 7.4 (NaN3) was higher than its

solubility in 20%v/v aqueous ethanol (p=0.0199). This difference is likely to t s related to

the degree by which fentanyl is ionised in either receptor solution. Due to its buffer

capacity, the addition of excess fentanyl to IPB pH 7.4 (NaNa) resulted in a suspension

with pH ~ 7.66. As fentanyl is weak base (pKa - 8.99 (30)), it was assumed that

approximately %% of fentanyl within the solution existed in its ionised form. Hence, it is

probable that the overall solubility of fentanyl in IPB pH 7.4 (NaN3) is due to appreciable

ionisation of the compound within this fluid. On the other hand, fentanyl was likely to be

approximately 65Yo ionised within the ethanolic receptor solution (pH - 8.73).

Table 2.1. The saturated solubility and predicted percentage of ionisation of fentanyl in water,
isotonic phosphate buffer pH 7.4, 0.1%w/v sodium azide (IPB pH7.4 (NaN3)) or 20%v/v aqueous
ethanol (20% aq. EtOH).

Solvent Fentanyl saturated o . .. „ Predicted % fentanyl
• L.I-^_ / i ix Solution pH . . , .

solubility (ug/ml) r
 . « » . « « H •

ionised

Water 91.47 ±1.14

IPB pH 7.4 (NaN3) 447.59 ± 10.00'

20% aq. EtOH 417.34 ±2.97

9.22 ± 0.04

7.66 ± 0.02

8.73 ± 0.14

-37

-96

-65

Based on the finding that fentanyl has a pKa value of 8.99 (30).
b Statistically significant difference compared with ti ? saturated solubility of fentanyl in 20%

aqueous ethanol (p<0.05).
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As the solubility of fentanyl in 20%v/v aqueous ethanol was still relatively high, it

does not appear that the presence of the free base limited fentanyl solubility. It is

therefore likely both the unionised and ionised forms of fentanyl were solubilised in the

ethanolic receptor solution.

It is generally assumed that sink conditions are maintained during a difirusio-

experiment when the final concentration of the permeant within the receptor solution

does not exceed 10 to 20% of its concentration at saturation (31, 32). Therefore, to ensure

that sink conditions were maintained during the diffusion studies, the concentration of

fentany! found within either receptor solution at the completion of a diffusion experiment

(after a 2 or 12 h equilibration period between the skin and receptor solution) are

expressed as the percentage of the saturated solubility of fentanyl in water (the donor

solution) and in the receptor solution in Table 2.2.

It is evident from the percentages shown in Table 2.2 that fentanyl concentrations

found within either receptor solution were extremely low (less than 3%), relative to its

saturated solubility within the donor or receptor solutions, at the completion of the

diffusion experiments. Based on this finding it is reasonable to assume that fentanyl has

adequate solubility in either IPB pH 7.4 (NaN3) or 20%v/v aqueous ethanol to maintain

sink conditions during a diffusion experiment.

Table 2.2. Fentanyl concentrations found within isotonic phosphate buffer pH 7.4, 0.1%w/v

sodium azide (IPB pH 7.4 (NaN3)) or 20%v/v aqueous ethanol (20% aq. EtOH) at the completion

of a 24 h diffusion experiment (following a 2 or 12 h equilibration period between the skin and

receptor solution) (4<n<12).

Receptor
solution

IPB pH 7.4
(NaN3)

20% aq.
EtOH

2 h equilibration period 12 fa equilibration period

Fentanyl Fentanyl
cone %SSDS" %SSRS" cone %SSDS" %SSRS"

Oig/ml)

1.24 ±0.09 1.36 ±0.10 0.28 ±0.02 1.40 ±0.07 1.53 ±0.08 0.31 ±0.02

1.26 ±0.10 1.38 ±0.11 0.30 ±0.02 2.74 ±0.20 3.00 ±0.22 0.66 ±0.05

a Concentrations expressed as a percentage of the saturated solubility of fentanyl in water (the
donor solution) (% SS DS) and the receptor solution (% SS RS).
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However, this finding alone may not totally discount the use of the ethanol: water

system, particularly as the overall solubility of fentanyl in IPB pH 7.4 (NaN3> is possibly

due to appreciable ionisation of the compound within this fluid. It has been previously

established that the free-base form is almost entirely responsible for fentanyl permeation

through skin (33, 34). Therefore, when selecting a receptor solution, it is judicious to

perform in vitro skin diffusion studies in conjunction with saturated solubility studies to

ensure that percutaneous drug absorption is not detrimentally effected by alterations to

the barrier properties of the skin and the physicochemical properties of the permeating

compound.

2.4.2. Effect of an ethanolic receptor solution on fentanyl percutaneous absorption

The profiles generated for fentanyl permeation through the epidermis into IPB pH

7.4 (NaNa) or 20%v/v aqueous ethanol (following a 2 or 12 h equilibration period

between the skin and receptor solution) are shown in Figures 2.1 and 2.2, respectively. As

seen in Figure 2.1, the mean cumulative amount of fentanyl that permeated the epidermis

previously equilibrated with IPB pH 7.4 (NaN3) for either 2 or 12 h was not significantly

different (43.42 ± 2.03 ug/cm2 versus 40.29 ± 1.41 ug/cm2 at 24 h, respectively).

On the other hand, fentanyl permeation was significantly affected when aqueous

ethanol was used as the receptor solution. As demonstrated in Figure 2.2, the mean

cumulative amount of fentanyl permeating the epidermis equilibrated with 20%v/v

aqueous ethanol for 2 h was 45.19 ± 1.63 jig/cm2 at 24 h. As this amount is comparable

to that attained when the skin was equilibrated with IPB pH 7.4 (NaN3) for 2 h, it would

appear from these initial observations that, after relatively short equilibration periods, the

presence of 20%v/v ethanol in the receptor solution did not adversely effect the barrier

function of the skin. However, when the skin was equilibrated with the ethanolic receptor

solution for a 12 h period, the mean cumulative amount of fentanyl that permeated the

epidermis at 24 h dramatically increased to 74.98 ± 4.51 ug/cm2 (p<0.0001 compared

with epidermis equilibrated with either 20%v/v aqueous ethanol for 2 h or with IPB pH

7.4 for 12 h). Consequently, it would appear that after longer equilibration periods, the

presence of ethanol in the receptor solution altered the barrier properties of the epidermis.
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12 16
Time (h)

20 24

Figure 2.1. Permeation profiles for fentanyl permeating human epidermis, following a 2
h ( • ) or 12 h (O) equilibration period with isotonic phosphate buffer pH 7.4, 0.1%w/v
sodium azide. The solid lines represent a non-linear regression of the data to Equation 2.1
(r2=0.999 and 1.000 for the 2 h and 12 h profiles, respectively).

I

16 20 24

Time (h)

Figure 2.2. Permeation profiles for fentanyl permeating human epidermis, folbwing a 2
h ( • ) or 12 h (O) equilibration period with 20%v/v aqueous ethanol. The solid lines
represent a non-linear regression of the data to Equation 2.1 (r^O.999 and 1.000 for the 2
and 12 h profiles, respectively).
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The diffusional parameters associated with the fentanyl permeation profiles are

presented in Tables 2.3 and 2.4. In the first instance, none of the difiusional parameters

were effected when the equilibration time between the epidermis and IPB pH 7.4 (NaN3)

was extended from 2 to 12 h (Table 2.3). Furthermore, the permeability coefficient (Kp)

and flux (J) were in the order of ~0.02 cm/h and ~2 ug/cmVh, respectively, which are in

agreement with previous research (33-35).

The permeability coefficient of fentanyl through epidermis in contact with IPB pH

7.4 (NaN3) (Kp= 0.022 ± 0.001 cm/h) was comparable to that through skin in contact with

20%v/v aqueous ethanol (Kp= 0.025 ± 0.002 cm/h) after a 2 h equilibration. As the

permeability coefficient is ar overall manifestation of the driving force for drug diffusion

across the skin (36-38), it is therefore probable that the concentration gradient of fentanyl

formed across the skin was similar in the presence of either IPB pH 7.4 (NaNa) or

20%v/v aqueous ethanol. This finding is in agreement with the results generated from the

saturated solubility studies, where the final concentration of fentanyl found within either

receptor solution was found to be less than 10% of its maximum solubility in the donor

solution (Table 2.2).

Despite this similarity in overall permeability, it is also apparent from the data

presented in Tables 2.3 and 2.4 that the mechanisms involved in fentanyl permeation

were different in the presence of either receptor solution, following a 2 or 12 h

equilibration period. In particular, compared with skin that had been equilibrated with

IPB pH 7.4 (NaNs), it appears that the partitioning of fentanyl into the SC was

significantly enhanced whilst its diffiisivity in the SC was reduced in the presence of the

ethanolic receptor solution.

It is also evident from the data presented in Table 2.4 that prolonged contact

between the skin and the ethanolic receptor solution altered fentanyl permeation, as the

permeability coefficient of fentanyl significantly increased from 0.025 ± 0.002 cm/h to

0.040 ± 0.002 cm/h as the equilibration time was extended from 2 to 12 h (pO.0001).

Furthermore, it appeared that this effect was predominantly due to enhancement of

fentanyl partitioning into the SC QxO.0001), as the diffusion coefficient of fentanyl

within the SC remained relatively unchanged.

79

1



Chapter 2 - Development of a Suitable Model for Stua)nng In Vitro Fentanyl Percutaneous Absorption

Table 2.3. Diffusional parameters derived from fentanyl permeation of human epidermis
equilibrated with isotonic phosphate buffer pH 7.4,0.1%w/v sodium azide.

Equilibration
period

(h)

12

(jig/cm2/h) P

(cm/h)

D
(cm/h x 10-8) Ksc/v

2.01 ± 0.09 0.022 ± 0.001 9.65 ± 0.52 299.69 ± 19.85

1.83 ±0.18 0.020 ±0.002 10.71 ±0.79 247.31 ±21.69

Table 2.4. Diffusional parameters derived from fentanyl permeation of human epidermis
equilibrated with 20%v/v aqueous ethanol.

Equilibration
period

J
(u.g/cm2/h)

Kp

(cm/h)
D

(cm/h x Ksc/v

2.29 ±0.18 0.025 ±0.002 7.82 ± 0.45a 414.85 ±29.92

12 3.65 ± 0.18 ̂  0.040 ± 0.002 "•" 8.11 ± 0.27" 639.08 ± 26.08

a Statistically significant difference compared with isotonic phosphate buffer pH 7.4, 0.1%w/v
NaN3 (p<0.05).
b Statistically significant difference between 2 and 12 h equilibration periods (p<0.05).

It has been proposed that dilute ethanol (< 25%v/v) may increase SC lipid fluidity,

and thus solute diffiisivity, via interactions at the polar head group region of the lipid

bilayers (39). However, the collective findings from several other studies (including

differential scanning calorimetric and Fourier transform infrared techniques) have

demonstrated that ethanol does not significantly alter the degree of SC lipid inler-alkyl

chain interactions (40, 41). On the contrary, the results from Fourier transform infrared

spectrojeopic studies indicate that ethanol may cause a slight ordering, rather than

disordering, of the SC lipid acyl chains (42). It has been proposed that a possible

explanation for this "ordering" effect is that ethanol promotes the interdigitation of the

hydrocarbon chains by displacement of bound water molecules at the polar head-
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group/membrane interface (40,42,43). It appears that the finding that fentanyl diffusivity

in SC equilibrated with 20%v/v aqueous ethanol was significantly lower than its

difrusivity in SC equilibrated with IPB pH 7.4 (NaNa) is consistent with these previous

findings.

In addition to these effects on SC lipids, it has also been suggested that ethanol may

cause swelling and secondary conformational changes within keratinised piotein fibrils,

which may possibly increase the diffiisional volume within the SC protein domain (44).

At high concentrations, ethanol has also been found to extract lipids from the SC, which

has been suggested to lead to localized regions of greater free volume within the lipid

alkyl chain regions and "pore" formation (45-47).

Despite these observed effects on SC lipid and protein domains, results from

several studies strongly suggest that enhancement of solute partitioning into the SC is the

primary mechanism of action of dilute ethanol (48-51). Thus, the finding that the

uthanolic receptor solution enhanced fentanyl partitioning into the SC is concordant with

this earlier research. Given that the principal role of ethanol as a "penetration enhancer"

is to solubilise compounds (51), and that fentanyl is freely soluble in ethanol (Table 3.1,

Section 3.4.1), the finding that the ethanol: water system enhanced fentanyl partitioning

into the SC can most likely be attributed to an increase in drug solubility within the SC.

Due to the excellent correlation between the SC-water partitioning studies and the skin

permeation studies, and previous research which has demonstrated that the main rate-

limiting barrier for fentanyl permeation resides in the SC (33), it is likely that the

solubilising effect of ethanol is mostly significant within the SC itself, rather than in the

underlying epidermis. As discussed in Section 2.4.3, the results from the SC-water

partitioning studies support this hypothesis.

2.4.3. Effect of an ethanolic receptor solution on fentany! partitioning between

isolated human stratum corneum and water

The partition coefficients of fentanyl between human SC (equilibrated with either

receptor solution for 2 or 12 h) and water are represented in Table 2.5. The partition

coefficients of fentanyl between SC, equilibrated with IPB pH 7.4 (NaN3) for 2 or 12 h,

and water were 252.82 ±21.79 and 240.93 ± 17.90, respectively.
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Table 2.5. The partition coefficients of fentanyl between human stratum corneum (equilibrated

with either isotonic phosphate buffer pH 7.4, 0.1%w/v sodium azide (IPB pH 7.4 (NaN3) or

20%v/v aqueous ethanol (20% aq. EtOH) for 2 h (K^a) or 12 h (Keq.izh)) and water.

Receptor
solution KEq.Uh

IPB pH 7.4
(NaN3)

252.82 ±21.79 240.93 ±17.90

20% aq. EtOH 476.53 ±53.26C 798.55 ± 45.39 c-d

0.95 ±0.14

1.68 ±0.19

0.83 ± 0.07

1.54 ±0.06

a Ratio between the partition coefficient of fentanyl between isolated human stratum corneum and water

generated after a 12 and 2 h equilibration period with receptor solution.
b Ratio between the partition coefficient of fentanyl between the stratum corneum and water generated after

a 12 and 2 h equilibration period with receptor solution, derived from the in vitro skin diffusion studies
c Statistically significant difference compared with the partition coefficient of fentanyl between stratum
corneum (equilibrated with isotonic phosphate buffer pH 7.4, 0.1%w/v NaN3 for the equivalent period of
time) and water (p<0.05).
d Statistically significant difference compared with K ^ i , (p<0.05).

Not only are these partition coefficients very similar (KEq.i2h / KEq^h= 0.95 ± 0.14),

but they are also in very good agreement with those generated from the in vitro diffusion

studies (Table 2.3). Consequently, the results from these studies support the finding that

that IPB pH 7.4 (NaN3) does not modify fentanyl partitioning into the SC when it is in

contact with the skin for a prolonged period.

The partition coefficients of fentanyl between SC, equilibrated with 20%v/v

aqueous ethanol for 2 or 12 h, and water were 476.53 ± 53.26 and 798.55 ± 45.39,

respectively. Firstly, these partition coefficients were significantly higher than the

corresponding partition coefficients derived from SC equilibrated with IPB pH 7.4

(NaN3) for the same length of time (p=0.0046 and p<0.001 for 2 and 12 h equilibration

periods, respectively). It is also important to note that fentanyl partitioning into SC

equilibrated with 20%v/v aqueous ethanol significantly increased as the contact time

between the skin and the ethanolic receptor solution was extended from 2 h to 12 h

(p=0.0018). This is also consistent the findings from the in vitro diffusion studies (shown

in Table 2.4). In addition, the ratio by which fentanyl partitioning into the SC was

enhanced as the equilibration period was extended from 2 to 12 h (KEq.i2h / KEq.2h= 1.68 ±

0.19) was also similar to that obtained from the diffusion studies (KEq.i2h / KEq.2h = 1.54 ±

0.06). Therefore, the findings from these independent SC-water partitioning studies
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support the notion that the presence of ethanol within the receptor solution modifies

fentanyl partitioning into the skin, and that this effect is mostly confined to the SC.

2.4.4. Effect of an ethanolic receptor solution on the mechanism(s) by which

octisalate enhances fentanyl percutaneous absorption

The profiles generated from fentanyl permeation of skin that had either been left

antreated, or pretreated with OS are shown in Figures 2.3 and 2.4. The enhancement

ratios that were determined from the diffiisional parameters derived from these profiles

are shown in Tables 2.6 and 2.7. It is evident from Figures 2.3 and 2.4 that pretreatment

of the skin with 5%w/v OS significantly enhanced fentanyl permeation, regardless of the

type of receptor medium used. When IPB pH 7.4 (NaNs) was used as the receptor

solution (Figure 2.3), the mean cumulative amount of fentanyl permeating the skin that

had either been left untreated or pretreated with OS for 2 h was 43.42 ± 2.03 ug/cm2 and

72.95 ± 2.82 (ig/cm2 at 24 h, respectively (p<0.0001). These values are comparable to

those obtained at 12 h, whereby the cumulative amount of fentanyl permeating untreated

skin or skin pretreated with OS was 40.29 ± 1.41 ug/cm2 and 75.22 ± 5.40 ug/cm2 at 24

h, respectively (pO.OOOl). It is therefore not surprising that similar enhancement ratios

were generated for the permeability coefficient of fentanyl through skin pretreated with

OS for either 2 or 12 hours (ER(Kp)= 1.65 ± 0.12 and 1.76 ± 0.20 at 2 and 12 h,

respectively (Table 2.6)).

As mentioned in Section 2.4.2, fentanyl permeation through untreated skin

equilibrated with 20%v/v aqueous ethanol significantly increased as the equilibration

time was extended from 2 to 12 h. In particular, and as illustrated by Figure 2.4, the mean

cumulative amount of fentanyl permeating untreated skin, in contact with the ethanolic

receptor solution, for 2 or 12 h was 45.19 ± 1.63 ug/cm2 and 74.98 ±4.18 ug/cm2 at 24 h,

respectively. This corresponds to an increase in fentanyl permeation by a factor of 1.66.

However, it is evident from Figure 2.4 that fentanyl permeation through skin pretreated

with OS (and in contact with 20%v/v aqueous ethanol) also increased as the exposure

time was lengthened from 2 to 12 h. The mean cumulative amount of fentanyl permeating

skin that had been pretreated with OS for 2 or 12 h was 78.92 ± 1.80 ug/cm2 and 118.31

± 7.04 ug/cm2 at 24 h, respectively. This difference corresponds to an increase in fentanyl

permeation by a factor of 1.50.
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Figure 2.3. Permeation profiles for fentanyl permeating human epidermis either left untreated
(closed symbols) or pretreated with 5%w/v OS (open symbols), when isotonic phosphate buffer
pH 7.4, 0.1%w/v sodium azide was used as the receptor solution. Circles represent 2 h exposure
time, whilst triangles represent 12 h exposure time. The solid lines represent a non-linear
regression of the data to Equation 2.1 (r2=0.999 for all profiles).

Table 2.6. Enhancement ratios for the diffusional parameters derived from fentanyl permeation
through human epidermis pretreated with 5%w/v OS, using isotonic phosphate buffer pH 7.4,
0.1%w/v sodium azide as the receptor solution.

Pretreatment time
(h)

ER(KP) ER(D) ER (Ksc/v)

12

1.65 ±0.12* 1.21 ±0.08 1.36 ±0.11*

1.76 ±0.20* 2.10 ±0.23* 0.84 ±0.10

Statistically significant difference compared with untreated skin (p<0.05).
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Figure 2.4. Permeation profiles for fentanyl permeating human epidermis either left untreated
(closed symbols) or pretreated with 5%w/v OS (open symbols), when 20%v/v aqueous ethanol
was used as the receptor solution. Circles represent 2 h exposure time, whilst triangles represent
12 h exposure time. The solid lines represent a non-linear regression of the data to Equation 2.1
(r^O.999 and 1.000 for profiles of 2 and 12 h untreated skin, respectively, and rM.000 for
profiles of skin pretreated for 2 and 12 h).

Table 2.7. Enhancement ratios tor the diffusional parameters derived from fentanyl permeation
through human epidermis pretreated with 5%w/v OS, using 20%v/v aqueous ethanol as the
receptor solution.

Pretreatment time
(h)

ER(KP) ER(D)

12

ER (K

1.65 ±0.04* 1.12 ±0.03 1.47 ±0.04*

1.50 ± 0.03 * 1.53 ± 0.03* 0.98 ± 0.02

Statistically significant difference compared with untreated skin (p<0.05).
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It would therefore appear that prolonged contact between the skin and the ethanolic

receptor solution increased fentanyl permeation to a similar degree, regardless of whether

the skin was left untreated or pretreated with OS. Consequently, the enhancement ratio

generated for the permeability coefficient of fentanyl through skin pretreated with OS for

2 h was comparable to that obtained following 12 h pretreatment with OS (ER(Kp}= 1.65

± 0.04 and 1.50 ± 0.03 at 2 and 12 h, respectively (Table 2.7)).

It is of interest to note that the enhancement ratios for the permeability coefficients

of fentanyl (ER(Kp)) through skin pretreated with OS were of similar magnitudes,

regardless of the pretreatment time, or the type of receptor solution used. Furthermore,

the apparent mechanism(s) by which OS enhanced fentanyl permeability appeared to be

unaffected by the type of receptor solution used. After pretreating the skin for 2 h with

OS, enhancement of fentanyl partitioning into the SC appeared to be the predominant

mechanism responsible for fentanyl permeation enhancement. However, as the

pretreatment time was extended to 12 h, it appeared that enhancement of fentanyl

permeability by OS was predominantly due to enhancement of fentanyl diffusivity within

the SC. The enhancement ratios generated for fentanyl partitioning and diffusion

coefficients at these pretreatment times not only followed similar trends, but were also of

similar magnitudes when either IPB pH 7.4 (NaNs) or 20%v/v aqueous ethanol was used

as the receptor solution. These findings may suggest that the concentration (and hence the

solubility) of OS within the SC is unaffected by the presence of ethanol in the receptor

solution.

Given that OS is a highly lipophilic compound, the apparent "ineffectiveness" of

the ethanol: water receptor solution is not surprising. The reduced effectiveness of

various chemical penetration enhancers has been previously reported for highly lipophilic

compounds (52-54). It has therefore been proposed that the co-administration of a solvent

that increases the solubility of a hydrophobic compound in the *argely aqueous epidermal

layer may aid percutaneous absorption (55). As the epidermis is likely to act as the rate-

limiting barrier towar is the mass transfer of OS across the skin, this enhancement

strategy may be applicable to OS permeation. Furthermore, the ethanolic receptor

solution is in continual contact with the epidermis, rather than the SC. Therefore, it

would be reasonable to speculate that any effect ethanol may have on OS solubility

within the epidermis would be discernible, as the SC would not act as the rate-limiting

barrier towards ethanol permeation under these circumstances. However, as the receptor
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solution contained only 20%v/v ethanol, it is possible that the conccntration(s) of ethanol

attained within the epidermis were not high enough to improve the solubility of OS

within this aqueous layer. Therefore, it would appear that OS might be retained within

the SC even in the presence of a dilute ethanolic receptor solution. Consequently, it

would seem that an ethanolic receptor solution (at concentrations of up lo 20%v/v

ethanol) provides no added benefit over IPD pH 7.4 (NaNj) in an investigation of the

effect of a lipophilic chemical penetration enhancer on the percutaneous absorption of

fentanyl.

2.5. CONCLUSIONS

Although fentanyl is a relatively lipophilic compound, it has adequate solubility in

either IPB pH 7.4 (NaNa) or 20%v/v aqueous cthanol to maintain sink conditions during

a 24 h in vitro skin diffusion experiment. Although the use of cthanohwater systems is

recommended for lipophilic compounds, it became evident from the present studies that

the presence of ethanol in the receptor solution significantly altered the mechanisms that

were involved in fentanyl permeation of the skin. In particular, fentanyl partitioning into

the SC was significantly enhanced in the presence of the ethanolic receptor solution.

Consequently, it may be concluded from these studies that the presence of cthano! in the

receptor medium modifies the barrier properties of the SC towards fentanyl permeation.

It has also been demonstrated that the apparent mechanisms by which OS enhanced

fentanyl permeation through the skin were the same, regardless of whether IPB pll 7.4

(NaNa) or 20%v/v aqueous ethanol was used as the receptor solution. Furthermore, the

magnitudes by which OS enhanced fentanyl partitioning into, and its diffusivity within,

the SC appeared to be unaffected by the composition of the receptor medium. These

findings would suggest that the use of an ethanolic receptor solution (at concentrations up

to 20%v/v ethanol) does not offer any advantages over IPB pH 7.4 (NaNj) when

investigating the effects of a lipophilic chemical penetration enhancer on the

percutaneous absorption of fentanyl.

In conclusion, IPB pH 7.4 (NaN3) appears to be the preferred receptor solution to use

when studying the in vitro percutaneous absorption of fentanyl as it provides an adequate

sink for fentanyl permeation without altering the barrier properties of the skin.
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3.1. INTRODUCTION

Crude methods of transdermal drug delivery (TDD) include the use of semi-solid

formulations, such as ointments, creams, gels (1, 2), or plasters (3). However, a major

problem associated with such systems is that the covered area of skin (and hence the

amount of drug applied to the skin) is often poorly controlled. The poor control over

TDD is also confounded by inter- and intra- individual variations in skin permeability,

which have been reported to be as high as 46 to 66% (%CV) and 20 to 40%, respectively

(4). Therefore, in an effort to alleviate these and other problems, the design and

development of transdermal delivery systems (TDSs), particularly transdermal patch

delivery systems, has focused on controlling the rate and duration of drug release into the

systemic circulation (5). The contribution of a TDS to controlling drug delivery across

the skin may be obtained from the following relationship (6):

~ |MSK!N / + MTDS ) J

Thus, if the rate of drug release from the TDS (JTDS) is much smaller in magnitude

than drug flux across the skin (JSKIN), then net drug flux from the TDS into the systemic

circulation (JNET) will be essentially the same as JTDS- Under such circumstances, the rate

of drug delivery is controlled by the TDS and inter-individual variations in skin

permeability may thus be reduced. This concept of system-controlled TDD forms the

basis for the design of the Durogesic® patch (7, 8), which is the only commercially-

available form of transdermal fentanyl at present. It has been reported that the

incorporation of a rate-controlling membrane within the Durogesic® patch reduces

variation in fentanyl skin permeation by approximately 50% (9).

Unfortunately, however, a major problem associated with many marketed

transdermal patch delivery systems, such as Durogesic®, is their potential to cause skin

irritation (6, 7,10-14). The irritation caused by such systems appears to be related to their

occlusive nature; condensed moisture from transepidermal water loss and sweat may

accumulate underneath the patch which can lead to skin maceration, proliferation of skin

microflora, and an increase in the pH of the microenvironment (12, 15). Furthermore,

increased humidity under the occlusive system can ultimately render the stratum corneum

(SC) more permeable to solute transport (16-21) and less tolerant to the irritant effects of

some formulation excipients (6,22).
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In order to sustain the driving force for fentanyl diffusion across the skin duriru- a

72 h application time, the Durogesic® patch is comprised of a reservoir that contains 2.5

mg of fentanyl per 10cm2 of patch size (23). However, it has been demonstrated that

substantial amounts (i.e. 28 to 85%) of the original fentanyl content remain within the

system upon its removal from the skin (24-26). Therefore, in addition to the

abovementioned problems associated with occlusive TDSs, another problem that is

somewhat unique to the Durogesic® patch is the potential for unabsorbed fentanyl

remaining within the system to be subject to illicit use (27).

In order to circumvent some of the problems associated with transdcrmal patch

delivery systems, Morgan et al have utilised the concept of a metered-dose transdennal

spray (MDTS) (28-30), The results from this research demonstrated the feasibility of

using rapid-drying, non-occlusive topical spray vehicles, which contain octisalatc (OS)

and padimate O (PO) to enhance the transdcrmal delivery of various sex hormones. As

alluded to Chapter 1 (Section 1.5.5.2), this method of TDD involves the finite-dose (i.e.

5ul of solution per cm2 of skin) application of cthanoltc .solutions containing cither OS or

PO and the drug of interest. In addition to minimising some of the problems associated

with occlusive TDSs, the vise of volatile solvents (under non-occluded condition?) has

also been shown to enhance percutaneous drug absorption when compared with occluded

systems (31).

Fundamental to this non-occlusivc form of TDD is the concept that ethanol rapidly

evaporates into the atmosphere which, theoretically, would favour partitioning of drug

and OS or PO into the upper layers of the SC (32). As the SC can act as a reservoir for

many topically applied substances (33,34), a depot of drug and OS or PO may eventually

form within the SC. Assuming that the drug possess suitably balanced aqueous and lipid

solubilities (i.e. log KOCT/W between 1 and 3) (35,36) it will continue to partition into, and

diffuse through, the deeper skin layers - and be absorbed into the systemic circulation -

until the SC eventually becomes depleted of drug.

In light of this background research and theory, the primary aim of the work

presented in this chapter was to investigate whether OS and PO enhance the transdcrmal

delivery of fentanyl under the conditions studied. As mentioned in Chapter 2, in vitro

skin diffusion studies are often used to investigate the kinetics and mechanisms involved

in TDD, and serve as a tool for rapid screening of vehicle effects during the initial stages

of formulation development. Hence, the diffusion cell technique was utilised to predict
93



T
Chapter} • The Effects of Octisalate and Padimate Oon Fentanyl Permeation from a "Finite Dose "

the elTect(s) of OS and 1*0 on the percutaneous absorption of fentanyl in vivo. However,

whilst there is good evidence to suggest that in yltro skin diffusion data is predictive for

in vivo percutaneous absorption in animals and humans (37-39), a major potential variant

in the design of a dinks ion cell experiment is the nature of the skin membrane. Although

it is preferable to use excised human skin during an in vitro skin diffusion study (40),

limitations associated with its cost, availability and variable permeability have prompted

the wide use of animal skins as substitutes for human skin (41).

Although animal skin is an acceptable model for human skin (40,42,43), it is well

established that inter-species variations in percutaneous drug absorption exist (as

discussed in Chapter 1, Section 1,3.3.1.7). However, in formulation development the rank

order of drug release from various vehicles is often more significant than the rates

themselves (44). In this instance, animal skin has a theoretical advantage over human skin

in that diffusion experiments can be completed in a shorter period of time. Consequently,

initial investigations into the effcct(s) of OS and PO on fentanyl percutaneous absorption

involved the use of shed snake skin as the skin membrane.

Shed snake skin was used as a model membrane during initial investigations as it is

easy to obtain and prepare and is essentially representative of human SC (but is devoid of

any appendages). Previous studies have also shown that the permeability of several

compounds for shed snake skin is similar to, but often slightly less than, human skin (45-

48). Furthermore, the mature snake naturally sheds its skin every »-2 to 3 months and thus

the animal doesn't have to be sacrificed in order to obtain its skin, the membranes may be

stored at room temperature without significant deterioration and, as interfering substances

do not leach from the membrane, it usually permits the facile UV analysis of skin

permeation samples (45).

3.2. OBJECTIVES

The purpose of the work presented in this chapter was firstly to determine whether

OS and PO enhanced the in vitro percutaneous absorption of fentanyl under simulated in

vivo conditions of use. This objective was fundamental to the entire research project as it

wouki help determine the feasibility of using OS or PO to enhance the transdermal

delivery of fentanyl. Shed snake skin was initially used as the model membrane to
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investigate the eftect(s) of OS and PO during the initial stages of formulation

development. Of course, the use of excised human skin is preferred for in vitro diffusion

experiments that are intended to mimic in vivo percutaneous ding absorption. Therefore,

subsequent diffusion experiments were conducted with human epidermis as the model

membrane.

The second objective of these studies was to identify the possible mechanism(s) by

which OS and PO enhanced the percutaneous absorption of fentanyl through human

epidermis under predicted conditions of use in vivo. This latter objective was intended to

aid the development of further investigations into the mechanism(s) of action of OS and

PO.

3.3. MATERIALS AND METHODS

3.3.1. Materials

Fentanyl was manufactured by Macfarlan Smith Ltd. (Edinburgh, UK). OS and PO

were supplied by Branson and Jacobs (Australia). Acetonitrile (supplied by Merck Pty.

Ltd. (Australia)) was of HPLC grade. Water was purified by a Milli-Q™ water

purification system (Millipore, Bedford, MA, USA). AH other chemicals were of

analytical grade.

3.3.2. Saturated solubility studies

Approximately 200 mg of fentanyl was added to 500 ul of 95%v/v ethanol, OS or

PO (n'O). The samples were vortexed for 30 sec and placed in a shaking water bath at 32

± 1PC, where they were continuously shaken at 15 strokes/min for 72 h. To ensure that

the solutions remained saturated they were inspected periodically for solid paniculate

matter during this time. At the end of the equilibration period, the samples were

centrifuged at 3500 rpm for 20 min at 32°C in a Beckman GS-CR centrifuge (Becktnan

Instruments Inc., Palo Ako, CA, USA). Using a glass HPLC syringe (SGE, Australia), a

100 ul sample of the supernatant was removed and diluted to 100 ml with absolute

ethanol. A 100 \x\ aliquot of this solution was further diluted to 10 ml with 20%v/v
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aqueous ethanol. The concentration of fentsuyl ibllowing the second dilution was then

determined using the HPLC/UV assay described in Section 2.3.5.

3.3.3. Initial screening of the effect(s) of octisalatc and padimate O on fentanyl

permeation; In vitro finite-dose skin diffusion studies using shed snake skin as the

model membrane

3.3.3. L Skin preparation

The skin shed from Children's Python snake (Liasis childreni) was used as the

model for human SC. Each skin specimen had been gently rinsed with an aqueous

solution of 0.1%w/v sodium azide to remove foreign debris. The dorsal portion of the

skin was laid flat on glass microscope slides (n=i2, on average) and cut into individual

pieces with dissecting scissors. The skin pieces were then wrapped in aluminium foil and

stored at -20°C for up to twelve months prior to use. Immediately after shedding, the skin

had been stored at 4°C for up to seven days before it was prepared and frozen. The skin

samples were defrosted under ambient conditions for approximately 2 to 4 h before use.

3.3.3.2. In vitro skin diffusion studies

In vitro skin diffusion studies were performed using stainless steel flow-through

diffusion cells with a skin surface area available for drug diffusion of 0.79 cm2. The

maximum capacity of the donor chamber was approximately 500 ul, whilst the receptor

compartment held ~50 ul of receptor solution. Isotonic phosphate buffer pH 7.4

(preserved with 0.1%w/v sodium azide) was used as the receptor solution, To avoid air

bubbles forming underneath the skin during a diffusion experiment, the receptor solution

was heated to 40°C, and degassed by spraying it into fine droplets under vacuum with

continuous stirring. The solution was degassed three times before each diffusion study.

The diffusion cells were prepared by firstly over-filling the receptor compartment

with approximately 100 ul of receptor solution. A wire mesh was then placed over the

receptor well. As mentioned in Section 2.3.3.2, the wire mesh was to encourage turbulent

flow of the receptor solution through the receptor comnartment, to prevent the formation

of air bubbles and help maintain sink conditions.
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The defrosted skin samples were cut into circular pieces, each with an area of 2

cm2, using a circular die-punch. The individual pieces of skin were placed between low-

lint, absorbent tissues (Kimwipes*, Kimberly-Clark Australia) that were pre-moistened

with purified water. This prevented the skin from drying and "curling", which makes it

difficult to mount the skin flatly over the receptor well. The skin was then placed over the

receptor well and the donor and receptor chambers bolted tightly together.

The diffusion cells were mounted onto a hollow stainless steel bar, through which

water (heated to 37°C) was pumped to maintain the temperature of the cells at 32 ± 0.5°C.

To ensure sink conditions were maintained during a diffusion study, the receptor solution

was pumped through the receptor compartment at a flow rate of 1 ml/h with a peristaltic

pump (Watson Marlow Microcasette Pump, UK). At this flow rate, the receptor solution

residing within the receptor compartment was replaced approximately 20 times/h. The

skin was equilibrated with the receptor solution for a period of 1 h before the donor

solution was applied to the skin surface. During this time (approximately 45 min after the

skin was equilibrated with receptor solution), the transepidermal water loss (1 EWL) from

each piece of skin was measured, using an EPl evaporimeter (Servo Med, Stockholm,

Sweden), in order to assess skin integrity. TEWL measurements were made by placing

the measuring probe over the donor compartment. In order to minimise interference from

atmospheric moisture, a rubber O-ring was placed between the surface of the donor

compartment and the probe, and the probe was placed over the donor compartment with

gentle pressure until a constant TEWL value was established. Only skin samples that

produced TEWL measurements between 1.0 to 6.0 g/m2/h were used during the diffusion

studies (49).

In order to mimic predicted in vivo conditions of use the donor solution was applied

as a finite dose (5 \iVcm2) to the skin surface. The donor solution was applied to the

center of each piece of skin using a glass HPLC syringe and the diffusion cells were left

uncovered to allow the vehicle to evaporate from the skin surface. The donor solutions

consisted of 5%w/v fentanyl in 95%v/v ethanol (control), or 5%w/v fentanyl and 2.5,5 or

7.5%w/v of OS or PO in 95%v/v ethanol (4<n<12). Test and control experiments were

conducted simultaneously. The diffusion samples were collected every 1 to 4 h over a 24

h period using an automated fraction collector (ISCO Retriever II, NE).
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3.3.4. 7>t vitro finite-dose skin diffusion studies using human epidermis us the model

membrane

3.3.4.1. Skin preparation

Human epidermis was separated from abdominal tissue obtained from at least two

individual female donors following abdominoplasty, After removing subcutaneous tissue

and fat from the underside of the dermal membrane by means of a stainless steel surgical

blade, the full-thickness skin samples were immersed in water (maintained at 60°C) for

45 sec (50). The skin samples were then laid flat (SC-side up) and the epidermal layer

was detached from the skin by gently peeling it away from the dermis. The epidermal

membranes were then floated (SC-side up) over purified water whilst being transferred

onto filter pi»per. The samples were dried overnight under ambient conditions and were

then stored in aluminum foil at -20°C for up to 12 months (51). The samples were

defrosted under ambient conditions for approximately 2 to 4 h before use.

3.3.4.2. In vitro skin diffusion studies

Details of the in vitro diffusion experiments are described in Section 3.3.3.2. After

preparing the diffusion cells, sections of defrosted epidermal membranes (pre-cut into

approximately lem2 square pieces) were placed between the donor and receptor

chambers. As the skin was supported by filter paper, it did not require continual

moistening to prevent it from "curling". For all diffusion studies, the skin was

equilibrated with the receptor solution for a period of 1 h before application of the donor

solution. TEWL measurements were performed ~ 45 min after the skin was equilibrated

with receptor solution.

After equilibrating the skin with receptor solution, solutions containing 5%w/v

fentanyl and 1,2.5,5,7.5 or 10%w/v of OS or PO in 95%v/v ethanol were applied to the

skin surface at a finite dose of 5 ul/cm2 (4<n<8). Control experiments were conducted

simultaneously, whereby 5%w/v fentanyl in 95%v/v ethanol was applied to the skin

surface (4<n<8). The diffusion cells were left unoccluded to allow the physicochemical

properties of the applied formulation to change as they would under in vivo conditions of

use. Diffusion samples were collected every 1 to 4 h over a 24 h period.
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3.3.5. Analytical methods

The saturated solubility and skin diffusion samples were analysed using the reverse

phase HPLC/UV methods described in Chapter 2 (Section 2.3.5).

3.3.6. Mathematical analysis

3.3.6,1. Shed snake skin as the model membrane

Several mathematical models have been used to describe the percutaneous

absorption kinetics of a solute from a donor solution of finite volume (52-57). However,

these finite dose diffusion experiments were intended to be a "proof of principle study"

(i.e. to determine the feasibility of using OS and PO to enhance fentanyl permeation

through the skin). Consequently, mathematical modelling of the finite-dose permeation

profiles was not used to derive the diffusional parameters (such as the permeability

coefficient and/or solute flux) that arc often used to describe percutaneous drug

absorption.

Instead, the data was expressed as the amount of tcntanyl permeating the skin at

time t (Qi), and the corresponding percentage of the applied dose, both of which are

commonly accepted measures of percutaneous absorption under finite-dosing conditions

(40, 58-60).

3.3.6.2, Human epidermis as the model membrane

In addition to the details discussed in Section 3.3.6.1, it will become evident from

the profiles generated from fentanyl permeation of human epidermis that the

percutaneous absorption kinetics of fentanyl did always not follow the general trend

expected of a solvent-deposited solute within a 24 h period (i.e. apparent **pseudo steady-

state" percutaneous absorption sometimes prevailed, rather than solute depletion).

Typical boundary conditions for a finite-dose mathematical diffusion mode! were

therefore not always applicable.

Analogous to the finite dose diffusion studies involving shed snake skin, the

permeation data was expressed as the amount of fentanyl permeating the skin at time t

(Q,), and the corresponding percentage of the applied dose.
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The cumulative amount of fentanyl permeating the skin at the completion of a

diffusion study (i.e. Q24h) was used to determine the enhancement of fentanyl

percutaneous absorption by OS or PO. Enhancement was expressed in terms of an

enhancement ratio (ER(Qj4h)X where:

p Q24h following application of fentanyl with OS or PO _ .

Q24h following application of fentanyl atone

In an effort to understand some of the possible mechanisms by which OS and PO

affect the kinetics of fentanyl permeation through the epidermis under finite dosing

conditions the data was also expressed as the flux (ug/cm2h) (JFIN) of fentanyl across the

skin as function of time.

3.3.7. Statistical analysis

Statistical significance was determined using one-way analysis of variance

(ANOVA). Post-hoc all pairwise multiple comparison of the means within different

groups was performed using the Student-Newman-Keuls (SNK) tesl. A probability of

p<0.05 was considered statistically significant. All results are presented as mean ± SEM,

unless otherwise stated.

3.4. RESULTS AND DISCUSSION

3.4.1. Fentanyi solubility in ethanol, octisalatc, or padimate O

The saturated solubility of fentanyl in 95%v/v ethanol, OS or PO is shown in Table

3.1. In order to conserve fentanyl, the solubility study was stopped when it appeared that

200 mg had freely dissolved in 500 ul of ethanol. Consequently, it would seem that the

solubility of fentanyl in ethanol surpasses 400 mg/m!. The solubility of fentanyl in neat

PO was approximately 26% higher than its solubility in neat OS (165.08 ± 1.93 mg/ml

versus 130.77 ± 1.47 mg/ml).
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Table 3.1. The saturated solubility of fentanyl in 95%v/v ethanol, OS, or PO at 32°C (n=»3).

Solvent Saturated solubility
(mg/ml)

95%v/v ethanol

OS
PO

>400

130.77 ±1.47

165.08 ±1.93

3.4.2. Initial screening for the effect(s) of octisolate and padimate O: Percutaneous

absorption of fentanyl through shed snake skin

The profiles representing fentanyl permeation of shed Children's Python snake

skin, following the finite-dose application of ethanolic solutions containing 5%w/v

fentanyl, with or without 2.5, 5 or 7.5%w/v OS or PO, are shown in Figures 3.1 and 3.2.

It is evident from Figure 3.1 that all concentrations of OS significantly enhanced fentanyl

permeation of shed snake skin (p<0.05 compared with ethanol alone as the vehicle)

(Figure 3.1). In particular, the cumulative amount of fentanyl permeating shed snake skin

at 24 h (Q24h) was 16.03 ± 1.89ug/cm2 when fentanyl was applied to the skin in ethanol

alone. When 2.5%w/v OS was added to the solution, the Q24h significantly increased to

89.63 ± il.l9ug/cm2., which corresponds to a 5.59-fold enhancement in fentanyl

permeation. This magnitude of enhancement further increased as the concentration of OS

increased, whereby the Q24h was 97.23 ± 10.75 ug/cm2 (6.07-fold enhancement compared

with fentanyl applied alone) and 125.56 ± 13.72 ug/cm2 (7.83-fold enhancement) in the

presence of 5% and 7.5%w/v OS, respectively.

On the other hand, PO significantly enhanced fentanyl permeation through shed

snake skin only at the highest concentrations investigated (i.e. 5%v/w and 7.5%w/v)

(p<0.05 compared with fentanyl applied alone) (Figure 3.2). When PO was added at a

concentration of 2.5%w/v, the Q24h slightly (not though significantly) increased by a

factor of 1.27 (i.e. from 20.41 ± 1.96 ug/cm2 when fentanyl was applied alone to 25.99 ±

2.46 ug/cm2 in the presence of 2.5%w/v PO (p=0.1884)).
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Figure 3.1. Profiles representing fentanyl permeation through shed snake skin, following finite-dose

application to the skin. The symbols represent fentanyl permeation following the application of ethanolic

solutions containing 5%w/v fentanyl alone ( • ) (n=20), or with 2.5%w/v OS (V) (n=8), 5%w/v OS (B)

(n=8), or 7.5%w/v OS ( • ) (n=6). * denotes statistically significant difference compared with control

(5%w/v fentanyl alone) (p<0.05).
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Figure 3.2. Profiles representing fentanyl permeation through shed snake skin, following finite-dose

application to the skin. The symbols represent fentanyl permeation following the application of ethanolic

solutions containing 5%w/v fentanyl alone ( • ) (n=24), or with 2.5%w/v PO (V) (n=6), 5%w/v PO (&)

(n=7), or 7.5%w/v PO ( • ) (n=8). * denotes statistically significant difference compared with control

(5%w/v fentanyl alone) (p<0.05).
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The magnitude of this enhancement was further augmented as the PO concentration

was increased to 5%w/v, whereby the Q24h was 43.12 ± 5.42ug/cm2, which corresponds

to a 2.11-fold enhancement. It is interesting to note, however, that increasing the PO

concentration to 7.5%w/v did not result in a further increase in the Q24h< In fact, the Q24h

observed in the presence of 7.5%w/v PO was 38.91 ± 3.14ug/cm2, which is slightly lower

than that observed for 5%w/v PO (p=0.4997).

Based on these initial findings, it would appear feasible to use either OS or PO to

enhance the transdermal delivery of fentanyl. Furthermore, it is apparent that OS

possesses superior enhancing capabilities compared with PO. However, in order to draw

any conclusions on the relevance of this data to predict fentanyl percutaneous absorption

under in vivo conditions, the permeation of fentanyl through excised human epidermis

must also be considered.

3.4.2.1. Use of shed snake skin as a model membrane for predicting fentanyl

permeation through human epidermis, and the effects of octisalate and padimate O,

under "finite dosing** conditions

The cumulative amounts of fentanyl permeating human epidermis at 24 h (Q2411)

following the finite dose application of fentanyl in ethanol (alone or with 2.5% to

7.5%w/v OS or PO) are compared to those observed for shed snake skin in Tables 3.2

and 3.3. The corresponding enhancement ratios (ER(Q24h)) are also displayed. It should

be noted that fentanyl permeation through human epidermis was markedly (i.e. ~4 to ~6-

fold) lower than that observed when shed snake skin was used as the model membrane.

When fentanyl was applied in ethanol alone to the epidermal surface, the Q241, was

4.04 ± 0.17ug/cm2 (OS control experiments) and 3<26 ± 0.18ug/cm2 (PO control

experiments), which corresponds to 1.60% and 1.29% of the total dose applied,

respectively. On the other hand, when fentanyl (in ethanol alone) was applied to shed

snake skin, the Q241, value was approximately 6.34% to 8.07% of the applied dose.

As the permeability of several compounds through shed snake skin was reported to

be similar to, but often slightly less than, that through human epidermis (45-48), it is

generally considered that diffusion studies utilising shed snake skin provide conservative

estimates for human skin permeation.
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Table 3.2. The cumulative amounts of fentanyl permeating human epidermis and shed snake skin at 24

hours (Q24h), following the finite dose application of fentanyl in ethanol (alone (0%w/v OS) or with OS).

OS
concentration

0

2.5

5

7.5

Human

(ug/cm2)
4.04 ±0.15

7.07 ±0.32*

8.14 ±0.23*

8.50 ±0.20*

epidermis

ER(Q24h)

-

1.75 ±0.08*

2.01 ± 0.04*

2.10 ±0.03*

Shed snake skin

(Ug/cm2)
16.03 ±1.89

89.63 ±11.19*

97.23 ± 10.75*

125.56 ±13.72*

ER(QMh)

-

5.59 ± 0.70*

6.07 ±0.67*

7.83 ± 0.86*

Statistically significant difference compared with fentanyl applied alone (without OS) (p<0.05)

Table 3-3. The cumulative amounts of fentanyl permeating human epidermis and shed snake skin at 24

hours (Q24h)> following the finite dose application of fentanyi in ethanol (alone (0%w/v PO) or with PO).

PO
concentration

(%w/v)

0

2.5

5

7.5

Human

Q24h

3.26 ±0.18

4.24 ±0.28*

5.19±0.31*

4.09±0.11*

epidermis

ER(Q24h)

-

1.30 ±0.09*

1.59 ±0.08*

1.25 ±0.03*

Shed snake skin

Q24h

(ug/cm2)
20.41 ± 1.96

25.99 ± 2.46

43.12 ±5.42*

38.91 ±3.14*

ER(Q24.)

-

1.27 ±0.21

2.11 ±0.27*

1.91 ±0.15*

Statistically significant difference compared with fentanyl applied alone (without OS) (p<0.05)

However, it has also been demonstrated that the permeability characteristics of shed

snake skin may vary depending on the species of snake from which the skin was obtained

and whether dorsal or ventral skin is used (61). Whilst comparing the permeability of

progesterone through skin shed from three different species of snake, Haigh et al

observed that python skin was the most permeable membrane, with dorsal skin being skin

being significantly more permeable than ventral skin (61). As the dorsal section of skin
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shed from Children's Python snake was utilised for the diffusion studies presented in this

chapter, it is likely that both of these factors may have contributed the relatively high

degree of fentanyl permeation through this membrane. It has been proposed that the

greater permeability of compounds through dorsal skin of the python may be a result of a

number of anatomical factors (61):

i. as dorsal skin is generally thinner than ventral skin, it may be a less robust

membrane

ii. scales on dorsal skin are often smaller than the scales on ventral skin, thus

there is a greater hinge:scale ratio for dorsal skin. This may effectively

increase the surface area available for drug diffusion if solute permeation

occurs mainly through the hinge region of the skin. The cross-sectional

thickness of the hinge region is also considerably thinner than that of the

scale region.

iii. in addition to the previous point, the scales of shed python snake skin are

smaller than those of skin shed from other snake species.

The low permeability of fentanyl through human epidermis (compared with shed

snake skin) may also be confounded by the fact that i) although the SC is the main rate-

limiting barrier for fentanyl permeation, the underlying aqueous epidermal layer may also

impose some degree of difrusional resistance (as discussed in Chapter 4, Section 4.4.1)

and/or ii) abdominal skin was used for these diffusion studies, which has been shown to

be one of the least permeable anatomical sites in the body (62-64).

In relation to fentanyl permeation enhancement, it was found that fentanyl

permeation of human epidermis was enhanced 1.75- to 2.10-fold when OS was

incorporated into the ethanolic solution at concentrations of between 2.5% to 7.5%w/v.

This degree of enhancement is approximately three times lower than that observed for

fentanyl permeation enhancement for shed snake skin.

It is also pertinent to note, however, that OS appeared to enhance fentanyl

permeation through both membranes in a concentration-dependent manner. Similarly, a

somewhat parabolic relationship was observed between PO concentration and fentanyl

permeation enhancement for both shed snake skin and human epidermis. However, the

capacity by which PO enhanced fentanyl permeation through human epidermis was
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comparable to that through shed snake skin. At concentrations between 2.5% to 7.5%w/v,

PO enhanced fentanyl permeation through human epidermis and shed snake skin by 1.25-

to 1.59-fold and 1.27- to 2.11-fold, respectively.

It is also pertinent to note, however, that OS appeared to enhance fentanyl

permeation through both membranes in a concentration-dependent manner. Similarly, a

somewhat parabolic relationship was observed between PO concentration and fentanyl

permeation enhancement for both shed snake skin and human epidermis. However, the

capacity by which PO enhanced fentanyl permeation through human epidermis was

comparable to that through shed snake skin. At concentrations between 2,5% to 7.5%w/v,

PO enhanced fentanyl permeation through human epidermis and shed snake skin by 1.25-

to 1.59-fold and 1.27- to 2.11-fold, respectively.

The utility of shed snake skin as a model membrane for studying the effects of

various chemical penetration enhancers on percutaneous drug absorption has been

previously investigated (45,65-74). One such investigation demonstrated that use of shed

snake skin either underestimated or overestimated the effects of Azone® and oleic acid on

the permeation of 5-fJuorouracil through human epidermis, depending on the

pretreatment method (45). Although the investigators did not provide a possible

explanation as to why the use of shed snake overestimated the effects of these enhancers

compared with human skin, they did propose that the squamate membranes

underestimated the effects of Azone* and oleic acid (formulated in propylene glycol)

because of structural differences between shed snake skin and human SC. Unlike human

SC, which is essentially comprised of corneocytes (filled with alpha keratin) imbedded in

an array of intercellular lipids (75), shed snake skin consists of three distinct layers; a

beta-keratin-rich outermost layer, a lipid-rich intermediate mesos layer, and an alpha-

keratin-rich innermost layer (76-79). It was proposed that the presence of the upper beta-

keratin layer in shed snake skin imposes an additional barrier towards the permeation of

the lipophilic enhancers and thus hinders their ability to reach, and therefore interact with,

the lipids present within the mesos layer. Consequently, the enhancers may fail to modify

the packing of the lipids present within shed snake skin to the same extent as they would

in human SC. Although the membrane lipophilicity and total lipid content may be

similar between shed snake skin and human SC (47, 48), this notion may be further

supported by the fact that shed snake skin is not only comprised of C16-18 fatty acids,

which are also predominant in human SC, but also phospholipids (instead of
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sphingolipids that are present in mammalian SC) (76-80). It is therefore possible that the

phospholipids present with squamate membranes and the sphingolipids present within

human SC interact with lipophilic chemical penetration enhancers via different

mechanism(s) and/or to different degree(s).

In light of these reports, it would appear that if the beta-keratin layer was able to

impede the transport of OS or PO to the lipid-rich mesos layer, it did not cause the results

from the shed snake skin diffuston studies to significantly underestimate the effect(s) of

OS and PO on fentanyl permeation through human epidermis. On the contrary, it is

possible the interactions between OS and skin lipids are more pronounced within shed

snake skin compared with human SC. On the other hand, it would appear that the

interactions between PO and shed snake skin lipids are similar to those between PO and

human SC lipids. This could imply that OS and PO interact with skin lipids via different

mechanisms. However, in order to draw any definitive conclusions from these studies,

further detailed investigations that compare the effect(s) of OS and PO on the structure

and composition of shed snake skin and human SC lipids are also required. Although this

is beyond the objectives of the present studies, it is a proposed avenue for future research.

Given that OS and PO possess similar physicochemical properties, and that the free

energies of transfer of various functional groups are similar between shed snake skin and

human skin (48), it is perhaps unlikely that the different magnitudes of enhancement

caused by OS and PO were due to physicochemical variables involved in percutaneous

drug absorption. It is also unlikely that the integrity of shed snake skin was significantly

compromised during the diffusion studies. Firstly, when the integrity of shed snake skin

was challenged in a previous study by an eight-day hydration study or by a four-minute

pretreatment with acetone, the skin did not show any detectable signs of deterioration, nor

was the permeability of the model permeant, 5-fluorouracil, significantly increased (45).

Secondly, only skin pieces that exhibited TEWL measurements within accepted limits
IS

(i.e. between 1.0 to 6.0g/m h) were used during the diffusion studies presented in this

chapter.

In summary, the use of shed snake skin seemed to over-predict fentanyl permeation

of female abdominal human epidermis and the enhancing effects of OS. Consequently,

the utilhiy of shed skin snake as a model membrane appears to be limited to predicting

the rank order by which OS and PO enhance fentanyl permeation of human SC.

Therefore, the execution of further diffusion studies, using human epidermis as the
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diffusional membrane, was deemed necessary in order to predict the effect(s) of OS and

PO on fentanyl percutaneous absorption of human skin in vivo.

3.4.3. The effects of octisalate and padimate O on the in vitro percutaneous

absorption of fentanyl through human epidermis under "finite dosing*1 conditions

3.4.3.1. Fentanyl permeation through human epidermis under "finite dosing*'

conditions

The profiles representing fentanyl permeation through excised human epidermis

under finite-dosing conditions are shown in Figures 3.3 and 3.4. It should be noted that

the concentration range of OS or PO that was investigated during these studies was

extended to include concentrations of l%w/v and 10%w/v. This was done in an attempt

to identify any trends that may be apparent between fentanyl permeation enhancement

and OS or PO concentration.

It is evident from the profiles shown in Figures 3.3 and 3.4 that fentanyl has

relatively low permeability for the epidermis. In particular, when fentanyl was applied to

the skin in ethanol alone, only 1.29 ± 0.07% (PO control) and 1.60 ± 0.07% (OS control)

of the total dose applied permeated into the receptor solution at 24 h. It is also apparent

that the presence of 1% to 10%w/v OS or 2.5% to 7.5%w/v PO significantly enhanced

the cumulative amount of fentanyl permeating the epidermis at 24 h (p<0.05 compared

with control). However, even when maximum enhancement was attained, which was in

the presence of 10%w/v OS or 5%w/v PO, the topical biovailability of fentanyl remained

relatively low, with 3.58 ± 0.24% or 2.05 ± 0.12% of the total dose applied permeating

the skin at 24 h, respectively.

In a previous study, it was demonstrated that fentanyl possessed relatively moderate

permeability (i.e. 0.8 to 3.8 ug/cm2h) across excised human epidermis compared with

various ionogenic and noniogenic substances (81). Roy and Flynn have also investigated

the relationships between the in vitro permeation rates of various narcotic analgesics

through human skin and their physicochemical properties (82). The collective findings

from these studies revealed that fentanyl permeation of human epidermis was up to 3-fold

higher than that of morphine, hydromorphone, and codeine - all of which are opioid

alkaloids that have aqueous solubilities higher than that of fentanyl.

108



Chapter 3 - The Effects ofOctlsdlato and Padimate O on Fentanyl Permeation from a "Finite Dose "

10 7

1

0.8

1 0.0
12 16

Time (hrs)

20 24

Figure 3-3. Profiles representing fentanyl permeation of human epidermis, following finite-dose

application to the skin. The symbols represent fentanyl permeation after the application of ethanolic

solutions containing 5%w/v fentanyl alone (control) ( • ) (n=32), or with l%w/v OS ( • ) (n=7), 2.5%w/v

OS (13) (n=5X 5%w/v OS ( • ) (n=6X 7.5%w/v OS (A) (n-7), or IO%w/v OS ( • ) (n=8). * denotes

statistically signiflcant difference compared with 5%w/v fentany! applied alone (p<0.05).
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Figure 3.4. Profiles representing fentanyl permeation of human epidermis, following finite-dose

application to the skin. The symbols represent fentanyl permeation after the application of ethanolic

solutions containing 5%w/v fentanyl alone (control) ( • ) (n=30), or with l%w/v PO ( • ) (n=8), 2.5%w/v

PO (S3) (n=8), 5%w/v PO ( • ) (n=8X 7.5%w/v PO (A) (n=8), or 10%w/v PO ( • ) (n=8). * denotes

statistically significant difference compared with 5%w/v fentanyl applied alone (p<0.05).
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Based on the comparisons these authors made between the permeability coefficients

of the narcotic analgesics through human epidermis and their various physicochemical

properties, the relatively facile permeability of fentanyl through human epidermis, and

particularly through the SC, was largely attributed to its:

in.

moderate lipophilicity (KOCTAV - 717 at pH 7.4 (the intrinsic Ko/w of

fentanyl free base was calculated as 23,390 at pH 7.4)

low melting point (84°C), which may be reflective of its relatively low

intracrystalline cohesiveness and moderate hydrophobicity (35,83).

solubility parameter of 20.04 MPa*, which is close to what may be the

optimum for human SC (19.83 to 20.44 MPa*) (84). As the compatibility

of a solute-solvent mixture may increase as their respective solubility

parameters approach similar values (84, 85), this finding could indicate that

fentanyl is soluble in the lipoidal phases of the SC (refer to Chapter 4).

In light of these previous findings, it may be somewhat surprising that the finite-

dose diffusion studies presented in this chapter demonstrate that fentanyl possesses

relatively low permeability through human skin and that there appeared to be a parabolic

relationship between fentanyl permeation enhancement and the concentration of PO in

the applied vehicle.

However, it is important to note that previous investigators utilised an infinite dose

technique, whereby an aqueous donor solution, saturated with fentanyl, was applied to the

skin. The use of such a technique would lead to optimised conditions for drug transport

through the skin. As the penetration of a drug through the skin is dependent upon its

chemical potential within the applied vehicle, fentanyl flux across the skin would be

optimal (44, 86-88). Furthermore, the infinite dose technique involves the application of a

sufficient amount of permeant to the skin such that significant depletion of the permeant

reservoir does not occur over the course of a diffusion experiment. Finally, it cannot be

ignored that the skin is continuously bathed in an aqueous receptor solution and an

aqueous donor vehicle, which could potentially increase the hydration state of the SC -

an effect which may alter the barrier properties of the SC and hence increase drug

permeability through the skin (89,90).
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On the other hand, a finite-dose diffusion study often involves the application of a

solvent-deposited depot of the permeant to the skin surface. Consequently, the diffusable

source of permeant that resides at the skin surface eventually depletes over the course of

time and, for the bulk of the experiment, the skin surface is essentially exposed to a

relatively "dry" environment.

To further illustrate these points, a previous in vivo study was conducted by Sebel

et al (91), whereby fentanyl was applied as a finite dose to thj forearms of human

subjects and urine samples were collected over 12 h intervals for a period of 96 h.

Although an aqueous solution was used to deliver fentanyl to the skin, it was allowed to

evaporate into the atmosphere before a protective cover was applied to the application

site. Under these conditions, the amount of fentanyl excreted in the subject's urine at 24 h

corresponded to only -4.5% of the dose absorbed.

It should also be pointed out that fentanyl has been shown to undergo negligible

metabolic degradation in fresh human cadaver skin homogenates (92). Consequently, the

low permeability of fentanyl observed during the studies presented in this chapter is

unlikely to be a result of appreciable cutaneous metabolism.

3.4.3.2. Kinetics of fentanyl permeation through human epidermis under finite-dosing

conditions and the effectfs) ofoctisatate and padimate O

The ERs generated for the mean cumulative amount of fentanyl permeating the

epidermis at 24 h (ER(Q24h)). following the finite-dose application of 5%w/v fentanyl in

ethanol, either alone or with 1 to 10%w/v OS or PO, are presented in Figure 3.5.

As evidenced from these profiles, OS significantly enhanced fentanyl permeation at

all concentrations investigated (p<0.05 compared with fentanyl applied in ethanol alone).

At a concentration of l%w/v, OS enhanced fentanyl permeation by a ratio of 1.32 ±0.10.

The magnitude of this enhancement was elevated to ER(Q24h) = 1.78 ± 0.09 as the OS

concentration was increased to 2.5%w/v (p<0.05 compared with the ER(Q24h) generated

at l%w/v OS). Fentanyl permeation enhancement was further augmented as the

concentration of OS was gradually increased, such that a maximum ER(Q24h) of 2.24 ±

0.27 was eventually attained at 10%w/v OS. However, it should be noted that incremental

changes to the ER(Q24h) became less conspicuous as the OS concentration was increased

from 5 to 10%w/v.
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Figure 3.5. Enhancement ratios for the mean cumulative amount of fentanyl permeating human epidermis

at t = 24 h (ER(Q2<h) after »t is applied to the skin with 1 to 10%w/v OS ( • ) or PO (O) at a finite dose.

ER(Q2<h) = 1 is equivalent to J enhancement (shown as a dotted line). * corresponds to an ER where the

Qj4h generated in the presence of OS or PO is significantly different compared with the Q24h generated

when fr atanyl was applied alone (control) (p<0.05) (5<n<32).

When fentanyl was applied with PO, a somewhat parabolic relationship seemed to

exist between the degree of fentanyl permeation enhancement and PO concentration, with

significant enhancement only apparent at concentrations between 2.5 to 7.5%w/v.

Because of this relationship, PO appeared to exert an optimal effect on fentanyl

permeation at a concentration of 5%w/v (ER(Q24h) = 1.63 ± 0.09). Although enhancement

of fentanyl permeation was still evident at 7.5%w/v PO, it is important to note that the

ER(Q24h) generated at this concentration was in fact significantly lower compared to that

observed at 5%w/v. The ER(Q24h) was further reduced as the PO concentration was

increased to 10%w/v. Consequently, at this highest concentration investigated, PO

appeared to have a marginal effect on fentanyl permeation.

It is also obvious from these profiles that fentanyl permeation enhancement was

consistently higher in the presence of OS, rather than PO. In fact, at concentrations above
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l%w/v, the ERs that were produced for OS were significantly higher compared to the

corresponding ratios generated for the equivalent concentrations of PO.

Therefore, in order to gain a better understanding of i) the inherently low

permeability of fentanyl through the epidermis under these finite dosing conditions, ii)

the likely mechanism(s) involved in fentanyl permeation through the epidermis, and iii)

the concentration-dependent effects) of OS and PO of fentanyl permeation under finite-

dosing conditions, fentanyl flux across the epidermis (JFIN) is presented as a function of

time in Figures 3.6 and 3.7.

It is obvious from the profiles that the trends in fentanyl flux across the skin vary

depending on whether it is applied alone or with different concentrations of OS or PO.

This observation is, on one level, somewhat unusual when one considers the kinetics of

percutaneous drug absorption under finite- and infinite-dosing conditions (52-54, 56, 57,

93-9D). Under infinite dosing conditions, the time course of drug absorption can be

divided into three distinct phases (94) (Figure 3.8.A.):

i. A lag phase, whereby the drug partitions into, and diffuses through the skin,

yet does not appear in the receptor solution

ii. A nonlinear phase, during which the rate of drug appearance within the

receptor solution eventually begins to increase

iii. A linear phase, where the drug flux across the skin remains constant and

steady-state percutaneous drug absorption prevails.

On the contrary, the finite-dose application of a drug to the skin surface typically

results in an initial lag phase, after which time drug flux rises to a maximum (Figure

3.8.B.). However, as drug absorption through the skin continues, the effective drug

concentration residing at the skin surface starts to deplete so that, eventually, the rate of

drug absorption through the skin can no longer be sustained. During this time, drug flux

across the skin starts to decline and continues to do so until the diffusable source of drug

residing at the skin surface becomes exhausted. Consequently, steady-state conditions do

not usually transpire during a finite-dose diffusion experiment.
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Figure 3.6. Profiles representing fentanyl flux across human epidermis, following finite dose application to

the skin (JFIN)- The symbols represent fentanyl permeation after the application of ethanolic solutions

containing 5%w/v fentanyl alone (control) ( • ) (n=32), or with l%w/v OS (V) (n=7), 2.5%w/v OS (H)

(n=5), 5%w/v OS ( • ) (n=6), 7.5%w/v OS (A) (n=7), or 10%w/v OS ( • ) (n=8). * denotes statistically

significant difference compared with 5%w/v fentanyl applied alone (p<0.05).
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Figure 3.7. Profiles representing fentanyl flux across human epidermis, following finite dose application to

the skin (J™). The symbols represent fentanyl permeation after the application of ethanolic solutions

containing 5%w/v fentanyl alone (control) ( • ) (n=30), or with l%w/v PO (V) (n=8), 2.5%w/v PO (H)

(n=8)f 5%w/v PO ( • ) (n=8), 7.5%w/v PO (A) (n=8), or 10%w/v PO ( • ) (n=8). * denotes statistically

significant difference compared with 5%w/v fentanyl applied alone (p<0.05).
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A. Infinite dosing conditions

JN Jss

t

B. Finite dosing conditions

t

Figure 3.8. Schematic diagrams representing typical profiles of u. .g flux across the skin (J) as a function
of time (t) under infinite (A) and finite (B) dosing conditions. The significance of a lag phase (L), a
nonlinear phase (JN), steady-state drug flux (JSSX maximum drug flux (JMAX). and period of time where
drug flux declines (JDEC) is discussed in the text These diagrams typify the collective findings from
various percutaneous drug absorption studies (52-54,56, 57,93-95).

Therefore, it is evident that when fentanyl was applied to the skin surface in ethanol

alone, or in ethanolic solutions containing low concentrations of either OS or PO, the

kinetics of fentanyl permeation through the skin are typical of what might be expected

under finite-dosing conditions. However, in the presence of high OS or PO

concentrations (i.e. 5% to 10%w/v), fentanyl permeation kinetics appear to follow a trend

that is somewhat similar to that under infinite-dosing conditions. A possible explanation

for these phenomena is provided in the proceeding paragraphs.

It is well recognised that the SC acts as a rate-limiting barrier to the ingress of

topically-applied drugs. Consequently, the factors that influence drag partitioning into,

and diffiisivity within, the SC may play an important role in total percutaneous drug

absorption (96). Therefore, the results presented in Figures 3.6 and 3.7 are likely to

reflect the influence of ethanol, OS and PO on fentanyl partitioning into the uppermost

layers of the SC and its subsequent diffusion through this boundary layer. In the first

instance, the rate of fentanyl penetration across the skin will be dependent on its chemical

potential within the vehicle. As fentanyl partitions from the vehicle and into the skin, the

concentration gradient that forms across the skin will be influenced by drug-vehicle-skin

interactions (97). The primary interactions relevant to fentanyl and the vehicle will be
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governed by the solubility of fentanyl and its diffusivity within the vehicle (97-99).

Hence, the thermodynamic activity of fentanyl in the vehicle is a major factor

determining fentanyl partitioning into and permeation through the skin. As fentanyl was

applied in ethanol alone during the control experiments, the impact of a purely ethanolic

vehicle towards fentanyl permeation will first be considered.

As ethanol is a volatile liquid, it will rapidly evaporate into the atmosphere under

finite-dosing conditions. Hence, during these initial stages, the concentration of fentanyl

within the remaining vehicle will dramatically increase. Consequently, it is evident from

Figures 3.6 and 3.7 that when fentanyl was applied in ethanol alone, fentanyl flux across

the skin gradually increases ^om zero to 8 h after its application to the skin. As this event

is devoid of any compensatory increase in solubility, it is likely that fentanyl will attain a

transient state of high thermodynamic activity within the vehicle, during which time its

partitioning into the SC will be optimal (fentanyl flux appeared to climax at

approximately 8 h, where J(nN) = 0.20 ±0.01 and 0.16 ± 0.01ug/cm2h for OS and PO

controls, respectively).

However, the fact that i) the rate of fentanyl permeation of the skin gradually

declined during the terminal phase of the diffusion experiment (i.e. after peik fentanyl

flux was attained at 8 h) and ii) only a small percentage of the applied dose permeated the

skin at 24 h may indicate that a significant amount of fentanyl residing on the skin

surface may have been '^unavailable" for partitioning into and subsequent diffusion

through the skin1. It is probable that this is in part due to the complete ethanol

evaporation from the skin surface: as the concentration of fentanyl within the remaining

vehicle quickly exceeds that achievable at saturation, drug precipitation is likely to occur

and thus drug partitioning into the SC may be impaired.

It is also apparent from Figures 3.6 and 3.7 that the presence of OS or PO markedly

changed the kinetics of fentanyl permeation through the skin and the manner in which

they do so is dependent upon their applied concentration. In the first instance, the

different kinetics of fentanyl permeation through the skin may be attributed to the feet

that the addition of OS or PO to the formulation results in a volatilemon volatile vehicle

system.

1 It could also indicate that a significant amount of fentanyl that penetrates the skin binds to proteins within
the skin and hence becomes "unavailable" for subsequent partitioning into the receptor solution. This
possibility was not investigated during mis research.
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Thus, as ethanol completely evaporates into the atmosphere, a film of OS or PO

will be deposited on the skin surface. As this film contains high concentrations of

fentanyl, the partitioning of fentanyl into the SC will remain thermodynamically favoured

following ethanol evaporation. Due to the high solubility of fentanyl within OS or PO

(Table 3.1), it is also likely that the deposition of this 'enhancer film' may reduce the

tendency for drug precipitation.

Consequently, at low concentrations (i.e. 1% and 2.5%w/v), the presence of OS or

PO appeared to prolong the time at which maximum fentanyl flux across the skin was

attained (from 8 to 12 h) and significantly increased the magnitude of the maximum

fentanyl flux across the skin (p<0.05) compared with that attained when fentanyl was

applied with ethanol alone; J(FIN) = 0.27 ± 0.03 |ig/cm2h and 0.34 ± 0.00 ng/cm2h in the

presence of 1% and 2.5%w/v OS, respectively; and J(FIN) = 0.18 ± 0.00 ug/cm2h and 0.21

± 0.02 ug/cm2h in the presence of 1% and 2.5%w/v PO, respectively. However, even in

the presence of 1% and 2.5%w/v OS or PO, the rate of fentanyl permeation appears to

gradually decline immediately after peak fentanyl flux is attained. This trend may be

apparent because, at low OS or PO concentrations, it is probable that a significant

proportion of the OS or PO dose applied to the skin also partitions into the SC. The

consequences of this effect may be two-fold: the partitioning of OS or PO into the SC

may favour fentanyl partitioning into and/or diffusivity within SC, however as the OS or

PO concentration residing at the skin surface gradually becomes depleted, fentanyl may

eventually precipitate out of the deposited 'enhancer film'.

When the concentration of OS or PO was increased from 5% to 10%w/v, the

kinetics of fentanyl permeation through the skin appeared to change again. From 0 to ~12

h, fentanyl flux across the skin gradually increased over time, then during the later stages

of the diffusion experiment (i.e. from 12 or 16 h onwards) it appeared to plateau. As this

trend is similar to that expected under infinite-dose conditions, it is likely that, in the

presence of high OS or PO concentrations, the amount of fentanyl available for

partitioning into, and subsequent diffusion through the skin does not significantly

decrease over time and, consequently, apparent "steady-state" permeation across the skin

eventually ensues. It is possible that, at concentrations of 5%w/v and above, the amount

of OS or PO applied to the skin surface surpasses the maximum amount that can be

absorbed by the SC. Consequently, a portion of the applied OS or PO dose may remain at
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the skin surface during the latter stages of a diffusion experiment, which may maintain a

diffiisable (or solubilised) source of fentanyl that is available for partitioning into the SC.

It is interesting to note that increasing the OS concentration from 5% to 7.5% and

10%w/v enhanced apparent "steady-state" fentanyl flux across the skin (appJss) (from

0.40 ± 0.01 ug/cm2h to 0.42 ± 0.01 ug/cm2h and 0.44 ± 0.00 ug/cm2h, respectively). It is

also notable that the appJss values achieved in the presence of high PO concentrations

were generally inferior to those attained in the presence of OS. Furthermore, when the

concentration of PO was increased from 5% to 7.5% and 10%w/v, appJss appeared to

decline (from 0.25 ± 0.00ug/cm2h to 0.19 ± 0.00ug/cm2h and 0.18 ± O.OOugWh,

respectively). At this point, it should be noted that a major factor that will govern the

thermodynamic activity of fentanyl within the 'enhancer film' (and hence its rate of

transfer into the SC) will be its solubility in OS or PO themselves.

As indicated by the data presented in Table 3.1, the saturated solubility of fentanyl

in PO is higher than its solubility in OS by approximately 26%. It is therefore probable

that, compared with OS, the inferior appJss values (and ER(Q24h values)) generated for

PO may be due to the lower thermodynamic activity of fentanyl within the PO film

deposited at the skin surface. However, if the activity of fentanyl within the 'enhancer

film' was the only predominating factor responsible for the rate of percutaneous

absorption, then increases in both OS and PO concentration might be expected to

attenuate fentanyl permeation across the skin.

As this trend was only observed at high PO concentrations, one also has to consider

the interactions that may occur within the rate-limiting barrier (i.e. the SC itself). As

discussed in Chapter 1, it would be reasonable to speculate - based on their

physicochemical properties, and particularly their high lipophilicity - that OS and PO

would have a high affinity for, and could possibly interact with, the intercellular SC

lipids. For instance, SC lipid perturbation has been demonstrated following pretreatment

of the SC with the putative chemical penetration enhancers, oleic acid (LogKocr/w =

7.732) and Azone® (LogKocw = 6.21 (100)) (101-105). Like oleic acid and Azone®, OS

and PO would partition preferentially into the lipid regions of the SC due to their high

lipid solubility (LogKocw =: 5.97 and 5.771, respectively). Furthermore, the solubility

2 Estimated using EPISuite (Version 3.11) computer software package (U.S. Environmental Protection
Agency)
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parameters of OS and PO are 21.74 and 18.34 MPal/2'3, respectively, which are similar to

the expected solubility parameter of the SC lipids (19.83 to 20.44 MPa1/2) (84).

However, the question as to whether OS and PO interact with SC lipids in a manner

that ultimately perturbs the barrier properties of the SC cannot be determined from the

work presented in this chapter. This can mainly be attributed to the fact that interpretation

of the effects of OS and PO on fentanyl partitioning and/or diffusion from the data

generated from these finite dose diffusion studies is confounded by the compositional

changes that occur within the applied formulation.

3.5. CONCLUSIONS

Although previous investigators have claimed that shed snake skin provides a

permeability barrier similar to {hat of human SC, the work presented in this chapter has

illustrated that the dorsal skin of Children's Python snake is four to six times more

permeable than human female abdominal epidermis. However, in terms of rank order of

enhancement, OS and PO exert similar effects on fentanyl permeation through both shed

snake skin and excised human epidermis. Consequently, the results from these initial

investigations demonstrate that both OS and PO enhance the in vitro percutaneous

absorption of fentanyl under predicted in vivo conditions and have thus established the

feasibility of using OS or PO to enhance the transdermal delivery of fentanyl

Analysis of fentanyl flux across excised human epidermis also depicted how the

presence of OS or PO modified the rate of fentanyl delivery across the skin, presumably

by altering the physicochemical properties of the applied formulation. The general pattern

in fentanyl skin permeation from solutions containing low concentrations (i.e. 1% and

2.5%w/v) of OS or PO closely resembled that from solutions containing fentanyl alone.

However, as the initial rate of fentanyl delivery across the skin was significantly

enhanced in the presence of low OS or PO concentrations, it would appear that a key

function of OS or PO (under finite dosing conditions) is to enhance fentanyl partitioning

into the skin by preventing significant drug precipitation following the rapid evaporation

of ethanol from the skin surface. Moreover, it would appear that this effect may be

3 Estimated using Thermo Chemical Properties Estimation Software (Solubility Parameter Estimation from
Fedor's Cohesive Energy Density) obtained from http^/www.pirika-com/chem/TCPEE/rCPEhtm
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sustained for a longer period of time in the presence of high (i.e. 5%w/v and above)

concentrations of OS or PO such that pseudo-steady-state percutaneous absorption of

fentanyl eventually prevails.

During the course of these experiments, obvious differences between OS and PO

also became apparent. In particular:

i) Shed snake skin appeared to be more sensitive to the effects of OS than

human epidermis, whereas PO enhanced fentanyl permeation through both

membranes to a similar degree

ii) At concentrations between 1% to 10%w/v, OS significantly enhanced

fentanyl permeation through human epidermis in a somewhat concentration-

dependent manner. On the other hand, a parabolic relationship existed

between PO concentration and fentanyl permeation enhancement such that

significant enhancement was only observed at PO concentrations between

2.5% to 7.5%w/v, with maximum enhancement attained at 5%w/v PO.

iii) Under finite-dosing conditions, the enhancing capabilities of OS generally

appeared to be superior to that of PO.

The latter finding can largely be accounted for by the fact that the solubility of

fentanyl in OS is lower than its solubility in PO and hence fentanyl is likely to exhibit a

higher thermodynamic activity within the deposited OS 'enhancer film'. The other

discrepancies, however, cannot be entirely explained in terms of the differing

physicochemical properties of the 'enhancer films' deposited on the skin surface. These

findings therefore beg the question as to whether, in addition to their effects on the

physicochemical attributes of the applied formulation, OS and PO interact with SC lipids

via different mechanisms and/or to different degrees. Hence, the effects of OS and PO on

fentanyl partitioning into, and diffusivity within, tlie SC will be specifically investigated

in subsequent chapters.
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Chapter 4. Tire Effects ofOctisalate and Padimate O on Fentanyl Permeation, Partitioning and Diffusion

4.1. INTRODUCTION

It was demonstrated in Chapter 3 that octisalate (OS) and padimate O (PO) enhance

the percutaneous absorption of fentanyl in vitro under finite-dosing conditions. Although

this effect appears to be related to the influence that OS and PO exert on the

physicochemical properties of the applied formulation, other mechanisms that might be

responsible for enhanced fentanyl permeation were not elucidated from the data. In

particular, the effects of OS and PO on fentanyl partitioning and diffusivity were not

investigated in Chapter 3 as the interpretation of these parameters from finite dose skin

diffusion data can be confounded by the fact that it is impossible to separate

noninteractive1 from interactive2 contributions to solute flux (1, 3). Therefore, in order to

determine the effect(s) of OS and PO on fentanyl partitioning and diffusion (i.e. the

interactive effects of OS and PO) in an uncomplicated manner, the noninteractive

mechanisms that might contribute to enhanced fentanyl permeation must be controlled.

This can be accomplished, using the diffusion cell model, by pretreating the skin

with the vehicle(s) of interest for a specified time and then applying the solute to the skin

via a simple solution (i.e. a donor solution) (1, 3). In order to ensure that the donor

solution does not become significantly depleted of solute (i.e. that an "infinite dose" of

solute is applied to the skin), a "large" volume of a saturated solution may be utilised

during studies of this nature. By definition, the activity of excess solid drug (and the

dissolved form of the drug with which it is in equilibrium with) is assigned a value of

unity and thus the activity of the solution may be estimated as Cv/Sv (as discussed in

Chapter 1). This confers the notion that saturated solutions (which contain solvents that

don't significantly interact with the SC) should have the same noninteractive contribution

to solute flux, despite differences in solute concentration (5).

1 Noninteractive mechanisms that contribute to enhanced solute flux across the skin often pertain to the

thermodynamic activity of the solute within the applied vehicle. This effect does not involve any

interactions between the vehicle and the stratum comeum (SC) (1).
2 Interactive mechanisms pertain to interactions between the vehicle and the SC that lead to a change in the

barrier properties of the SC (e.g. extraction or perturbation of the SC lipids or a change in the solubility

characteristics of the SC) (1)
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The mathematical boundary conditions that usually apply to an "infinite dose"

diffusion experiment are as follows (6-9):

i. The solute is fixed at a high thermodynamic activity on one side (i.e. the

donor side) of the SC

ii. At time t = 0 the SC is completely devoid of solute

iii. The solute equilibrates instantaneously at the skin-vehicle interface

iv. Solute diffusion begins at the donor side of the SC and continues toward the

receptor side of the SC

v. The solute diffuses into a receptor sink throughout the diffusion experiment

It is also assumed that:

vi. The SC is an inert, homogenous membrane that acts as the principle barrier

towards solute diffusion

vii. The diffusion coefficient of the solute within the SC remains constant

vii. The solute does not bind to nor is it metabolised within the SC

Therefore, increases in the cumulative amount (Q) of solute that permeates the skin

at time, t can be described by the following solution to Fick's second law of diffusion3

(10):

= AK s c / v C v h
_ t 1 2 » ( - l ) n

2 6 2 2h 2 7t2 n=i n
4.1

Where A is the skin surface diffusion area, Ksc/v is the apparent partition

coefficient of the solute between the SC and the vehicle, h is the diffusional pathlength of

the SC and D is the apparent diffusion coefficient of the solute within the SC. As t in

Equation 4.1 approaches infinity, Equation 4.1 approaches the straight line:

3 In the original form of Equation 4.1, the term Q (the concentration of solute in the outer layer of the SC)

is used instead of KsavCy As the value for Co is extremely difficult to measure, it is replaced with the term

as it assumed that the outer layers of the SC rapidly equilibrate with the vehicle (9).
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_ DKSC/VCV
t - -

6D
4.2

Graphic representations of Equations 4.1 and 4.2 are depicted in Figure 4.1. If

Equation 4.2 is extrapolated to the time axis, the intercept obtained at Q=0 yields a value

known as the lag time (tiag), which is directly related to the diffusional pathlength and

inversely related to the diffusion coefficient:

Llag
6D

4.3

Although it is commonplace to derive diffusion coefficients using this extrapolation

method (otherwise known as the "lag time me*<>d") (9), the reliability of this approach

has recently been criticised as it relies heavily on the attainment of steady-state drug

diffusion (11). Furthermore, it is difficult to accurately measure the diffusional pathlength

of the SC. Not only does this difficulty arise from experimental complications, it is still a

matter of controversy as to whether this value should reflect the actual thickness of the

SC or the tortuous intercellular SC lipid pathway (12-16). In addition, small errors in

determining the cumulative amount of solute permeating the skin at longer time points

can lead to large errors in the lag times derived from linear extrapolation of steady-state

diffusion data (17). Consequently, negative lag times are occasionally calculated and/or

lag time values are susceptible to significant variability. In order to circumvent this latter

problem, many investigators now use computer software packages to fit "infinite" dose

skin diffusion data to Equation 4.1 (18-24). Using this approach, apparent partition and

diffusion coefficients can be derived using diffusion data generated at all time points,

rather than the data only contained within the steady-state region.

The results generated from the "infinite" dose diffusion studies presented in the

initial sections of this chapter indicate that OS and PO enhance fentanyl permeation of

human skin by increasing its apparent SC-vehicle partition coefficient. As independent

SC-water partitioning studies (presented in this chapter) confirmed this finding,

subsequent experiments that are described in Chapter 4 focus on elucidating the possible

mechanism(s) by which OS and PO alter this parameter.
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Q

*>Q Time, t

Figure 4.1. Profiles representing the time course for diffusion of a solute across a membrane (i.e. the SC)

obtained by plotting the cumulative amount of solute that permeates the membrane (Q) as a function of

time, t (8,9). The solid line represents the profile described by Equation 4.1. Steady-state solute flux across

the membrane is achieved when the profile becomes linear. Extrapolation of the linear portion of this

profile to the t intercept that corresponds to Q=0 yields the lag time, tlag. The dashed line represents the

profile described by Equation 42 .

As the partition coefficient of a solute between the SC and a vehicle can be

approximated by the ratio of its solubility in the SC (Ssc) and the vehicle (Sv) (Equation

4.4) (25, 26), chemical penetration enhancers (CPEs) may enhance the partitioning of a

solute into the SC by improving the solute's solubility in this environment:

_zSC 4.4

In order to investigate whether this mechanism of action was relevant to the

enhancing effects of OS and PO, octanol (OCT) and isopropyl myristate (IPM) were used

to simulate the chemical environment of SC lipids (9,27-36) as:

i. OCT is the most popular organic solvent that has been used to estimate SC-

water partition coefficients (8,9) and the polarity of OCT lias been shown to

be similar to that of the SC lipids (28,36).
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ii. IPM has also been recommended for work relating to skin diffusion as its

blend of polar and non-polar properties is thought to mimic the complex

lipid/polar nature of the SC (9). In addition, there is accumulating evidence

to suggest that the overall partitioning character of solutes into the SC lipid

domain can be approximated by that into IPM (27, 30, 33).

4.2. OBJECTIVES

The primary objective of the work presented in this chapter was to determine

whether OS and PO enhance fentanyl permeation of human skin by increasing its

partitioning into and/or diffusivity within the SC. As t'he "infinite dose" diffusion cell

technique is commonly used to derive these diffusional parameters, this methodology was

initially employed to determine the effects of OS and PO on fentanyl permeation,

partitioning and diffusivity.

It will become apparent, however, that a number of possible limitations may be

associated with this experimental design. Consequently, a secondary objective of the

work presented in this chapter was to confirm and further investigate the effects of OS

and PO on fentanyl partitioning into the SC. In addition to conducting partitioning

experiments between isolated human SC and water, it was necessary to elucidate whether

OS and PO influence fentanyl partitioning into the SC by improving its affinity for the

SC lipids.

In order to probe this mechanism of action, the saturated solubility of fentanyl in

OS and PO was compared to that in the model organic phases, OCT and IPM. As the

solubility of a solute in a particular solvent can be characterised by its respective

solubility parameters, another objective of this work was to identify - using partial

solubility parameters - the possible intermolecular forces of attraction that may be

important in fentanyl solubilisation.

In order to determine whether the apparent trends in fentanyl solubility were

indicative of its partitioning characteristics, the partition coefficient of fentanyl between

either OS or PO and water was compared to that between either OCT or IPM and water,

and the concentration-dependent effects of OS and PO on the partition coefficient of

fentanyl between IPM and water were investigated.
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4.3. MATERIALS AND METHODS

4.3.1. Materials

Fentanyl was manufactured by Macfarlan Smith (Edinburgh, UK). OS and PO were

supplied by Bronson and Jacobs (Australia). IPM, OCT, oleic acid and diethylene glycol

monoethyl ether (Transcutol®) were obtained from Sigma-Aldrich Corporation (St.

Louis, MO, USA). 1-dodecyl azacyclohep,:sn-2-one (Azone®) was manufactured by

Yick-Vic Pharmaceuticals, China. HPLC grade acetonitrile and methanol were supplied

by Merck (Australia). Water was purified by a Milli-Q™ water purification system

(Millipore, Bedford, MA, USA). All other chemicals were of analytical grade.

4.3.2. "Infinite dose" in vitro skin diffusion studies

4.3.2.1. Skin preparation

Human abdominal epidermis was separated from tissue obtained from at least two

individual female donors following abdominoplasty, according to the method described

in Chapter 3 (Section 3.3.4.1).

4.3.2.2. "Infinite dose" skin diffusion studies

Details of the in vitro diffusion experiments are described in Chapter 3 (Sections

3.3.3.2 and 3.3.4.2). As previously described, the skin was equilibrated with receptor

solution (isotonic phosphate buffer pH 7.4, 0.1 %w/v sodium azide) for a period of 1 h.

TEWL measurements were performed approximately 45 min after the skin was

equilibrated with receptor solution and only skin pieces that yielded TEWL values

between 1.0 to 6.0 g/m2h (37) were used during the studies.

After the 1 h equilibration period with receptor solution, the skin was either left

untreated or was pretreated with a finite dose (5 ^l/cm2) of 95%v/v ethanol alone or

95%v/v ethanol containing 1,2.5,5, 7.5 or 10%w., of OS or PO (4 < n < 1~ for a period

of 2 h. In the instance where the diffusion model was challenged with putative CPEs, the

skin was either left untreated (control) or was pretreated with 95%v/v e&anol containing

5%w/v Azone®, 5 or 10%w/v ole': acid, or 5 or 20%w/v Transcutol® for 2 h.
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After pretreating the skin with any enhancer, the skin surface was rinsed three times

with 500 ul of purified water and gently blotted dry with low-lint, absorbent tissue

(Kimwipes®, Kimberly-Clark Australia). A saturated aqueous solution containing

fentanyl was then applied to the skin surface. The solution was pre-prepared by

dispersing excess fentanyl (3 mg/ml) in purified water. The solution was vortexed for 1

min, then placed in a water bath (SS40-D, Grant Instruments (Cambridge) Ltd., England)

maintained at 32 ± 1°C, where it was contiguously shaken at 15 strokes/min for 72 h. The

donor solution was vortexed for 30 sec immediately before application to the skin to

ensure uniform dispersion of the solid fentanyl crystals. It was applied to the skin at a

dose of 2000 ul. The diffusion studies were conducted over 24 h, whereby samples were

collected every hour for the first 4 h then every 2 h thereafter using an automated fraction

collector (ISCO Retriever II, NE).

4.3.3. Stratum corneum-water partitioning studies

4.3.3.1. Isolation of human stratum corneum

SC sheets were isolated from freshly-separated epidermis according to the method

described in Chapter 2 (Section 2.3.4.1).

4.3.3.2. Stratum corneum-water partitioning studies

Desiccated SC was die-punched into 5 cm2 circular pieces and the individual discs

were weighed on a Mettler Toledo balance (AT261, Mettler, Switzerland). The discs

were then laid flat, epidermal-side down, over filter paper and, using wire mesh for

support, they were floated over receptor solution (isotonic phosphate buffer pH 7.4,

0.1%w/v sodium azide).

After an 1 h equilibration period with the receptor solution, the .J"* was either left

untreated (control) or was pretreated with a finite dose (5 ul/cm2) of 95%v/v ethanol

alone or 95%v/v ethanol containing 1, 2.5, 5, 7.5 or 10%w/v of either OS or PO for 2 h

(n=5). In order to ensure that the pretreatment solution was uniformly spread across the

entire SC surface, it was applied in the following manner:

I Small aliquots of the solution were initially "dotted" over the SC surface
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The aliquots weie then immediately smeared together using the tip of the

same pipette tip that was used during step i.

Step ii. was performed until a uniform film of solution covered the entire SC

surface

In order to mimic the experimental conditions that prevailed during the infinite dose

diffusion studies (Section 4.3.2.2), the SC discs were left in contact with the receptor

solution during the 2 h pretreatment. At the completion of the 2 h pretreatment time, the

SC discs were removed from the receptor solution and excess solution residing at the SC

surface was removed using the surface wipe procedure described in Section 4.3.3.3. To

ensure that control samples were treated in the same manner, the surface wipe procedure

was also performed on untreated SC samples. Following the surface wipe procedure, the

SC discs were immersed in 3000 ul of an aqueous solution that had been sub-saturated

with fentanyl. The solution had been previously prepared by adding 60 u.g/ml of fentanyl

to purified water. After the solution was equilibrated at 32 ± 1°C for 72 h, it was filtered

through a 0.22 u.m filter (Millex® PTFE fluoropore Syringe Driven Filter Unit, Millipore

Corporation, Bedford, MA, USA) immediately prior to use in order to ensure complete

removal of excess solid.

After the SC was added to the solution, the samples were vortexed for 30 sec, and

then placed in a water bath maintained at 32 ± 1°C, where they were continuously shaken

at 15 strokes/min for 24 h. At the end of the 24 h period, the SC discs were removed from

the aqueous bathing solution. Excess solution that had adsorbed onto the SC surface was

removed by sandwiching the discs between filter paper for 30 sec. The discs were then

re-weighed. The pH of the bathing solution was determined (using a Metrohm 632 pH

meter (Metrohm Herisau, Switzerland)) after it had been centrifuged at 3500 rpm at 32°C

for 15 min (Beckman GS-CR centrifuge, Beckman Instruments Inc., Palo Alto, CA,

USA).

Fentanyl uptake into the SC was determined by a depletion method (28), whereby

the concentration of fentanyl within the bathing solution was determined before and after

the 24 h immersion period. A 1,000 ul aliquot of the solution was diluted with 5 ml

isotonic phosphate buffer pH 7.4, 0.1%w/v sodium azide and the concentration of

fentanyl within the diluted sample was analysed using the HPLC/UV method described in

Chapter 2 (Section 2.3.5).
135



Chapter 4. The Effects ofOctisalate and Padimate O on Fentanyl Permeation, Partitioning and Diffusion

4.3.3.3. Surface wipe procedure

4.3.3.3.1. Surface wipe procedure

At the end of the 2 h pretreatment time, each SC disc was laid flat (SC-side up)

over a glass microscope slide. In order to remove excess OS or PO remaining at the SC

surface, three ~10 cm2 circular pieces of filter paper were applied to the surface. A glass

microscope slide was placed over the filter paper and gentle pressure was applied for 30

sec. This procedure was performed twice. In order to remove any OS or PO residing

within the SC furrows, cotton buds (Johnson and Johnson, Australia) were then rolled

over the SC surface in the following manner:

i. Starting from the upper apex of the SC disc and working down, the surface

was wiped in a unidirectional manner (left to right, then right to left) until

the entire area was swabbed,

ii. Starting from the left apex of the SC disc, and working across, the surface

was wiped in a unidirectional manner (up and down) until the entire area

was swabbed,

iii. Steps i. and ii. were performed twice, using a fresh cotton bud each time.

4.3.3.3.2. Validation of the surface wipe procedure

4.3.3.3.2.1. Surface wipe samples

Human SC was isolated from freshly-separated epidermis according to the method

described in Chapter 2 (Section 2.3.4.1). Desiccated SC was die-puuched into 5 cm2

circular pieces and the individual discs were placed over filter paper (SC-side up) and,

using wire mesh for support, they were floated over isotonic phosphate buffer pH 7.4, 0.1

%w/v sodium azide for a period of 1 h. Solutions containing 0.1, 1, 5, or 10%w/v OS or

PO in 95%v/v ethanol were then applied as a "finite dose" (5 ul/cm2 = 25 ul) to the SC

surface such that 25, 250, 1250 or 2500 ug of OS or PO was left deposited at the SC

surface (n = 5). As it was possible that OS and PO would rapidly partition into the SC

following their application to the SC surface, the solutions were left in contact with the

SC for a period of 20 sec. The surface wipe procedure described in Section 4.3.3.3.1 was
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then performed. The filter paper and cotton buds that were used during the surface wipe

were placed in a glass vial and a 10 ml aliquot of 100% methanol was added. After the

samples were vortexed for 30 sec, they were gently shaken on a horizontal mixer (Ratek

Instruments Pty. Ltd., Victoria, Australia) for 16 h at ambient temperature (Stage 1).

Following this initial extraction period, the sample was vortexed for 30 sec and the filter

paper and cotton buds were transferred to a fresh glass vial and 5ml of methanol was

added. The sample was vortexed for 30 sec and placed on the horizontal mixer for 8 h at

ambient temperature (Stage 2). At the end of the 8 h period, the extract retained from

Stage 1 was added to the contents of the glass vial. After vortexing the sample for 1 min,

a 5ml aliquot was removed and centrifuged at 3500 rpm for 15 min at 25°C. An aliquot of

the supernatant was diluted to an appropriate volume in order to yield a concentration that

was within the limits of the HPLC/UV assay. Samples containing OS were diluted with

85%v/v acetonitrile, 15%v/v purified water containing 0.27%v/v trifluroacetic acid and

samples containing PO were diluted with 82%v/v acetonitrile, 18%v/v purified water

containing 0.22%v/v trifluroacetic acid. The concentration of OS or PO within the sample

was determined using the HPLC/UV assay described in Section 4.3.6.2.

4.3.3.3.2.2. Surface wipe standards

SC samples (n = 25) were prepared using the method described in Section

4.3.3.3.2.2. After the SC discs were equilibrated with receptor solution for 1 hour,

95%v/v ethanol was applied as a "finite dose" (5 ul/cm2 = 25ul) to the SC surface and it

was left in contact with the SC for 20 sec. The surface wipe procedure described in

Section 4.3.3.3.1 was then performed in order to obtain blank surface wipe samples. The

filter paper and cotton buds were then transferred to glass vials and a 25 ul aliquot of 0,

0.1,1, 5, or 10%w/v OS or PO in 95 %v/v ethanol was added to the vial. The ethanol was

evaporated under a gentle stream of nitrogen for 20 sec such that 0,25,250,1250 or 2500

Hg of OS or PO was left deposited in the vial and the extraction procedure described in

Section 4.3.3.3.2.1 was performed. The concentration of OS or PO within the standard

solutions was determined using the HPLC/UV assays described in Section 4.3.6.2.
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4.3.3.3.2.3. Recovery, accuracy and precision

Recovery, intra- and inter-day precision and accuracy for the surface wipe

procedure are presented in Table 4.1. Recovery was determined by comparing the peak

areas of OS or PO extracted from the surface wipe samples to those generated from the

surface wipe standards. Intra-day precision and accuracy were determined from the

surfece wipe samples prepared at the four different concentrations (i.e. 25, 250, 1250 or

2500 ug per 5 cm2 SC surface area). Inter-day precision was determined by repeating the

surface wipe procedure at these different concentrations on three different days.

It is evident from the results shown in Table 4.1 that the recovery of OS and PO

from the SC surface was excellent (above 90%) at all concentrations investigated. The

surface wipe procedure was very reproducible as intra- and inter-day precision (%CV)

was within accepted limits (<15%) at all concentrations.

Table 4.1. Recovery, intra- and inter-day precision, and accuracy for the OS and PO surface wipe

procedure.

OS

PO

Amount
(Mg)

25

250

1250

2500

25

2--0

1250

2500

Spiked amount
(Mg)

(Mean±SD)

24.7 ±1.0

247.0 ±6.3

1231.5 ±34.0

2468.9 ±36.8

25.4 ±1.3

241.7 ±4.2

1304.7 ±43.0

2575.9 ±50.9

% Recovery
(Mean ± SD)

99.2 ±4.6

96.2 ±2.3

96.4 ±3.5

96.3 ±4.9

91.6 ±7.1

90.3 ±4.6

93.4 ±2.9

96.4 ±4.7

Inter-day
precision
(%CV)

8.2

5.3

3.9

2.8

8.2

6.3

4.8

3.5

Intra-day
precision
(%CV)

8.7

5.7

6.2

3.3

11.4

3.8

7.4

4.4

Accuracy
(%)

98.7

98.8

98.5

98.8

101.7

96.7

104.4

103.0

138



[T
Chapter 4. The Effects ofOctisalate and Padimate O on Fentanyl Permeation, Partitioning and Diffiision

4.3.4. Fentanyl partitioning between liquid organic phases and water

To obtain an equilibrium distribution of fentanyl between IPM and water, the

recommendations of Leo et al (34) were followed. Fentanyl (5 mg) was dissolved in 125

ul of OS, PO, OCT, IPM, or IPM containing 1, 2.5, 5, 7.5 or 10%w/v OS or PO (n = 4).

Purified water (5000 ul) was then added to the organic phase. After inverting the mixture

100 times over 5 min, the immiscible phases were separated by centrifugation at 3500

rpm for 20 min at 32°C. The samples were then left to stand at 32°C for 24 h. Following

this equilibration period, a 2,000 ul aliquot of the aqueous phase was removed from the

sample and centrifuged twice at 3500 rpm for 20 min (at 32°C). In the instance where

v/ater was mixed with PO, OCT or IPM (alone or containing OS or PO), the organic

phase formed a "top layer" over the aqueous phase. Therefore, the "top-layer" of organic

phase and a ~1000 ul portion of aqueous phase residing at the aqueous-organic phase

interface was removed with a glass pasteur pipette before the aliquot of aqueous phase

was removed for centrifugation. After centrifugation, a ~1000 ul aliquot of aqueous

phase was removed from the upper portion of the sample and discarded. The pH of the

remaining aqueous phase was then determined using a Metrohm 632 pH meter. After the

pH measurements were performed, a 1,000 ul aliquot of the aqueous phase was removed

and diluted with 5 ml isotonic phosphate buffer pH 7.4, 0.1%w/v sodium azide for

HPLC/UV analysis (the details of which are given Chapter 2 (Section 2.3.5)).

4.3.5. Saturated solubility studies

4.3.5.1. Saturated solubility of fentanyl in isopropyl myristate and octanol

Approximately 100 mg of fentanyl was added to 500 ul of IPM or OCT (n = 3).

The samples were vortexed for 30 sec and placed in a shaking water bath, where they

were continuously shaken at 15 strokes/min at 32 ± 1°C for 72 h. The samples were

inspected periodically to ensure that they remained saturated during this time. Following

the 72 h equilibration period, the samples were centrifuged at 3500 rpm for 20 min at

32°C. Using a HPLC glass syringe (SGE, Australia), a 100 ul aliquot of the supernatant

was removed from the sample and diluted to 100 ml with absolute ethanol. A 100 ul

aliquot of this solution was further diluted to 10 ml with 20%v/v aqueous ethanol and the
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concentration of fentanyl within this solution was determined using the HPLC/UV assay

described in Chapter 2 (Section 2.3.5).

4.3.5.2. Saturated solubility ofoctisalate and padimate O in octanol

Approximately 1000 ul of OS or PO was added to 1000 ul of IPM or OCT (n=3)

and the same procedure described in Section 4.3.5.1 was conducted. After the samples

were centrifuged, a 100 ul aliquot of the supernatant was removed from the sample

(using a HPLC glass syringe) and diluted to 100 ml with 100% methanol. A 100 ul

aliquot of this solution was further diluted to 100 ml with either 85%v/v acetonitrile,

15%v/v purified water (containing 0.27%v/v trifluroacetic acid) (OS-containing samples)

or 82%v/v acetonitrile, 18%v/v purified water (containing 0.22%v/v trifluroacetic acid)

(PO-containing samples). The concentration of OS or PO within the samples was

determined using the HPLC/UV assays described in Section 4.3.6.2.

4.3.6. Analytical methods

4.3.6.1. Chromatographic assays for fentanyl quantification in permeation,

partitioning, and saturated solubility samples

Fentanyl concentrations within the permeation, partitioning (aqueous phase), and

saturated solubility samples were determined using the reverse phase HPLC/UV methods

described in Chapter 2 (Section 2.3.5).

4.3.6.2. Chromatographic assays for octisalate and padimate O quantification in

surface wipe extracts, and saturated solubility samples

The concentration of OS or PO within the surface wipe extracts and the saturated

solubility samples was determined using reverse phase HPLC in conjunction with UV

detection. The HPLC system consisted of a Waters 610 pump, Waters 600E system

controller, Waters 712 WISP autosampler, and Waters 486 UV absorbance detector. The

data was analysed on a Shimadzu C-R6A integrator (Shimadzu Corp., Japan).

Quantification of OS or PO was performed using a Waters Symmetry Cg cartridge

column (5 um particle size, 3.9 x 150 mm) and a RP-8 Newguard cartridge guard column
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(Aquapore 7 urn, 3 x 15 mm, Alltech/Perkin Elmer, CA, USA). Further details of the

individual HPLC/UV assay conditions are given in Table 4.2.

Stock solutions were prepared by dissolving OS or PO in 95%v/v ethanol to yield a

concentration of 50 |ig/ml. Standard solutions were prepared by diluting aliquots of stock

solution to appropriate volumes with mobile phase in order to yield concentrations within

the range of 0.1 to 10 |ig/ml. Calibration curves for each assay were constructed by

plotting peak area against concentration. The linearity of each calibration curve (weighted

by a factor of 1/x) was confirmed by the correlation coefficient generated by linear

regression (using a least squares method). The linearity of each assay was excellent as the

gradient of each calibration curve was always statistically different from 0 (p<0.01) and

the correlation coefficients were always greater than 0.995.

Intra-day precision and accuracy were determined from standard solutions prepared

at three different concentrations (0.1, 1 and 10 ug/ml) (n = 5). Intra-day precision and

accuracy were highly satisfactory as precision (%CV) ranged from 3.3 to 9.0% (OS

HPLC/UV assay) and 1.6 to 7.5% (PO HPLC/UV assay) and accuracy ranged from 102.0

to 107.2% (OS HPLC/UV assay) and 95.0 to 103.0% (PO HPLC/UV assay).

Inter-day precision was determined by analysing standard solutions (n = 5)

prepared at 0.1,1 and 10 jig/ml over three different days. The inter-day precision of each

assay was excellent as precision (%CV) ranged from 0.69 to 4.8% and 0.8 to 6.9% for the

OS and PO HPLC/UV assays, respectively.

Table 4.2. HPLC/UV assay conditions for octisalate and padimate O

Injection
volume (ill)

Mobile phase
Composition

Flow rate
(ml/min)

Detection
wavelength

(urn)

Retention
time
(min)

OS

PO

20

10

85%v/v acetonitrile,
15%v/v water containing

0.27%v/v trifluoroacetic acid

82%v/v acetonitrile,
18%v/v water containing

0.22%v/v trifluoroacetic acid

240

310

-5.6

-5.5
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4.3.7. Mathematical analysis

4.3.7.1. Fentanyl diffusional parameters derived from infinite dose skin diffusion

studies

Permeation profiles generated from the infinite dose diffusion studies were fitted to

the solution of Fick's second law of diffusion described in Equation 4.1. For these

studies, the diffusional pathlength of the SC was assumed to be 13 urn (16). As the donor

solution was saturated with fentanyl and was applied to the skin at a sufficiently large

dose, it was assumed that the concentration of fentanyl withbi the donor solution (Cv) did

not significantly deplete over the duration of the experiment. Hence, Cv was replaced by

the saturated solubility of fentanyl in water (91.47 jig/ml at 32°C, (Chapter 2, Section

2.4.1)).

The parameters Ksc/vh and D/h2 in Equation 4.1 were replaced by the terms a and

b, respectively4. The parameters a and b were derived by fitting the permeation data to

the theoretical equation, using a computer software package (SigmaPlot®, Version 8.01,

SPSS Inc., USA). A non-linear least squares method was used to fit the data. The

permeability coefficient, Kp, was then calculated by multiplying the parameters a and b,

which is therefore equivalent to the expression (38):

4.5

Fentanyl flux (J) across the skin was calculated from the permeability coefficient, where:

J = K_ X Cy 4.6

The magnitudes by which ethanol alone or etlianol containing either OS or PO

enhanced the fentanyl diffusional parameters (i.e. J, Kp, Ksc/vor D) were defined in terms

of enhancement ratios (ERs), where:

4 As the same donors were used for all diffusion experiments, it was assumed that the thickness of the SC
did not significantly differ.
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Parameterderived from skin pretreated with ethanol alone or eihanol containingOS or PO A n
cK. = *K /

Parameterderived from untreated skin

In order to challenge the mathematical model, ERs for the various diffusional

parameters were also determined following pretreatment of the skin with ethanolic

solutions containing putatitive chemical penetration enhancers (oleic acid, Transcutol® or

Azone®).

4.3.8.3. Partition coefficient of fentanyl between human stratum corneum and water

The apparent partition coefficient of fentanyl between isolated human SC and water

(KSCAV) was calculated according to the following equation (17):

KSC/W
PD V H

4.8

Where:

K* =
Mass (|ig) of fentanyl / Mass (mg) of dessicated SC

Mass (ng) of fentanyl / Mass (mg) of donor solution

po = Density of the aqueous fentanyl solution (g/cm3)

WD = Mass (g) of desiccated SC

VH = Volume (cm3) of hydrated SC, which is determined from the weight of the SC

after 24 h immersion in the donor solution (assuming that the SC has a density of

lg/cm3 (39) and that the density of the donor solution did not significantly alter the

density of the SC).

In order to correct for the effects of fentanyl ionisation, the intrinsic partition

coefficient of fentanyl free base between the SC and water (KSCAV (INT>) was calculated

using the following equation (26, 40):

V®
 a + 4.9

where the pH term in Equation 4.9 refers to the pH of the aqueous phase. Based on
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previous research, it was assumed that fentanyl has a pKa value of 8.99 (41).

The ERs generated for the apparent and intrinsic partition coefficients of fentanyl

between the SC and water were calculated according to Equation 4.7.

4.3.8.4. Partition coefficients of fentanyl between UquM organic phas es and water

The apparent partition coefficients of fentanyl between the organic phases (OS, PO,

OCT or IPM (alone or with OS or PO added)) and water (KORG/W) were calculated using

the following equation (42):

4.10
Lw

Where AORG and Aw is the amount (|ig) of fentanyl in die organic phase or water at

24 h, respectively. VORG and Vw is the volume (ml) of organic phase nnd water. It should

be noted that AORG was calculated by the difference in the amount of fentaiiyl initially

dissolved in the organic phase and the amount of fentanyl present within the water phase

at 24 hours (Aw).

In order to correct for the effects of fentanyl ionisation, the intrinsic partition

coefficient of fentanyl free base between the organic phase and water (KORG/W (INT)) was

calculated using Equation 4.9. Enhancement of the apparent and intrinsic partition

coefficients of fentanyl between IPM and water by OS and PO was defined in terms of an

ER, where:

in the presence of OS or PO

or KIPWW (JNT) in the absence of OS or PO
4.11

4.3.8. Statistical analysis

Statistical significance was determined using one-way analysis of variance

(ANOVA). Post-hoc all pairwise multiple comparison of the means within different

groups was performed using the Student-Newman-Keuls (SNK) test. A probability of
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p<0.05 was considered statistically significant. All results arc presented as the mean

SEM, unless otherwise stated.

4.6. RESULTS AND DISCUSSION

4.4.1. Diffusiona! parameters derived from "infinite dose" skin diffusion studies.

The profiles representing fentanyl permeation of human epidermis, left untreated or

pretreated with ethanol alone or ethanolic solutions containing 1 to 10%w/v OS or PO arc

presented in Figures 4.2 and 4.3. As discussed in Section 4.3.8.1, the permeation profiles

were fitted to Equation 4.1 in order to derived the parameters Kp, J, Kse/v and D. These

individual parameters, and the ERs for these parameters, arc presented in Tables 4.3 and

4.4 and Figures 4.4 and 4.5, respectively. It should be noted that the permeability

coefficient of fentanyl through untreated skiii «nd its flux across untreated skin were

0.020 ± 0.001 cm/h and 1.80 ± 0.07 ug/cm2ht respectively, which are in good agreement

with previous research (40,43-45).

Fentanyl permeability through skin pretreated with ethanol alone was slightly,

though not significantly, higher compared to that through untreated skin. Despite this

minimal effect on overall permeability, the apparent mechanisms involved in permeation

through «he skin were dramatically different following pretrcatment with ethanol alone.

In particular, the degree of fentanyl partitioning into the SC was significantly greater

compared with untreated skin (ER(Kscw) • 1.49 * 0.13), whilst its difTusivhy within the

SC was slightly reduced (ER(D)« 0.75 ± 0.07).

When the skin was pretreated with ethanolic solutions containing 1 to10%w/v OS,

fentanyl permeability was significantly enhanced (p<0,05 compared with untreated skin).

Furthermore, a strong correlation was observed between enhancement of fent&nyi

permeability and OS concentration (r2 * 0.986). At the lowest concentration investigated

(l%w/v), it appeared that enhancement of fentany! permeability was mainly &

consequence of improved fentanyl diffusion through the SC (ER(D) * 1.43 ± 0.14,

p<0.05 compared with untreated and ethanol-pretreated skin).

145



Chapter 4, The Effects ofOctlsalate and Padimale 0 on Fentanyl Permeation, Partitioning and Diffusion

Figure 4.2. Profiles represent fog fcntanyl permeation of human epidermis tinder 'infinite dose" conditions.

The symbols represent fentanyl permeation through untreated epidermis ( • ) (n- 64) or epidermis pretrcatcd

for 2 h with cthanol alone (V) (n-5) or cthanolic solutions containing l%w/v OS (®) (n~5X 2.5%w/v OS

( • ) (n-6), 5%w/v OS (A) (n-6), 7.5%w/v OS ( • ) (n-«), or IO%w/v OS ( • ) (n-5). ITic solid lines

fejwcwsni a nonlinear regre'sxion of the date to liquation 4.1 (rJ> 0.99^, standard error of the cstimsic

{Si;i:>- 0.80 and p<0.000l for all profile)

4 8 12 18 20 24

Tim«<h)

Ftgttrt 4J. Profiles representing fentattyt permeation of human epidermis under "infinite dose" conditions.

The lymboli reprssetrt fonianyl permeation through untreated epidermis (») (n*64) or epidermis pretreaied

for 2 h with ethano) alone (V) (n-5) or ethanolic solutions containing \%vttv PO (») (n**l% 2.5%w/v PO

( • ) (n^6). 5%w/v PO (A) (n*5), 7.5%w/v PC) (•) («**) .« lOHWv PO (•Xn*^).

The solid lines represent a non-linear regression of the data to liquation 4,1 <r2> 0.999, standard error »f the

estimate (SI I) t) 33 and p-0.0001 for all profiles),
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Table 4J. Divisional parameters derived from fentanyl permeation of human epidermis that had been left

untreated or pretreated with ethanoi alone (0%w/v OS) or ethunolic solutions containing I to 10%w/v OS

(4<n<64).

OS concentration Kp Flo*
( % w / v ) _ . (em/la) (na/cm'ti)

1)
(em'/h t I O \

Untreated

0

1

2.5

5

7.5

10

0.020 ±0.001

0.022*0.001

0.02910.001*

O.O3UO.OO2*

0.03410.002*

O.O381O.OO3*

0.040*0.003*

l.80i

2.001

2.651

2.8U

3.141

3.5Oi

3.691

0.07

0.08

0.11*

0.15*

0.20*

0.33*

0.30*

2341 16

348131*

240123

310124

3721 24*

428 A 34*

453142*

1.1010.08

0.8210.07

1.5710.07*

1.2910.13

1.2010.02

1.1610.24

1.1610.06

Statistically significant difference compared with control (untreated epidermis) (p<0.05)

0 0
0 2 4 6 6

OS pretrfiatmont concentration (%w/v)

Figure 4.4. Enhancement ratios (ERs) for the diffusional parameters (K, or J (•J.K^ A (B) and D ( • ) )

derived from fentanyl permeation of human epidermis pretreated with 95%v/v ethanoi alone (0%w/v OS)

or ethanolic solutions oontainmg 1 to IO%w/v OS. ER*I is equivalent to no enhancement (shown by the

dotted line). * corresponds to an ER where the parameter generated from skin pretreated with OS was

significantly different compared with that generated from untreated skin (control) (p<0.05) (4<n<32).
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Table 4.4. Diflusional parameters derived flrom fentanyl permeation of human epidermis that had been left

untreated o? pretreated with ethanol alone (0*/.w/v PO) or ethanolic solutions containing 1 to IO%w/v PO

VO concentration Kp
(%w/v), (cw/h)

Hai D
(cmVh

Untreated

0

1

2.5

5

7.5

10

0.020

0.022

0.026

0.033

0.041

0.037

0.034

±0.001

±0.001

± 0.002*

± 0.002*

± 0.003*

i 0.002*

i 0.001*

1.80

2.00

2.09

3.01

3.91

3.50

3.33

±0.07

±0.08

± 0.26*

± 0.20*

±021*

4 0.15*

±0.09*

234

348

309

373

460

386

312

±

t

±

16

31*

30

30*

30*

28*

18

1.10

0.82

108

1.16

1.17

1.26

1.41

±0.08

±0.07

±0.11

±0.15

±0.12

±0.06

±0.10

Statistically significant difference compared with control (untreated epidermis) (p<0.05)

00
2 4 6 8

PO pretreatment concentration (%w/v)

Ftgnrc 4 5 . Enhancement ratios (FRs) for the diffusiona! parameters (Kp or J (•) ,KM W (Q) and D ( • ) )

derived from fentanyl permeation of human epidermis pretreated with 95%v/v ethanol alone (i.e. 0%w/v

PO) or ethanolic solutions containing I to 10%w/v PO. ER-I is equivalent to no enhancement (shown by

the dotted line). * corresponds to an FR where the parameter generated from skin pretreated with PO was

significantly different compared with that generated from untreated skin (control) (p<0.05) (4<n<32).
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However, as the OS concentration was increased from 1 to 2.5%w/v, it was evident

that the effect of OS on fentanyl diffusion within the SC was attenuated, whilst its effect

on fentanyl partitioning concomitantly increased. Whilst the effect of OS on fentanyl

diffusion within the SC remained relatively unchanged as the OS concentration was

further elevated to 5, 7.5 and 10%w/v, fentanyl partitioning into the SC progressively

increased. Consequently, a very good correlation seemed to exist between enhancement

of fentanyl partitioning and OS concentration (r2 = 0.933 between 1 to 10 %w/v OS

concentration).

Compared with untreated skin, PO also significantly enhanced fentanyl

permeability through the skin at all concentrations investigated. At concentrations

between 1 to 5%w/v, the ratio by which PO enhanced fentanyl permeability appeared to

increase with increasing PO concentration, with a maximum ER(Kp) of 2.09 ±0.13

observed at 5%w/v PO. However, as the PO concentration was further increased to 7.5

and 10%w/v, enhancement of fentanyl permeability declined to ER(Kp) of 1.95 ± 0.09

and 1.74 ± 0.06, respectively.

A similar relationship was observed between enhancement of fentanyl partitioning

and PO concentration, such that maximum enhancement of fentanyl partitioning was

observed at 5%w/v (ER(Kscw) = 1.91 ± 0.12). However, slight reductions in the

ER(Ksc/v) were incurred as the concentration of PO was further increased to 7.5 and

10%w/v. Due to the magnitudes of these reductions, fentanyl partitioning into skin

pretreated with 7.5 %w/v PO was still significantly higher compared with untreated skin

(ER(Ksc/v) = 1.54 ± 0.12), though it was only marginally enhanced following

pretreatment with 10 %w/v (ER(Ksc/v) = 1.44 ± 0.08).

At these higher concentrations, the effect of PO on fentanyl diffusivity within the

SC also appeared to change - though only slightly. At concentrations up to 5 %w/v, PO

appeared to exert no effect on fentanyl diffusion through the SC (ER(D) ranged from 0.98

±0 .1 at l%w/v to 1.07 ± 0.1 at 5%w/v). However, as the concentration of PO was

increased from 5%w/v to 7.5 and 10 %v/w, fentanyl diffusivity through the SC

marginally increased, such that the ER(D) was 1.28 ± 0.10 at 10%w/v PO.

In order to confirm the validity of these results, the effects of putative CPEs

(Azone®, oleic acid and Transcutol®) were investigated using the infinite dose technique

in conjunction with the mathematical model described in Section 4.3.8.1. The ERs

generated from these analyses are presented in Figure 4.6. As seen in Figure 4.6, 5%w/v
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Azone® significantly enhanced fentanyl permeability through human epidermis compared

with untreated skin (ER(KP)=1.82 ± 0.13) and this effect appears mostly due to enhanced

partitioning into the SC (ER(Ksc/v)=1.47 ± 0.09, p<0.05 compared with untreated skin).

On the other hand, Azone® had little effect on fentanyl diffusivity within the SC

(ER(D)=0.94±0.05).

Although the exact mechanisms by which Azone® enhances solute permeability

through the SC are still under investigation, there is strong evidence to suggest that

Azone® interacts with intercellular SC lipids to increase the degree of fluidity of the

hydrophobic regions of the lipid lamallae, which is likely to reduce the diffusional

resistance within the SC lipid domain (46-53).

The results of several permeation studies have supported these findings as they

generally indicate that the diffusion coefficients of numerous compounds are increased in

the presence of Azone® (54-56). The effect of Azone® on solute diffusivity may also

depend on its concentration as it has previously been observed that a somewhat parabolic

relationship exists between enhancement of solute diffusivity and the concentration of

Azone® within the SC, with maximum enhancement observed at a SC loading of

~12%w/w (47). However, even at enhancer loadings of up to ~25%w/w, the diffusivity of

the lipophilic compound, diazepam, within Azone^-treated skin was still higher

compared with the corresponding control. Given that the SC may have been loaded with

up to ~19%w/w of Azone® during the studies presented in this chapter it was somewhat

unexpected that Azone® was found to exert no effect on fentanyl diffusivity within the

SC.

Using the model hydrophilic compound 4-cyanophenol, Harrison et al (21) also

attempted to identify the mechanisms by which Azone® enhanced solute permeability by

fitting skin diffusion data to Equation 4.1. However, it was found that application of the

deconvolution technique to skin diffusion data was unable detect significant changes in

solute diffusivity compared with control. Although these investigators reported that the

small enhancement ratio (<2) generated from these studies may have lead to an inability

to detect changes in solute partitioning and diffusion, other possible explanations will be

discussed in forthcoming paragraphs.
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cn

5AZ 5 OA 10 OA

CPE pretreatment

20 TC

Figure 4.6. Enhancement ratios (ERs) for the difiusional parameters (Kp or J (•XKscw ( S ) and D ( • ) )
derived from fentanyl permeation through human epidermis pretreated with ethanolic solutions containing
5%w/v Azone* (5 AZ) (n=4), 5%w/v oleic acid (5 OA) (n=5X !0%w/v oleic acid (10 OA) (n-5) or
20%w/v Transcutol* (20 TC) (n=5). ER=1 is equivalent to no enhancement (shown by the dotted line). *
corresponds to an ER where the parameter generated from skin pretreated with the CPE is significantly
different compared with that generated from untreated skin (control) p<0.05).

Whilst the majority of research into the mechanism(s) of action of Azone*1 support

the notion that it enhances solute diffusivity within the SC, there is some evidence to

suggest that it can also increase solute partitioning into the SC (19,24, 57). However, this

effect may depend on the concentration of Azone* used and the lipophilieity of the solute

in question. For instance, it has been reported that at a concentration of 5%w/w Azone®,

enhancement of solute partitioning is limited to compounds which possess a logKocr/w

value of up to -2.7 (19). Given that fentanyl has a logKocT/w value of 2.86 (40)and that

the solubility parameter of Azone* is close to that of fentanyl (8 = 18.53 MPa'̂  for

Azone® (50) and 8 = 19.64 MPa* for fentanyl (4)) it is not surprising that Azone®

appeared to increase fentanyl partitioning into the SC.

Analogous to 5%w/v Azone®, 10%w/v oleic acid also appeared to enhance fentanyl

permeability through the skin by increasing its skin-vehicle partition coefficient

(ER(Kp)=1.62 ± 0.05 and ER(Ksc/v)= 1.57 ± 0.04, p<0.05 compared with untreated skin

(for both parameters)). However, at a concentration of 5%w/v, oleic acid appeared to
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exert little or no effect on fentanyl permeability and partitioning. At both concentrations

investigated, oleic acid appeared to exert only a marginal effect on fentanyl diflusivity,

with ER(D)» 1.15 ± 0.07 and 1.05 ± 0.03 at 5 and 10%w/v, respectively. As with

Azone®, the mechanisms of action of oleic acid have been widely studied using a variety

of in vitro techniques (58). Based on the results obtained from early spectrophotomctric

and calorimetric studies, it has been postulated that oleic acid reduces the diflusional

resistance of the intercellular SC lipids by increasing the fluidity of the lipid bilayers (53,

59-61). However, more recent infrared spectroscopic studies have demonstrated that oleic

acid docs not globally modify the conformational order of the SC lipids, but rather

decreases lipid viscosity and/or produces "defects" by forming separate fluid phases

within the "solid" lipid domains within the SC (59, 62, 63). Consequently, it is thought

that oleic acid may enhance trunsdermal permeability through a dual mechanism

(involving lipid conformational permutations and phase separation) that ultimately

perturbs the SC lipid bilayer structure (62). It therefore seems reasonable to question the

finding that oleic acid did not significantly enhance fentanyl diffusivity within the SC.

In addition to its effect on SC lipids, oleic acid has also been found to increase

solute partitioning into the SC (64-68). Various mechanisms have been proposed for this

effect. For instance, fatty acids have been found to increase the permeation rate of the

polar solvent, propyiene glycol (66, 69). Thus, it has been suggested that fatty acids may

enhance solute partitioning by a "solvent-drag" mechanism. Given that the oleic acid was

delivered to the skin using the polar solvent, ethanol, and that ethanol was found to have

a favourable effect on fentanyl partitioning, it is therefore possible that oleic acid

enhances fentanyl partitioning by increasing the partitioning of ethanol into the SC during

the pretreatment period. Another proposed mechanism pertains to the notion that cationic

compounds can "ion-pair" with oleic acid (67, 70). Due to the formation of an electrically

neutral species, this effect may facilitate the transport of the more hydrophilic, ionised

form of the solute in question (71). As fentanyl is a weakly basic compound (pK«=8.99

(41)), it is likely to exist in its unionised and ionised forms within the donor solution

(water saturated with fentanyl was found to have a pH value of 9.22 (per Chapter 2,

Section 2.4.1)) and within the SC (in which the pH may vary from ~5 to ~7 (72, 73).

Consequently, it is possible that enhancement of fentanyl partitioning could be partly due

to he pairing of cationic fentanyl species with oleic acid.
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Unlike oleic acid and Azonc®, the mechanism(s) by which Transcutol® is believed

to enhance solute permeability arc solely confined to its effect on solute partitioning. In

particular, it lias been suggested that Transcutol® enhances solute flux across the SC by

altering the solubility parameter of the SC (21, 56, 74). Hence, the finding that

Transcutol® enhances fentanyl partitioning and not its diffusivity is consistent with the

findings from other investigators.

In summary, the theoretical model proposed in Equation 4.1 seems capable of

detecting changes in fentanyl partitioning. However, it is evident from the above-

mentioned research conducted into the mechanisms of action of oleic acid and Azone*

that it may be insensitive to changes in fentanyl diffusivity. The suspected "inability" of

the model to detect significant changes in fentanyl diffusivity may be due to a number of

factors, for instance:

i. The ERs generated for the diffusion coefficient of fentanyl were too small and/or

the error associated with the fitted values of D were too excessive to detect

statistical significance (ER(D) was less than 1.43 and %CV ranged from 1.47 to

20.34)

ii. The model assumes a constant membrane thickness (h) (which was assumed to

be 13 um)

iii. The model assumes that the epidermis does not act as a barrier towards fentanyl

permeation

iv. Water present in the donor solution may permeate into the SC, which could

possibly "mask" the effects of OS and PO on fentanyl diffusivity.

In relation to membrane thickness, the value of 13 um assumes that fentanyl

permeates the SC via a transcellular pathway. On the other hand, if drug permeation

occurs mostly via the intercellular lipid region, then the diffusional pathlength is believed

to be of the order of 350 to 880 um (75, 76). Regardless of which of these values

accurately describes the pathlength for drug permeation through the SC, the model

described in Section 4.1 fails to recognise the tortuosity of the highly organised SC lipids

(13, 16, 77) and the potential for CPEs to alter this parameter. This limitation could be

quite significant when studying the mechanisms of action of CPEs that may alter the

divisional resistance of the SC lipids as, under these circumstances, it is unlikely that the
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effective diflfusional pathlength through SC treated with a CPE will be the same as that

through untreated SC.

Although the SC is believed to be a rate-limiting barrier towards the permeation of

most substances, the underlying epidermis may also act as an aqueous boundary layer,

and therefore assume rate control, during the percutaneous absorption of highly lipophilic

compounds (i.e. logKocT/w > 2) (78). Although previous research has demonstrated that

the SC is the principle barrier for the transport of fentanyl (44, 45), one particular study

has shown that the aqueous strata of human skin may also Impose some degree of

resistance towards fentanyl permeation (40). Although this aqueous resistance to fentanyl

diffusion does not appear to be as significant as the resistance imposed by the SC itself, it

is possible that the effects of OS and PO on fentanyl diffiisivity in the SC were "under-

estimated" because the epidermis also contributes to the total resistance imposed on

fentanyl diffusion.

A final point to note is that the SC can imbibe copious amounts of water (upon

contact with liquid water) (79-82). As this phenomenon has also been observed after brief

exposure times (i.e. 2 to 6 h) (83, 84), it is probable that water present within the donor

solution hydrated the SC to hyper-physiological levels during the diffusion experiments

presented in this chapter. Due to the low solubility of water in the lipid lamellae (SC

lipids may be maximally hydrated at less than one water molecule per lipid molecule

(85)) and evidence to suggest that SC hydration docs not cause "swelling" or disordering

of the intercellular lipid lamellae (86, 87) it has been suggested that most water contained

within hydrated SC is either absorbed in the corneocytes or forms separate phases within

the intercellular lipid region (85). This notion has been further supported by various

electron microscopic experiments, which have revealed that high levels of SC hydration

result in water uptake by the corneocytes and the formation of separate water domains in

the intercellular space (80, 84, 88, 89). On the other hand, however, there is also evidence

to suggest that hyper-physiotogical levels of water may induce SC lipid disorder (90-94).

In light of these previous findings, it is possible that high levels of SC hydration obscured

the enhancing effects of OS and PO on fentanyl diffusivhy as a result of physical (e.g. the

SC lipids may reach a state of maximal "perturbation" due to the formation of separate

water domains and/or flu'disation) and/or chemical alterations (e.g. the intercellular space

may become a more "polar" environment).
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Due to these possible limitations, it is difficult to ascertain whether the data

generated from this model provide an accurate depiction of the mechanisms of action of

OS and PO or whether the effects of OS and PO on fentanyl diffusivity were confounded

by experimental artifacts. Due to this uncertainty, it was necessary to employ other

experimental methods to investigate the mechanism(s) of action of OS and PO.

Therefore, the remainder of this chapter focuses on other methods for determining the

effect of OS and PO on fentanyl partitioning into the SC, whilst the research presented in

Chapter 7 was intended to investigate some of the effects of OS and PO on SC lipids.

4.4.2. Fentanyl partitioning between isolated human stratum corneum and water

The apparent and intriasic partition coefficients generated from fentanyl

partitioning between isolated human SC (untreated or pretreated with OS or PO) and

water are shown in Tables 4.5 and 4.65. The ERs generated from these values are

compared to those generated from the infinite dose skin diffusion studies in Figures 4.7

and 4.8.

It is important to note that the apparent partition coefficients (i.e. the KSCAV values)

generated from the partitioning of fentanyl between untreated SC and water are in good

agreement with that derived from the "infinite dose" skin diffusion studies (KSCAV = 210 ±

7 (OS control) and K s c / w ^ S ± 5 (PO control) versus Ksc/v ° 234 ± 16). Furthermore,

the ER(Kscm) values produced for OS and PO from the SC-water partitioning studies are

very similar to those obtained from the diffusion studies (statistically significant

differences among the corresponding ER values were not detected at any of the OS or PO

concentrations investigated). It is also evident from the aqueous phase pH values shown

in Tables 4.5 and 4.6 that the presence of either OS or PO within the SC did not

significantly alter the pH of the aqueous bathing solution. Consequently, similar trends

were apparent between either ER(KSCAV) or ER(Ksc/w <IND) and OS or PO pretreatment

concentration (Figures 4.7 and 4.8).

5 Differences between the values reported in Tables 4.5 and 4.6 for untreated and cthanol-treated SC

samples appear to be largely due to differences between i) the initial concentration of fentanyl in the donor

solution H>2 ug/ml for OS experiments versus -45 ygftnl for PO experiments) and ii) the level of SC

hydration (refer to Appendix II)
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Table 4.5. Apparent and intrinsic partition coefficients of fentanyl betv een isolated human SC and water

(Ksc/w or K Sc/w (IND ) and aqueous phase pH (measured at t M 24h). The SC was either left untreated or

prctreatcd with ethanol alone (0%w/v OS) or ethanolic solutions containing 1 to 10%w/v OS (n=5).

OS pretrcatment
concentration Ksc/w KsCAV(INT) Aqueous phase pll

Untreated

0

1

2.5

5

7.5

10

210±7

264 ±18

211 ±20

235 ± 14

278 ± 8*

318±ll*

340 ±19*

6390 ±194

7967 ±445

6434 ±585

7219 ±486

8657 ±235*

10036 ±557*

10838 ±675*

7.52 ±0.00

7.52 ±0.01

7.52 ±0.00

7.52 ±0.01 l

7.51 ±0.01

7.5i ±0.01 ;

7.50 ±0.01 1

* Statistically significant difference compared with control (untreated SC) (p<0.05)

0 1 2 3 4 5 6 7 8 9 10

OS pretreatment concentration (%w/v)

Figure 4.7. Enhancement ratios (ERs) for the apparent partition coefficient of fentanyl between human SC

(prctreatcd with ethanol alone (0%w/v OS) or ethanolic solutions containing 1 to 10%w/v OS) and water

derived from infinite dose skin diffusion studies ( • ) (4<n<32) or SC-water partitioning studies (W) (n=5).

ERs for the intrinsic partition coefficient of fentanyl free base between human SC and water (derived from

the SC-water partitioning studies) are also shown (O). ER=1 is equivalent to no enhancement (shown by

the dotted line). • corresponds to statistically significant difference compared with control (untreated

epidermis or SC) (p<0.05).

156



Chapter 4. The Effects ofOctisalate and Padimate O on Fentanyl Permeation, Partitioning and D$Mlan

Table 4.6. Apparent and intrinsic partition ccsfficicnts of fentanyl between isolated human SC and water

(KSCAV or K sc/w <»NT) ) and aqueous phase pi I (measured at t « 24h). The SC was either left untreated or

pretreated with ethanol alone (0%w/v PO) or ethanolie solutions containing I to IO%w/v PO (n=5).

PO pretreatment
concentration Ksc/w Aqueous phase pll

Untreated

0

1

2.5

5

7.5

10

128 ±5

144 ±17

129 ±12

223 ± 24*

257 ±35*

225 ±12*

171 ±13

5214 H 8 I

5781 ±620

5382 ±614

8861 ± 808*

10265 ±820 '

9397 ±474*

7342 ± 626

7.39 ±0.00

7.39 ±0.01

7.38 ±0.02

7.40 ±0.02

7.39 ±0.03

7.38 ± 0.00

7.37 ±0.01

Statistically significant difference compared with control (untreated SC) (p<0.05)

0 1 2 3 4 5 6 7 8 9 10
PO pretreatment concentration (%w/v)

Figure 4.8. Enhancement ratios (ERs) for the apparent partition coefficient of fentanyl between human SC

(pretreated with ethanol alone (0%w/v PO) or ethanolie solutions containing 1 to 10%w/v PO) and water

derived from infinite dose skin diffusion studies ( • ) (4<n<32) or SC-water partitioning studies (V) (n=5).

ERs for the intrinsic partition coefficient of fentanyl free base between human SC and water (derived from

the SC-water partitioning studies) are also shown (O). ER=1 is equivalent to no enhancement (showr >y

the dotted line). * corresponds to statistically significant difference compared with control (untreated

epidermis or SC) (p<0.05).
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Hence, the ER values obtained from these SC-watcr partitioning studies confirm

that:

i. OS enhances fentanyl partitioning into the SC in a concentration-dependent

manner (^-0.989 and 0.990 for ER(K$c/w) and ER(Kse/W(iNT)),

respectively) and that fcntanyi partitioning is significantly enhanced at OS

concentrations at and above 5%w/v (p<0.05 compared with untreated SC)

ii. A somewhat parabolic relationship exists between the concentration of PO

applied to the SC and enhancement of tcntanyl partitioning. Due to this

parabolic trend, PO appears to exert a significant enhancing effect on

fentanyl partitioning only at concentrations between 2.5 to 7.5%w/v (p<0,05

compared with untreated SC).

Due to the possible limitations associated with the diffusion model described in

Equation 4.1 (Section 4.4.1), it is important to note that the correlation observed here

validates the use of the model to elucidate the effects of OS and PO on fentanyl

partitioning into the SC.

4.4.3. Fentanyl solubility in liquid organic phases

The saturated solubility of fentanyl in IPM, OCT, OS and PO, and the solubility

parameters of these organic phases, are shown in Table 4.7. In the first instance, it is

evident that the solubility of fentanyl in OS or PO is greater than its solubility in either

IPM (by a factor of-2 .3 and -2.8, respectively) or OCT (by a factor of -1.7 and -2 .1 ,

respectively). The significance of these findings to fentanyl partitioning becomes

apparent when one considers that the partition coefficient of a solute between the SC and

a vehicle can be defined by the ratio of its activity (or "effective" concentration) in the SC

(asc) and the vehicle (av) (25):

Ksc/v
- a s c 4.12
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Table 4.7. Solubility parameters of fentanyl, oeramide 6 (CER-6), isopropyl myrisUte (1PM), octanol (OCT), octisalate (OS) and padimate O(PO)

Solubility Parameters

Organic
phase

(Solvent)

CER-6

IPM

OCT

OS

PO

Molar
volume of
solvent *

(cm'/mole)

-

308.42

154.66

247.22

285.00

Fentanyl saturated

rag/ml

-

57.23 ±1.16

77.52 ± 2.05

130.77 ± 1.47 b

165.08 ± 1.93 b

solubility

mole/L

-

0.17

0.23

0.39

0.49

Mole
fraction

solubility
(x!0J)

-

4.98

3.44

8.76

12.27

Hildebrand

5 of
solvent

(MPa14)

-

17.39

21.07 c

21.74 c

18.35 d

(5,-5z)le

-

5.05

2.05

4.42

1.04

5 of
solvent

(MPa*)

20.07

16.03

21.04

21.27

19.26

H&fisea

16.69

22.70

6.94

8.53

8.04

r

2.62

3.88

2.08

10.13

2.78

10.84

16.86

15.62

5.84

3.59

" Calculated using Molecular Modeling Pro software package (Version 5.1.7), ChemSW* Inc, where MV=density/moIecular weight
b Per Chapter 3 (Section 3.4.1)
c Obtained from Sloan et al (2)
d Estimated using Thermo Chemical Properties Estimation Software: Solubility Parameter Estimation from Fedor's Cohesive Energy (obtained from httpV/www.

pirika.com/chem/TCPEE/rCPE.htm) where SKE/V)^, where E=:cohesive energy (cal/mole) and V=molar volume (cmVmole). The obtained values were divided by

2.0455 to convert from (cal/cm3)"2 to MPaw

e The Hildebrand solubility parameter of fentanyl (5i) was assumed to be 19.64 MPa:/i(4)
r The total (Hildebrand) (5i), dispersion (5D), polar (6V) and hydrogen bonding (5H) solubility parameters were estimated using an empirically-based method

(Molecular Modeling Pro Software Package (Version 5.1.7)). The Hansen solubility parameters of fentanyl and the solvent are designated by subscripts 1 and 2,

respectively. For fentanyl the estimated parameters were &V = 21.97 MPaw , 6D=2029 MPa"-72,6V=4.67 MPa1*, 5H = 7.02 MPa1'2.

I
I
I
I
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I
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As Ksc/v can be approximated by the relative solubility of the solute within each of

these phases it would be reasonable to speculate that, at an elementary level, OS and PO

enhance fentanyl partitioning into the SC by improving ita relative affinity for the SC

lipids (assuming that the solubility of fentanyl in either IPM or OCT approximates that in

the SC lipids). In order to understand the possible mechanism(s) by which OS and PO

enhance the solubility of fentanyl within these model organic phases, it is necessary to

consider that the activity of a solute in solution is defined as (95):

4.13

where the terms X and y are the mole fraction and the activity coefficient of the solute in

the solution, respectively.

In an ideal solution, the activity coefficient is assigned a value of unity (i.e. y - 1)

and therefore a=X. Thus, the activity of the solute in its standard state (i.e. the pure solid)

(S) can be expressed in terms of its ideal solubility (X°) (25,42,95):

RT
J_ 1_
T Tm

4,14

where AHf is the molar heat of fusion, Tm is the melting point of the solute, R is the gas

constant and T is absolute temperature. In a non-ideal solution, however, y<l due to

solute-solvent interactions and therefore the mole fraction solubility of the solute (X)

becomes:

4.15

The term In y in Equation 4.15 is essentially defined by the intermolecular forces of

attraction that must be overcome in order to remove a molecule from the solute phase and

deposit it in the solvent. These intermolecular interactions may be characterised as (25,

26,95,96):
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i. London dispersion forces

ii. Dipole-dipole or induced dipole-dipole interactions

iii. Hydrogen bonding, or electron exchange, forces

In the commonly-used Hildebrand solubility parameter approach, which was

developed to predict how materials will interact with each other, In y is defined as (2):

4.16

where 8j and 8v are the solubility parameters6 of the solute and the solvent, respectively,

Vj is the molar volume of the solute and 4>v is the volume fraction of the solvent. By

substituting Equation 4.16 into Equation 4.15 it is evident that a solute will have a high

affinity for a solvent with a similar solubility parameter (i.e. the term [8j-8v]2 is

minimised).

As Ksc/v can be defined in terms of Equation 4.16, this concept may also be

relevant to the enhancing effect(s) of vehicles or CPEs on the partitioning of a solute into

the SC (2):

4.17

Thus a CPE can increase the partition coefficient of a solute by shifting the

solubility parameter of the SC closer to that of the solute (thus reducing the value for [8r-

Ssc]2).

However, a major shortcoming of the Hildebrand solubility parameter approach is

that it assumes that molecules predominantly interact through London dispersion forces

and it therefore cannot be applied to systems that are capable of forming hydrogen and/or

dipole-dipole bonds (95, 97). This limitation is somewhat apparent from the data

presented in Table 4.7 as the rank order by which [8i-§v]2 decreases is not consistent with

6 The Hildebrand solubility parameter, 5, is defined as 5=(EA0V4, where E is the energy of vaporisation and

V is the molar volume of the solvent or solute in question.
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the rank order by which fentanyl solubility increases. The observation that the saturated

solubility (mg/ml) of fentanyl is approximately 1.7 times higher in OS than it is in OCT,

although the solubility parameter of OCT is closer to that of fentanyl ([8FEN-8OCT]2== 2.1)

than is the solubility parameter of OS ([SFEN-SOS]2== 4.4) highlights this incongruity.

Furthermore, if the solubility parameter of the SC is in the order of 19.8 to 20.2 MPa'/a

(98), [8FEN-8SC]2 will be approximately 0.03 to 0.31 (assuming that the solubility

parameter of fentanyl is 19.64 MPaV£ (4)). As these values are lower in magnitude than

either [8FEN-8OS]2 or [8FEN-8J>O]2 it would seem unlikely that OS and PO favourably alter

the solubility parameter of the SC,

In an attempt to circumvent this particular limitation of the Hildebrand solubility

parameter approach, muhicomponent (or "partial") solubility parameters have been

developed in order to predict solute solubility and to define the type and strength of the

intermolecular forces that govern the "compatibility' of a solute-solvent system (25, 99).

For instance, the so-called Hansen solubility parameter approach defines the total (or

Hildebrand) solubility parameter (8T) as (96):

4.18

where 8D, 8p and 8n describe the contributions of London dispersion forces, Keesom

dipolar interactions and hydrogen bonding, respectively. This concept has been further

developed by Skaarup in order to define the 'distance' (Ra) between a solvent and solute

based on their respective partial solubility parameters (designated by subscripts 1 and 2,

respectively) (96):

(Ra j 1 - 4 (8 D 2 -8 D 1 ) 2
+ 4.19

Equation 4.19 highlights the notion that materials that have similar Hansen

solubility parameters will exhibit a high affinity for each other and the extent of the

similarity in a given situation will determine the extent of their interaction.

As shown in Table 4.7, these concepts have been utilised in order to gain further

insight into the possible mechanisms by which OS and PO interact with fentanyl. As

ceramides are considered to play a key role in the lipid lamellae organisation, resistance
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to environmental change and physical and chemical stress (100), the partial solubility

parameters of ceramide 6 (CER-6) (which is believed to be the most powerful hydrogen

bonding lipid (101)) have also been included in Table 4.7.

In terms of the parameter [8D2-8DI]2, it is evident that the contribution of London

dispersion forces towards the compatibility of fentanyl with OS and PO is comparable to

that with OCT. On the other hand, the [8D2-8DI]2 value derived between fentanyl and

either IPM or CER-6 exceeds that of OS and PO. This discrepancy is most likely due to

the presence of the longer alkyl chain within the structures of IPM and CER-6. Hence, if

the 8D of IPM more closely resembles that of the SC lipids (as exemplified by CER-6)

than does the 8D of OCT, it would be reasonable to speculate that the higher solubility of

fentanyl in OS and PO (compared with IPM and presumably the SC lipids) may be partly

due to this parameter. With regard to the [8P2-5PI]2 parameter, it is evident that the

difference between fentanyl and PO is similar to that between fentanyl and OCT, IPM or

CER-6. On the other hand, the relatively large difference between the 8p of fentanyl and

the Sp of OS may be related to presence of the phenolic hydroxyl and the carbonyl

functional groups as both of these moieties are highly polarized. However, as the

saturated solubility of fentanyl in OS is relatively high it would appear that the large

variation in this parameter is not entirely reflective of the interaction capability of OS

with fentanyl. On the other hand, the higher solubility of fentanyl in OS and PO

(compared with OCT and IPM) is consistent with the lower [8H2-8HI]2 values associated

with these solvents. This observation could possibly suggest that the hydrogen bonding

parameter is more significant than the dispersion or polar parameters in differentiating the

solubility of fentanyl within each of these phases. As the [8H2-O"HI]2 values associated

whh OS and PO are also lower than the [8H2-8HI]2 value calculated for CER-6, these

findings may also indicate that hydrogen bonding (or electron-exchange) interactions

between fentanyl and OS or PO play a key role in increasing the affinity of fentanyl for

the SC lipid domain. However, the validity and significance of this hypothesis -

particularly in relation to the possible effects of OS and PO on the solubility and

partitioning of fentanyl in the SC lipid domain - will require further investigation.

Unfortunately, such investigations are beyond the scope of the work presented in this

thesis.
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4.4.4. Fentanyl partitioning between liquid organic phases and water

The apparent and intrinsic partition coefficients of fentanyl between IPM or OCT

and water are shown in Tables 4.8 and 4.9, respectively. As OCT-water partition

coefficients are widely used to approximate SC-water partition coefficients, it is

noteworthy that the values for the apparent and intrinsic partition coefficients of fentanyl

between OCT and water obtained from these studies are in good agreement with those

generated from previous research (where the experimentally-determined value of KOCT/W

was 717 and the calculated value of KOCT/W <INT) was 23390 (40).

However, it would also appear that the apparent and intrinsic KOCT/W and KIPM/W

values overestimate the apparent and intrinsic partition coefficients for fentanyl between

untreated isolated human SC and water (the Ksc/w and Ksc/w <INT) values derived from all

of the untreated SC-water partitioning studies were 171.21 ± 14.36 and 5879.76 ± 247.69,

respectively (n=10)). An obvious discrepancy between the OCT- or IPM-water and the

SC-water partitioning studies is that the latter method utilises a biological membrane

which, upon incubation with water for prolonged periods, may become excessively

hydrated (79-82). As mentioned in Section 4.4.1, water contained within SC hydrated to

hyper-physiological levels may either be absorbed by the corneocytes or form separate

phases within the intercellular lipid region (80, 84, 88, 89). Furthermore, it is evident

from Appendix II that the weight of the desiccated SC discs used during the SC-water

partitioning studies increased by 50 to 100%w/w at the completion of these experiments.

At this high level of hydration, it is probable that water present within the SC possesses

similar properties to that of bulk water (91). Thus, the presence of "unbound" water may

transform the SC into a more "polar" environment, which could effectively retard the

partitioning of fentanyl free base. On the other hand, the water solubility of OCT is

relatively low (2.3M) and water-saturated IPM essentially contains no solubilised water

(33). Thus, the partitioning of fentanyl into these organic phases would be unaffected by

the presence of excess water. Hence, it may be reasonable to assume that the partitioning

of fentanyl into IPM or OCT represents its partitioning into an unadulterated lipidic

environment, rather than a lipid domain "contaminated" with water.
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Table 4.8. The apparent partition coefficients of fentanyl between various organic phases (octanol (OCT),

isopropyl myristate (1PM), octisalate (OS) or padimate O (PO)) and water (KORO/W) and the concentration

of fentanyl within each of these phases at t=24h (n=4).

Organic phase

IPM

OCT

OS

PO

KoRG/W

604 ±9

826 ±4

1700±32a

350±3*

Fentanyl concentration

Organic phase
(mg/ml)

38.72 ±0.03

39.04 ±0.03

39.57 ± 0.05

37.85 ± 0.03

Aqueous phase
(ug/ml)

64.13 ±0.89

47.29 ±0.22

23.32 ±0.59

108.01 ±0.90

Statistically significant difference compared with KIPMW. Kocrw and KK y w (p<0.05)

Statistically significant difference compared with K[PM/W> KOCT/W and Kos/w (p<0.05)

Table 4.9. The intrinsic partition coefficients of fentanyl free base between various organic phases

(octanol (OCT), isopropyl myristate (IPM), octisalate (OS) or padimate O (PO)) and water (KORO/W ONO)

and aqueous phase pH values at t=24h (n=4).

Organic phase

IPM

OCT

OS

PO

KoRC/W(INT)

12248 ±120

20421 ±467

37873 ±972*

49577 ±509*

Aqueous phase
PH

7.71 ± 0.01

7.62 ± 0.01

7.66 ± 0.01

6.84 ±0.00

" Statistically significant difference compared with KB>M/W(IN!> KOCT/WOKO ̂ d Kpcvw(ivn (p<0.05)

* Statistically significant difference compared with K|pww(im> KOCT/W(IND and Kosw(ii>n) (p<0.05)
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In addition, it is evident from Appendix I that the weight of the dessicated SC discs

used during the SC-water partitioning studies increased by 76.0 ± 4.1%w/w at the

completion of these experiments. At this high level of hydration, it is probable that water

present within the SC possesses similar properties to that of bulk water (91). Thus, the

presence of "unbound" water may transform the SC into a more "polar" environment,

which could effectively retard the partitioning of fentanyl free base. On the other hand,

the water solubility of OCT is relatively low (2.3M) and water-saturated IPM essentially

contains no solubilised water (33). Thus, the partitioning of fentanyl into these organic

phases would be unaffected by the presence of excess water. Hence, it may be reasonable

to assume that the partitioning of fentanyl into IPM or OCT represents its partitioning

into an unadulterated lipidic environment, rather than a lipid domain "contaminated" with

water.

The apparent and intrinsic partition coefficients of fentanyl between OS or PO and

water are also shown in Tables 4.8 and 4.9. It would appear from the apparent partition

coefficients that, relative to water, OS is a considerably more favourable environment for

fentanyl partitioning compared with either IPM or OCT Cp<0.05). On the other hand, the

apparent partition coefficient for fentanyl between PO and water is markedly lower than

that between either IPM or OCT and water (p<0.05). Given that the saturated solubility of

fentanyl in PO is higher than that in either IPM or OCT (Table 4.7), this finding was

somewhat unexpected.

Considering that OS and PO are better solvents for fentanyl than are IPM and PO, it

was also surprising that differences between the apparent partition coefficients could be

attributed to differences between the aqueous phase concentrations of fentanyl and not

the organic phase concentrations (Table 4.8). However, as fentanyl is a weak base (pKa =

8.99 (41)), it is likely that the degree to which it is ionised in the aqueous phase governs

its partitioning behaviour.

As shown in Table 4.9, the pH values for aqueous phase in contact with OS, IPM or

OCT were quite comparable and thus it is likely that fentanyl was ionised to a similar

extent within each of these aqueous phases (approximately 95.5, 95.0 or 95.9% of

fentanyl may have been ionised in the presence of OS, IPM and OCT, respectively). On

the other hand, aqueous phase in contact with PO was slightly more acidic than that in

contact with the other organic phases and hence it is likely that the degree of fentanyl

ionisation was higher within this medium (approximately 99.3% of fentanyl may have
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been ionised in the presence of PO). As it has been demonstrated that the neutral form of

a solute often has a greater affinity for SC lipids (and other organic liquids) than its

ionised counterpart(s) (33, 38, 102, 103), it is therefore not surprising to find that if the

apparent partition coefficients were corrected for fentanyl ionisation, then - relative to

water - both OS and PO appeared to be significantly more favourable environments for

the partitioning of the unionised form of fentanyl compared with either OCT or IPM

(p<0.05) (Table 4.9).

It should also be highlighted that if the organic phases were ranked in order of

decreasing KOROAV(INT) values, then: PO>OS>OCT>IPM, as this is the same as the rank

order by which the saturated solubility of fentanyl within each of the organic phases

decreased (Table 4.7). Thus, not only would it seem that the tendency for fentanyl free

base to partition into these organic phases may be related to its saturated solubility, it

would also be reasonable to speculate that OS and PO may enhance the partitioning of

fentanyl free base into the SC by improving its solubility within the SC lipid domain. In

order to further investigate this phenomenon, the concentration-dependent effects of OS

and PO on fentanyl partitioning between IPM and water were investigated.

4.4.5. The effects of octisalatc and padimate O on fentanyl partitioning between

isopropyl myristate and water.

The apparent and intrinsic partition coefficients of fentanyl free base between IPM

(alone (0%w/v) or containing 1 to 10%w/v of either OS or PO) and water are shown in

Tables 4.10 and 4.11, respectively. The enhancement ratios that correspond to these

values are presented in Figures 4.9 and 4.10.

With respect to the apparent partition coefficients (Table 4.10 and Figure 4.9), it is

evident that OS did not enhance fentanyl partitioning into IPM at any concentration

investigated. However, it is also apparent that the addition of OS to IPM reduced the pH

of the aqueous phase in a concentration-dependent manner (r2=0.990). Consequently,

when the effects of fentanyl ionisation were accounted for, OS appeared to enhance the

intrinsic partition coefficient of fentanyl free base in a manner that was linearly

dependent on its concentration in IPM (r2 = 0.996 when ER(K<os ic IPM/W> (IND) was

defined as a function of OS concentration in IPM) (Figure 4.10).
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Table 4.10. The apparent partition coefficients of fentanyl between IPM (alone (0%) or containing 1-

IO%w/v of either OS or PO) and water (K<osWK)iniwww)) (n**4)'

OSorPO

concentration in -

IPM (%w/v)

0

1

2.5

5

7.5

10

K(OSI«IPMW)

K(OSI»IPM/W)

643 ±15

668 ±23

668±9

661 ± 16

676±11

666 ±8

Aqueous phase

PH

7.73 ± 0.00

7.72 ±0.00

7.71 ±0.00

7.68 ±0.00

7.67 ±0.00

7.64 ± 0 00

K(TOInlPM/W)

Kfl"OlnlPMW)

643 ±15

619±12

600 ±12

588 ±23

573 ±28

547 ±22*

Aqueous phase

pH

7.73 ±0.00

7.64 ±0.01

7.58 ±0.00

7.51 ±0.00

7.44 ±0.01

7.34 ±0.01

* Statistically significant difference compared with the apparent partition coefficient derived f om IPM

alone (p<0.05).

0 1 2 3 4 5 6 7 8 9 10

OS or PO concentration in IPM (%w/v)

Figure 4.9. Enhancement ratios (ERs) generated for the apparent partition coefficients of fentanyl between

IPM (alone (0%) or containing l-10%w/v of either OS ( • ) or PO (O)) and water (^osocroiniPM/w))- E R = 1

is equivalent to no enhancement (shown by the dotted line). • corresponds to a statistically significant

difference compared with the apparent partition coefficient derived from IPM alone (p<0.05).
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Table 4.11. The intrinsic partition coefficients of fentanyl free base between IPM (alone (0%) or containing

l-10%w/v of either OS or PO) and water (K(08 WPOH. IPM/WHIND) (n*4).

OSorPO

concentration

inIPM(%w/v)

0

1

2.S

5

7.5

10

K(OS In IPM/WX INT)

12344 ±287

13163 ±367

13478 ±276*

14241 ±389*

14959± 167*

15500 ±250*

K<poi«lPM/W)(INT)

12344 £287

13323 ±133

13948 ±149*

15015 ±469*

16148 ±633*

17632 ±667*

* Statistically significant difference compared with the intrinsic partition coefficient derived from IPM

alone (p<0.05).

0 1 2 3 4 5 6 7 8 9 10

OS or PO concentration in IPM (%w/v)

Figure 4.10. Enhancement ratios for the intrinsic partition coefficients of fentanyl free base between IPM

(alone (0%) or containing 1 -10%w/v of either OS ( • ) or PO (O)) and water (K<os « ro a MWWXIND). ER= 1

is equivalent to no enhancement (shown by the dotted line). * corresponds to a statistically significant

difference compared with the intrinsic partition coefficient derived from IPM alone (p<0.05).
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Furthermore, the partitioning of fentanyl free base was significantly enhanced when

OS was added to IPM at concentrations at or above 2.5%w/v (Table 4.11).

A similar phenomenon was observed when the effects of PO were investigated.

Firstly, PO appeared to decrease the apparent partition coefficient of fentanyl into IPM in

a somewhat concentration-dependent manner (r2=0.978) such that fentanyl partitioning

into IPM was significantly reduced at the highest concentration investigated (10%w/v)

(p<0.Q5 compared with the K<IPM/W)). However, as with OS, PO also appeared to reduce

the pH of the aqueous phase in a concentration-dependent manner (^=0.998). As

expected (from the aqueous phase pH values shown in Table 4.9), PO seemed to exert a

greater influence over aqueous phase pH than did OS. Hence, after the apparent partition

coefficients were corrected for fentanyl ionisation it was found that PO actually enhanced

fentanyl partitioning into IPM in a concentration-dependent fashion (r2 = 0.998 for ER(K(I

to io%w/v PO in IPM/W) (iNT)) versus PO concentration in IPM) (Figure 4.9). It is also evident

that the ER (K<PO in IPM/W) (INTJ) values generated at a given concentration of PO were

superior to the ER(K<os in IPM/W) (IND) values produced at the same concentration of OS.

This is consistent with the finding that fentanyl has higher solubility in PO than it does in

OS (Table 4.7).

4.4.6. Factors governing the partitioning of fentanyl into human stratum corneum

The following findings would indicate that OS and PO enhance fentanyl

partitioning into SC lipids by improving its solubility within this environment:

i. Based on the "distance" between their partial solubility parameters, fentanyl

appeared to be more "compatible" with OS and PO than with OCT , IPM or

CER-6

ii. The saturated solubility of fentanyl in either OS or PO was greater than that in

either IPM or OCT

iii. The partitioning of fentanyl free base from water into OS or PO was greater

than that from water into IPM or OCT

iv. OS and PO enhanced the intrinsic partition coefficient of fentanyl free base

between IPM and water in a manner that was linearly dependent on their

concentration in IPM.
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However, although the linear relationship between ER(K<os in IPM/WMINT)) and OS (in

IPM) concentration is consistent with that observed between ER(K<sc/w)) and OS

pretreatment concentration, the linear trend between ER(K(PO in IPM/W> (INT>) and PO (in

IPM) concentration is discordant with the parabolic relationship between ER(K(sc/w)) and

PO pretreatment concentration (Sections 4.4.2 and 4.4.5). In contrast to the pH-dependent

effects that were observed during the IPM-water partitioning studies, pretreating the SC

with either OS or PO did not result in alterations to aqueous phase pH during the SC-

water partitioning studies. Therefore, it seems that the mechanism(s) by which PO

enhances fentanyl partitioning into the SC were confounded by different degrees of

fentanyl ionisation. Thus, it is possible that the discrepancy between the SC-water and

IPM-water partitioning studies was, a consequence of one or more of the following

contingencies:

i. The physical and chemical limitations imposed by the SC

ii. OS and PO could interact with the SC via different mechanism(s)

iii. Other mechanism(s) (in addition to increased fentanyl solubility) may also be

responsible for the enhancing effects of OS and PO on fentpayl partitioning

into the SC

4.4.6.1. Physical and chemical constraints within the stratum corneum

Due to the physical limitations imposed by the SC it is likely that the

concentrations of OS or PO that were added to IPM did not accurately reflect the

concentrations of OS or PO that permeated into the SC Hpid domain after the SC was

pretreated during the infinite dose diffusion studies (Section 4.4,1) and the SC-water

partitioning studies (Section 4.4.2). A concentration range of 1 to 10%w/v of OS or PO in

IPM was used in order to investigate concentration-dependent effects on fentanyl

partitioning between IPM and water. However, the application of ethanolic solutions

containing 1 to 10%w/v of OS or PO would have deposited 50 to 500 ug/cm2 of enhancer

at the SC surface (Table 4.12). If approximately 10 to 20% (per Chapter 6) of this

deposited amount permeated the SC at t = 2 h and if the fractional volume of SC lipids is :

of the order of ~10%w/w (16), then - assuming that OS and PO were entirely distributed !

within the intercellular space at all SC concentrations - the concentrations of OS or PO |
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found within the SC lipids after pretreatment could have been of the order of ~40 to -800

mg/cm3 (Le. -4 to ~80%w/v) (Table 4.12). Clearly the upper range of these predicted SC

lipid concentrations exceeds the highest IPM concentrations of OS or PO that were

investigated during the IPM-water partitioning studies. However, as the intrinsic

partitioning and the saturated solubility of fentanyl in OS and PO were both greater than

that in IPM it is likely that increasing the IPM concentrations of OS or PO up to 80%w/v

would have further augmented the partitioning of fentanyl free base into IPM.

Furthermore, it is uncertain as to whether OS and PO would entirely associate with

the intercellular lipid domain when they are present within the SC at relatively high

concentrations. Using the method described in Section 4.3.5.2, it was found that the

saturated solubility of OS and PO in OCT was 709.14 ± 93.93 mg/ml and 205.77 ±21.72

mg/ml at 32°C, respectively. If the solubility of OS and PO in OCT approximates that in

the SC lipids it is possible that - within the concentration range investigated - pretreating

the SC with OS may result in SC lipid concentrations that were below its saturated

solubility within this environment.

Table 4.12. Predicted SC lipid concentrations of OS and PO resulting from 2h pretreatment of the SC with

ethanolic solutions containing 1 to 10%w/v of OS or PO.

OSorPO

pretreatment

concentration (%w/v)

1

2.5

5

7.5

10

Amount deposited at

50

125

250

375

500

Predicted SC lipid concentration after 2h

pretreatment (approx.)"

mg/cm1

40-80

100-200

200-400

300-600

400-800

%w/v

4 - 8

10-20

20-40

30-60

40-80

" Assuming that; i. 10 to 20% of the total applied dose permeates the SC at t=2h (per Chapter 7), ii. the

length of the SC is 13um (16), Hi. the density of the SC is lg/cm3 (39), Hi. SC lipids occupy 10%w/w of the

total weight of the SC (16) and Hi. solute permeation occurs via the intercellular lipid region (75, 76, 104-

107).
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Thus, it would be reasonable to assume that most - if not all - of the OS

permeating the SC after a 2 h pretreatment would have been associated with the

intercellular lipid region. On the other hand, pretreating the SC with higher

concentrations of PO (i.e. above 5%w/v) may have resulted in SC lipid concentrations

that exceeded saturation. Consequently, the correlation between the IPM-water

partitioning data and the data derived from experiments involving human skin pretreated

with PO may be confounded by the possibility that:

i. The partitioning of PO into the SC lipid domain may have become

solubility-limited at higher pretreatment concentrations and/or

ii. When high concentrations (i.e. those exceeding saturation within the SC

lipids) of PO were present within the SC, other effects (perhaps not directly

associated with the SC lipids) may have come into action and counteracted

the mechanism(s) by which PO enhanced fentanyl partitioning. This

possibility is discussed in further detail in Section 4.4.6.2.

4.4.6.2. Possible differences between interaction, with octisalate or padimate O and

human stratum corneum

Another explanation as to why OS and PO appear to exert different concentration-

dependent enhancing effects on fentanyl permeation and partitioning into the SC pertains

to the possibility that they interact differently with the components of the SC. It is evident

from their chemical structures (Chapter 1, Figure 1.10) that OS contains an ortho-

substituted hydroxyl functional group on the 2-ethylhexyl phenyl ring whilst PO contains

a.para- substituted dimethylamino moiety.

Although this is the only difference between the chemical structures of OS and PO,

it is probable that the polar head group of a CPE influences the way in which the

enhancer interacts with the SC. For instance, it has been demonstrated that ortho-

substitution on the phenyl ring of dimethyl sulphoxide derivatives (iminosulfuranes)

yielded compounds with greater enhancer activity compared with those produced by

substitution on the para- position (108). Hence, para- (versus ortho-) substitution on the

PO phenyl ring may reduce the potential for PO to interact auspiciously with SC in order

to enhance fentanyl partitioning. To further elaborate on this phenomenon, Warner et al
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(31, 32) used a series of partitioning experiments between either OCT or hexane and

phosphate-buffered saline to support the notion that the contribution of a polar head

group to the activity of a penetration enhancer results from its ability to partition

favourably into the polar (or semipolar) regions of the SC lipid bilayers and not via any

specific interaction of the polar head group with the lipid bilayers. Thus, the potency of

an enhancer may be related to the ability of the polar head group to assist in the

translocation of the enhancer to a site of action. Based on the findings of this rese ' it

is possible that OS and PO are located in (and therefore interact with) different regions of

the SC lipid bilayers.

In light of previous research demonstrating the importance of hydrogen bonding

interactions in stabilising lipid bilayers and influencing solute penetration through the SC,

Hadgraft et al (109) have suggested that modification of hydrogen bonding within SC

lipids is also a possible mode of action of penetration "modifiers". As it is likely that the

presence of the phenyl hydroxyl group within the structure of OS imparts stronger

hydrogen bonding donor and acceptor characteristics than the dimethylamino group

would impart for PO7, it is therefore possible that OS forms stronger hydrogen bonds

with adjacent lipid molecules than would PO. Thus, it may be reasonable to infer that OS

has a greater tendency to displace lipid molecules (hence creating "tluidised" regions)

within the lamallae. This hypothesis is further supported by the data presented in Chapter

7, where attenuated total reflectance Fourier transform infrared (ATR-FT1R) analyses

revealed that pretreating foil-thickness human skin samples with OS resulted in shifts of

the CH2 symmetric and asymmetric stretching frequencies (originating from the

hydrocarbon chains of the lipid bilayers) to higher wavenumbers in a manner that was

linearly dependent on the applied concentration of OS. On the other hard, PO did not

appear to exert an effect on these frequencies at any concentration investigated.

Based on all of the possibilities mentioned thus far, it would be reasonable to

expect that the enhancing capability of PO would be inferior to that of OS. However, it

should be kept in mind that PO might improve the affinity of fentanyl for the SC lipid

domain. Thus, it is possible that at low SC lipid concentrations, a predominant

mechanism by which PO enhances fentanyl permeation is by increasing its solubility

7 Using Molecular Modeling Pro software package (Version 5.1.7) (ChemSW* Inc), the hydrogen bond
donor (a) and acceptor (P) values for OS and PO weie estimated to be a = 0.48 and P =0.12 units for OS
and a= 0.37 and P = 0.02 for PO.
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within the SC lipid domain. However, in addition to the factors mentioned in Section

4.4.6.1 it is also possible that at higher SC lipid concentrations of PO:

i. The contribution of specific interactions between either PO and the SC lipid

bilayers becomes significant and/or

ii. Other forces come into play that also influence fentanyl permeation

An example of the latter possibility relates to the effect of Azone® on SC water

content. Numerous studies have revealed that there is a parabolic concentration-

dependence on the ability of Azone® to enhance solute permeation through the skin (50).

For instance, Dfez-Sales et al discovered that compered with relatively low

concentrations (1 or 5%w/v), higher concentrations of Azone® (10%w/v) reduced or even

eliminated its enhancing effect on the skin permeation of compounds with moderate to

high lipophilicity (19). As previous research had demonstrated that, in addition to its

fluidising effect on SC lipids, Azone® increases the water content of human SC (110),

Diez-Sales et al proposed that high concentrations of Azone® reduced the partitioning of

these lipophilic compounds by increasing the hydration state of the SC. This notion is in

agreement with studies on extended bilayer structures, where it was found that increasing

the bilayer concentration of Azone® resulted in an increased ability of the fluid bilayers to

imbibe water (52). Although the effect of PO on SC water content has not been

investigated in this thesis, this example highlights the possibility that other factors may

alter the partitioning of a solute into the SC.

4.4.6.3. Other mechanisms by which octisalate and padimate O may enhance fentanyl

partitioning into human stratum corneum

It is inferred from the discussions in Sections 4.4.6.1 and 4.4.6.2 that a major

limitation with using model organic liquids (instead of SC lipids in their endogenous

environment) is that the physical and biological characteristics that are germane to the

barrier properties of the SC cannot be reproduced. As discussed in Chapter 1, the SC

lipids show an exceptional degree of organisation and form lamellae that are orientated

approximately parallel to the corneocyte surface (111-113). Furthermore, the lateral

packing of these lipids is mainly crystalline and hexagonal (114). Thus, due to their
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highly ordered arrangement, the SC lipid bilayers would impose a high diffusional

resistance towards solute permeation. This has been demonstrated on numerous

occasions, whereby intercellular lipid disorganization has resulted in the increased

permeability of various solutes (60, 115-117). It has also been demonstrated that the

quality of the SC barrier is not only dependent on SC lipid bilayer organisation but also

on SC lipid content and composition. For instance, Elias et al have shown that solute

permeability is inversely correlated with SC lipid weight (107), whilst other studies have

revealed the importance of variations in the content of specific lipid fractions (118). It is

also important to note that SC lipid extraction has often led to enhanced solute

partitioning into the SC (30, 119-121) and it has been proposed that perturbation of the

SC lipid bilayers may improve solute partitioning within this domain, thus increasing

overall solute penetration though the SC (54,122). In light of the possibility that OS and

PO may extract and/or fluidise the SC lipids, the effects of OS and PO on SC lipids have

been investigated in vitro using ATR-FTIR (Chapter 7).

4.6. CONCLUSIONS

Both OS and PO significantly enhanced fentanyl permeation across human epidermis

under "infinite dose" conditions. The ability of OS to enhance the permeability and

partition coefficients of fentanyl was linearly dependent upon its pretreatment

concentration (1 to 10%w/v) with a parabolic relationship between PO pretreatment

concentration and fentanyl permeation and partitioning enhancement being evident

(maximum enhancement was achieved at 5%w/v PO and further increases in pretreatment

concentration (to 7.5 and 10%w/v) resulted in an attenuation of its enhancing capability).

As similar trends were observed between the enhancement of fentanyl permeability and

partitioning, it would therefore appear from the data derived from the "infinite dose"

diffusion studies and the SC-water partitioning studies that a major mechanism by which

OS and PO enhance fentanyl permeation through human skin is by increasing its partition

coefficient between the SC and the vehicle.

However, due to limitations associated with the "infinite dose" diffusion studies, it is

difficult to determine whether OS and PO alter fentanyl diffusivity within the SC lipid

domain (OS only appeared to exert a significant effect on fentanyl diffusion at a

pretreatment concentration of l%w/v, whilst PO did not seem to alter this parameter) or
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whether the effects of OS and PO on fentanyl diffusivity were confounded by

experimental artifacts. Therefore, other techniques have been employed in subsequent

chapters in order to investigate the effects of OS and PO on the SC lipids (Chapter 7).

Most of the data presented in this chapter focused on elucidating whether OS and PO

enhanced fentanyl partitioning by improving its affinity for the SC lipid domain. Using

OCX and IPM to simulate the chemical environment of the SC lipids, it was found that:

i. The saturated solubility of fentanyl in OS and PO was greater than that in

either OCT or IPM. The rank order by which fentanyl solubility decreased

wasPO>OS>OCT>IPM.

ii. Based on differences between partial solubility parameters, it would appear

that higher solubility of fentanyl in OS and PO (compared with OCT and

IPM) can be attributed to London dispersion and/or hydrogen bonding

interactions. Although the contribution of these interactions towards an

understanding of the mechanism(s) by which OS and PO enhance fentanyl

partitioning into the SC requires further investigation, it is interesting to note

that the differences between the London dispersion and hydrogen bonding

solubility parameters were lower between fentanyl and OS or PO than those

between fentanyl and CER-6.

iii. The intrinsic partition coefficient of fentanyl free base between either OS or

PO and water was greater than that between either OCT or IPM and water.

The rank order by which the intrinsic partition coefficient decreased was the

same as that for the saturated solubility of fentanyl within each of these

organic phases. This similarity would infer that the tendency for fentanyl free

base to partition between each of these organic phases and water is related to

its affinity for the organic phase.

iv. Both OS and PO enhanced the intrinsic partition coefficient of fentanyl free

base between 1PM and water in a manner that was linearly dependent on their

concentration in IPM. As the partitioning behaviour of fentanyl free base

appears to be related to its solubility in the organic phase, it would be

reasonable to assume that OS and PO enhanced the partitioning of fentanyl

into IPM by improving its solubility in this organic phase.
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Based on all of these findings, it would appear that OS and PO improve fentanyl

partitioning into the SC by - or partly by - increasing its affinity for the SC lipid domain.

However, the fact that a linear trend was not observed between PO pretreatment

concentration and the enhancement of fentanyl partitioning into human SC raises the

question as to whether other determinants influence the ability of PO to enhance fentanyl

partitioning into the SC at higher pretreatment concentrations. The following factors may

be responsible for this phenomenon:

i. As the saturated solubility of PO in OCT was found to be ~3.4 times lower

than that of OS in OCT, the partitioning of PO in the SC lipid domain may

become solubility-limited at relatively high pretreatment concentrations

and/or

ii. OS and PO may interact differently with the SC. For example, OS and PO

may be located (and/or interact with) different regions of the SC lipid bilayers

or OS may form stronger hydrogen bonds with adjacent lipid molecules. The

contribution of these specific interactions may only become significant at

higher pretreatment concentrations.

iii. Other events may occur within the SC, which exert a negative effect on

fentanyl partitioning. For instance, as with Azone® the enhancing effects of

PO could be reduced at higher pretreatment concentrations as a result of

increased SC water content.

Although not all of these factors have been investigated in this thesis, they must

certainly be considered when future investigations into the mechanism(s) of action of OS

and PO are conducted.

It is also pertinent to note that other mechanisms (in addition to increased fentanyl

solubility within the SC lipid domain) may also be responsible for the enhancing effects

of OS and PO on fentanyl permeation and partitioning. In particular, as SC lipid

extraction and/or fluidisation are also possible mechanism(s) by which CPEs can enhance

solute permeation and partitioning, it is likely that the enhancing effects of OS and PO

can also be attributed to their effects on SC lipids. These effects have been investigated in

Chapter 7.
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Chapter 5 - The Effects of Octisolate andPadimate O on Fentanyl Distribution

5.1. INTRODUCTION

It is well-recognised that the stratum corneum (SC) acts as a barrier to percutaneous

drug absorption (1,2), and may serve as a reservoir for many topically applied substances

(3, 4). Furthermore, the interactions between and the physicochemical properties of drug,

vehicle, and SC influence drug partitioning into and diffusion across the SC (i.e. the early

processes involved in percutaneous absorption) and may therefore play an important role

in total percutaneous drug absorption (5).

Considering these factors, it is reasonable to infer that drug concentrations within

the SC will be predictive of drug concentrations that will be available for absorption into

ihe underlying tissues and systemic circulation (6). Rougier and coworkers substantiated

this hypothesis, using several compounds belonging to various chemical classes and with

different physicochemical properties (7). They found that a strong correlation existed

between the total amount of compound penetrating the skin within 96 h and the amount

of compound found within the SC after a 30 min exposure time (^=0.96, pO.OOl). This

correlation was independent of the contact time, dose applied, vehicle used, anatomical

site, and animal species.

The "tape stripping technique", such as the one employed by Rougier et al, is an

increasingly popular method used to investigate the localization and distribution of

substances within the SC (8). In essence, this technique involves the application of a

chemical (within a vehicle) to the SC surface for a predetermined exposure time. After

the non-volatile components of the formulation are wiped from the SC surface, adhesive

tape is applied to and removed from the SC surface. Layers of the SC (and drug contained

within them) are sequentially removed by repeating the tape strip procedure. The drug is

extracted from the sequential tape strips and drug concentrations within the extracts are

determined using a suitable analytical method (9).

The mass of SC removed by tape stripping is influenced by a number of

experimental factors, such as the adhesive properties of the tape (10), the composition of

the applied formulation (11), and the hydration state of the SC (12). Therefore, the

number of tape strips reported to remove most, or all, of the SC varies from 10 to 100

tape strips (13,14).

The "tape stripping technique" offers numerous advantages over alternative

methods used to measure drug concentrations within the SC and total percutaneous drug
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absorption. Skin surface biopsies or SC scraping techniques can also be used for the

direct determination of drug concentrations within the SC (15-19). Given that these

procedures involve removal of the SC by cyanoacrylate glue (skin surface biopsies) or

scraping with a dermal steel curette (SC scraping) they are generally more invasive than

the "tape stripping technique". Furthermore, these methods do not remove SC layers in a

controlled, sequential manner and reliable determination of drug content within the SC

can be obscured by the presence of sebum, sweat, or hair follicles. In terms of

determining percutaneous drug absorption in vivo, plasma and/or excreta concentrations

of topically applied substances are frequently low due to the excellent barrier properties

of the SC. Therefore, to circumvent problems associated with inadequate analytical assay

sensitivity, radioactively labeled compounds are often used during in vivo

experimentation (20). Hence, from a practical and ethical standpoint, the "tape stripping

technique" is not only less invasive and less time consuming, but can also eliminate the

need for radiolabeled substances.

Due to the advantages of the "tape stripping technique", it is not surprising that it

has been used to investigate' the efficacy, bioavailability and bioequivalence of topical

dosage forms (21-26), SC barrier function (9, 27-29), reservoir capacity (9, 30, 31), and

changes to the physicochemical and physiological properties of the SC as a function of

increasing SC depth (32-35). The application of this technique to probe the mechanisms

involved in transdermal drug delivery is of particular relevance to the work presented in

this chapter.

The amount of drug and the thickness of the SC removed by each tape strip can be

quantified in order to determine dru6 distribution across the SC (i.e, concentration-depth

profiles). The data generated from these studies can be used to analyse the effects of

different vehicles and/or chemical penetration enhancers on drug permeation through the

skin (6, 36-39).

It has also become common practice to fit drug distribution profiles to the following

non-steady-state solution to Fick's Second Law of Diffusion (40-43):

CX=K sc/vCvil-7 — S-sinnrc- exp - -^ 2 2 *

n/7c t
5.1
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where Cx represents the drug concentration within the SC as a function of SC position, x,

for a given exposure time, t. Ksc/v is the partition coefficient of the drug between the SC

and the vehicle, while Cy is the concentration of drug within the vehicle. L is the

divisional pathlength of the drug across the SC, and D is the diffusion coefficient of the

drug within the SC. The transport parameters derived from this model (Ksc/v and D/L2)

can then be used to calculate the permeability coefficient of the drug through the SC, and

estimate drug flux and cumulative transport across the SC. However, this solution for the

concentration profile of a drug as a function of relative SC position is only relevant for

the boundary conditions depicted in Figure 5.1.

Stratum corneum

x=0 x=L

Figure 5.1. Non-steady-state drug concentration profile (Cx) as a function of position (x) within
the SC. The drug concentration at the SC surface (Co) is a product of the drug's skin-vehicle
partition coefficient (KSc/v) and the concentration of the drug within the applied vehicle (C v)- C v

remains constant over the exposure time. The epidermis acts as a sink for drug diffusion such that
there is a negligible concentration of drug present at the base of the SC (i.e.Cx=L-0).
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5.2. OBJECTIVES

The primary objectives of the work presented in this chapter were to determine:

i. The distribution of fentanyl across human SC at various exposure times

ii. Whether octisalate (OS) and padimate O (PO) modify fentanyl

distribution across the SC, and if so,

iii. From the distribution data, the likely possible mechanism(s) by which

OS and PO modify the passage of fentanyl across the SC.

The secondary objective of these studies was to determine the amount of fentanyl,

OS and PO recovered at the SC surface and within the SC, in relation to applied dose and

various exposure times.

5.3. MATERIALS AND METHODS

5.3.1. Materials

Fentanyl was manufactured by Macfarlan Smith Ltd (Edinburgh, UK). OS and PO

were supplied by Bronson and Jacobs (Australia). Acetonitrile and methanol (Merck Pty

Ltd, Australia) were HPLC grade. Water was purified by a Milli-Q™ water purification

system (Millipore, Bedford, MA, USA). All other reagants were of analytical grade.

5.3.2. Skin preparation

Human female abdominal tissue was obtained following abdominoplasty from two

individual donors. Full-thickness skin samples were prepared by removing subcutaneous

tissue and fat from the underside of tl:s dermal membrane using a stainless steel surgical

blade. Excess fat residue was removed from the skin surface by gentle blotting with low-

lint, absorbent tissue (Kimwipes®, Kimberly-Clark Australia), The skin was stored in

aluminium foil at -20°C for up to 12 months prior to use (44). Before the commencement

of each study, the skin was defrosted under ambient conditions for approximately 2 to 4
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h. The SC surface was rinsed with Milli-Q™ water and gently wiped with Kimwipes®

four times, in order to remove any surface contamination.

The skin was then laid flat, SC side up, on a teflon board and dissected into 1 x 5

cm (width x length) sections (n = 5) using a stainless steel surgical blade. Each section

was laid flat, dermal side up, and quick-dry super glue (Selleys® Fix'n'Go Supa Glue,

Selleys, Australia) was blotted onto the ventral surface of the dermis. The skin sections

were immediately mounted, SC side up, on to 1 x 7 cm pieces of cardboard (the excess 2

cm in length was to enable handling of the samples). Gentle pressure was then applied to

the skin for approximately 10 sec to ensure contact ^vith the cardboard. The SC surface of

each sample was quickly (<20 sec) wiped with a Kimwi^i® (pre-moistened with

ethanol) to ensure complete removal of sebaceous lipids and the skin samples were then

left untouched for 5 min to allow the glue to dry.

5.3.3. Tape stripping procedure

To ensure that the skin samples remain in situ during the experiment, they were

adhered, cardboard side down, onto a 1.5 x 1.5 x 100 cm (height x width x length)

rectangular steel rod using double-sided adhesive tape (Scotch® Permanent Double Stick

Tape, 3M, Australia).

The formulations were prepared by dissolving 5%w/v fentanyl, alone or with

5%w/v OS or PO, in 95%v/v ethanol. The formulations were applied as a finite dose (5

jil/cm2) to the SC surface of each skin sample. After a pre-determined exposure time (5

min (0.08 h), 0.5, 2, 6, or 16 h), excess formulation was removed from the SC surface

using the procedure described in Section 5.3.4.1. Fentanyl, OS or PO were extracted from

the surface wipes using the procedure outlined in Section 5.3.4.2.

After the surface wipe was performed, the SC was progressively removed by

sequential adhesive tape stripping. Sections of 1.2 x 5 cm pieces of polyester adhesive

tape (3M, product # 8440) were equilibrated under ambient conditions for at least 2 h

prior to use. The tape sections were applied to the SC surface and a constant presr ore of

240 g/cm2 was applied to the tape for 5 sec. The following measures were incorporated

into the experimental design to ensure uniform pressure was applied to the tape, and

hence uniform contact between the skin and the tape:
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11.

M.

IV.

Solid stainless steel slabs (total weight 1200 g), with flush surfaces, were

used to applied pressure to the tape.

A steel rod was used to elevate the samples above the bench surface to

ensur° that the slabs were not in contact with any other matter whilst they

were applied to the skin.

Fat and subcutaneous tissue was carefully removed from the dermis in a

manner that produced smooth skin samples.

Each piece of tape was folded onto itself to produce an ~1 cm overhang at

each end. This was done to ensure easy handling of the tape such that even

pressure was applied to the tape upon its application and removal from

SC (and to avoid possible contamination of the tape).

t
a

5

After the tape was applied, it was removed from the SC surface. The tape stripping

procedure was repeated 20 times in order to remove most of the SC (45). Fentanyl, OS

and PO were extracted from the tape strips using the method detailed in Section 5.3.5.1.

The mass of SC removed (Msc) was determined by weighing each tape strip before

(i.e. after the equilibration period) and after the tape stripping procedure (Sartorius MC5

microbalance). Assuming a constant SC density (Dsc) of lg/cm3 (46) and that the SC was

uniformly distributed on each tape strip, the length of SC removed (L) was determined

from the following equation:

5.2
exp

where Aexp is the area of skin exposed (5 cm2).

5.3.4. Surface wipe procedure and extraction

5.3.4.1. Surface wipe procedure

Excess fentanyl, OS or PO were removed from the SC surface by swabbing the

surface with cotton buds (Johnson and Johnson, Australia). The cotton buds were rolled

over the SC surface in the following manner:
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i. The perimeter of the exposure area was swabbed once

ii. Starting from the top left hand corner of the exposure area and

working down, the SC surface was wiped in a unidirectional manner

(left to right, then right to left) until the entire area was swabbed,

iii. Steps i. and ii. were repeated four times, using a fresh cotton bud each

time.

5.3.4.2. Extraction of fentanyl, octisalate, and padimate Ofrom surface wipes

The cotton buds were placed in a glass vial and a 10 ml aliquot of 100% methanol

was added. The contents were sealed with a teflon-lined lid, vortexed for 30 sec, and then

placed on a horizontal roller mixer (Ratek Instruments Pty Ltd, Victoria, Australia) for

gentle mixing over 16 h at ambient temperature (Stage 1). At the end of the 16 h

extraction period, the sample was vortexed for 30 sec, the cotton buds were then

transferred to an empty glass vial and 5 ml of methanol was added. The sample was

vortexed for 30 sec, then placed on the horizontal roller mixer for 8 h at ambient

temperature (Stage 2). At the end of the 8 h period, the methanol extract retained from

Stage 1 was added to the sample. The sample was then vortexed for 1 min and 5 ml of the

extract was centrifuged at 3500 rpm for 15 min at 25°C. A 1 ml aliquot of the supernatant

was diluted to 10 ml with methanol for HPLC/UV analysis.

5.3.4.3. Validation of the surface wipe procedure

5.3.4.3.1. Surface wipe samples

A solution containing 0.5%, 2.5%, or 5%w/v of fentanyl, OS or PO in 95% ethanoi

was applied as a "finite dose" (5 ul/cm2 = 25 ul) to 1 x 5 cm sections of skin (n = 5) such

that the amount of of fentanyl, OS or PO deposited at the SC surface was 125, 625, d

1250 ug, respectively.

In order to minimise chemical loss from the SC surface due to rapid partitioning

into the SC, the solutions were in contact with the skin for only 20 sec. It was recognised

that ethanoi would not have completely evaporated from the SC surface within this

exposure time and that its presence could enhance the efficiency of the surface wipe

procedure. Therefore, in order to mimic actual experimental conditions as closely as
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possible, ethanol was evaporated from the SC surface under a gentle stream of nitrogen

during the 20 sec exposure time.

Following the surface wipe procedure outlined in Section 5.3.4.1, fentanyl, OS and

PO were extracted from the surface wipes as described in Section 5.3.4.2.

5.3.4.3.2. Surface wipe standards

A "finite dose" (5 \iV cm2) of 95%v/v ethanol alone was applied to the SC surface

of 1 x 5 cm sections of skin for 20 sec. As described above, ethanol was evaporated from

the skin surface under a gentle stream of nitrogen during this exposure time. The surface

wipe procedure (Section 5.3.4.1) was then performed i» order to obtain blank surface

wipe samples.

Blank cotton buds were placed in a glass vial, and a 25 u,l aliquot of 0.5%, 2.5%, or

5%w/v of fentanyl, OS or PO in 95%v/v ethanol was added to the vial. The ethanol was

evaporated under nitrogen for 20 sec such that 125, 625, or 1250 |xg of analyte was

deposited in the vial. The extraction procedure outlined in Section 5.3.4.2 was

performed.

5.3.4.3.3. Recovery, accuracy, and precision

The HPLC/UV assay methods used for the detection of fentanyl, OS, and PO are

detailed in Section 5.3.6. Recovery was determined by comparing the peak areas of

fentanyl, OS or PO extracted from the surface wipe samples to the peak areas generated

from surface wipe standards (i.e. blank surface wipes spiked with analyte). Intra-day

precision and accuracy of the procedure were determined from the surface wipe samples

(n-5) at the three different concentrations (125, 625, or 1250 jig per 5 cm2 skin surface

area). Inter-day precision was determined by repeating the surface wipe procedure for

these different concentrations on three different days.

The recovery, accuracy and precision of the surface wipe procedure for fentanyl,

OS and PO are presented in Table 5.1.
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5.3.5.2. Validation of fentanyl, octisalate, and padimate O extraction from tape strips

5.3.5.2.1. Tape strip samples

A "finite dose" (5 ul/cm2) of 95%v/v ethanol alone was applied to the SC surface of

I x 5 cm sections of skin for 20 sec (n = 3). Ethanol was evaporated from the skin surface

under a gentle stream of nitrogen during this exposure time. After the surface wipe was

performed (Section 5.3.4.1) tape strips were applied to, and removed from the SC surface

according to the procedure described in Section 5.3.3 (n = 5 tape strips per skin sample).

The tape strips were then laid flat, adhesive side up. Ethanolic solutions containing

4, 40, 400, or 2,000 ug/ml of fentanyl, OS, or PO were applied to the samples, at a dose

of 25 ul, in order to deposit 0.1, 1, 10, or 50 ug of analyte, respectively. The samples

were left in situ, at ambient conditions, for 2 h. This exposure time was arbitrarily chosen

to allow the ethanol to evaporate and also to allow the analyte to partition into the SC

removed by the tape. At the end of the 2 h period, fentanyl, OS or PO were extracted

from the tape strips (Section 5.3.5.1).

It should be noted that the samples were prepared in this manner, rather than

directly dosing the SC with analyte before tape stripping, in order to minimise potential

sources of variation. For instance, the presence of furrows in the skin and potential

differences between SC weights removed by tape stripping are factors that could

potentially confound the results obtained with the latter approach.

5.3.5.2.2. Tape strip standards

The skin was prepared and tape-stripped using the method described above.

However, rather than dosing the tape strips with analyte, they were left blank and

immediately transferred to 15 ml glass centrifuge vials. 25 ul aliquots of ethanolic

solutions containing 4, 40, 400, or 2,000 ug/ml of fentanyl, OS or PO were also added to

the vials. Ethanol was evaporated under nitrogen for 20 sec such that 0.1, 1, 10, or 50 ug

of analyte was deposited in the vials, respectively. The extraction procedure described in

Section 5.3.5.1 was then performed.
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5.3.5.2.3. Recovery, accuracy, and precision

The HPLC/UV assay methods that were used for the quantification of fentanyl, OS

and PO in the tape strip extracts are detailed in Section 5.3.6.

Recovery was determined by comparing the peak areas of fentanyl, OS or PO

extracted from the tape strip samples to the peak areas of blank tape strips to which

fentanyl, OS or PO were added. Intra-day precision and accuracy of the procedure were

determined from the tape strip standards (n = 5) prepared at the different concentrations

(0.1, 1, 10, or 50 |ig per 5 cm2 skin surface area). The tape strip extracts containing

analyte at these known concentrations were prepared on three different days in order to

determine inter-day precision. The recovery, accuracy and precision of the assay

procedures for fentanyl, OS and PO extracts from the tape strips are presented in Table

5.2.

Table 5.2. Recovery, intra- and inter-day precision, and accuracy of fentanyl, OS and PO
extraction from SC tape strips.

Fentanyl

OS

p o

Amount
(Mg)

0.1

1

10

50

0.1

1

10

50

0.1

1

10

50

% Recovery
(MeaniSD)

101.2±11.5

103.1 ±5.0

98.0 ±2.1

99.5 ± 3.8

92.6 ±6.4

100.3 ±9.0

96.2 ±5.1

102.0 ±5.7

97.3 ±4.9

101.2±5.6

98.5 ±4.7

93.9 ±8.2

Inter-day
precision
(%CV)

7.8

4.9

3.8

2.6

8.1

3.0

3.9

2.5

9.6

5.3

4.7

3.1

Intra-day
precision
(%CV)

8.8

5.4

2.4

4.6

8.2

7.2

6.3

4.9

11.8

8.9

1.3

2.0

Accuracy
(%)

107.9

105.6

99.1

100.6

104.7

106.8

100.3

98.3

104.8

97.4

96.6

109.0
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5.3.6. Analytical methods

Concentrations of fentanyl, OS or PO within the surface wipe and tape strip extracts

were determined using RP- HPLC/UV. The HPLC system consisted of a Waters 610

pump, Waters 600E system controller, Waters 712 WISP autosampler, and Waters 486

UV absorbance detector. The data was analysed on a Shimadzu C-R6A integrator

(Shimadzu Corp., Japan).

Fentanyl quantification was performed using a Waters Symmetry Cig column (5(im

particle size, 3.9 x 150 mm) and a RP-8 Newguard cartridge guard column (Aquapore 7

(im, 3 x 15mm, Alltech/Perkin Elmer, CA). The injection volume was 30 jil. Mobile

phase (35%v/v acetonitrile, 65%v/v water, 0.068%v/v perchloric acid (70%v/v), and 10

mM heptane sulphonic acid) was pumped through the column at a flow rate of lml/min.

IJV detection was performed at 210 nm. The retention time for fentanyl under these

conditions was ~6.9 min.

A Waters Symmetry Cs cartridge column (5um particle size, 3.9x150mm) and RP-8

Newguard cartridge guard column was used for the quantification of OS and PO. Further

details of the individual HPLC/UV assay conditions are provided in Table 5.3.

Calibration curves for each assay were constructed using standard solutions at

concentrations within the range of 0.1 to 10 ng/ml. A stock solution of fentanyl, OS or

PO (50 fig/ml in methanol) was diluted with an appropriate volume of methanol to yield

the expected standard solution concentration. A linear relationship between peak area and

concentration was confirmed by the correlation coefficient generated by linear regression

(using the least squares method) of the calibration curve, which, for each assay, was

weighted by a factor of 1/x. The linearity of all assays was excellent (r^O.995).

Intra-day precision and accuracy were determined from standard solutions (n=5) of

three different concentrations (0.1, 1 and 10 ug/ml). Precision (%CV) was highly

satisfactory for all assays (less than 6% for fentanyl, less than 9% for OS and less than

8% for PO). The accuracy of each assay was also satisfactory, ranging from 98.5 to

101.1% for fentanyl, 94.3 to 101.8% for OS and 97.6 to 101.5% for PO.

Inter-day precision of each assay was determined over thre? different days, using

standard solutions prepared on each day of analysis. All assays were highly reproducible,

with precision being less than 5% for fentanyl, less than 7% for OS and less than 8% for

PO.
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Table 5.3. HPLC/UV assay conditions for octisalate and padimate O

Injection
volume

Oil)

Mobile phase
Composition

Flow rate
Detection

/ i7 • V wavelength(ml/mm) ( n f f l )
s

Retention
time
(min)

OS 40

PO 80

65% acetonitrile,
15%methanol,

20% water, 0.9
0.04% trifluoroacetic acid

65% acetonitrile,
15%methanol,

20% water, 0.9
0.04% trifluoroacetic acid

310

345

-10.0

-8.9

5.3.7. Mathematical analysis

5.3.7.1. Normalisation of stratum corneum depth and fentanyl concentrations within

the stratum corneum

Fentanyl concentrations in the SC were determined as a function of position within

the SC (x) relative to the total thickness of SC removed by tape stripping (L) (41).The

normalised SC depth (x/L) for the nth tape strip was calculated using the following

equation:

Xr N
5.3

Where Lsci is the length of SC removed for tape strip, i, and N is the total number

of tape strips. Due to inter- and intra- subject variations in total SC thickness and

differences in the amount of SC removed by each tape strip (47), it was necessary to

normalise SC depth in this manner to facilitate data analysis. As discussed in Section

5.4.1, the amount of fentanyl found within the SC was also normalised to the SC weight

removed due to similar reasons.

Only the information gathered (i.e. concentrations of fentanyl found within the SC

and normalised SC depth) from tape strips 2 to 20 were used to construct the distribution
199
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profiles presented in Section 5.4.2. The amount of fentanyl removed from the first tape

strip was considered to represent unabsorbed fentanyl residing at the SC surface (22).

Therefore, the amount of fentanyl residing at the SC surface at a given exposure time

represents the sum of the amount of fentanyl extracted from tape strip 1 and the amount

extracted from the surface wipe.

5.5.7.2. Areas under the fentanyl distribution profiles

The areas under the fentanyl distribution profiles (i.e. areas under the curves

(AUCs) were calculated using the trapezoidal method (48):

A U C = C i + C ; + 1 x ( - - -
2 KLM L I

5.4

where Ci is the SC concentration of fentanyl at a normalised position within the SC (x/Li)

removed by tape strip, i. AUCs were calculated between x/L for tape strip 2 and x/L for

tape strip 20 (i.e. the entire SC) (AUCx/L2->2o), between x/L for tape strip 2 and x/L for

tape strip 10 (i.e. the upper region of the SC) (AUCx/L2-»io)> and between x/L for tape

strip 11 and x/L for tape strip 20 (i.e. the lower region of the SC) (AUCX/LH-*.2O) (Figure

5.2).

A. Entire SC B. Upper SC C. Lower SC

X/L20

x/L

X/L2

X

x/L n X/L20

x/L

Figure 5.2. Schematic representation showing AUCs calculated for fentanyl distribution profiles (i.e. drug
concentration at SC position, x, (Q,) versus normalised SC depth (x/L)) between the limits of A) x/L for
tape strip 2 (X/L2) and tape strip 20 (X/LM) (the entire SC, AUCx/u-^o), B) x/L for tape strip 2 (x/L?) and
tape strip 10 (x/L,0) (the upper region of the SC, AUCU^^io) or C) x/L for tape strip 11 (x/Ln) and tape
strip 20 (X/L20) (the lower region of the SC, AUCx/Ln->2o)
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5.3.7.3. Kinetic mode/ing of stratum corneum surface clearance

When fentanyl was applied alone, the amount residing at the SC surface appeared

to decline bi-exponentially as a function of time. Hence the two compartment model

defined in Equation 5.5 was used in order to determine the initial ("distribution") and

subsequent ("elimination") hybrid rate constants, a and P:

A =Ae- a t +Be- p t 5.5

where A and B are pre-exponential constants. When fentanyl (applied with OS or PO),

OS or PO were applied to the skin, the decline in the amount of chemical residing at the

SC surface (Av) as a function of time (t) was fitted to the following first-order elimination

rate process in order to derive the elimination rate constant (k): /

Av =Ae-kt 5.6

Semilogarithmic transformations of the amount of chemical residing at the SC surface

were determined as a function of time in conjunction with Equations 5.5 and 5.6.

5.3.8. Statistical analysis

Statistical significance was determined using one-way analysis of variance

(ANOVA). Post-hoc all pairwise multiple comparison of the means within different

groups was performed using the Student-Newman-Keuls (SNK) test. A probability of

p<0.05 was considered statistically significant. All results are presented as the mean ±

SEM, unless otherwise indicated.

5.4. RESULTS AND DISCUSSION

5.4.1. Vehicle and time dependent effects on stratum corneum weight removed

The effects of different vehicles on the SC mass removed by tape stripping have

been previously documented (11, 37, 49). It has been demonstrated that various solvents
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can alter corneocyte cohesion to different degrees (49). Although these studies revealed

that ethanol did not significantly increase the cohesiveness of the SC compared with

untreated skin, it was found that the subsequent increases in cohesion following exposure

to the solvents were related to the amount of iipid extracted from the SC. On the other

hand, Higo et al (37) found that the amount of SC removed by tape stripping was

significantly greater when the skin was exposed to the penetration enhancer, oleic acid,

compared with the corresponding controls. It was postulated that this effect may be due to

"loosening" of the corneocytes. In addition, this effect appeared to be dependent on the

exposure time, which is consistent with previous research (11).

As discussed in Chapter 7, exposure of the SC to OS or PO may cause lipid

extraction from the superficial layers of the SC. Therefore, it would be reasonable to

speculate that OS and PO may alter comeocyte cohesion, and thus may influence the

mass of SC removed by tape stripping. In light of the findings from Chapter 7 and the

previous research mentioned above, it was necessary to investigate whether the presence

of OS or PO influenced the mass of SC removed by the tape stripping procedure.

The amount (mg) of SC removed per tape strip and the total amount of SC removed

by the entire tape stripping procedure (n=20 tape strips) are shown in Figures 5.3 and 5.4,

respectively. As seen in Figure 5.3, the amount of SC removed declines exponentially as

a function of tape strip number.

It has frequently been observed, both in vitro and in vivo, that the mass of SC

detached by tape stripping declines exponentially as a function of increasing SC depth (or

tape strip number) (45, 50). This relationship is likely to be a consequence of changes to

the cohesive properties of the SC with increasing depth.

It has been demonstrated that corneocyte cohesion gradually increases with

increasing tape strip number (32, 49). Ultrastructural studies have revealed that initial

tape strips (tape strips 1 to 3) removed the upper portion of the stratum disjunctum, in

which the corneocytes are "loosely bound" (i.e. minimal inter-corneocyte adhesion) (49).

Subsequent tape strips removed the lower portion of the stratum disjunctum (tape strips 4

to 7) and the stratum compaction (tape strips 8 to 10). Consequently, the force required to

detach corneocytes gradually increased, reaching a plateau in the stratum compactum.

Results from protein content analysis and spectrophotometric methods have supported

these findings (51, 52).
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\vr

Figure 5 3 . Amount of SC removed by tape stripping skin exposed to fentanyl alone (circles), fentanyl with

OS (squares), and fentanyl with PO (triangles) at 0.08 h (red), 0.5 h (orange), 2 h(yellow), 6 h (green) and

16 h (blue).

8

C CO
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« of)
<O g "H
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0.08 0.5

T * *

16

Exposure time (h)

Figure 5.4. Cumulative amount of SC removed by 20 tape strips of skin exposed to fentanyl alone (H),

fentanyl with OS (H), and fentanyl with PO ( • ) . Statistical significance (p<0.05> compared with 0.08h is

denoted by *.
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Table 5.1. Recovery, intra- and inter-day precision, and accuracy for the fentanyl, OS, and PO
surface wipe procedure.

Fentanyl

OS

PO

Amount

125

625

1250

125

625

1250

125

625

1250

Spiked amount
(Mg)

(Mean ± SO)
118.4 ±2.8

627.8 ±14.0

1240.8 ±21.2

122.1 ±2.0

630.8 ±19.5

1245.4 ±30.0

130.6 ±5.7

622.9 ±13.8

1251.2 ±25.6

% Recovery
(McaniSD)

100.5 ±7.3

101.5±3.5

98.82 ±2.3

105.2 ±11.2

96.3 ± 14.3

96.9 ± 4.6

98.9 ±2.9

100.9 ±10.3

103.6 ±6.6

Inter-day
precision
(%CV)

4.4

2.3

1.7

5.8

1.5

0.6

6.0

4.1

2.1

Intra-day
precision
(%CV)

7.0

5.4

2.1

7.5

3.1

3.3

8

2.5

3.0

Accuracy
(%)

93.9

102.9

100.5

107.5

102.8

99.5

103.9

98.6

97.9

5.3.5. Tape strip extraction

5.3.5.1. Extraction of fentanyl, octisalate, and padimate Ofrom tape strips

The tape strips were placed adhesive side down onto filter paper and the samples

were then cut to size and individually placed into 15 ml glass centrifuge vials. Aliquots of

HPLC grade methanol 100% were added to the tape strip samples. 10 ml was added to

each of the first 10 tape strips, and 5ml was added tape strips 11 to 20. The samples were

vortexed for 30 seconds and then placed in a 25°C shaking water bath (SS40-D, Grant

Instruments, Cambridge, England), where they were continuously shaken at 15

strokes/min for 24 h.

At the end of the 24 h period, the samples were removed from the water bath and

vortexed for 30 sec. The tape strips and filter paper were removed from the vials and

discarded. The extracts were then centrifuged at 3500 rpm for 15 min at 25°C in a

Beckman GS-CR centrifuge (Beckman Instruments, Palo Alto, CA). After centrifugation,

a 1 ml aliquot was taken from each of the extracts of tape strips 1 and 2 and diluted to 10

ml with methanol for HPLC/UV analysis. The extracts from tape strips 3 to 20 were

analysed undiluted.
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As shown in Figures 5.3 and 5.4, the amount of SC removed by the tape stripping

procedure gradually declines as the exposure time increases from 0.08 to 16 h. At 0.08 h,

the total amount of SC removed by n^O tape strips was in the order of 6 mg per 5cm2,

which is consistent with previous findings (53). However, at 6 and 16 h, the total amount

of SC removed significantly declined to approximately 3 to 4 mg per 5cm2 (p<0.05).

Given that the amount of SC removed was not significantly diflcrent when the skin was

exposed to fentanyl applied with OS or PO compared with fcntanyl applied alone at any

exposure time, and that the adhesive properties of the tape were constant, it is reasonable

to conclude that:

i. Compared with fentanyl applied alone, the presence of OS or PO did

not alter the amount of SC detached from the skin by the tape

stripping procedure at any exposure time and

ii. The gradual decline in SC mass removed by tape stripping as a

function of increasing exposure time is likely to be a result of changes

to the hydration state of the SC itself.

The hydration state of the SC has been related to ihe cohesive properties of SC

corneocytes, where an apparent increase in SC hydration corresponded to increases in

corneocyte cohesion (32). Given these findings, it is not surprising that changes to the

hydration state of the SC have resulted in corresponding variations in the weight of SC

removed by tape stripping (12). In order to account for the differences in SC weighs

removed among the various exposure times, fentanyl concentrations within the SC were

normalised to the amount of SC removed per tape strip. As mentioned in Section 6.4.2,

normalising the data in this manner also accounts for inter- and intra- subject variation in

the SC weights removed within each treatment group.

5.4.2. Fentanyi distribution across human stratum corneum

The distribution profiles of fentanyl across human SC at the various exposure times

are shown Figure 5.5. When fentanyl was applied alone to the SC for 0.08 h,

concentrations declined exponentially as a function of increasing SC depth (Figure

5.5.A). This non-steady state distribution was also evident upor, longer exposure times
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(0.5 to 6 h). However, at 16 h, fentanyl concentrations appeared to decline more linearly

across the SC (r2 * 0.938), which is indicative of pseudo-stcady-stnte diffusion across the

SC. This finding is consistent with the lag time (t|fl8) generated from finite dose diffusion

studies with human epidermis (Chapter 3, Figure 3.4), where linear regression of the

control (5%w/v fentanyl in ethanol) permeation profiles yields a x-interccpt (t̂ g) of 2 to 3

h. If steady-state flux across the SC occurs after a period of approximately 3 times the

lag time (54), it could be estimated from this data that it occurs after approximately 6 to 9

h.

Fentanyl distribution across the SC followed a similar trend when fentanyl was

applied with OS (Figure 5.5.B) or PO (Figure 5.5.C). In general, fentany) concentrations

declined exponentially across the SC with exposure times between 0.08 to 6 h. After 16 h

of exposure, concentrations became more linearly distributed across the SC (r2 * 0.925 or

0.902 when fentanyl was applied with OS or PO, respectively).

It is pertinent to note from Figure 5.5 that when fentsnyl alone was applied to the

skin, concentrations within the SC, and specifically within the upper regions of the SC,

generally declined as a function of increasing exposure time. However, when fentanyl

was applied with OS or PO, concentrations within the upper layers of the SC remained

relatively constant over the various exposure times. As discussed in Section 5.4.1, the

presence of the enhancers themselves is unlikely to have biased the distribution data, and

therefore the discrepancies between the fentanyl distribution profiles arc likely to be

"real" differences,

The curvilinear nature of the distribution profiles may possibly be a result of the

heterogeneous nature of the SC across varying SC depths. The anatomical differences

between the various! SC strata arc described in Section 5.4.1. The intercellular lipid

matrix that surround:) the comeocytcs is generally regarded as the major route for drug

permeation through the SC, with the comeocytcs acting as mechanical barriers that

effectively increase the diflusional path length (55).

As shown in Figure 56 (56), the comeocytcs within the superficial layers of the

stratum comeum are loofely attached, whereas comcocytes within the deeper regions of

the SC an? tightly cohesive. If the corncocyies are mechanical barriers to drug

permeation, h appears logical that the looser packing of these mechanical "obstructions"

would facilitate the entry of a permeont into the upper regions of the SC.
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A. Fentanyl applied alone
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Figure $S Fentanyl distribution profiles across human SC following exposure of fentanyl applied alone
(A), with OS (B), or with PO (U) for 0.08 h (•) . 0.5 h {V)2 h («), 6 h ( • ) , and 16 h (•),
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Figure 5.6. Transmission electron micrograph of human stratum corneum (x48,750). Intercellular
spaces appear empty due to non-staining of the lipid bilayers (56).

Furthermore, the highly ordered organisation of the intercellular lipid lamellar

bilayers imposes high diffusional resistance upon drug permeation through the SC (57-

60).

Given that:

i. SC lipid content diminishes and

ii. lipid chains within the bilayers become more ordered

with increasing SC depth (61), it would appear that there would be

i, a higher surface area available for drug permeation and

ii. less resistance towards drug mobility

within the upper regions of the SC. Consequently, the SC is likely to accommodate a

greater fraction of chemical within the superficial strata. In addition, lipid content and

fluidity decline exponentially as a function of tape strip number, reaching a plateau after

the fourth tape strip (61).
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5.4.3. Areas under the fentanyl distribution profiles and clearance of fentanyl from

the stratum corncum surface

As shown in Figure 5.7.A, optimal fentanyl uptake into the SC occurred shortly

after the application of fentanyl alone to the skin, with the AUC for the entire SC rising

from 26.83 ± 2.29 at 0.08 h to 30.49 ± 4.91 at 0.5 h. However, it would appear that

fentanyl transfer into the SC declined significantly after this time, with AUCX/L2-»2OS

gradually decreasing to 13.51 ± 0.58 and 12.00 ± 1.29 at 6 and 16 h, respectively (p<0.05

compared with 0.5 h).

As also illustrated by the fentanyl distribution profiles shown in Figure 5.5.A, the

significant decline in AUCx/u-»2o can be largely attributed to reductions in the

biovailability of fentanyl within the upper regions of the SC. This trend indicates that

fentanyl partitioning from the SC surface to the upper regions of the SC is significantly

reduced. Consequently, as permeation into the underlying epidermis and dermis

continues, the SC eventually becomes depicted of fentanyl.

The areas under the fentanyl distribution profiles following application of fentanyl

with OS or PO arc presented in Figures 5.7.B and 5.7.C, respectively. In the presence of

OS or PO, initial AUCx/u-^oS were slightly less than the AUCx/L2-+2o attained when

fentanyl was applied alone (21.67 ± 1.86 and 23.67 ± 1.05 at 0.08 h in the presence of OS

and PO, respectively). However, in contrast to the fluctuating trend observed when

fentanyl was applied alone, the AUd/u-^os remained relatively uniform over various

exposure times. Consequently, AUC*/u_»2oS achieved at prolonged exposure times were

significantly higher in the presence of OS or PO compared to those attained when

fentanyl was applied to the skin alone (p<0.05 at 6 and 16 h). Furthermore, as illustrated

by the distribution profiles shown in Figure 5.5, this difference appears to be

predominantly due to the maintenance of fentanyl concentrations within the upper regions

of the SC. The trends in SC concentrations are in agreement with those observed for

fentanyl clearance from the SC surface.
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A. Fentanyl applied alone

16

B. Fentanyl applied with OS

16

C. Fentanyl applied with PO

16

Figure 5.7. Areas under the fentanyl distribution profiles shown in Figure 5.5 (i.e. areas under the curves
(AUCs)) following the application of fentanyl alone (A), with OS (B), or with PO (C). AUCs were
calculated for the entire SC (i.e. SC removed by tape strips 2-20, AUC^u^2o) (•)* the upper SC (i.e. SC
removed by tape strips 2-10, AUCx^io) (®) and the lower SC (i.e. SC removed by tape strips 11-20,
AUCX/LU-»2O) ( • ) • * Denotes statistically significant difference compared with AUC calculated at the 0.5 h
exposure time.
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The amount of fentanyl residing at the SC surface at the various exposure times,

and the corresponding semilogarithmic transformations, are presented in Figures 5.8 and

5.9. When fentanyl was applied alone, it was apparent that surface concentrations

declined by a two compartment process. Upon initial application to the skin, surface

concentrations rapidly decreased from 1152.80 ± 17.14 ug at 0.08 h to 1054.62 ±21.62

fig at 0.5 h (p<0.05), which corresponds to an initial elimination rate constant of -0.0921

h"1. However, after this initial "burst" effect, the rate of fentanyl disappearance from the

SC surface dramatically decreased such that surface amounts differed from 1048.11 ±

25.54ug at 2 h to 1001.84 ± 20.99 ug at 16 h (ko.os-ieh = -0.00/43 h'1). It is likely that this

"plateau phase" is indicative of significant retardation of fentanyl uptake into the SC,

which corresponds to the reduction in fentanyl SC concentrations that are shown in

Figures 5.5.A and 5.7.A.

When fentanyl was applied with OS or PO, the amount residing at the SC surface

was 1125.71 ± 23.44 ug and 1121.50 ± 6.97 ug, respectively, after 0.08 h of exposure.

Given that these initial surface concentrations were similar to that found when fentanyl

was applied alone, it would appear that the effect(s) of OS and PO were not

instantaneous. However, it is evident from the profiles shown in Figure 6.8 that the

overall kinetics of fentanyl SC surface clearance was markedly different in the presence

of OS and PO. In particular, the linearity of these profiles suggests that fentanyl was

eliminated from the SC surface by a first-order process in the presence of OS or PO.

Consequently, fentanyl was continually eliminated from the SC surface and the "plateau

phase" observed when fentanyl was applied alone was thus eliminated. Consequently,

from 0.08 to 16 h, the amount of fentanyl residing at the SC surface depleted by -57%

and -40% in the presence of OS and PO, respectively. In comparison, surface

concentrations decline by -13% over the equivalent period of time when fentanyl was

applied alone.

The continual steady decline in surface concentrations is consistent with the finding

that the biovailability of fentanyl within the SC (particularly within the upper regions of

the SC) remained constant over the various exposure times (Figures 5.7.B and 5.7.C).
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1250

14 16

Figure 5.8. The amount of fentanyl residing at the SC surface as a function of exposure time, after the
application of fentanyl applied alone ( • ) , with OS (©), or with PO ( • ) . The solid lines represent
regression of the data to Eqiations 6.8 (fentanyl alone (r^l.000)) and 6.9 (fentanyl applied with OS
(r*=0.999) or PO (r^O.995)).

c

to

« 2.8
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Figure 5.9. Log,0 transformations of the amount of fentany! residing at the SC surface as a function of
exposure time. The solid lines represent linear regression of the data. Legend:

• Fentanyl applied alone (Slope (0.08 - 0.5 h) - -0.0921 h1 , r2 - 1.000)
(Slope (0.5-16 h) - -0.00143 h 1 , r2 = 0.996)

• Fentanyl applied v ith PO (Slope (0.08 -16 h) - -0.0137 h1 , r2 - 0.999)
• Fentanyl applied ^ th OS (Slope (0.08 -16 h) - -0.0228 h"\ r 2 « 0.993)
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Semilogarithmic transformations of tH amount of fentanyl (applied with OS or PO)

residing at the SC surface are compared to those of OS and PO in Figure S.10. Both OS

and PO were eliminated from the SC surface by apparent first-order rate processes.

Furthermore, the rate constants generated from each of the fentanyl profiles (ko.os-ieh33 -

0.0228 h"'and -0.0137 h'1 in the presence of OS and PO, respectively) are almost

identical to the rate constants for the surface disappearance of OS and PO (ko.O8-i6h *= -

0.0226 rf'and -0.0133 h"1 for OS and PO, respectively).

The concomitant variations in fentanyl concentrations within the SC and at the SC

surface can be explained in terms of the continuous compositional changes of the applied

formulations, Upon application of 5%w/v fentanyl alone, cthanol (which constitutes the

bulk of the formulation) rapidly evaporates into the atmosphere. The effects of ethanoi

evaporation arc likely to be two-fold. Firstly, as the solubility of fentanyl in the remaining

vehicle becomes markedly reduced, it attains a transient state of high thermodynamic

activity during which time transport into the skin will be optimal. In addition, ethanoi

itself is likely to partition into the SC» thus further enhancing fentanyl partitioning into

and/or diffusivity within the SC (62, 63). Hence rapid fentanyl clearance from the SC

surface and an accompanying increase in SC concentrations were observed from 0.08 to

0.5 h.

12 14 16

Time (h)

Figure 5.10. Logio transformations of fentanyl (applied with OS or PO), OS and PO SC surface
concentrations as a function of exposure time. Legend:

• Fentanyl applied with PO (Slope (0.5-16h) - -0.0137 h1 , r2 - 0,999)
A PO applied with fentanyl (Slope (O.S-16h) * -0.0133 h \ r2 - 1.000)
® Fentanyl applied with OS (Slope (0.5-16h) - -0.0228 h1, r2 - 0.993)
A OS applied with fentanyl (Slope (0.5-16h) - -0.0226 h"\ r* - 0.997)
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Theoretically, upon complete evaporation of ethanol, drug precipitation is likely to

occur and consequently fentanyl partitioning into the SC is likely to become dissolution-

rate limited. However, solid particulate matter was not observed on the SC surface at any

exposure time. It could therefore be possible that ethanol evaporation mediates the

transformation of fentanyl crystals to polymorphic or amorphous form(s) that posse *•

physicochemical properties less amenable to transport into and across the SC. This is

consistent with the finding that the rate of fentanyl clearance from the SC surfaces

plateaus after 0.5 h, whilst the subsequent decreases in SC concentrations can be largely

attributed to the diminution of fentanyl within the upper regions of the SC.

The incorporation of OS or PO into the formulation results in a volatile:non-volatile

vehicle system. Thus, the impact of OS and PO on fentanyl permeation through the SC

can be related to both the thermodynamic properties of the applied formulation and the

interactions that occur within the SC. In the presence of OS or PO, which are non-volatile

liquids, the evaporation of ethanol will result in the formation of a concentrated solution

of fentanyl within the film of 'enhancer' remaining at the SC surface. It was established

in Chapter 3 that fentanyl has relatively high solubility in both OS (130.77 ± 1.47 ug/ml)

and PO (165.08 ± 1.93 ug/ml). The solubilisation of fentanyl by OS and PO would be

expected to reduce tfc« escaping tendency of fentanyl from the remaining surface film.

This could possibly explain the termination of the "burst" effect observed between 0.08

to 0.5 h when fentanyl was applied in ethanol alone. However, the amount of fentanyl

contained within the enhancer films at the SC surface was in excess of its saturated

solubility in either enhancer (by factors of- 8 and ~6 times the solubility in OS and PO,

respectively). Consequently, the SC concentrations of fentanyl applied with OS or PO

were not significantly different from those of fentanyl applied alone at short (i.e. less than

2 h) exposure times. Furthermore, the results presented in Chapter 6 and the

semilogarithmic transformations of OS and PO SC surface clearance demonstrate that the

enhancers themselves permeate into the SC. Thus:

i. The similarities between the first-order elimination rate constants generated

for the surface clearance of fentanyl applied with OS or PO and the

enhancers themselves and

ii. The maintenance of fentanyl concentrations within the upper regions of the

SC in the presence the enhancers
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could indicate that OS and PO modify fentanyl distribution across the SC by maintaining

a diffusable source of fentanyl at the SC surface that they deliver as they themselves

partition into the SC. Evidently, this postulated mechanism of action is indicative of

enhanced fentanyl partitioning into the SC, which is in agreement with results from the

permeation and SC-water partitioning studies presented in Chapters 3 and 4.

It is also of interest to note the magnitudes by which OS and PO enhance fentanyl

uptake into the SC. At an exposure time of 16 h, AUCX/L,2-»2OS for the fentanyl distribution

profiles were 12.00 ± 1.29, 25.32 ± 2.21 and 19.76 ±1.11 when fentanyl was applied

alone or with OS or PO, respectively (Figure 5.7). These figures correspond to

enhancement ratios of 2.11 ±0.15 for OS and 1.65 ± 0.05 for OS and PO, respectively.

This is in excellent agreement with the results from the finite dose diffusion presented in

Chapter 3, where OS and PO were found to enhance fentanyl permeation through human

epidermis by ratios of 2.16 ± 0.10 and 1.66 ± 0.12 at 16 h, respectively and by ratios of

2.01 ± 0.07 and 1.59 ± 0.09 at 24 h, respectively.

5.4.4. Dose accountability

The amount of fentanyl recovered in the SC surface wipes and tape strips at the

various exposure times are expressed as a percentage of the initial dose (1250 ug) applied

to the skin in Figure 5.11. The data presented in Table 5.4 express the amount of fentanyl

at the surface and in the tape strips as a percentage of the total amount of fentany!

recovered. When fenlanyl was applied alone to the skin for 0.08 h, total recovery from

the SC surface and tape strips was 1312.88 ± 16.87 ug (104.77 ± 1.35% of the applied

dose) (Figure 5. IK A). A large proportion (87.81 ± 1.12%) of this recovered amount was

distributed at the SC surface, whilst only 160.07 ± 15.83 ug (12.19 ± 1.12% of the

recovered amount) was retrieved from the tape strips. In fact, at all of the exposure times,

the amount of fentanyl residing at the SC surface contributed to the majority (over -86%)

of the total amount of fentanyl recovered (Table 5.4).
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A. Fentanyl applied alone
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Figure 5.11. Dose accountability (amount (ug) and pcxentage of applied dose) of fentanyl applied alone
(A), with OS (B), or with PO (C). Total recovery ( • ) represents the total amount recovered in the SC
surface wipe and the 20 tape strips. The amount recovered in the SC surface wipe ( • ) and the 20 tape strips
(H) are also displayed.
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Table 5.4. Fentanyl disposition across the SC expressed as a percentage of the total amount of

fentanyl recovered at each exposure time.

Exposure
time (h)

0.08

0.5

2

6

16

Fentanyl applied
Aionc

Surface

87.78 ±1.12

85.78 ±0.90

92.5 ±0.88

93.48 ±0.71

93.51 ±0.52

Tape strips

12.22±1.12

14.22 ±0.90

7.46 ±0.88

6.52 ±0.71

6.49 ± 0.52

Fentanyl applied
with OS

Surface

89.15 ±1.86

91.10±2.04

90.22 ±2.68

89.48 ± 0.78

83.48 ± 2.46

Tape strips

10.84 ±1.86

8.90 ±2.04

9.78 ±2.68

10.52 ±0.78

16.52 ±2.46

Fentanyl applied
withPO

Surface

88.63 ±1.35

89.43 ±0.81

89.88 ± 0.78

90.69 ±0.64

91.77 ±0.62

Tape strips

11.37*1.33

10.57 ±0.81

10.12 ±0.78

9.31 ±0.64

8.23 ± 0.62

Only a small percentage (under ~14%) of the initial applied dose was distributed

within the SC at all of the exposure times, with maximum fentanyl recovery from the tape

strips observed at 0.5 h (13.47 ± 0.79% of the initial dose). However, as observed from

the normalised data presented in Figure 6.4.A, there was a subsequent decline in the

amount of fentanyl present within the tape strips such that only 4.78 ± 0.35% of the initial

dose was recovered at 16 h (p<0.05 compared with 0.08 h).

Given these trends in fentanyl recovery from the SC surface and tape strips, it is not

surprising that recovery from the SC surface and total fentanyl recovery appeared to

decline by similar bi-exponential processes. Consequently, the total amount of fentanyl

recovered at 16 h was 1061.65 ± 10.87 ug (84.93 ± 0.87% of the applied dose), which

corresponds to a ~19% decrease from the initial point of recovery at 0.08 h (p<0 05).

As seen in Figure 5.11.B, total fentanyl recovery was high (101.01 ± 2.04%) at 0.08

h when fentanyl was applied to the skin with OS. As noted when fentanyl was applied

alone, a substantial fraction (over 83%) of the recovered dose was located at the SC

surface at all exposure times (Table 5.4). Although the amount of fentanyl residing at the

SC surface significantly declined over time (from 90.06 ± 1.88% of the applied dose at

0.08 h to 38.86 ± 1.14% at 16 h (p<0.05)), a compensatory increase in the amount of

fentanyl found within the SC tape strips was not evident. In fact, the amount of fentawyl

within the SC remained consistently low, with 10.95 ± 0.59% to 7.69 ± 0.83% of the

applied dose distributed within the SC from 0.08 to 16 h, respectively.

Analogous to the first-order decline in the amount of fentanyl recovered from the

SC surface, total fentanyl recovery also appeared to decrease exponentially over time.
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Consequently, the amount of fentanyl recovered at the SC surface and within the SC itself

only accounted for 46.55 ± 1.78% of the applied dose at 16 h, which equates to a ~54%

loss compared with total recovery at 0.08 h (p<0.05).

Similar observations were evident when fentanyl was applied with PO (Figure

5.11.C and Table 5.4). At 0.08 h, total recovery of the applied dose was high (101.23 ±

1.91%), with the majority (88.63 ± 1.35%) of this recovered amount located at the SC

surface. However, as the amount of fentanyl residing at the SC surface declined by an

apparent first-order rate process, only 53.46 ± 2.96% of the applied dose was recovered at

the surface at 16 h (p<0.05 compared with 0.08 h). The amount of fentanyl retained

within the SC also decreased as a function of time (from 11.51 ± 1.58% of the applied

dose at 0.08 h to 4.79 ± 0.17% at 16 h (p<0.05». Consequently, total fentanyl recovery

significantly declined by -42% (from 101.23 ± 1.91% at 0.08 h to 58.25 ± 1.31% at 16 h

(p<0.05)).

The distribution of OS and PO across the SC is discussed in Chapter 6. It is

apparent from Figures 5.11 and 5.12 that important similarities exist between the

recovery of OS and PO and fentanyl applied with OS and PO. Firstly, at 0.08 h, total

recovery was high (99.39 ± 2.13% and 97.39 ± 1.50% of the applied dose of OS and PO,

respectively). However, total recovery of the enhancers seemed to decline by first-order

rate processes. Consequently, the recovery of OS and PO significantly declined to 43.95

± 1.12% and 57.14 ± 1.11%, respectively (p<0.05 compared with 0.08 h). These figures

are comparable to the total recovery of fentanyl applied with OS (46,55 ± 1.78%) and PO

(58.25 ±1.31%) at 16 h.

It is also evident that the SC only accommodated a small percentage (<11% for OS

and <12% for PO) of the applied dose and, therefore, substantial amounts of OS and PO

remained at the SC surface at all exposure times. This relationship is similar to that

observed when fentanyl was applied alone or with OS or PO. Thus, the net losses in total

OS and PO recovery can mainly be attributed to significant declines in the amount of OS

and PO residing at the SC surface. From 0.08 to 16 h, surface concentrations declined

from 88.41 ± 1.57% to 37.43 ± 1.01% and 85.44 ± 0.73% to 51.54 ± 1.19% of the applied

dose of OS and PO, respectively.
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Figure 5.12. Dose accountability (amount (ug) and percentage of applied dose) of OS (A) and PO (B)
applied with fentanyl. Total recovery ( • ) represents the total amount recovered in the SC surface wipe and
the 20 tape strips. The amount recovered in the SC surface wipe ( f ) and the 20 tape strips (K) are also
displayed.
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The results of the finite dose diffusion studies presented in Chapter 3 demonstrate

that when fentanyl is applied alone or with OS or PO, less than 1%, 2.06 ± 0.09%, or 1.38

± 0.10% of the applied dose passes through human epidermis at 16 h, respectively. As OS

and PO are highly lipophilic chemicals (logKocT/w= 5.77 and 5.97 for OS and PO,

respectively), the epidermis is likely to contribute significant resistance towards their

mass transfer across the skin. Therefore, significant amounts of OS and PO would not be

expected to partition into the epidermis (64).

The low percutaneous absorption of OS and PO has been demonstrated both in

vitro and in vivo, using a variety of different formulations (65). For instance, the in vitro

permeation of OS from a hydroalcoholic lotion (applied as a finite dose of 5ul/cm2 for 24

h) was found to be less than 1% of the applied dose (66). Hagedorn-Leweke and Lippold

(67) have determined the maximum flux of PO across human skin in vivo as 0.53

Hg/cm2/h, which is also relatively low.

Based on these findings, it could be assumed that reductions in fentanyl, OS or PO

recovery that could be attributed to permeation into the underlying epidermal or dermal

tissues are in the order of 1 to 2% of the applied dose. However, the magnitudes of these

losses are insignificant compared to the net losses in total recovery at 16 h (which vary

from 19 to 58% of the applied dose).

Other workers within the field of transdermal drug delivery have also encountered

the phenomenon of "unexplained" chemical loss that has resulted in incomplete mass

balance. For example, there are several reports of incomplete mass balance following the

application of the insecticide, malathion, to skin in vivo and in vitro (68). The results

from these studies indicate that substantial amounts of malathion remain on (and are lost

from) the SC surface, whilst small amounts are retained in, and permeate, the skin. Using

a non-radioactive assay for the quantification of erythromycin present at the SC surface

and within SC tape strips in vivo, van Hoogdalem (69) reported a total recovery of ~46%

of the applied dose after a 7 h exposure time. The in vitro percutaneous absorption studies

conducted by Walters et al (66) are of particular relevance to the work currently

presented. Under infinite and finite dose conditions, total recovery of OS (applied in a

hydroalcoholic vehicle) was -83% and -70% at 48 h, respectively. After the application

of OS (formulated in an emulsion gel) to human skin in vitro, Treffel and Gabard (70)

also recovered -70% of the applied OS dose after a 6 h exposure time. Considering the

prevalence of incomplete mass balance, factors that may contribute to significant
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chemical loss from the skin must be considered: the most (other than permeation into the

deeper skin layers) include cutaneous metabolism, lateral diffusion, evaporation of the

chemical into the atmosphere, and desquamation.

There is evidence to suggest that metabolic activity is retained in freshly-excised

and frozen, non-viable skin (71-73). Whilst the results of in vitro incubation studies with

skin homogenates indicate that the cutaneous metabolism of fentanyl is likely to be

negligible (74), there is indirect evidence to support the metabolic degradation of OS and

PO within the epidermis and dermis. In particular, the esterase hydrolysis of PO has been

documented in both viable and nonviable .hairless guinea pig and human skin (75).

However, based on these studies, the extent of hydrolysis within the skin appears to be

low (less than 5% of the absorbed dose). The suspected presence of salicylic acid in the

receptor fluid during in vitro human skin permeation studies may also imply that OS

could be susceptible to cutaneous metabolic degradation (66). However, even when the

permeation of, what could have been, salicylic acid was taken into account, total recovery

of OS at 48 h was still in the order of 46 to 83% of the applied dose, with the majority of

this amount residing at the SC surface. Based on these previous findings, it would seem

that the cutaneous metabolism of fentanyl, OS and PO did not significantly contribute to

their clearance of from the skin and thus it may not be accountable for the "incomplete"

mass balance observed during these present studies.

As discussed in Chapter 6, substantial chemical loss from the skin surface due to

lateral diffusion was also unlikely during these tape-stripping experiments as, instead of

using a device to expose the defined area of skin, the skin was cut to the defined exposure

area (5 cm2).

Topically-applied chemicals can also be lost by desquamation. There is extensive

evidence to prove that desquamation can occur in vitro. For instance, model systems for

the study of desquamation involve the reagreggation of corneocytes obtained from SC

that has been isolated from excised skin (76). Intact excised skin has also been used to

investigate desquamation (77), with some researchers reporting that the presence of

dermal tissue is pivotal to keratinocyte self-renewal in vitro (78). However, there is

currently no published data on the effects of freezing on SC cell turnover within exc;sed

skin. As discussed in Chapter 1 (Section 1.2.4), desquamation is a complex biological

process that is regulated by a number of factors, such as various enzymatic processes and

the integrity and composition of the intercellular lipids (76, 79, 80). There is evidence to
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suggest that enzymatic activity is retained within excised skin that has been stored frozen

(71-73), and that freezing does not significantly compromise the integrity and barrier

properties of excised skin (44, 81). Furthermore, isolated epidermal keratinocytes from

frozen stocks have been subcultured without changes to cell viability, proliferation rate,

or morphology (82). These findings may support the notion that desquamation can occur

within excised skin that has been stored frozen.

Since chemicals in desquamated SC are not available for diffusion across the skin,

it has been suggested that desquamation can significantly reduce the systemic exposure to

dermally-absorbed chemicals (83). Reddy et al (84) have described a mathematical model

of chemical absorption into the epidermis that examines the effect of exposure time,

chemical lipophilicity, and epidermal turnover rate on chemical elimination from the skin

by desquamation. It is evident from their model that desquamation exerts a minor effect

on the fraction of chemical in the skin that is systemically absorbed for compounds with

low to moderate lipophilicity (i.e. logKocr/w < ~ 4) or MW < ~ 350-400Da, regardless of

the exposure time. However, the model also predicts that for chemicals with high

lipophilicity (logKocTAv> ~ 4) or MW > ~ 350 - 400 Da, desquamation will significantly

reduce systemic absorption. These predictions are consistent with the finding that losses

of OS (logKocr/w~5.77, MW = 250.34) and PO (logKocT/w~5.97, MW = 277.40) at the

SC surface are far greater than that of fentanyl (logKocT/w ~2.91, MW = 336.48) applied

alone at prolonged exposure times.

Furthermore, it might also be possible that when fentanyl was applied to the skin

with ethanol alone, its subsequent removal from the skin surface by desquamation may

have been physically impeded by the deposition of fentanyl crystals at the skin surface

following the complete evaporation of ethanol. On the other hand, as previously

discussed, it is likely that OS and PO solubilise fentanyl at the SC surface. Therefore, the

observation that the SC surface elimination rates of fentanyl (applied with OS or PO)

closely resemble those of OS and PO themselves could possibly indicate that fentanyl

solubilised in OS or PO may also be effected by desquamation to the same extent as OS

or PO themselves.

As complete SC turnover rates are of the order of 14 to 21 days (84), one might

expect that the desquamation would not have significantly contributed to the removal of

fentanyl, OS or PO from the SC surface during the relatively short (<16 h) exposure

times investigated during these studies. However, SC surface clearance (i.e. the transit
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time of one cell layer) is reported to be of the order of 6 to 16 h, which equates to 0.16 to

0.06 cell layers per ho;ir (85). Therefore, considering that the majority of the applied dose

of fentanyl, OS, or PO resides at the SC surface, it would appear that significant losses

due to SC surface clearance could occur within a 16 h exposure time. Furthermore,

exogenously-applied chemicals can also enhance desquamation rates by, for example,

modulating protease activity or altering lipid fiactions within the intercellular spaces of

the SC (76, 77). Thus, as OS and PO have been found to reduce the lipid content of the

superficial SC layers (Chapter 7), the impact of OS and PO on the rate of cell shedding

may also require further consideration.

As fentanyl, OS and PO are all non-volatile substances, one might expect that

significant chemical loss from the SC surface due to evaporation would be unlikely.

However, it has been shown that the evaporative loss of chemicals with relatively low

vapour pressures (of the order of 1.5 x 10 "7 to 5.5 x 10 "* mmHg at 20°C) can be

significantly affected by the rate of air flow over the skin (86). Thus, although fentanyl,

OS, and PO have relatively low vapour pressures (6.52 x 10 "8, 7.13 x 10 "*, and 3.54 x 10

"5 mmHg at 25°C, respectively1), it is possible that a portion of the applied dose may have

been lost due to evaporation. Furthermore, as the loss of fentanyl from the SC surface

was greater in the presence of OS and PO, it would be reasonable to speculate whether

the solubilisation of fentanyl within the solvent-deposited enhancer film affects its rate of

evaporation from the SC surface. Therefore, further investigations will be required in

order to determine the extent of evaporative loss of fentanyl, OS and PO after their finite

dose application to the skin surface and whether the presence of OS and PO affects the

evaporative loss of fentanyl from the skin surface.

It should also be noted that, due to the high surface area-to-volume ratios of the

tape strip samples, it has been suggested that chemical losses due to evaporation from the

tape strip samples can be significant even for chemicals with relatively low volatility

(87). To avoid this complication, extraction from the tape strips was commenced

immediately after the completion of each experiment. Furthermore, as demonstrated in

Chapter 6, an excellent correlation exists between attenuated total reflectance Fourier

transform infrared (ATR-FTIR) spectroscopic and HPLC/UV quantification of OS within

the tape strips. As ATR-FTIR is used to measure the relative difference in the amount of

1 Estimated using EPISuite (Version 3.11) computer software package (U.S. Environmental Protection
Agency)
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OS within the SC before and after each tape strip, whilst HPLC/UV measures the

absolute amount of OS within the tape strip samples, the excellent correlation between

these two methods would also suggest that chemical losses due to evaporation from the

tape strip samples (not the skin surface) were insignificant.

5.5. CONCLUSIONS

The results from these studies demonstrate that both OS and PO modify fentanyl

distribution across human SC. When fentanyl is applied without OS or PO, its clearance

from the SC surface plateaus over prolonged exposure times, whilst fentanyl

concentrations within the upper regions of the SC diminish. This trend is indicative of

impaired fentanyl partitioning into the SC, which is most likely to be the result of

changes to the thermodynamic properties of the applied formulation. On the other hand, it

would appear that OS and PO maintain a high fentanyl concentration gradient across the

SC by maintaining a diffusable source of fentanyl at the SC surface which they deliver as

they themselves partition into the SC. Consequently, it would appear that a mechanism

by which OS and PO alter fentanyl distribution across the SC is by enhancement of

fentanyl partitioning into the SC.

Although OS and PO appear to enhance fentanyl uptake into the SC, the drastic

declines in the amount of fentanyl, OS and PO residing at the SC surface cannot be

explained by their permeation into the SC and underlying skin strata. However, it is

possible that losses in recovery were due to desquamation and/or evaporative loss. As the

loss of fentanyl (applied with OS or PO), OS and PO from the SC surface was quite

significant, this phenomenon requires further investigation. However, an important

finding from these studies was that OS and PO enhance fentanyl uptake into the SC

despite losses from the SC surface.
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6.1. INTRODUCTION

As discussed in Chapter 5, the "tape stripping technique" has become a popular

method for investigating the localisation and distribution of substances within the SC.

However, despite the extensive use of this technique to quantify drug concentrations

within the SC, little attention has focused on elucidating the distribution of CPEs across

the SC. Therefore, in an attempt to gain further insight into the possible mechanism(s) by

which OS and PO enhance fentanyl permeation across the SC, the work presented in this

chapter focuses on investigating the distribution of these CPEs across human SC.

The impetus for these investigations stemmed from the results presented in

Chapters 3, 4 and 5, which suggest that OS and PO may enhance fentanyl partitioning

into the SC by altering the thermodynamic properties of the applied formulation (i.e. by

maintaining a diffusable source of fentanyl at the SC surface that they co-deliver as they

themselves partition into the SC) and by increasing the solubility of fentanyl in the SC

lipid domain. Evidently, these findings would imply that OS and PO must permeate the

SC in order to exert their effects on fentanyl partitioning. Consequently, this raises the

question as to if the mechanisms by which OS and PO enhance fentanyl partitioning into

the SC are related to their distribution profiles across the SC.

At present, the question of how the mechanism(s) of action of a CPE relate to its

distribution profile across the SC has only been addressed for the putative CPE, oleic acid

(OA). Using attenuated total reflectance Fourier transform infrared spectroscopy (ATR-

FTIR) in conjunction with the "tape stripping technique", Naik et al (1) determined the

distribution profile of perdeuterated oleic acid ([2H]OA) and the conformational order of

SC lipids as a function of SC depth. These investigators found that the concentration of

[2H]OA declined exponentially as a function of increasing mass of SC removed, reaching

a limiting value near zero in the deepest layers of the SC probed. It was also determined

that the effect of [2H]OA on SC lipid disorder was only apparent at the surface and

uppermost layers of the SC, where the concentration of [2H]OA, and the intrinsic fluidity

of the SC lipids, is greatest (2). Mak et al (3) also employed ATR-FTIR to measure OA

concentrations within the superficial layers of the SC and the conformational order of SC

lipids. These studies showed that treating the SC with 0.5 or 1% OA for 0.5 h produced a

concentration-dependent increase in SC lipid disordering. However, further increases in

OA concentration from 1% to 10% did not cause any additional lipid disordering effect.
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On the other hand, the uptake of OA into human SC was found to increase with an

increase in the topically applied concentration of OA from 0.5 to 10%. Consequently, the

authors proposed that the maximal lipid perturbing effect of OA was due to a saturation

of the effect of OA rather than a solubility limitation (i.e. no more OA could partition into

the SC).

An important feature of both of these studies was the use of ATR-FTIR to quantify

levels of OA within the SC. As discussed in Chapter 7, infrared (IR) spectroscopy has

traditionally beer, used to investigate the thermotropic phase behaviour of membrane

lipids and to study membrane structure and function (4-7). This technique lends itself to

such investigations as it measures the molecular vibrations of various constituent groups

within an absorbing species, which occur as a result of their interaction with

electromagnetic energy (8). One principle of IR spectroscopy, which is germane to the

work presented in this chapter, is that the intensity of absorption by a sample is directly

proportional to the concentration of the absorbing species (5, 7).

The utility of IR spectroscopy to study the biophysical properties of membranes,

such as the SC, and to monitor, measure and characterise drug distribution across the SC

has been fiirther extended through the introduction of ATR-FTIR (4). Compared with

conventional dispersion infrared spectroscopy, the advantages of the Fourier transform

techniques of spectral detection and analysis include higher signal-to-noise ratios, greater

accuracy, higher resolution, reduced analysis time and optical throughput (9). The use of

an interferometer also allows the simultaneous analysis of all frequencies generated by an

absorbing species.

In ATR, an IR-transparent crystal (internal reflection element, IRE) transmits an IR

beam from the interferometer to the IR detector. Thus, as the skin is placed (SC-side

down) on the IRE it does not transect the IR beam, as it would in dispersive IR

spectrometers, but enables spectral acquisition from the material at the crystal-skin

interface. That is, when radiation propagates through the IRE (which has a refractive

index, n\) it strikes the interface of the skin (which has a refractive index of n2) at an

angle that is greater than the critical angle, 9c (9c = s in '^ /n i ) ) (Figure 6.1). Under these

conditions, the IR beam undergoes total internal reflection within the IRE and as it does,

an evanescent wave is established at the skin-crystal interface, which subsequently

propagates into the skin. Given that the IRE is IR transparent and the skin generates

absorption bands in the energy range of the incident radiation, then each propagation will
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cause energy loss due to absorption. This effect is amplified by successive reflections

within the skin. As the amplitude of the evanescent wave decays exponentially with

increasing distance into the skin its depth of penetration into the skin cannot be defined in

absolute terms. Consequently, the "apparent depth of penetration" (Dapp) is used to

approximate the distance at which the incident intensity decreases to 37% of its value at

the interface (7,10):

D app=" 6.1

where X is the wavelength of interest and G is the IRE face angle. Thus, as the ATR effect

only occurs at close proximity to the IRE, the apparent depth of penetration into a skin

sample is usually in the order of 0.3 to 3 urn, depending on the wavelength range of

interest, the IRE used, the hydration level of the skin and the entry angle of incident

radiation (7). Therefore, the information gathered from an ATR-FTIR scan of human skin

pertains only to the uppermost superficial layers of the SC. Information regarding the

deeper SC layers can, however, be obtained by using ATR-FTIR in conjunction with the

"tape stripping technique", whereby successive layers of the SC can be removed and

subsequently analysed.

Skin(n2)

s . IRE(n.)

Incident beam To detector

Figure 6.1. Schematic representation of ATR-FTIR. Radiation propagating through an IRE (refractive

index, n t) strikes the interface of the skin (refractive index, n2), which is placed SC-side down over the

crystal, at an angle (8) that is greater than the critical angle. Consequently, the IR beam is totally internally

reflected within the IRE and as such an evanescent wave established at the skin-crystal interface propagates

into the skin. Adapted from Naik et al (7).
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ATR-FTIR is a convenient method for determining drug distribution across the SC

in vitro or in vivo. It permits a relatively facile analysis of skin samples in vitro and in

vivo as the region of skin under investigation, or an excised skin sample, may be placed

directly onto the crystal or a remote fiber-optic probe with an IRE head may be used to

transmit the IR beam to the detector. Furthermore, it is a non-destructive and non-

invasive method of sample analysis. However, as components of the SC give rise to

several IR absorbances, the use of ATR-FTIR to quantify permeant levels within the SC

is limited to drugs that generate uniquely identifiable IR absorbances that can be

distinguished from those arising from the SC. Furthermore, the difference in the amount

of permeant spectrally detected wuiiin sequential layers of the SC is used to determine

the amount of drug present within a given fraction of SC removed by tape stripping

(Figure 6.2). However, it cannot be assumed that the absolute amount of drug removed by

any particular tape strip corresponds exactly to the relative measurement acquired. This

degree of uncertainty is not applicable to traditional methods of analysis which are used

to quantify the amount of drug present in the fraction of SC removed by a tape strip (i.e.

the fraction that separates each sequential ATR-FTIR measurement) (Figure 6.2).

Consequently, there is a need to establish the correlation between spectroscopic (re'-tive)

and absolute measurements of drug concentrations within the SC in order to validate the

use of ATR-FTIR as a quantitative tool to assess drug distribution across the SC.

TAPE STRIP NUMBER

A, As

Figure 6.2. Schematic representation of the absolute and spectroscopic determination of drug distribution

across the SC. R,, represents the region of the SC analysed by ATR-FTIR, AB represents the fraction of the

SC removed by tape stripping and subjected to a quantitative method of analysis, where n is the tape strip

number. Adapted from Higo et al (11).
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6.2. OBJECTIVES

The overall objective of the work presented in this chapter was to determine the

distribution profiles of OS and PO across human SC in an attempt to gain further insight

into the possible mechanism(s) by which they enhance fentanyl permeation. As the time-

related effects of OS and PO on fentanyl distribution across human SC in vitro were

investigated in Chapter 5, an objective of these studies was to investigate the time-related

changes in OS and PO distribution profiles across human SC using the same in vitro

experimental conditions. A second objective of this research was to determine whether

this in vitro data accurately depicted the time-dependent changes that occur within human

SC in vivo. Thus, using OS as a model enhancer, distribution profiles were determined

across human SC under in vivo experimental conditions in order to establish an in vitro -

in vivo correlation.

As ATR-FTIR is becoming an increasingly popular method for measuring

permeant levels within the SC, another aim of this research was to determine the validity

of this technique as a quantitative tool to assess the distribution of OS and PO across

human SC under in vitro and in vivo experimental conditions.

6.3. MATERIALS AND METHODS

6.3.1. Materials

OS and PO were supplied by Bronson and Jacobs (Australia). HPLC grade

acetonitrile and methanol were supplied by Merck (Australia). Water was purified by a

Milli-Q™ water purification system (Millipore, Bedford, MA, USA). All other reagents

were of analytical grade.

6.3.2. Determination of octisalate and padimate O distribution across human

stratum corneum in vitro

The distribution of either OS or PO across human SC in vitro was determined in

conjunction with the experiments described in Chapter 5 (where fentanyl was applied
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with either OS or PO). As the details of these experiments are presented in Chapter 5,

they have only been summarised in the following sections.

6.3.2.1. Skin preparation

Human female abdominal tissue was obtained following abdominoplasty from two

individual donors. The full thickness skin samples were prepared according to the method

described in Section 5.3.2. As previously stated, 1 x 5 cm sections of skin were glued

onto 1 x 7 cm pieces of cardboard. The SC surface of each sample was quickly (<20 sec)

wiped with a Kimwipes® (Kimberly-Clark, Australia) that was pre-moistened with

ethanol to ensure complete removal of sebaceous lipids. The skin samples were then left

untouched for 5 min to allow the glue to dry.

6.3.2.2. Tape stripping procedure

As described in Section 5.3.3, the skin samples (n=5 for each experiment) were

adhered, cardboard side down, onto a 1.5 x 1.5 x 100 cm (height x width x length)

rectangular steel rod using double-sided adhesive tape (Scotch® Permanent Double Stick

Tape, 3M, Australia).

Formulations containing 5%w/v fentanyl and 5%w/v of either OS or PO in 95%v/v

ethanol were then applied as a finite dose (5 ul/cm2) onto the SC surface of each skin

sample. After a pre-determined exposure time (5 min (0.08 h), 0.5, 2, 6, or 16 h), excess

formulation was removed from the SC surface using the validated surface wipe procedure

described in Section 5.3.4.1.

After the surface wipe was performed, the SC was progressively removed by

sequential adhesive tape stripping (Section 5.3.3). The tape stripping procedure was

repeated 20 times in order to remove most of the SC (12). In order to determine the

distribution profiles of OS or PO across the SC by ATR-FTIR, an ATR-FTIR spectrum

of each skin sample was obtained after the surface wipe procedure and after each tape

strip. The ietails of this analytical technique are in Section 6.3.2.3.2. In order to

determine the distribution profiles of OS or PO across the SC by HPLC/UV, OS and PO

were extracted from the surface wipes and from each tape strip using the validated

procedures described in Sections 5.3.4.2. and 5.3.5.1. The amount of OS and PO
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extracted from the surfece wipe and each tape strip was then quantitated using the

validated HPLC/UV assays described in Section 5.3.6.

As described in Section 5.3.3, the mass of SC removed (Msc) was determined by

weighing each tape strip before and after the tape stripping procedure on a Sartorius MC5

microbalance. Assuming a constant SC density (DSQ) of 1 g/cm3 (13) and that the SC was

uniformly distributed on each tape strip, the length of SC removed (L) was determined

from the following equation:

6.2

where Aexp is the area of skin exposed.

6.3.2.3. Analytical methods

6.3.2.3.1. Chromatographic analysis ofoctisalate and padimate O

The concentrations of OS or PO within the surfece wipe and tape strip extracts were

determined using the validated HPLC/UV assays that are described in Section 5.3.6.

6.3.2.3.2. Spectroscopic analysis ofoctisalate and padimate O

6.3.2.3.2.1. Acquisition ofATR-FTIR spectra

Spectral measurements were made using a horizontal ATR Accessory (Pike

Technologies, Inc., Madison, WI, USA) fitted into the sample compartment of an

Excalibur™ FTS 3500GX spectrometer (Bio-Rad Laboratories, Inc., Cambridge, MA,

USA) that was equipped with a liquid nitrogen-cooled mercury-cadmium-telluride

detector. The IRE that was supported by the horizontal ATR Accessory was a flat plate,

trapezoidal zinc selenide crystal that was 8 cm long, 1 cm wide and 4 cm thick. The

entrance and exit faces of the crystal were each cut at a 45°C angle. As zinc selenide has a

refractive index of 2.4 at 1000 cm' and the refractive index of the SC is in the order of

-1.33 to 1.55 (2), then in the spectral range of interest (from 1000 to 1500 cm"1, per
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Section 6.1) the apparent depth by which the evanescent IR beam penetrated the SC may

have been of the order of-1.5 to -3.5 urn (per Equation 6.1). As the thickness of the

keratinocytes within the SC may be in the ordjr of -0.8 urn and the vertical gap between

the keratinocytes is of the order of ~75 nm (14), then the information gathered from an

ATR-FTIR spectrum of this nature pertains only the superficial strata of the SC (the

uppermost ~1 to -4 cell layers) in contact with the crystal.

In order to obtain an ATR-FTIR spectrum of the skin, each sample was placed SC

side down onto the surface of the zinc selenide crystal (Figure 6.3). As the ATR effect

only occurs at close proximity to the surface of the crystal, the skin needed have intimate

contact with the crystal. This was achieved by placing stainless steel slabs with flush

surfaces (total weight 1200 g) on top of the skin. After the skin was placed over the

crystal, an ATR-FTIR scan was initiated using a computer software package (Merlin

Version 2.97, Bio-Rad Laboratories, Inc.). Each spectrum represented an average of 16

scans, obtained at a resolution of 8 cm'1, over a wavelength range from 750 to 4000 cm'1.

A period of 30 sec was required to acquire each spectrum. All measurements were

conducted under ambient conditions (23 ± 1°C; 30 to 40% relative humidity).

6.3.2.3.2.2. Identification of infrared absorbances arising from octisalate and padimate

O

Human SC is effectively "IR. transparent" at various frequencies within the mid-IR

region (Figure 6.5.A). Most notably, these "IR transparent windows" exist between

-1800 and -2800 cm"1 and beyond -3600 cm'1. Consequently, the characterisation of

molecular transport across human SC by means of ATR-FTIR often relies on the use of

model permeants that give rise to a distinct IR absorbance within one of these "IR

transparent windows" (4). However, upon inspection of the ATR-FTIR spectra of OS and

PO (Figure 6.4), it is evident that both compounds give rise to several distinguishing IR

absorbances that are not within the "IR transparent windows" of the SC spectrum.

Both OS and PO give rise to CH2 and CH3 symmetric (-2857 and -2875 cm'1) and

asymmetric (-2925 and -2963 cm*1) stretching frequencies. However, these IR

absorbances coincide with the CH2 and CH3 symmetric and asymmetric stretching

frequencies that arise from the SC lipids (Figure 6.5.A).
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Figure 6.3. A photograph illustrating how an ATR-FTIR spectrum of human SC was acquired from excised full thickness skin.
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A. OS
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Wavenumber (cm'1)
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B. PO
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Figure 6.4. ATR-FT1R spectra of 500 ng OS (A) and PO (B) deposited directly onto the surface of a zinc

selenide crystal
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A. ATR-FTIR spectrum between 750 and 4000 cm-i
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Figure 6^. Representative ATR-FTIR spectrum of blank (untreated) human abdominal SC from excised

full thickness skin within a wavelength range of 750 to 4000 cm'1 (A) and the wavelength range of interest

(between 1000 and 1500 cm1) (B).
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OS also gives rise to an IR absorbance at 1675 cm'1, whilst PO generates

absorbances at 1700 and 1605 cm"1. However, these particular absorbances may be

obscured by the carbonyl stretching frequencies that originate from fatty acids (1743 cm"

') within the SC lipid domain or amides within the SC keratinocytes (1656 cm"1).

Consequently, the IR absorbances originating from OS and PO that could be used to

determine their distribution profiles across human SC were those centered at 1299,1250,

1212, 1158 or 1098 crn1 for OS and at 1276, 1176 or 1106 cm"1 for PO. Although these

IR absorbances are located between -1000 to 1500 cm"1, which corresponds to the

"fingerprint" region of an ATR-FTIR spectrum of human SC (Figure 6.5.A), it did not

preclude the use of ATR-FTIR to quantify OS and PO concentrations within the SC.

Upon focusing on the spectral range of interest (1000 to 1500 cm"1) within an ATR-

FTIR spectrum of human SC (Figure 6.5.B), it becomes evident that a region exists

between ~1250 and ~1325 cm"1 where the IR signal intensities generated from the SC are

minimal (i.e. a ''baseline" region). Consequently, the IR absorbances that were used to

quantify concentrations of OS and PO within the SC were those centered at 1299 and

1276 cm"1, respectively.

6.3.2.3.2.3. Assay validation

The spectroscopic quantification of OS and PO within the SC is based upon the

assumption that the intensity or area under the curve of an IR absorbance is directly

proportional to the amount of absorbing species. In order to confirm this assumption,

calibration curves were constructed on each day of analysis whereby OS or PO was

applied to the SC surface of full-thickness skin samples.

Standard solutions at concentrations within the range of 0.4 to 40 mg/ml were

prepared by diluting a stock solution of 100 mg/ml of OS or PO in 95%v/v ethanol with

an appropriate volume of 95%v/v ethanol. In order to mimic the experimental conditions

described in Section 6.3.2.2, 1 x 5 cm full thickness skin samples were prepared from

female abdominal tissue (obtained from three different donors) and glued onto 1 x 7 cm

pieces of cardboard according to the method described in Section 6.3.2.1. After the glue

had dried (after ~5 min), a 25 \i\ aliquot of standard solution was applied evenly across

the entire SC surface such that the amount of OS or PO deposited onto the SC surface

varied from 10 to 1000 ug. In order to acquire an ATR-FTIR spectrum of blank SC, a 25
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ul aliquot of 95%v/v ethanol was applied to the SC surface of a skin sample (n=5 for each

calibration curve that was constructed).

Preliminary research indicated that ethanol gave rise to IR absorbances that

interfere with those generated from OS and PO. Therefore, immediately after each

solution was applied to the SC surface the ethanol was evaporated under a gentle stream

of nitrogen for 30 sec. This enabled an ATR-FTIR scan to be obtained before significant

amounts of OS or PO had partitioned from the SC surface into the underlying SC layers.

As mentioned previously, stainless steel slabs (total weight 1200 g) were placed

over the skin sample whilst an ATR-FTIR scan was performed (Figure 6.3). Each

acquired spectrum represented an average of 16 scans, obtained at a resolution of 8 cm'1,

over a wavelength range from 750 to 4000 cm"1. A period of 30 sec was required to

acquire each spectrum. All measurements were conducted under ambient conditions (23

± 1°C; 30 to 40% relative humidity).

The absorbances from OS and PO located at 1299 and 1276 cm"1 were integrated

between the limits of either ~1277 to -1315 cm"1 or -1253 to -1297 cm"1, respectively, in

order to obtain the area under the IR absorbance curve. Peak frequency maxima were

determined using a center of gravity algorithm, where the location of the peak is

determined by the average of the x-values in the region defined by the peak limits

weighted by the spectrum height at each x-value:

Peak location=- 6.3

where y; is the height of the spectrum at wavenumber x; and all x; are within the defined

region.

As signal intensity depends on the degree of contact between the sample and the

IRE, it is often necessary to normalise the IR absorbance of interest to relatively constant

IR absorbance(s) that arise from the skin, such as the amide I and amide II absorbances

originating from the carbonyl stretching and N-H bending vibrational frequencies of the

SC keratinocytes (10, 15). This normalization procedure eliminates variability produced

by the level of contact between different skin samples and the IRE. However, as revealed

in the forthcoming paragraphs, a normalisation procedure was not required for the
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quantification of OS and PO within SC in vitro as the reproducibility of each ATR-FTIR

assay was excellent.

A linear relationship between 1R absorbance peak area and the amount of OS or PO

deposited on the SC surface was determined by the correlation coefficient generated by

linear regression of each calibration curve (using the least squares method). For each

assay, the calibration curve was weighted by a factor of 1/x, Representative calibration

curves are shown in Figure 6.6.The linearity of each assay was found to be excellent

(r2>0.995).

The limit of detection (LOD) and limit of quantification (LOQ) for each assay were

calculated as (16):

LOD =

LOQ =

3SDb 6.4

6.5

where SDb is the standard deviation of the peak areas of blank SC integrated between the

same limits as the IR absorbances of either OS or PO located at 1299 or 1276 cm"1 and S

is the slope of the calibration curve. The value 3 in Equation 6.4 is a factor for a 99.9%

level of confidence, whilst the factor 10 in Equation 6.5 yields a precision of 10% relative

standard deviation (RSD) at the lower limit of quantification (16). Using these equations,

the LOD and LOQ for OS were calculated as 2.11 and 7.03 ug, respectively. For PO,

LOD = 1.07 jig and LOQ = 3.58 (ig. The ability of each assay to detect and quantify

relatively low amounts of OS and PO within the SC is further exemplified in Figure 6.7

which illustrates that ATR-FTIR spectra of blank SC produced minimal background

interference in comparison to various signal intensities of OS and PO at 1299 and 1276

cm*1, respectively.

Intra-day precision and accuracy were determined by applying a 25 (il aliquot of a

standard solution (0.4, 4 or 40 mg/ml of OS or PO) to the SC surface of a 1 x 5 cm full

thickness skin sample (obtained from a single donor) (n=5) such that 10,100 or 1000 ug

of OS or PO was deposited on the SC surface. Inter-day precision was determined by

analysing skin samples (obtained from a single donor) (n=5) that were treated in the same

manner (i.e. 10, 100 or 1000 ug of OS or PO was deposited on the SC surface) on three

different days of analysis.
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A. Calibration curve for OS quantification

200 400 601 800

Amount of OS deposited on SC surface (ug)

1000

B. Calibration curve for PO quantification
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Amount of PO deposited on SC surface (pg)

1000

Figure 6.6. Representative calibration curves for the quantification of OS (A) and PO (B) deposited on the

surface human abdominal SC (from excised full thickness skin) by ATR-FTIR. The y-axis represents the

peak area of the IR absorbance arising from OS or PO at 1299 or 1276 cm"1, respectively. The x-axis is the

amount of OS or PO deposited at the SC surface following application of standard solutions at various

concentrations.
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A. Blank SC versus different amounts of OS
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Figure 6.7. ATR-FTIR spectra of blank human abdominal SC from excised full thickness skin and

different amounts of OS (A) and PO (B) deposited on the SC surface. Spectra are shown within the

wavelength ranges of interest (from 1270 to 1320 cm"1 for OS and from 1220 to 1320 cm"1 for PO).
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Each skin sample was prepared and analysed as previously described in this

section. Calibration curves, which were produced as previously described, were

constructed on each day of analysis using standard solutions that were freshly prepared.

Intra-day reproducibility of each assay was highly satisfactory as precision (%CV)

was 2.26, 7.32 and 5.55% at 10, 100 and 1000 ug OS, respectively, and 3.17, 5.67 and

7.61% at 10,100 and 1000 ug PO, respectively. The accuracy of each assay (expressed as

the percentage of the mean observed amount of OS or PO deposited at the SC surface

divided by the expected amount of OS or PO deposited at the SC surface) was also

satisfactory. Accuracy varied from 102.32 to 107.38% for OS and from 90.24 to 95.79%

for PO. Each assay also exhibited excellent intcr-day reproducibility as inter-day

precision was 8.38, 5.65 and 1.81% at 10, 100 *ud 1000 ug OS, respectively, and 2.65,

4.39 and 0.17% at 10,100 and 1000 ug PO, respectively.

In order to determine whether the quantification of OS and PO was reproducible

among different donors, inter-subject precision was also determined. As previously

described, 10, 100 or 1000 ug of OS or PO was deposited at the SC surface of 1 x 5 cm

full thickness skin samples (obtained from three different donors, n = 4 for each donor).

Each skin sample was prepared and analysed as previously described in this section.

Separate calibration curves were constructed for the quantification of OS or PO deposited

at the SC surface of skin obtained from each donor. The quantification of OS or PO

within SC obtained from the different donors was highly reproducible as precision

(calculated from the mean amount of OS or PO deposited at the SC surface of skin

excised from the three different donors and the standard deviation thereof) was 12.29,

7.63 and 3.34% at 10,100 and 1000 ug OS, respectively, and 9.14, 5.79 and 2.67% at 10,

100 and 1000 ug PO, respectively.

6.3.3. Determination of octisalate distribution across human stratum corneum in

vivo

6.3.3.1. Participants

Five healthy volunteers (three females, two males) participated in the study, which

was approved by The Standing Committee on Ethics in Research Involving Humans*

Monash University, Victoria, Australia. The participants were aged between 20 and 25
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years and had no history of dermatological disease, had not applied any topical

medicaments to the skin site under investigation within one month prior to

commencement of the study and had not experienced any adverse reactions (including

allergic reactions) to sunscreen products or salicylates. Each participant had read a

written explanatory statement which outlined the inclusion and exclusion criteria, the

experimental procedure and the potential risks involved with the study. The participants,

who gave their written consent to participate in their study, were informed that they could

withdraw from the study at any time.

One week prior to the commencement of the study, all participants were given the

opportunity to have:

i. A trial tape strip performed on an area of skin in order to verify that they

were not allergic to any components of the tape,

ii. The formulations of interest (95%v/v ethanol alone and 5%w/v OS in

95%v/v ethanol) applied to an area of skin (at a dose of 5 |il/cm2) in order to

assess the potential of any adverse reaction(s) occurring during the course of

the study.

All of the participants showered using a low-irritant, non-fragranced body wash

(QV™ Wash, Ego Pharmaceuticals, Australia) and refrained from applying any

medicated or cosmetic topical formulations to the skin site under investigation during the

week prior to commencement of the study and whilst the study was being conducted.

• his was done in order to ensure that the area of skin under investigation was treated in

the same manner and to reduce inter-subject variability.

6.3.3.2. Study design

The skin site under investigation was swabbed for approximately 20 sec with a

Kimwipes™ saturated with 95%v/v ethanol in order to remove sebaceous Iipids from the

skin surface. A semi-occlusive polyurethane 10 x 12 cm dressing (Tegaderm™, 3M, St.

Paul, MN, USA) was then affixed to the area of interest on the ventral forearm. A 6 x 2

cm area had been cut from the center of the dressing in order to confine the treatment area

to 12 cm2. The participant extended their left or right forearm over a workbench, such
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that the skin site of interest was flat and facing upwards, whilst a 60 ul (i.e. 5 ul/cm2)

aliquot of solution containing 5%w/v OS in 95%v/v ethanol was applied to the exposed

area of skin. The participant kept his/her forearm flat and extended over the workbench

for a further 60 sec to ensure that most of the ethanol evaporated from the skin surface

before he/she resumed any activity.

The solution was left in contact with the skin for a period of 0.08 h (5 min), 0.5, 2,

6, or 16 h. During this time, the participants were allowed to resume their usual daily

activities, though they were advised not to participate in any strenuous activity that would

cause an elevation in body temperature or excessive sweating.

The solutions were applied to the skin at various times throughout the day (from

9:00 am to 5:00 pm). In order to minimise intra-subject variability, the solutions were

applied to randomly-assigned areas of the ventral forearm (17). Solutions were applied to

either the right or left forearm on alternate days. In order to reduce the potential for skin

irritation and to ensure that all skin sites were treated in the same manner, a designated

area of skin was only used once throughout the study.

During all exposure times, the treatment site was left unoccluded. The participants

were required to wear T-shirts or rolled-up sleeves during the treatment period in order to

eliminate inter-subject variations in loss of OS from the SC surface by rubbing off onto

clothing. During the 16 h exposure time, the solution was applied at 5:00 pm in the

evening and analysis was performed at 9:00 am the next morning. Therefore, before

going to sleep that night each participant affixed a non-occlusive gauze dressing over the

treatment area in order to avoid excessive removal of OS from the skin surface by

rubbing off onto bedding or clothing. The participants were able to shower or bathe

according to their normal routine but were required to keep the entire arm of interest dry

by protecting it with a plastic cover or by keeping it away from any body wash or water.

At the end of the treatment period, excess formulation was removed from the SC

surface by swabbing the treated area of skin with cotton buds (Johnson and Johnson,

Australia) according to the method described in Section 5.3.4.1. For the 16 h exposure

time, the gauze dressing was removed from the skin surface immediately prior to the

surface wipe. An ATR-FTIR scan of the treated site was then performed (Section

6.3.3.4.2). Following this initial ATR-FTIR scan, the treated area of skin was sequentially

tape-stripped in order to progressively remove the SC.
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Sections of 2.4 x 6 cm pieces of polyester adhesive tape (3M, Product No. 8440)

were applied to the surface of the treated skin site. Each piece of tape was folded onto

itself at each end to produce an ~1 cm overhang. This was done to ensure easy handling

of the tape such that even pressure was applied to the tape upon its application and

removal from the SC and to avoid contamination of the tape. The pieces of tape were

equilibrated under ambient laboratory conditions for at least 2 h prior to use. After the

tape was applied to the SC surface, solid stainless steel slabs with flush surfaces

(weighing 1200 g) were placed over the tape for 5 sec to ensure that uniform pressure

was applied to the tape. The tape was then removed from the SC surface. This procedure

was repeated 20 times in order to remove most of the SC. An ATR-FTIR spectrum of the

treated site was recorded after each tape strip (Section 6.3.3.4.2).

The participant was required to keep his or her forearm extended over a workbench

(such that the treated site was flat and facing upwards) whilst the surface wipe and tape

stripping were performed. This was done to ensure that even pressure was applied to the

skin during these procedures.

The mass of SC removed (Msc) was determined by weighing each tape before (i.e.

after the equilibration period) and after the tape stripping procedure on a Sartorius MC5

microbalance. The length of SC removed was determined according to Equation 6.2.

OS was extracted from the surface wipe and from the tape strips according to the

methods described in Sections 5.3.4.2 and 5.3.5.1. The amount of OS extracted from the

surface wipe performed after the 16 h treatment period was a combination of the amount

of OS extracted from the surface wipe and the gauze that was used to cover the treated

skin site whilst the participant was sleeping (i.e. the gauze and the cotton buds were

added together during the surface wipe extraction). The extracts were analysed by a

validated HPLC/UV assay (Section 6.3.3.4.1) in order to determine the absolute amounts

of OS removed by the surface wipe and tape strips.

6.3.3.3. Skin irritation

Skin irritation was observed on two separate occasions in two different participants,

whereby the treated skin site became erythematous within several hours after the tape

stripping procedure. The area was treated with a topical l%w/w hydrocortisone cream

(Dermaid™, Ego Pharmaceuticals Pty. Ltd., Australia) and wound dressing (Solugel™,
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j
Johnson and Johnson Medical Pty. Ltd., Australia). The erythema subsided within several I

days of using these topical preparations. \
i

6.3.3.4. Analytical methods \
i

\

6.3.3.4.1. Chromatographic analysis ofoctisalate

The absolute amounts of OS removed by the surface wipe and tape strips were

determined using the validated RP-HPLC/UV assay described in Section 5.3.6.1.

6.3.3.4.2. Spectroscopic analysis ofoctisalate

6.3.3.4.2.1. Acquisition of ATR-FTIR spectra

Spectral measurements were made using an out of compartment ATR Max II

variable angle horizontal ATR accessory (Pike Technologies, Inc., Madison, WI, USA)

which was fitted into the sample compartment of the Excalibur™ FTS 3500GX

spectrometer. The zinc selenide crystal that was supported by the ATR accessory was 5

cm long, 1 cm wide and 4 cm thick. The entrance and exit faces of the crystal were each

cut at a 45° angle. As mentioned in Section 6.3-2 3.2.1, the apparent depth by which the

evanescent IR beam penetrated the SC may have been in the order of ~1.5 to -3.5 \xm and

therefore the information gathered from an ATR-FTIR spectrum of this nature pertains

only the superficial layers of the SC in contact with the crystal. In order to obtain an

ATR-FTIR spectrum of the skin, the participant rested his/her forearm over the ATR

accessory such that the treated area was directly in contact with the zinc selenide crystal

(Figure 6.8). In order to ensure intimate contact between the skin and the crystal, the

participant pressed down on their forearm with their "free" hand (Figure 6.8). Each ATR-

FTIR spectrum represented an average of 32 scans, obtained at a resolution of 8 cm"1,

over a wavelength range from 750 to 4000 cm"1. A period of 6C pec was required to

acquire each spectrum. All measurements were conducted under ambient conditions (23

± 1°C; 30 to 40% relative humidity).
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Figure 6.8. A photograph illustrating how an ATR-FTIR spectrum of human SC was acquired from the ventral forearm in vivo.
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6.3.3.4.2.2. Identification of infrared absorbances arising from octisolate

As mentioned in Section 6.3.2.3.2.2, the IR absorbance used to quantify

concentrations of OS within the SC in vitro was located at 1299cm"1. This IR absorbance

was chosen as it corresponded to an area within the ATR-FTIR spectrum of human SC

that was free of high intensity IR absorbances arising from the SC itself (i.e. within a

wavelength range from 1250 to 1325 cm'1). However, as illustrated in Figure 6.9.A,

ATR-FTIR spectra of human forearm SC in vivo is somewhat different from that of

human SC from excised abdominal full thickness skin. In particular, the IR absorbances

arising from human forearm SC in vivo are ~10-fold less intense than those generated

from SC of excised human abdominal. Furthermore, and of particular relevance to the

quantification of OS within the SC, the "fingerprint" region of the ATR-FTIR spectrum

(between 1000 and 1500 cm"1) of human forearm SC in vivo is characteristically different

from that of human SC from excised abdominal skin such that "baseline" regions exist

between -1140 to —1185 cm"1 and -1325 to -1355 cm"1 (Figure 6.9.B).

As mentioned in Section 6.3.2.3.2.2, IR absorbances that arise from OS that could

potentially be used to determine its distribution across human SC are those located at

1299, 1250, 1212, 1158 or 1098 cm"1. However, the IR absorbance located at 1158 cm"1

is the only absorbance that coincides with a "baseline" region within the ATR-FTIR

spectrum of human forearm SC in vivo. Consequently, this IR absorbance was used to

determine the relative amounts of OS present within SC removed by the tape strips in

vivo.

6.3.3.4.2.3. Assay validation

In order to confirm the assumption that the intensity or area under the curve of an

IR absorbance is directly propor.'onal to the amount of absorbing species, calibration

curves were constructed whereby OS was applied to the ventral forearm of each

participant. Assay validation commenced 3 weeks after the completion of the studies

described in Section 6.3.3.2. This washout period was required to jnsure that SC barrier

function had almost returned to its previous state and that OS applied during the studies

did not interfere with assay validation.
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A. ATR-FTIR spectrum between 750 and 4000 cm-i

0.5

0.4

0.3

0.1 -

0.0-

4000 3500 3000 2500 2000

Wavenumber (cm'1)

Region of interest
(1000 -1500 cm1)

1500 1000

0.5

0.4-

6. ATR-FTIR spectrum between 1000 and 1500 cm-i

"Baseline" region "Baseline" region

1500 1450 1400 1350 1300 1250 1200 1150 1100 1050 1000

Wavenumber (cm'1)

Figure 6.9. Representative ATR-FTIR spectrum of blank ventral forearm human SC in vivo within a

wavelength range of 750 and 4000 cm'1 (A) and the wavelength range of interest (between 1000 and 1500

cm'1) (B).
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Standard solutions at concentrations within the range of 0.4 to 20 mg/ml were

prepared by diluting a stock solution of 40 mg/ml of OS in 95%v/v ethanol with an

appropriate volume of 95%v/v ethanol. In order to mimic the experimental conditions

described in Section 6.3.3.2, the area of skin under investigation was swabbed for

approximately 20 sec with a Kimwipes™ saturated with 95%v/v ethanol. A semi-

occlusive polyurethane 10 x 12 cm Tegaderm™ dressing was then affixed to a randomly-

assigned area of skin on the ventral forearm. A 6 x 2 cm area had been cut out from the

center of the dressing in order to confine the treatment area to 12 cm2. The participant

then extended his/her forearm over a workbench such that the skin site of interest was flat

and facing upwards. A 50 u.1 aliquot of standard solution was applied to the exposed area

of skin such that the amount of OS deposited at the SC surface varied from 20 to 1000

ug. In order to acquire an ATR-FTIR spectrum immediately after a standard solution

was applied to the skin, ethanol deposited onto the SC surface was evaporated under a

gentle stream of nitrogen for 30 sec before an ATR-FTIR scan was performed.

In order to acquire ATR-FTIR spectra of blank SC, a 50 ul aliquot of 95%v/v

ethanol was applied to the SC surface of a randomly-assigned area of the left and right

ventral forearms of each participant (n=5) (n=10 in total). The ethanol was evaporated

under a gentle stream of nitrogen for 30 sec before an ATR-FTIR scan was performed.

To acquire an ATR-FTIR spectrum of the skin, the participant rested his/her

forearm over the ATR accessory such that the treated area was directly in contact with the

zinc selenide crystal (Figure 6.8). In order to ensure intimate contact between the skin

and the crystal, the participant pressed down on their forearm with their "free" hand. An

ATR scan was initiated using a Merlin computer software package. Each spectrum

represented an average of 32 scans, obtained at a resolution of 8 cm'1, over a wavelength

range from 750 to 4000 cm'1. A period of 60 sec was required to acquire each spectrum.

All measurements were conducted under ambient conditions (23 ± 1°C; 30 to 40%

relative humidity).

The IR absorbance from OS centered at -1156 cm"1 was integrated between the

limits of-1146 and -1169 cm"1, in order to obtain the area under the IR absorbance

curve. As described in Section 6.3.2.3.2.3, peak frequency maxima were determined

using a center of gravity algorithm. As mentioned in Section 6.3.2.3.2.3, it is often

necessary to normalise the IR absorbance of interest to relatively constant IR

absorbance(s) that arise from the skin, such as the amide I and amide II absorbances, in
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order to eliminate intra- and inter-subject variability produced by different degrees of

contact between the skin and the IRE. Although such a normalisation procedure was not

required for the quantification of OS within SC in vitro, it was recognised that a

reproducible level of contact between the skin and the IRE could not be guaranteed in

vivo. As the IR absorbance arising from OS at ~1675 cm*1 could potentially interfere with

the amide I absorbance centered at ~1642 cm'1 (Section 6.3.2.3.2.2), the area under the

OS absorbance peak centered at -1156 cm"1 was divided by the area under the

corresponding amide II absorbance peak centered at ~1526 cm*1.

The data points in each calibration curve represented an average of two spectral

measurements; one pertaining to OS deposited on an area of the left ventral forearm and

the other pertaining to OS deposited on an area of the right ventral forearm.

A linear relationship between the OS absorbance peak area located at ~1156 cm"1

(pormalised to the amide II absorbance peak area centered at -1526 cm'1) and the amount

of OS deposited at the SC surface was determined by the correlation coefficient generated

by linear regression of each calibration curve (using the least squares method). Each

calibration curve was weighted by a factor of 1/x. A representative calibration curve for

the quantification of OS within SC in vivo is shown in Figure 6.10. The linearity of the

assay was excellent (i^> 0.995 for each calibration curve).

As illustrated in Figure 6.11, ATR-FTIR spectra of blank SC in vivo produced

minimal background interference compared with various signal intensities of OS at 1156

cm'1. The LOD and LOQ for the assay, which were calculated using Equations 6.4 and

6.5 (Section 6.3.2.3.2.3) were relatively low (LOD = 5.73 \ig and LOQ = 19.11 ug).

Intra~day precision and accuracy were determined by applying three 50 ul aliquots

of a standard solution (0.4, 4 or 40 mg/ml of OS or PO) to different areas of the SC

surface of the left and right ventral forearm of one participant (i.e. n = 6 in total). The

treatment site was confined to 12 cm2 using a Tegaderm™ dressing as previously

described in this section. The amount of OS deposited at the SC surface was 20, 100 or

1000 ug following the application of a 0.4,4 or 40 mg/ml standard solution, respectively.

Inter-day precision was determined using the same procedure, but analysis was

performed on three different days. Calibration curves, which were constructed as

previously described, were generated on each day of analysis using standard solutions

that were freshly prepared.
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Figure 6.10. A representative calibration curve for the quantification of OS deposited on the surface of

human ventral forearm SC in vivo by ATR-FTIR. The y-axis represents the peak area of the IR absorbance

arising from OS centered at ~1156 cm'1 normalised to the peak area of the amide II IR absorbance (arising

from SC keratin) centered at ~1526 cm"1 (n=2 measurements, each pertaining to the right or left forearm).

The x-axis represents the amount of OS deposited at the SC surface following the application of standard

solutions at various concentrations.
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Figure 6.11. ATR-FTIR spectra of blank human ventral forearm SC in vivo and different amounts of OS

deposited on the SC surface. Spectra are confined to the wavelength range of interest (from 1140 to 1175

cm 1 ) .
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Intra-day precision (%CV) and accuracy were satisfactory as precision was 6.68,

5.82 and 4.99% at 20, 100 and 1000 |ig OS, respectively, and accuracy ranged from

91.06 to 91.45%. Inter-day precision was also satisfactory as the coefficient of variation

about the mean value was 3.54,2.99 and 9.71% at 20,100 and 1000 ug OS, respectively.

In order to determine whether the quantification of OS within human SC was

reproducible among different subjects in vivo, inter-subject precision was determined. All

of the participants (n=5) involved in the tape-stripping study described in Section 6.3.3.2

also took part in this investigation. As previously described, three 50 ul aliquots of a

standard solution (0.4, 4 or 40 mg/ml of OS or PO) were topically applied to different

areas (area =12 cm2) of the left and right ventral forearm of each participant (i.e. n = 6 in

total) such that 20, 100 or 1000 ug of OS was deposited at the SC surface. The treatment

sites were prepared and analysed as previously described and separate calibration curves

were constructed for the quantification of OS within the SC of each participant. The

quantification of OS within forearm SC in vivo was reproducible among the different

participants as precision (calculated from the mean amount of OS detected at the SC

surface of the participants' forearms and the standard deviation thereof) was 8.01, 8.77

and 9.02% at 20,100 and 1000 ug OS, respectively.

6.3.4. Mathematical analysis

6.3.4.1. Normalisation of stratum corneum depth and octisalate and padimate O

concentrations within the stratum corneum

As described in Section 5.3.7.1, the amount of OS or PO found within the SC was

normalised to the SC weight removed by each tape strip in order to eliminate inter- and

intra- subject variations in total SC thickness (18) and differences in u.• * amount of SC

removed by each tape strip (19). For similar reasons, the length of SC removed for tape

strip, i, was divided by that removed by the total number of tape strips in order to derive

the normalised SC depth (x/L) (Section 5.3.7.1).

Only the information gathered (i.e. concentrations of OS or PO found within the SC

and normalised SC depth) from tape strips 2 to 20 were used to construct the distribution

profiles presented in Section 6.4 as the amount of OS or PO removed from the first tape

strip was considered to represent unabsorbed material residing at the SC surface (17).
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6.3.4.2. Areas under the octisalate and padimate O distribution profiles

Areas under the OS and PO distribution profiles (areas under the curves (AUCs))

were calculated using the trapezoidal method, as described in Section 5.3.7.2. As

previously mentioned, AUCs were calculated for the entire SC (AUCx/u-^o), the upper

region of the SC (AUCX/L2->IO) and t n e lower region of the SC (AUCX/LI I->2O).

6.3.4.3. Kinetic modeling of clearance from the stratum corneum surface

The amount of OS or PO residing at the SC surface at a given exposure time

represented the sum of the amount of OS or PO extracted from the first tape strip and the

amount extracted from the surface wipe.

The decline in the amount of OS or PO residing at the SC surface (Av) as a function

of time (t) was fitted to the following first order elimination rate process in order to

derive the elimination rate constant (k):

Av =Ae-kt 6.6

where A is a pre-exponential constant.

6.3.5. Statistical analysis

Statistical significance was determined using one way analysis of variance

(ANOVA). Post-hoc all pairwise multiple comparison of the means within different

groups was performed using the Student-Newman-Keuls (SNK) test. A probability of

p<0.05 was considered statistically significant. All results are presented as the mean ±

SEM, unless otherwise stated.
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6.4. RESULTS AND DISCUSSION

6.4.1. Distribution of octisalate and padimate O across human stratum corneum \n

vitro

The distribution profiles of OS and PO across human SC in vitro are shown in

Figures 6.12 and 6.13, respectively. At all exposure times, the concentration of either OS

or PO declined exponentially as a function of normalised SC depth. At short exposure

times (0.08 and 0.5 h), the concentration gradients that had fonned across the SC were

such that the concentration of OS or PO at a given position within the SC (Cx) gradually

declined with increasing SC depth (i.e. as x -•» L, Cx -» ~0). This type of non-steady-state

distribution, where the permeant appears to diffuse into a receptor "sink", is similar to

that observed when fentanyl was applied to the SC surface at exposure times of up to 6 h

(Section 5.4.2).

However, it is evident from Figures 6.12 and 6.13 that the concentrations of OS and

PO within the deeper regions of the SC (x/L > ~0.8) gradually increased as the exposure

time was extended from 0.5 h to 16 h. This type of diffusion phenomenon - where it

would appear that non-steady-state distribution prevails and OS and PO accumulate

within the deeper layers of the SC - is discordant with the fentanyl distribution profiles

that were apparent at a 16 h exposure time, where fentanyl concentrations declined in a

somewhat linear fashion with increasing SC depth (which is indicative of pseudo-steady-

state diffusion) and "sink" conditions were maintained (i.e. at x=L, Cx ~0) (Section

5.4.2).

The discrepancy observed between the distribution of the enhancers and the

distribution of fentanyl across the SC at relatively long exposure times can be attributed

to the fact that these permeants possess different physicochemical properties. As fentanyl

is a moderately lipophilic compound (log KOCT/W = 2.86, (20)) that is somewhat soluble in

water (Section 2.4.1), the epidermis may impose some degree of resistance towards

fentanyl permeation, though it would not be as significant as the resistance imposed by

the SC itself. That is, the SC would be the main rate-limiting barrier towards fentanyl

permeation and the epidermis would essentially act as a "sink" (as discussed in Section

4.4.1).
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A. Distribution profiles determined by HPLC/UV

0.2 0.3 0.4 0.5 0.6 0.7 0.8

Normalised SC depth (x/L)

0.9 1.0

B. Distribution profiles determined by ATR-FTIR

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Normalised SC depth (x/L)

0.9

Figure 6.12. Distribution profiles of OS across human SC in vitro at 0.08 ( • ) , 0.5 ( f ), 2 (M), 6 ( • ) or

16h ( • ) exposure times (n=5). The amcentration of OS within the SC was determined as a function of

normalised SC depth (x/L) by HPLC/UV (absolute concentration) (A) or by ATR-FTIR (relative

concentration) (B).
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A. Distribution profiles determined by HPLC/UV
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Figure 6.13. Distribution profiles of PO across human SC in vitro at 0.08 (%), 0.5 (V), 2 (S3), 6 (*>) or

16h ( • ) exposure times (n=5). The concentration of PO within the SC Was determined as u function of

normalised SC depth (x/L) by HPLC/UV (absolute concentration) (A) or by ATR-FTTR (relative

concentration) (B).
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On the other hand, OS and PO are highly lipophilic (logKocT/w =" 5.97 and 5.771,

respectively) and sparingly soluble in water (0.7 and 0.2 ng/ml1, respectively)

Consequently, the epidermis and dermis would act as aqueous boundary layers during the

percutaneous absorption of these compounds (21, 22). Given that the underlying aqueous

skin strata are unlikely to act as a "sink" for OS and PO, it is not surprising that they

appeared to accumulate within the deeper layers of the SC as the exposure time was

increased up to 16 h. The relevance of this finding to the in vivo skin penetration of OS

and PO is discussed in Section 6.4.3.

The accumulation of OS and PO within the deeper SC layers is also apparent in

Figures 6.14 and 6.15, which show the AUCs for the entire SC (AUCX/L2->2O), the upper

region of the SC (AUCx/u-no) and the lower region of the SC (AUCx/m->2o)- It is

evident that the AUCs of OS and PO for the lower layers of the SC increased as a

function of increasing exposure time such that the AUCX/LU->20 calculated at 6 or 16 h

was significantly higher than that determined at 0.08 h (p<0.05). It is also evident from

Figures 6.14 and 6.15 that the AUCs of OS and PO for the upper layers of the SC

concomitantly declined as a function of increasing exposure time. Consequently, the

AUCx/L2->io of either OS or PO determined at a 6 or 16 h exposure time was significantly

lower than that found at 0.08 h (p<0.05).

The AUCs calculated for the entire SC remained relatively constant at all exposure

times (AUCx/L2-»2os of OS and PO were in the order of-21). Therefore, as it would seem

that "mass balance" v.ithin the SC was preserved, it would appear that concentrations

within the upper and lower layers of the SC tend to approach an "equilibrium

concentration" with increasing exposure time (a detailed description of this type of

diffusion problem has been provided by Crank (23)).

As mentioned in Section 5.4.3, AUCs of the fentanyl distribution profiles for the

entire SC also remained relativelv uniform over all exposure times (AUCx/L2-»2os were ~

24 and -23 when fentanyl was applied witfi OS or PO, respectively). However, unlike the

distribution phenomena observed with OS and PO, this appeared to be due to the

conservation of fentanyl concentrations with the upper and lower layers of the SC.

1 Estimated using EPISuite (Version 3.11) computer software package (U.S. Environmental Protection

Agency)
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Figure 6.14. AUCs of the OS distribution profiles across human SC to vitro (shown in Figure 6.12). AUCt

were calculated using the distribution proflles dctcrminod either by HPLC/UV (absolute AUC) (A) or by

ATR-FTIR (relative AUC) (B). AUCs were determined for the entire SC (i.e. SC removed by tape strips 2

to 20, AUCwu^w) ( • ) , the upper SC (i.e. SC removed by tape strips 2 to 10, AUC^u-no) O ) MKJ the

lonvr SC (i.e. SC removed by tape strips 11 to 20. AUC^.U^M) ( • ) . * Denotes statistically significant

difference compared with the AUC calculated at 0.08 h exposure time.
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Ftg*rt 6.19. AUC» of the PO diitribution profiles aortwi human SC i« v/frt) (#town in Figure 6,13). AUCs
were calculated u»ing the dintributkm profile* detmnmed cither by HPLCAJV (Absolute AIX") (A) or by
ATR-niR (rel«tive AUC) (B). AUCit wert delermmed for the i ^ w SC (i.e. SC removed by tape strips 2
to 20, A U C V I J * * ) ( • ) . the igyw SC (i.e. SC removed by t«p« *trl|» 2 to 10, AUCvu«io) (•() "^ *•
/r»«T SC: (i.e. SC removed by tape strips 11 to 20. AUCWMWM) ( • ) . • Denotes statistically significant
dift'erence compared with the AUC calculated at 0.08 h exposure time.
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The differences between fcntanyl distribution across the SC and the distribution of

OS and PO across the SC would indicate that the distribution phenomena of OS and PO

within the SC does not effect that of fcntanyl. This is somewhat surprising given that OS

and PO were found to increase fentanyl partitioning into the SC by, or partly by,

increasing its solubility within the SC lipid domain (Chapter 4). However, it should also

be kept in mind that the results presented in Chapter 5 indicate that OS and PO may also

alter fentanyl partitioning into the SC by maintaining a diffusablc source of fcntanyl at

the SC surface. Therefore, the observation that, in the presence of OS or PO, the

AUC,i/u~»ios of fcntanyl remained constant whilst the AIJCH/U-MOS of OS and PO

declined may be attributed to the possibility that OS and PO maintain a diffusablc source

of fcntanyl at the SC surface that is available for constant partitioning into the upper

layers of the SC (Chapter 5).

The apparent accumulation of OS and PO within the deeper SC layers might also be

expected to increase the solubility of fcntanyl within the lipids present in this locality and

thus augment the rate of fentanyl partitioning at the SC-epidcrmis interface. As this effect

would presumably increase the rate of fcntanyl clearance from the deeper layers of the

SC, it is probable that this phenomenon would have resulted in decline in fcntanyl

AUCVIII •IOS with increasing exposure time. However, this trend was not observed

(Section 5.4.3).

Taking into account the discrepancies between the distribution phenomena of

fentanyl and the enhancers, and the findings from previous chapters, h is possible that:

i. As mentioned in Section 4.4.6.3. other mechanfom(s) (in addition to

increased fcntanyl solubility within the SC lipid domain) may also be

responsible for the effects of OS and PO on fentanyl partitioning

ii. The contribution of the effects of OS and PO on fentanyl partitioning from

the vehicle to the SC towards fcntanyl permeation is more significant than

that of their effects on fcntanyl partitioning from the SC to the underlying

viable tissue.

Whilst the latter possibility is consistent with the results presented in Chapters 3

and 5 and with the notbn that the main rate limiting barrier towards fcntanyl permeation

resides within the SC (24, 25), the former prospect is supported by the results presented
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in Chapter 7, which demonstrate that OS and PO may extract lipids from the superficial

layers of the SC.

6.4.2. Distribution of octUalatc and acrow human stratum corneum in vivo

The distribution profiles of OS across human SC in vivo are presented in Figure

6,16. It is evident that at all exposure times the concentration of OS within the SC

declined exponentially with increasing SC depth. However, it is also apparent that the

concentration of OS or PO at any given position in the SC (x/L) decreased with

increasing exposure tinsc. This trend is further illustrated in Figure 6.17, where it is

evident that tltc AUCs for the entire SC and for the upper region of the SC significantly

declined after a 0.08 h exposure time (p<0.05). It would also appear from Figure 6.17 that

similar AUCK/UI •JOS were found at 0.08, 0.5 and 2 h exposure times whilst the

AUCVIM+2os calculated at the longer exposure times (6 and 16 h) were significantly

lower that those determined at 0.08 h (p<0.05). Explanations as to why the topical

biovailability of OS appeared to decrease shortly after (i.e. > 0.08 h) its application to

human skin in vivo arc discussed in Section 6.4.3.

6.4.3. Correlation between the in vitro and in vivo distribution of octlwUtc across

human rtratum corneum

As shown by the data presented in Table 6.1. there was a very good correlation

between the AUCs determined from the in vitro and in vivo distribution profiles at

exposure times less than 2 h. However, significant differences between the in vitro and in

viw AUCs became apparent at the 6 and 16 h exposure times.

These differences can be attributed to the findtr# that, in vitro, the AUC for the

entire SC remained relatively uniform, the AUC for the upper region of the SC declined

and the AUC for tlw lower region of the SC concomitantly increased with increasing

exposure time. As mentioned in Section 6.4.1, these trends would indicate that OS had

accumulated within the lower region of the SC and that OS concentrations in the upper

and lower regions of the SC may be approaching an "equilibrium" concentration.
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A. Distribution profiles determined by HPLC/UV

0.1 0.2 0.3 0.4 0 5 0.6 0.7 0 8 0.9 1.0

Normalised SC depth (x/L)

B. Distribution profiles determined by ATR-FTIR

0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0

Normalised SC depth (x/L)

Figure 6.16. Distribution profiles of PO across human SC in vivo at 0.08 ( • ) , 0.5 ( • ) , 2 (S), 6 ( • ) or 16h

( • ) exposure times (n=5). The concentration of PO within the SC was determined as a function of

normalised SC depth (x/L) by HPLC/UV (absolute concentration) (A) or by ATR-FTIR (relative

concentration) (B).
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A. Absolute AUCs

16

B. Relative AUCs

Figure 6.17. AUCs of the OS distribution profiles aaoss human SC in vivo (shown in Figure 6.16). AUCs

were calculated using the distribution profiles determined either by HPLC/UV (absolute AUC) (A) or by

ATR-FTIR (relative AUC) (B). AUCs were determined for the entire SC (i.e. SC removed by tape strips 2

to 20, AUCVU-»M) ( • ) , the upper SC (i.e. SC removed by tape strips 2 to 10, AUCX/U^K,) (®) and the

lower SC (i.e. SC removed by tape strips 11 to 20, AUC^ui^w) <P). * Denotes statistically significant

difference compared with the AUC calculated at 0.08 h exposure time.
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Table 6.1. Absolute AUCs determined from in vitro and in vivo OS distribution profiles. AUCs for the

entire SC (AUC t̂2_»2o) and the upper (AUC/U-+11) and lower (AUCVLII-»2O) regions of the SC are shown.

Time AUC/u-no A U C / u - m AUC,/ui-»io

(h) In vitro In vivo In vitro In vivo In vitro In vivo

0.08

0.5

2

6

16

20.5 ±1.7

20.0 ± 0.5

19.4 ±0.9

18.7±0.1*

19.0±0.1*

23.3 ±0.8

19.5 ±0.4

18.2 ±0.3

10.2 ±0.5*

5.8 ±0.7*

17.3

16.5

15.7

13.9

12.4

±1.4

±0.5

±0.9

±0.3*

±0.1*

19.

16.

15.

7.8

4.C

,5 ± 0.7

,2 ±0.7

I ±0.3

:±o.5*

I ±0.4*

3.2 ±0.3

3.5 ±0.2

3.6 ±0.2

4.8 ±0.3*

6.6 ± 0.2*

3.8

3.2

3.1

2.4

1.8

±0.2

±0.4

±0.1

±0.3*

±0.4*

* Statistically significant difference between in vitro and in vivo AUCs (p<0.05).

On the other hand, the AUC for the entire SC in vivo did not remain constant, but

rather decreased with increasing exposure time. This was due to a decline in AUCx/L2-»io

and, at longer exposure times, AUCX/LH-^O with increasing exposure time. In contrast to

what was observed in vitro, this trend would imply that OS did not accumulate within the

deeper layers of the SC and that the topical biovailability of OS decreased shortly after its

application to the SC surface.

The finding that the distribution phenomenon of OS across human SC in vitro does

not correlate with that in vivo at long exposure times is not surprising. A difference in the

in vitro and in vivo pharmacokinetic behavior of Azone* has been previously observed,

with in vitro data indicating that its enhancing effect in human full thickness skin may

last up to 120 h after a single application (26) whilst in vivo distribution studies revealed

that reservoir formation does not occur within the SC as little Azone* is present at 20 and

44 h after removal of the applied dose (27). The distribution of the lipophilic compound,

flufenamic acid, across human SC was also found to differ under in vitro and in vivo

experimental conditions (28, 29). Compared with profiles generated in vivo, the in vitro

distribution profiles were greater in magnitude at a 3 h exposure time (29). Furthermore,

the amount of flufenamic acid present within the SC in vivo appeared to decline with

increasing incubation time whilst the amount present in the SC in vitro increased - or

more or less remained constant - with increasing incubation time (28). Evidently, the
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different time-related trends in in vitro and in vivo flufenamic acid distribution similar to

those reported for OS in this chapter.

Although the correlation between in vitro and in vivo skin permeation is, in most

cases, reasonably accurate (30) there have also been instances where in vitro permeation

data did not correspond with in vivo percutaneous absorption. For instance, in vitro skin

permeation data has been found to overestimate the in vivo percutaneous absorption of a

variety of compounds, such as pesticides (31), phenol analogues (32), boric acid and

inorganic borates (33) and vanilloids (34).

Differences in in vitro and in vivo skin permeation and drug distribution data can be

attributed to a number of possible factors. With regard to the studies presented in this

chapter, skin samples used during the in vitro distribution siudics were obtained from the

abdominal region of women aged between 25 and 65 (44 ± 9 years, Mean ± SD) whilst

the male and female participants involved in the in vivo study were aged between 20 and

25 and forearm skin was investigated. Consequently, differences in the in vitro and in

vivo OS distribution profiles may be partly due to anatomical site age and/or sex-related

variations in skin permeability (30. 35-39). However, it is probable that these variations

did not significantly confound the correlation between the in vitro and in vivo OS

distribution profiles as the in vitro and in vivo AUCs were comparable at early exposure

times.

It should be kept in mind that different methods were employed to confine the SC

surface area under investigation during the in vitro and in vivo studies. In vitro, OS was

applied to the entire SC surface of excised skin samples, which eliminated the potential

for lateral skin diffusion of OS. On the other hand, a Tegaderm® dressing was used to

confine the skin surface area exposed to OS in vivo. Although this method may have

confined most of the applied OS dose to a defined area of the SC surface, two problems

may be envisaged; the dressing adhesive could have been dissolved to some extent by

cthanol and/or OS and, after OS had partitioned into the SC, its lateral skin migration

could not be prevented. Hence, it is possible that the decline in the in vivo AUCs was due,

or at least partly due. to the lateral skin distribution of OS from the primary site of

application to adjacent skin sites (40-43).

It also cannot be ignored that the physiological processes that govern in vivo

percutaneous absorption could not have been operational, or fully operational, during the

in vitro experiments that were employed. As mentioned in Section 5.4.4, it is possible
270



m<t Padimate O Across Human Stratum Cortieum

that frozen, rw-viable skin is metabolically active (44-47). However, it has also been

demonstrated that the enzymatic activity of excised skin in vitro is significantly less than

that of skin under in vivo conditions (46, 48, 49). As OS may be susceptible to esterase

hydrolysis (50), it is therefore possible that in vitro concentrations of OS within human

SC did not decline partly as a result of reduced metabolic function within the skin.

It was apparent from the results presented in Section 6.4.1 that "sink" conditions

may not have prevailed during the in vitro skin penetration experiments. THiis is most

likely due to the fact that the dermis, which may act as a stagnant aqueous boundary layer

in vitro* can impose a significant degree of diflusional resistance towards the permeation

of lipophilic compounds (12, 51-53). In vivo, however, the resistance offered by the

dermis is unlikely to have a significant etTect ow the permeation of lipophilic solutes as

substances reaching this skin layer arc continuously cleared by the local blood supply

(52, 54, 55). The significance of this discrepancy towards the distribution of a lipophilic

compound (hydrocortisone) has previously been investigated (56, 57). As the use of

identical experimental conditions permitted a direct comparison of the in vitro and in vivo

distribution profiles, it was revealed from these studies that hydrocortisone had

accumulated within the deeper skin layers in vitro whilst a steep concentration gradient

across the skin was observed in vivo. The authors concluded that the different trends in

hydrocortisone distribution were due to the absence of a vascular transport system in

excised skin in vitro. As the in vitro and in vivo distribution profiles generated for OS

followed similar trends, it is possible that lack of dermal clearance in vitro also

contributed to the poor in vitro - in vivo correlation observed at longer exposure times.

As observed in Section 5.4.5, the SC only accommodated a small percentage

(<11%) of the total OS dose applied to the skin surface in vitro and thus substantial

amounts of OS remained at the SC surface at all exposure times. As the amount of OS

residing at the SC surface and total OS recovery both appeared to decline by first order

rate processes, whilst SC concentrations remained relatively constant, it was concluded

from the data presented in Section 5.4.5 that significant losses in total OS recovery (from

-99% to -44% of the dose applied at 0.08 and 16 h, respectively) could be attributed to a

decline in the amount of OS residing at the SC surface. In light of the previous discussion

regarding dermal blood flow, it is not surprising that in vitro concentrations of OS within

the SC remained relatively constant at all exposure times despite the decline in SC

surface concentrations. However, as implied by the discussion in Section 5.4.4, it was
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somewhat unexpected that the amount of OS residing at the SC surface in vitro

significantly declined as a function of time. It is also evident from Figure 6.18 that the

amount of OS residing at the SC surface in vivo followed a similar first order decay

process to that observed in vitro. However, it is also apparent that the rate of OS

clearance from the SC surface was higher under in vivo conditions than what it was in

vitro (k = 0.052 and 0.163 h'1 for in vitro and in vivo SC surface clearance, respectively).

Consequently, the amount of OS residing at the SC surface in vitro was significantly

higher than that found at the SC surface in vivo at longer exposure times longer than 0.5 h

(Figure 6.18).

1200

Figure 6.18. The amount of OS residing at the SC surface at various exposure times under in vitro ( • ) and
in vh>o (O) experimental conditionals. The solid lines represent regression of the data to Equation 6.6
(̂ =-•0.992 and 0.994 for in vitro and in vivo data, respectively). • denotes a statistically significant
difference between the in vitro and in vivo amount of OS at the SC surface (p<0.05). Note: as the area of
skin exposed to OS was 12cm2 in vivo and 5cm2 in vitro, amounts of OS found at the SC surface in vivo
were divided by a factor of 2.4 (i.e. 12/5 cm2 •= 2.4).
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Possible reasons for the disappearance of OS from the SC surface in vitro that were

mentioned in Section 5.4.4 included loss by evaporation and desquamation. Although the

occurrence of desquamation in vitro is subject to conjecture, it is likely that the

contribution of both of these factors towards OS surface loss wns more significant in vivo

than would what it was under in vitro experimental conditions. For instance, Reilenrath et

al (58) demonstrated that the evaporative loss of certain compounds from the skin surface

may be affected by a change in air flow over the skin and may also effect the extent of

percutaneous drug penetration. Furthermore, these investigators had previously shown

that the correlation between in vitro and in vivo measurements is dependent on air flow

over the skin (58). Thus, as the participants were free to resume normal everyday

activities during the in vivo experiments described in this chapter, it is possible that the

rate of air flow over the skin in vivo was higher than that encountered in vitro as the

excised skin samples were kept in a stationary position under ambient laboratory

conditions. It is also feasible that OS may have been removed from the skin surface in

vivo by washing or by rubbing off onto clothing or other materials (such as tables or bed

linen) (59). Although measures were deployed to minimise these factors (Section

6.3.3.2), this aspect of the experimental design could not have been completely

eliminated.

There liave also been instances where the difference between in vitro and in vivo

skin permeation data has been attributed to desquamation. For instance, Kasting et al (60)

observed that the in vivo absorption rates of different lipophilic compounds (vanilloids)

gradually declined over a 3 day period whilst in vitro absorption rates maintained a

steady state. The authors proposed that skin turnover in vivo may have accounted for

these time-related differences. Work conducted by Franz et al (61) also demonstrated

that, for poorly permeating compounds, in vitro skin permeation data significantly

overestimated in vivo percutaneous absorption. The authors rationalised this difference by

considering the dynamics of the two systems; in vivo there is an average loss, through

desquamation, of one cell layer per day which may result in a continuing reduction in the

amount of material remaining on the skin whereas in vitro most of the material will

remain on the skin and continue to serve as a source for absorption.

Although the aforementioned studies were conducted over long periods (from 2 to 5

days) it should be stated that, as mentioned in Section 5.4.4, SC surface clearance (the

transit time of one cell layer) may be of the order of 6 to 16 h (62). Thus, in relation to the
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work presented in this chapter, it is feasible that significant surface losses due to SC

surface clearance can occur within a 16 h exposure time.

Evidently, there are a number of potential factors that could have resulted in the

time-related differences that were observed in the in vitro and in vivo OS distribution

profiles across human SC. It is interesting to note from Table 6.2, however, that

normalisation of the AUCs for the upper and lower regions of the SC (i.e. expressing

AUCx/u-^io and AUCX/LM-»2O as a percentage of AUCX/L2->2O) results in an excellent in

vitro-in vivo correlation at all exposure times. Of particular interest is the observation that

normalised in vitro and in vivo values for AUCX/L2->IO decrease whilst those for

AUCX/I.H-+20 increase with increasing exposure time. Evidently, this trend is consistent

with that previously observed with the non-normalised in vitro values for AUCx/u-^o and

AUCX/LM-»2O. Consequently, it would appear that although total SC concentrations of OS

appear to decline in vivo, the relative distribution of OS within the SC follows the same

time-related trend as that observed in vitro.

Table 6*2. Normalised absolute AUCs determined from in vitro and in vivo OS distrioution profiles, where
AUCs for the upper (AUCvu-»n) and lower regions (AUC^I.H_,JO) of the SC are expressed as a percentage
of the AUC calculated for the entire SC (AUC,/u-»2o).

Time (h)

0.08

0.5

2

6

16

Normalised AUC^u-m

(•/•ofAUC»/u-w)

In vitro

84.2 ±6.8

82.6 ±2.4

81.2 ±4.7

74.5 ±1.4

65.0±0.8»

In vivo

83.6 ±2.9

83.4 ± 3.6

82.9 ±1.5

76.3 ±3.0

68.6 ±3.9*

Normalised AUCI/LU_+JO

(%OfAUC,,LJ-20)

In vitro

15.8 ±1.7

17.4 ±0.8

18.8±1.2

25.5 ±1.5*

35.0 ±1.3*

In vivo

16.4 ±0.9

16.6 ±1.8

17.1 ±0.8

23.7 ±1.3*

31.4±3.1*

Statistically significant difference compared with AUC at 0.0S h (p<0.05).
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Hence, in order to determine whether in vitro distribution data for OS can be used

to predict in vivo distribution at longer exposure times, it may be necessary to repeat

these experiments using a study protocol that strictly controls in vivo variables (such as

air flow over the skin surface and rubbing off onto clothing or other materials), accounts

for loss of OS from the SC surface through desquamation and/or evaporation in vivo (63,

64), and eliminates variations in skin permeability caused by differences in anatomical

region, age and sex.

6.4.4. Correlation between the octisalatc and padimatc O distribution profiles

determined by HPLC/UV and ATR-FTIR

In Figure 6.19, the absolute (IIPLC/UV) amounts of OS and PO that were found

within SC removed by the tape strips in vitro are compared with the corresponding

relative measurements determined by ATR-FTIR. The same relationship is shown for the

in vivo measurements of OS in Figure 6.20. It should be noted that the data presented in

these figures pertains to the amount of OS or PO removed by each tape strip at all

exposure times. As indicated by the in vitro and in vivo results presented throughout this

chapter, there appeared to be an excellent correlation between the data derived from the

two different analytical methods (r2 = 0.997 and 0.998 for in vitro OS and PO

measurements, respectively, and r2 = 0.992 for in vivo OS measurements).

As ATR-FTIR is a relatively novel technique for determining drug distribution

across the SC, it is worth noting that a very good correlation between ATR-FTIR and

other methods of analysis (such as liquid scintillation counting, mass spectrometry and

HPLC/UV) has previously been reported (11, 65-67). These findings highlight the

potential of ATR-FTIR to accurately determine the distribution of topically-applied drugs

within the SC under in vitro or in vivo experimental conditions.

As ATR-FTIR is a simple and rapid means of determining drug concentrations

within the SC, the significance of these findings in relation to future research is evident,

particularly if one considers the limitations associated with conventional methods of

analysis. For instance, procedures that are employed to extract drug from the tape strip

samples are often time-consuming and the use of radiolabeled compounds in humans in

vivo imposes legal and ethical constraints.

275



Chapter 6 - Distribution ofCktisaUue andPadimalc O Across Human Stratum Corneum

A. Octlsalntc

Absolute amount of OS (ug) (HPLC/UV)
(Mean i SEM)

B. PadimateO

20 40 120 140 160

Absolute amount of PO (pg) (HPLC/UV)
(Meant SEM)

Figure 6.19. Correlation between the absolute (HPLC/UV) amount of OS (A) or PO (B) found within
sequential SC layers removed by tape stripping in vitro and the corresponding relative measurements
detennined by ATR-FTIR. The solid line represents linear regression of the data (y = 1.02x + 0.15, r =
0.997,p<0.000l forOSandy= I.OIx-O.OS.r2^0.998,p<0.0001 forPO).
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i
3(3
85

20 40 120 140 160

, Absolute amount of OS (pg) (HPLC/UV)
(Mean ± SEM)

Figure 6.20. Correlation between the absolute (HPLC/UV) amount of OS found within sequential SC
layers removed by tape stripping in vivo and the corresponding relative measurements determined by ATR-
FTIR. The solid line represents linear regression of the data (y » 1.02x - 0.66, r2 - 0.992, p<0.000l).

6.5. CONCLUSIONS

It would appear that different time-related trends exist between the distribution of

OS and PO and the distribution of fentanyl across human SC in vitro. In particular,

concentrations of OS or PO within the upper layers of the SC appeared to decline whilst

those in the lower regions of the SC increased with time following "finite dose"

application to the SC surface. This trend may suggest that, in vitro, OS and PO

accumulate within the deeper SC layers during prolonged exposure times. On the other

hand, when fentanyl was applied (with OS or PO) as a "finite dose" to the SC surface,

concentrations within the upper and lower regions remained constant with increasing

exposure time and apparent pseudo-steady-state diffusion eventually prevailed (Chapter

5). With regard to the possible mechanism(s) by which OS and PO enhance the

permeation of fentanyl across human skin in vitro, these different trends appear to

suggest that:
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i. in addition to their possible effects on fentanyl solubility within the SC lipid

domain, OS and PO may also enhance fentanyl partitioning into the SC via

other interactive mechanism(s)

iii. the contribution of the effects of OS and PO on fentanyl partitioning from

the vehicle to the SC towards fentanyl permeation is more significant than

that of their effects on fentanyl partitioning from the SC to the underlying

skin strata.

However, the differences that were evident between the in vitro and in vivo OS

distribution profiles at longer exposure times highlight that it may be difficult to

extrapolate the significance of the mechanism(s) by which OS and PO enhance fentanyl

permeation in vitro to that of the mechanism(s) that prevail during the percutaneous

absorption of fentanyl under in vivo conditions. This difficulty arises from the fact that

several factors that influence the extent of percutaneous drug absorption in vivo would

not exist to the same extent, if at ail, in vitro. For instance, it would appear that factors

such as lateral drug diffusion, cutaneous metabolism, desquamation, differences in air

flow over the skin and lack of dermal blood supply in vitro may have been responsible

for the different time-related trends that were evident between the in vitro and in vivo

distribution profiles of OS. Consequently, further research may be required in order to

clarify the correlation between the distribution of OS and PO across human SC under in

vitro and in vivo conditions and to investigate the mechanism(s) by which OS and PO

enhance the in vivo percutaneous absorption of fentanyl.

Due to the excellent correlation that was observed between the ATR-FTIR and

HPLC/UV data, another conclusion that can be derived from the work presented in this

chapter is that ATR-FTIR can be used to determine the distribution of OS or PO across

human SC under in vitro or in vivo experimental conditions. Although this analytical

technique is limited to compounds that generate IR absorbances that can be distinguished

from those arising from the SC, it is a relatively facile and efficient means of drug

quantification within human SC and may therefore be a valuable quantitative tool for

determining topical bioavailability.
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7.1. INTRODUCTION

As discussed in Chapter 1, CPEs can alter the barrier function of the SC and

subsequently enhance drug penetration through the skin, by reducing the conformational

order of the SC intercellular lipid bilayers. Therefore, analytical techniques that have

been used to study the structure and barrier function of the SC have also been employed

to investigate the mechanism(s) by which CPEs may perturb the organisation of the SC

lipids. These techniques include differential scanning calorimetry (DSC) (1-5), electron

spin resonance (6-8), X-ray diffraction (5, 9-11), fluorescence, impedance or infrared

spectroscopy (12-17) and electron microscopy (18-20). Among this array, infrared

spectroscopy - particularly attenuated total reflectance Fourier transform infrared

spectroscopy (ATR-FTIR) - has been extensively used to study the barrier function of the

SC and to probe the mechaiusm(s) involved in the effect of CPEs on SC lipid

organisation (21-24).

The basic principles of ATR-FTIR, and some of the advantages associated with this

technique, were described in Chapter 6. It is also worth noting that ATR-FTIR is a

particularly amenable technique for studying the barrier function of the SC and the

mechanism(s) of action of CPEs as:

i. In contrast to DSC, the effects of CPEs on the structural components

of the SC can be studied at normal skin or room temperature, rather

than at elevated temperatures

ii. ATR-FTIR is a non-destructive technique and therefore skin samples

can be analysed before and after treatment with a CPE. Thus, each

skin sample can be used as its own control, which may reduce errors

imparted by variations in SC lipid content and fluidity (25-28)

iii. An ATR-FTIR spectrum provides information on the vibrational

modes of the SC components. Thus, this technique can be used to

probe the effects of CPEs at a molecular and conformational level.

With regard to the last attribute, the mid-IR range of an ATR-FTIR spectrum of

human SC encompasses absorption bands that correspond to fundamental vibrations

originating from lipids, proteins and water (Figure 7.1). As the wavenumber of each IR
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absorbance is characteristic of underlying molecular motions, an ATR-FTIR spectrum of

human SC can provide information about the conformation and immediate environment

of atoms within the SC components as well as their participation in chemical bonds (22).

Water present within the SC gives rise to O-II stretching frequencies (v(O~H))

located at -3000 cm'1 and -2100 cm"1. Although the intensity of the O-H stretching

absorbance located at -2100 cm*1 is very weak (it is not evident in Figure 7.1) compared

with the broad band located at -3000 cm"1, both IR absorbances have been used to

measure water concentrations within the SC (28-30).

The IR absorbances located at -1535 and -1645 cm"1 originate from amide linkages

within the SC proteins (31). The amide I band located at -1645 cm*1 corresponds to the

carbonyl stretching frequency (v(C=O)) in the -CO-NH group. A shift of this IR

absorbance to a lower wavenumber may occur if the carbonyl bond is involved in an

increased number of hydrogen bonding interactions (i.e. stretching of the C=O bond

occurs more easily). On the other hand, the amide II absorbance located at -1535 cm"1

corresponds to an N-H deformation (or bending) frequency (8(N-H)). Thus, if the amide

hydrogen is involved in an increased number of hydrogen bonding interactions the

bending mode of the N-H bond becomes more difficult and thus the amide II absorbance

may shift to a higher wavenumber.
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Figure 7.1. A representative ATR-FTIR spectrum of blank human abdominal SC from excised full

thickness skin between a wavelength range of 750 to 4000 cm1
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Although the locations of these amide I and amide II absorbances are

predominantly influenced by the number of amide linkages involved in hydrogen bonding

interactions, analysis of these peak maxima may be confounded by the fact that amide

groups are present in both intracellular SC keratin and ceramides contained within the

intercellular SC lipid domain (31, 32). However, as extraction of intercellular SC lipids

does not appear to affect these amide I and amide II bands, it is believed that the major

contribution tc these absorbances comes from intracellular keratin (31, 33-35).

The IR absorbances arising from the SC lipids are of particular relevance to the

work presented in this chapter. The carbonyl stretching frequency (v(C=O)) located at

-1740 cm"1 is characteristic of ester linkage carbonyls within the polar head-groups of

lipids present within the intercellular lipid domain and/or sebaceous lipids residing at the

SC surface (28, 36). Analogous to the Amide I v(C=O), the position of the lipid-derived

v(C=O) is sensitive to hydrogen bonding (32, 37). Thus, the lipid-derived v(C=O) may

provide information on the intra- or inter-molecular hydrogen bonding of the polar head

plane of ester lipid bilayers (where a shift of this IR absorbance to a lower wavenumber

may occur as a result of increased hydrogen bonding) and/or the structural arrangement

of these head-group moieties (32,37,38).

The most extensively studied lipid absorbances are those originating from the

hydrophobic alkyl chains. In particular, CH2 symmetric (v,(CH2)) and asymmetric

(va(CH2)) stretching frequencies give rise to peak maxima located at -2852 and ~2920

cm"1, respectively. Evidence for the assignment of these CH2 stretching absorbances

comes from SC lipid extraction experiments, which demonstrate that removal of the

intercellular SC lipids by chloroform-methanol extraction leads to a dramatic decrease

(>95%) in the intensity of the CH2 stretching peaks (39). Further support for the

assignment of the ~2852 and ~2920 cm"1 absorbances to the lipid alkyl chains is provided

by temperature-dependent studies (34, 38, 40-42). Upon heating SC samples, the

symmetric and asymmetric CH2 stretching absorbances broaden and shift to higher

wavenumbers. In particular, it has been demonstrated that heating the SC from 30 to

115°C results in a sigmoidal relationship between the location of either v,(CH2) or

va(CH2) and temperature (34, 3?, 40-42). At temperatures between 30 and 60°C and

above ~80°C, there appeared to be only a modest shift to a higher wavenumber. On the

other hand, an abrupt increase in to a higher wavenumber was observed at temperatures

between -60 and ~80°C. Similar trends between v,(CHb) or va(CH2) and temperature
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have been observed in a variety of lipid systems and have been associated with gel to

liquid-crystalline phase transitions, which result in Hpid alkyl chain disorder (34, 37, 38).

A brief description of the molecular basis for a shift in the CH2 stretching

frequencies is as follows. In the minimum free-energy state, the lipid alkyl chains adopt

an all /ram-configuration and as such each CH2 group experiences minimal steric

hindrance from neighbouring functional groups (24 40). However, enhanced mobility of

the alkyl chains - as a result of increasing temperature, for example - results in a gel to

liquid-crystalline phase transition, forming gauche conformers along the alkyl chain. As a

result of this configuration, CH2 stretching is sterically hindered and therefore more

energy is required to stretch this bond. Thus, a shift in the CH2 stretching frequency to a

higher wavenumber results when the CH2 groups along the alkyl chain adopt a gauche

conformation and the magnitude of this shift is related to the ratio of gauche to trans

conformers (24,37, 38).

Based on these findings, it is evident that the positions of the CH2 stretching

frequencies are affected by the degree of conformational order and the motional freedom

of the lipid alkyl chains (22, 24, 38). Consequently, a shift in a CH2 stretching frequency

to a higher wavenumber (i.e. a blue shift) may be indicative of enhanced mobility, or a

decrease in the conformational order, of the lipid alkyl chains.

7.2. OBJECTIVES

As the results presented in Chapters 3, 4 and 5 demonstrated that OS and PO

enhance fentanyl permeation through human skin, it was necessary to investigate whether

these CPEs reduce the barrier function of the SC by effecting the organisation and/or

content of the SC lipids. Thus, the overall objective of the work presented in this chapter

was to investigate whether OS and PO reduce the conformational order of the SC lipids

and/or extract lipids from the SC using ATR-FTIR.

As the information gathered from an ATR-FTIR spectrum pertains only to the

uppermost SC layers that are in contact with the internal reflection element (IRE)

(Chapter 6, Section 6.1), the aim of the first set of experiments presented in this chapter

was to investigate the concentration- and time-related effects of OS and PO on lipids

located within the superficial layers of the SC.
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The aim of subsequent experiments presented in this chapter was to use ATR-FTIR

in conjunction with the tltape stripping technique" in order to probe the concentration-

dependent effects of OS and PO on lipids located within different layers (the upper,

middle and lower layers) of the SC.

7.3. MATERIALS AND METHODS

7.3.1. Materials

OS and PO were supplied by Bronson and Jacobs (Australia). All other chemicals

were of analytical grade.

7.3.2. Skin preparation

Full-thickness human skin samples were prepared from female abdominal tissue

(obtained following abdominoplasty from two individual donors) according to the

method described in Section 53.2. As mentioned in Section 5.3.2, 1 x 5 cm sections of

skin were glued (SC-side up) onto 1 x 7 cm pieces of cardboard. In order to remove

sebaceous lipids from the skin surface, the SC surface of each piece of skin was quickly

(< 20 sec) wiped with a Kimwipes® (Kimberly-Clark, Australia) that was pre-saturated

with 95%v/v ethanol. The skin samples were then left untouched for ~5 min to allow the

glue to dry.

7.3.3. Determination of the effects of octisalate and padimate O on lipids located

within the superficial layers of the stratum corneum

7.3.3.1. Concentration-dependent studies

Formulations comprised of 95 %v/v ethanol alone (i.e. 0 %w/v OS or PO), or 95

%v/v ethanol containing 1, 2.5, 5, 7.5 or 10 %w/v of OS or PO were applied as a finite

dose (5ul/cm2) to the SC surface of 1 x 5 cm sections of human full-thickness skin (n =

5). After a 2 h exposure time, excess formulation was removed from the SC surface using

the validated surface wipe procedure described in Section 5.3.4.1. An ATR-FTIR
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spectrum of each skin sample was obtained, according to the method described in Section

7.3.5.1, before and after (i.e. after the surface wipe procedure) the formulations were

applied to the SC surface.

Experiments were conducted where 1 x 5 cm sections of human full-thickness skin

(n = 5) were left untreated for a period of 2 h. In order to ensure that untreated skin

samples were treated in the same manner as treated skin samples, the surface wipe

procedure (described in Section 5.3.4.1) was conducted after the 2 h exposure time. An

ATR-FTIR spectrum of each untreated skin sample was obtained, according to the

method described in Section 7.3.5.1, before and after (i.e. after the surface wipe

procedure) the 2 h exposure time.

7.3.3.2. Time-dependent studies

Formulations comprised of 5 %w/v OS or PO in 95%v/v ethanol were applied as a

finite dose (5ul/cm2) to the SC surface of 1 x 5 cm sections of human full-thickness skin

(n = 5). The formulations were left in contact with the skin for a period of 0.5, 2, 6, 16 or

24 h. After each pre-determined exposure time, the skin samples were subjected to the

validated surface wipe procedure described in Section 5.3.4.1. An ATR-FTIR spectrum

of each skin sample was obtained before a»id after (i.e. after the surface wipe procedure)

the designated exposure time, according to the method described in Section 7.3.5.1.

7.3.4. Determination of the concentration-dependent effects of octisalate and

padimate O on lipids located within different layers of the stratum corneum

As described in Section 5.3.3, 1 x 5 cm sections of human full-thickness skin were

adhered, cardboard-side down, onto a 1.5 x 1.5 x 100 cm (height x width x length)

rectangular steel rod using double-sided adhesive tape (Scotch® Permanent Double Stick

Tape, 3M, Australia).

The skin samples (n = 5) were left untreated or were treated with formulations

comprised of 95 %v/v ethanol alone (i.e. 0 %w/v OS or PO), or 95 %v/v ethanol

containing 2.5, 5, 7.5 or 10 %w/v of OS or PO. The formulations were applied as a finite

dose (5ul/cm2) to the SC surface and were left in contact with the skin for a 2 h exposure

time. Excess formulation was then removed from the SC surface using the validated
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surface wipe procedure described in Section 5.3.4.1. The surface wipe procedure was also

performed on the untreated skin samples.

Following the surface wipe procedure, layers of the SC were progressively removed

by sequential adhesive tape stripping (refer to Section 5.3.3). The tape stripping

procedure was repeated 20 times in order to remove most of the SC (43, 44). In order to

determine the effects of OS or PO on lipids located within different SC layers, ATR-

FTIR spectra were obtained after:

i. The surface wipe procedure

ii. Each tape strip, from tape strips 1 to 5

iii. The 10th, 15th and 20th tape strip

according to the method described in Section 7.3.5.1.

7.3.5. Analytical methods

7.3.5.1. Acquisition ofATR-FTIR spectra

Spectral measurements were made using a horizontal ATR Accessory (Pike

Technologies, Inc., Madison, WI, USA) fitted into the sample compartment of an

Excalibur™ FTS 35OOGX spectrometer (Bio-Rad Laboratories, Inc., Cambridge, MA,

USA) that was equipped with a liquid nitrogen-cooled mercury-cadmium-telluride

detector. The IRE that was supported by the horizontal ATR Accessory was a flat plate,

trapezoidal zinc selenide crystal that was 8 cm long, 1 cm wide and 4 cm thick. The

entrance and exit faces of the crystal were each cut at a 45°C angle. As mentioned in

Section 6.3.2.3.2.1, zinc selenide has a refractive index of 2.4 at 1000 cm*1 and the

refractive index of the SC is in the order of—1.33 to 1.55 (31). Therefore, in the spectral

range of interest (from 1000 to 3000 cm"1) the apparent depth by which the evanescent IR

beam penetrated the SC may have been in the order of ~1.5 to ~6.9 um (per Equation 6.1,

Chapter 6). As the thickness of the keratinocytes within the SC may be in the order of

-0.8 |im and the vertical gap between the keratinocytes is in the order of ~75 nm (45), the

information gathered from an ATR-FTIR spectrum of this nature pertains only to the
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superficial SC layers (the uppermost -1 to -8 cell layers) that are in contact with the

crystal.

In order to obtain an ATR-FTIR spectrum of the skin, each skin sample was placed

SC-side down onto the surface of the zinc selenide crystal (refer to Figure 6.3 (Chapter

6)). To achieve intimate and uniform contact between the skin and the crystal, stainless

steel weights (total weight 1200 g) were placed on top of the skin whilst an ATR-FTIR

an was conducted. An ATR-FTIR scan was initiated using a computer software

package (Merlin Version 2.97, Bio-Rad Laboratories, Inc.). Each spectrum represented an

average of 16 scans, obtained at a resolution of 8 cm"1, over a wavelength range from 750

to 4000 cm*1. A period of 30 sec was i quired to acquire each spectrum. All

measurements were conducted under ambient conditions (23 ± 1°C; 30 to 40% relative

humidity).

7.3.5.2. Spectral analysis

In order to investigate the effects of OS and PO on the SC lipids, attention was

focused on the following IR absorbances:

i. The C=O stretching frequency located at ~1740 cm"1

ii. The CH2 symmetric and asymmetric stretching frequencies located at ~2852

and -2920 cm"1, respectively.

7.3.5.2.1. Deconvolution of the C-H stretching region

As illustrated in Figure 7.2, analysis of v,(CH2) and va(CH2) may be confounded by

the fact that CH3 symmetric (v,(CH3)) and asymmetric (va(CH3)) stretching frequencies

(which occur at -2875 and -2960 cm"1, respectively) are located on the shoulders of

v,(CH2) and va(CH2), respectively. Thus, in order to enhance the apparent resolution of

the CH2 and CH3 stretching frequencies, the region between -2750 and -3050 cm"1 was

deconvo luted using a Bessel apodization function with a K-factor of 2, half-bandwidth of

10 and a HW increment of 1. These factors were employed as they appeared to cause

minimal spectral distortion during the deconvolution process.
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Figure 12. Representative ATR-FTIR spectrum of human abdominal SC from excised full-thickness skin

within the C-H stretching region, between a wavelength range of 2750 and 3050 cm' (A). Deconvolution

of the spectrum (B) enhances the apparent resolution of the CH2 and CH3 symmetric (v,(CH2) and vXCH3))

and asymmetric (va(CH2) and v^Cry) stretching frequencies.
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The spectral parameters (peak frequency maxima (Section 7.3.5.2.2) and peak area

or height (Section 7.3.5.2.4)) derived from v,(CH2) and vfl(CH2) pertain to the IR

absorbances generated from this deconvolution process.

7.3.5.2.2. Determination of peak frequency maxima

Peak frequency maxima were determined using a center of gravity algorithm, where

peak location was determined by the average x-values in the region defined by the peak

limits weighted by the spectrum height at each x-value:

Peak location = 7.1

where yi is the height of the spectrum at wavenumber Xj and all Xj are within the defined

region.

7.3.5.2.3. Effects ofoctisalate and padimate O on the conformational order of stratum

corneum lipid bilayers

Phase transitions in SC lipids involving enhanced motional freedom of the

hydrocarbon chains (i.e. increased SC lipid fluidity) can be monitored using the

bandwidths of the CH2 stretching absorbances (38, 42, 46,47), the ratio of the intensities

of the CH2 asymmetric and symmetric absorbances (47) and/or the positions of the CH2

stretching absorbances (34,38,42).

During these studies, the positions of the CH2 stretching absorbances were used to

evaluate the effects of OS and PO on the conformational order of the SC lipid alk>i

chains, where it was assumed that a shift of a CH2 stretching absorbance to a higher

wavenumber was due to an increase in the degree of disorder of the lipid alkyl chains (22,

24,38).

In order to determine the effects of OS and PO on the conformational order of the

SC lipid bilayers located within the superficial layers of the SC, peak frequency maxima

of v,(CH2), Va(CH2) and v(C=O) were determined from ATR-FTIR spectra obtained

before and after (i.e. after the surface wipe procedure) the SC was left untreated or treated
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with OS or PO for a given exposure time. Thus, a shift in the location of an IR

absorbance was determined by the difference between the peak frequency maxima

calculated before (Pmax (before)) and after (Pmax (after)) a defined exposure time:

Peak shift = Pmax (after) - Pmax (before) 7.2

where Pmax (before) and Pmax (after) were determined according to the method described

in Section 7.3.5.2.2. This approach permitted fach piece of skin to act as its own control.

Due to the nature by which ATR-FTIR spectra were acquired during the tape-

stripping experiments, it was not possible to use this method of analysis in order to

investigate the effects of OS and PO on conformational order of the lipids located in the

different layers of the SC (Section 7.3.4). Thus, the effects of OS and PO were evaluated

by comparing peak frequency maxima determined from ATR-FTIR spectra of untreated

skin (Pmax (untreated SC)) n those obtained from spectra of skin treated with OS or PO

(P,nax (treated SC)):

Peak shift = P ^ (treated SC) - P ^ (untreated SC) 7.3

7.3.5.2.4. Effects of octisolate and padimate O on stratum corneum lipid content

Given that:

I.

m.

IV.

The intensity of an IR absorbance is directly proportional to the amount of

absorbing species (21,22)

Changes in the amount of lipids present within the SC have been correlated

with the intensity of the CH2 stretching absorbances (31)

Removal of SC lipids by chloroform-methanol extraction leads to a decrease

in the intensity of the CH2 stretching absorbances (39,48)

Previous researchers have measured changes in the areas and/or heights of

CH2 stretching absorbances in order to evaluate SC lipid extraction caused

by solvents or CPEs (13,49-53)
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it was assumed that the integrated intensities of the CH2 and C=O stretching frequencies

would provide a relative measure of the amount of lipid present within the SC. Thus, the

areas and heights of these IR absorbances were used to evaluate the effects of OS and PO

on SC lipid content.

In order to investigate the effects of OS and PO on the lipid content of the

superficial SC layers, the areas and heights of v,(CH2>, vfl(CH2) and v(C=O) were

determined from ATR-FTIR spectra obtained before and after (i.e. after the surface wipe

procedure) the SC was left untreated or treated with OS or PO for a given exposure time.

Thus, a decrease (expressed as a percentage (%)) in the area or height of an IR

absorbance (PA m tic decrease (%)) was determined by the difference between the peak

area or height calculated before (PA or m (before)) and after (PA or tit (after)) a defined

exposure time:

PAorHt decrease^) = P A W H , ( b e f o r e ) ^ , ( a f t e r ) x l Q ( )

Thus, each piece of skin to acted as its own control. As mentioned in Section

7.3.5.2.3, it was not possible to use this method of analysis in order to investigate the

effects of OS and PO on the lipid content of the different SC layers. Thus, PA or Ht

decreases (%) were calculated by comparing the areas or heights of the IR absorbances

arising from ATR-FTIR spectra of untreated skin (PA or nt (untreated SC)) to those

obtained from spectra of skin treated with OS or PO (PAorHt (treated SC)), where:

decreased) ^Ae^(untreatedSC)-PA w H t( treatedSC)x l 0 ( )

PAorHt(untreatedSC)

7,3.5.2.5. Uptake ofoctisalate and padimate O into the superficial layers of the stratum

corneum

As discussed in Chapter 6 (Section 6.3.2.3.2), relative amounts of OS or PO within

the SC can be quantified using ATR-FTIR. Therefore, in order to determine whether the

apparent effects of OS and PO on SC surface lipid content and fluidity were related to the

amount of OS or PO taken up into the SC surface layers, the ATR-FTIR spectra
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generated from the experiments described in Sections 7.3.3 and 7.3.4 were also used to

quantify the amount of OS or PO remaining within the superficial SC layers after a given

exposure time (after the surface wipe procedure).

The amounts of OS and PO present within the superficial SC layers after a given

exposure time were determined from the peak areas of the IR absorbances located at

-1299 and -1276 cm"1 (Section 6.3.2.3.2.2), respectively, using the validated ATR-FTIR

assays described in Section 6.3.2.3.2.3. Calibration curves were constructed, according to

the methods described in Section 6.3.2.3.2.3, on each day of analysis.

As mentioned in Section 6.1, the depth by which the evanescent IR beam penetrates

Into the SC cannot be defined in absolute terms and consequently an "apparent depth of

penetration" is used to approximate the distance at which the incident intensity decreases

to 37% of its value at the skin-crystal interface. Furthermore, as mentioned in Section

7.3.5.1, the apparent depth by which the evanescent IR beam penetrated the SC may have

been in the order of ~1.5 to ~6.9 um during the ATR-FTIR analyses that were performed.

Therefore, the amounts of OS and PO that were determined from ATR-FTIR spectra

generated from these experiments pertain only to the superficial layers of the SC and are

relative (not absolute) measurements.

7.3.6. Statistical analysis

Statistically significant differences between the peak frequency maxima or peak

areas and heights obtained before and after a given exposure time were compared using

the Student's t-test (two-tailed). Statistical significance between multiple treatment

groups (for example, peak shifts obtained following treatment with different

concentrations of OS or PO) was determined using one-way analysis of variance

(ANOVA), where post-hoc all pairwise multiple comparison of the meaus within the

different groups was performed using the Student-Newman-Keuls (SNK) test.

During all statistical analyses, a probability of p<0.05 was considered statistically

significant. All results are presented as the mean ± SEM, unless otherwise stated.
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7.4. RESULTS AND DISCUSSION

7.4.1. The effects of octisalate and padimate O on lipids located within the

superficial layers of the stratum corncum

7.4.1.1. Concentration-dependent effects

7,4.1.1.1. Stratum corneum lipid content

The concentration-dependent effects of OS and ?O on the peak areas and heights

(PA or in) of the CH2 asymmetric and symmetric stretching frequencies (va(CH2) and

Vj(CH2)) and the C^O stretching frequency (v(C=O)) are presented in Figures 7.3 and 7.4,

respectively. Before commenting on the apparent effects of OS and PO on SC lipid

content, it should be noted that:

i. Leaving the SC untreated for 2 h did not effect the areas and heights of

these lipid-derived IR absorbances. This finding was expected as it indicates

that exposure of the skin to the atmosphere did not effect SC lipid content. It

may also indicate that most, if not all, sebaceous lipids were removed from

the SC surface before the experiments were conducted.

ii. Treating the SC with 95%v/v ethanol (0%w/v OS or PO) resulted in a slight

decrease in the areas and heights of va(CH2), vXCH2) and v(C=O) (PA or HI

decrease (%) ranged from - 3 to -7%). This finding would suggest that

ethanol extracts a small amount of lipids from the SC, which is consistent

with previous observations (13, 54-56).

The relationship between PA or Ht decrease (%) and applied OS concentration

(%w/v) is presented for the CH2 and C=O stretching frequencies in Figure 7.3. It is

apparent from the graphs presented in Figure 7.3 that there was a linear relationship

between PA or Ht decrease (%) and the concentration of OS that was applied to the SC

surface (r2 ~ 0.95, 0.99 and 0.98 for va(CH2), v,(CH2) and v(C=O), respectively). This

trend would imply that the effect of OS on SC surface lipid content was dependent on its

applied concentration.
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A. CH2 asymmetric stretching frequency (va(CH2))

UNT 0 1 2.5 5 7.5

Applied OS concentration (%w/v)

B. CH2 symmetric stretching frequency (vs(CH2))

UNT 0 1 2.5 5 7.5

Applied OS concentration (%w/v)

C. C=O stretching frequency (v(C=O))

UNT 1 2.5 5 7.5

Applied OS concentiation (%w/v)

Figure 7 3 . The concentration-dependent effects of OS on the peak area ( • ) and height (El) of the CH2

asymmetric stretching frequency (A), the CH2 symmetric stretching frequency (B) and the C=O stretching
frequency (C). The percentage (%) decrease in peak area or height (PA „ t* decrease (%)) (y-axis) was
calculated by comparing the peak areas or heights obtained before and after a 2 h exposure time (Section
7.3.5.2.4). On the x-axis, UNT refers to SC left untreated and 0%w/v OS refers to SC treated with 95%v/v
ethanol alone. * fhe % decrease in peak area or height was significantly greater than that obtained after
treatment with 95%v/v ethanol alone (p<0.05), b Statistically significant difference between the peak areas
or heights calculated before and after treatment with OS (p<0.05).
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A. CH2 asymmetric stretching frequency (vfl(CH2))

UNT 0 1 2.5 5 7.5

Applied PO concentration (%w/v)

10

B. CH2 symmetric stretching frequency (v5(CH2))

UNT 0 1 2.5 5 7.5

Applied PO concentration (%w/v)

C. C=O stretching frequency (v(C=O»

100-

UNT 1 2.5 5 7.5

Applied PO concentration (%w/v)

Figure 7.4. The concentration-dependent effects of PO on the peak area ( • ) and height (El) of the CH2

asymmetric stretching frequency (A), the CH2 symmetric stretching frequency (B) and the C=O stretching
frequency (C). The percentage (%) decrease in peak area or height (PA „ m decrease (%)) (y-axis) was
calculated by comparing the peak areas or heights obtained before and after a 2 h exposure time (Section
7.3.5.2.4). On the x-axis, UNT refers to SC left untreated and 0%w/v PO refers to SC treated with 95%v/v
ethanol alone. * The % decrease in peak area or height was significantly greater than that obtained after
treatment with 95%v/v ethanol alone (p<0.05), b Statistically significant difference between the peak areas

or heights calculated before and after treatment with PO (p<0.05).
299

J



Chapter 7 - The Effects ofOclisalate and Padimate O on Human Stratum Corneum Lipids

Therefore, it would seem that SC lipid content was only marginally reduced

following the topical application of low (< 2.5%w/v) OS concentrations (there was not a

statistically significant difference between the peak areas or heights determined before

and after the SC was treated with 1 or 2.5%w/v OS). However, when the applied

concentration of OS was increased from 2.5%w/v to up to 10%w/v there did appear to be

a significant reduction in SC lipid content (compared with the areas and heights of the

lipid-derived IR absorbances that were determined before OS treatment, peak areas and

heights were significantly (p<0.05) lower after the SC was treated for 2 h with 5, 7.5 or

10%w/vOS).

In contrast to the relationship that was observed between PA or HI decrease (%) and

applied OS concentration, there did not appear to be a linear correlation between PA or Ht

decrease (%) and the applied concentration of PO (Figure 7.4). It is also evident from the

graphs presented in Figure 7.4 that, compared with peak areas and heights determined

before treatment with PO, peak areas and heights were significantly lower after the

topical application of 1 to 10%w/v PO (p<0.05). Thus, it would seem that PO

significantly reduced SC lipid content and that this effect was saturable within the

concentration range investigated.

It is also worth noting that at any given concentration vfl(CH2) and Vj(CH2) PA or tit

decreases (%) that were observed after the topical application of PO were significantly

greater than the PAorHt decreases (%) that were evident after the topical application of OS

(p<0.05). This finding may imply that - within the concentration range investigated - PO

reduced SC surface lipid content to a greater extent than did OS. Due to the different

concentration-dependent relationships that were apparent, the greater lipid-reducing

effect of PO was most obvious when low (< 2.5%w/v) concentrations of OS or PO were

applied to the skin. For instance, the areas and heights of the CH2 stretching frequencies

decreased by -10% and -20% following the topical application of 1% and 2.5w/v OS,

respectively. On the other hand, treatment of the SC with 1 or 2.5%w/v PO resulted in PA

ornt decreases that were in the order of-60%. However, even at the highest concentration

investigated (10%w/v), whereby OS appeared to exert its greatest effect on SC lipid

content, the effect of PO was still superior as (PA or HI decreases were of the order of

-50% and 60 to 70 % following treatment of the SC with 10%w/v OS or 1 to 10%w/v

PO, respectively).
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A final point to note is that PA or m decreases that were observed for either 2.5 to

10%w/v OS or 1 to 10%w/v PO were significantly greater than those observed for

95%v/v ethanol alone (p<0.05). This is quite an important finding as it would imply that

the presence of 95%v/v ethanol within the applied formulation did not significantly

contribute to the apparent effects of OS (at applied concentrations at or above 2.5%w/v)

and PO on SC surface lipid content.

7.4.1.1.2. Conformational order of the stratum corneum lipid bilavers

Shifts in the location of va(CH2), v$(CH2) or v(C=O) are plotted as a function of

applied OS or PO concentration in Figures 7.5 and 7.6, respectively. Not surprisingly,

leaving the skin untreated for 2 h did not effect the location of any of these IR

absorbances. However, treating the skin with 95%v/v ethanol resulted in a slight decrease

in the locations of va(CH2) and v,(CH2) and a significant increase in the location of

v(C=O). These observations are in agreement With the results generated from previous

FTIR studies, where a slight decrease in the peak frequency of va(CH2) was observed

following treatment of the SC with absolute ethanol (13). It was proposed that such a

shift was indicative of a slight ordering, rather than a disordering, of the intercellular lipid

acyl chains. A plausible explanation for this apparent "ordering" effect is that ethanol

promotes the interdigitation of the of the hydrocarbon chains by displacing bound water

molecules at the polar head-group/membrane interface (13, 57, 58). The observation that

the peak frequency maximum of the C=O stretching absorbance shifted to a higher

wavenumber post- ethanol treatment may provide further support for this explanation, as

it could indicate that fewer polar head-group carbonyls were involved in hydrogen

bonding interactions - an effect which could possibly be due to dehydration of the polar

head-group region.

It is evident from Figures 7.5.A and 7.5.B that the CH2 stretching frequencies

shifted to higher wavenumbers following treatment of the SC with OS. Compared with

peak frequency maxima determined before treatment, the peak frequency maxima of

vfl(CH2) and v,(CH2) were significantly higher following treatment with 1 to 10%w/v OS

or 2.5 to 10%w/v OS, respectively (p<0.05).
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A. CH2 asymmetric stretching frequency (va(CH2))

UNT 0 1 2.5 5 7.5

Applied OS concentration (%w/v)

10

B. CH2 symmetric stretching frequency (vs(CH2))

-0.5
UNT 0 1 2.5 5 7.5

Applied OS concentration (%w/v)

C. C=O stretching frequency (v(C=O))

10

5 ui

a
-0.5-

-1.0
UNT 1 2.5 5 7.5

Applied OS concentration (%w/v)

Figure 7.5. The concentration-dependent effects of OS on the location of the CH2 asymmetric stretching
frequency (A), the CH2 symmetric stretching frequency (B) and the C=O stretching frequency (C). Peak
shifts (y-axis) were calculated by comparing peak frequency maxima before and after treatment with OS
(Section 7.3.5.2.3). On the x-axis, UNT refers to SC left untreated and 0%w/v OS refers to SC treated with
95%v/v ethanol alone. ' Statistically significant difference between the peak frequency maximum
calculated before and after treatment with OS (or 95%v/v ethanol alone) (p<0.05), b The magnitude of the
peak shift was significantly greater than that obtained after treatment with 95%v/v ethanol alone (p<0.05).
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A. CH2 asymmetric stretching frequency (va(CH2))
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Applied PO concentration (%w/v)
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B. CH2 symmetric stretching frequency (vs(CH2))
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Applied PO concentration (%w/v)

C. C=O stretching frequency (v(C=O))
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Figure 7.6. The concentration-dependent effects of PO on the location of the CH2 asymmetric stretching
frequency (A), the CH2 symmetric stretching frequency (B) and the O O stretching frequency (C). Peak
shifts (y-axis) were calculated by comparing peak frequency maxima before and after treatment with PO
(Section 7.3.5.2.3). On the x-axis, UNT refers to SC left untreated and 0%w/v PO refers to SC treated with
95%v/v ethanol alone. * Statistically significant difference between the peak frequency maximum
calculated before and after treatment with PO (or 95%v/v ethanol alone) (p<0.05), b The magnitude of the
peak shift was significantly greater than that obtained after treatment with 95%v/v ethanol alone (p<0.05).
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Furthermore, the magnitudes of these blue shifts appeared to be linearly dependent

on the applied concentration of OS (r2 = 0.993 and 0.968 for va(CH2) and vs(CH2),

respectively). Consequently, maximum peak shifts were observed following the topical

application of 10%w/v OS, whereby the locations of va(CH2) and v,(CH2) shifted by

+3.13 ± 0.20 cm"1 and by +1.80 ± 0.31 cm"1, respectively. On the other hand, it is evident

from Figure 7.5.C that the location of v(C=O) was unaffected by treatment of the SC with

any concentration of OS.

In contrast to the effects of OS on the peak frequency maxima of va(CH2) and

v^Ctfe), it is evident from Figures 7.6.A and 7.6.B that PO did not exert any effect on the

locations of the CH2 stretching frequencies at any applied concentration investigation.

However, a similarity that is apparent between OS and PO is that treatment of the SC

with any concentration of PO also did not effect the position of v(C=O) (Figure 7.6.C).

It was discussed in Section 7.1 that blue shifts of the CH2 stretching frequencies

may be indicative of enhanced lipid alkyl chain mobility. Therefore, peak shifts of this

nature may characterise the transition of the SC lipid lamellae from a gel-like phase to a

liquid-crystalline phase. Thus, it would appear from the data presented in Figures 7.5 and

7.6 that OS, but not PO, may reduce the conformational order (or increase the fluidity) of

the intercellular lipid bilayers. Furthermore, it would seem that the number of gauche

conformers in the intercellular lipid alkyl chains may increase as the applied

concentration of OS increases.

Given that OS and PO appeared to exert different concentration-dependent effects

on fentanyl permeation and partitioning (Chapter 4), h is not surprising to find that they

also seem to elicit different effects on the conformational order of the SC lipid bilayers.

In fact, one explanation for the different concentration-dependent effects of OS and PO

that was offered in Chapter 4 - which appears to be supported by the results presented in

Figures 7.5 and 7.6 - was related to the possibility that OS and PO interact differently

with the SC components (Section 4.4.6.2). As discussed in greater detail in Section

4.4.6.2, differences between the effects of OS and PO could be related to the possibility

that para- (versus ortho-) substitution on the PO phenyl ring may reduce the potential for

PO to interact with the SC lipid bilayers and/or the possibility that OS and PO might be

located at different regions within the lipid lamellae.

It was also mentioned in Section 4.4.6.2 that a possible mechanism by which CPEs

can alter the conformational order of the SC lipid bilayers is by modification of hydrogen
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bonding within the SC lipids. As ceramide 6 is believed to be the most powerful

hydrogen bonding lipid (59), it is thought that binding between ceramide 6 molecules

represents the strongest intermolecular bonding possible between the SC lipids (60). It

has therefore been proposed that in order for a modifier with a long hydrocarbon chain to

intercalate between adjacent ceramide molecules it must compete effectively for

hydrogen bonding sites in the head-group of the lipid molecule (60). For instance, the

CPEs Azone® and N-0539 were found to enhance solute permeation through human full-

thickness skin and reduce the phase transition temperature of multilamellar dipalmitoyl

phosphatidylcholine (DPPC) liposomes (60). These CPEs were estimated to have

hydrogen bonding donor (a) and acceptor (f$) values of 0 and ~0.73 units, respectively.

As the strength of ceramide-ceramide bonds was estimated to be ~0.18 units (i.e. a x p\

where a =0.33 and P =0.56), it was hypothesised that Azone® and N-0539 can bind

firmly to a ceramide molecule, displacing the molecule and creating a region of fluidity in

the lamellae (i.e. the hydrogen-bond strength of either enhancer to a ceramide alcohol

(0.78 x 0.33 = 0.26 units) would be greater than that between two ceramide alcohols

(0.18 units)). On the other hand, it was found that the Azone® analogue N-0721 exerted a

negligible effect on solute permeation and only a caused only a moderate increase in the

phase transition of DPPC liposomes. As it was estimated that N-0721 would have a

binding strength of-0.15 units, it was hypothesised that N-0721 would be less efficient at

displacing ceramide molecules. As OS and PO appear possess different hydrogen

bonding characteristics, it is possible that a similar phenomenon was responsible for the

different effects that OS and PO appear to exert on the conformational order of the SC

surface lipids.

The hydrogen bonding strengths of OS and PO are estimated to be a = 0.29 and p =

0.63 units and a = 0.02 and (5 = 0.37 units, respectively '. These values would give OS

hydrogen bonding strengths of 0.16 and 0.21 units to the secondary alcohols on adjacent

ceramide molecules. Thus, it is possible that - like Azone® and N-0539 - OS can bind

firmly to adjacent ceramide molecules, resulting in displaced or "unbound" lipid

molecules within the lamellae, which may effectively increase the overall fluidity of the

intercellular lipid domain. On the other hand, the hydrogen bonding strengths of PO to

ceramide molecules would be in the order of 0.01 and 0.12 units. It is therefore likely that

Estimated using Molecular Modeling Pro (Version 5.1.7) (ChemSW* Inc, Fairfield, CA, USA).
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PO behaves more like N-0721 in that is less efficient at binding to (and therefore

displacing) ceramide molecules.

Although the above-mentioned hypotheses relate to the binding of OS and PO to

secondary alcohols on adjacent ceramide molecules, it would appear from the data

presented for the lipid-derived C=O stretching frequency presented in Figures 7.5.C and

7.6.C that neither OS nor PO interact with the carbonyls of the lipid polar head-groups.

As the position of the C=O stretching frequency is sensitive to changes in hydrogen

bonding, the finding that neither OS nor PO caused this frequency to shift to a lower

wavenumber finding may suggest that if OS or PO did exert a restructuring effect on the

polar head-group and/or lipid alkyl chain region of the SC lipid bilayers, this effect may

not have been due to the formation of strong hydrogen bonds between OS or PO and the

carbonyl groups of the lipid polar head region. Given that the carbonyl moieties of the

lipid polar head-groups can serve as hydrogen bond acceptors, this finding is consistent

with the a and B values calculated for OS and PO as it may indicate that neither OS nor

PO act as strong hydrogen bond donors within the SC. However, these conclusions may

be confounded by the fact i) in addition to the intercellular lipids, sebum may also

contribute to the lipid-derived C=O stretching frequencies detected within the superficial

layers of the SC (as mentioned in Section 7.4.2.3) and/or ii) if OS or PO did hydrogen-

bond with the carbonyls of the lipid polar head-groups, it is possible that this interaction

may not have been reflected by a red shift of the carbonyl stretching frequency due to the

presence of ethanol within the SC, which can cause the carbonyl stretching frequency to

shift to a higher wavenumber (i.e. the apparent effects of OS or PO may have been offset

by tne effects of ethanol).

Another potential artifact associated with these ATR-FTIR analyses is related to the

possibility that the IR absorbances generated from OS and PO could interfere with the

absorbances that arise from the SC lipids. As stated in Section 6.3.2.3.2.2, both OS and

PO give rise to CH2 asymmetric and symmetric stretching absorbances that coincide with

those generated by the SC lipid alkyl chains. Furthermore, the CH2 asymmetric and

symmetric stretching frequencies that arise from OS and PO are centered at slightly

higher wavenumbers compared with those derived form the SC lipids (refer to Figures

6.4 (Chapter 6) and 7.2). However, given that:
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1.

11.

Excess OS or PO was removed from the SC surface (using a validated

surface wipe procedure) before the ATR-FTIR scans were acquired

PO did not cause the CH2 stretching frequencies to shift to higher

wavenumbers although, like OS, it also has potentially interfering IR

absorbances

it would appear that any spectral interference caused by OS or PO may not have

significantly effected the locations of the CH2 stretching frequencies derived from the SC

lipids. Furthermore, the CH2 asymmetric and symmetric stretching frequencies that arise

from OS are located at -2925 and -2857 cm"1, respectively, whilst the peak frequency

maxima of the CH2 asymmetric and symmetric stretching frequencies that arise from the

SC lipids are -2920 and ~2850 cm*1, respectively (Figures 6.4 and 7.2). As there is an

equal difference (~5 cm"1) between e'the: of the Ctfe stretching frequencies that arise

from OS and the SC lipids, it would be e cpected that if the presence of OS did artificially

shift the SC-derived CH2 stretching frequencies to higher wavenumbers, the location of

the SC-derived va(CH2) would be shifted by approximately the same extent as the SC-

derived v5(CH2). However, the data presented in Figures 7.5.A and 7.5.B demonstrate

that the magnitude by which OS shifted the peak frequency maximum of the lipid-derived

va(CH2) was greater than its effect on the location of v^GHb). Since the CH2 asymmetric

stretching frequency is more sensitive to changes in the conformational order of the SC

lipid bilayers than the CH2 symmetric stretching frequency (61, 62), it seems more likely

that the elicited peak shifts were due to changes in the conformational order of the SC

lipid bilayers rather than interference caused by the IR absorbances derived from OS.

It would also seem that if the presence of OS or PO within the SC significantly

contributed to the areas or heights that were determined for the SC-derived CH2

stretching absorbances (Figures 7.3 and 7.4), then the apparent effects of OS and PO on

SC surface lipid content may have been underestimated. However, as significant

reductions in SC surface lipid content were apparent, it would appear that the

contribution of the OS or PO-derived CH2 stretching absorbances was relatively

inconspicuous.

Although the above-mentioned findings would indicate that the IR absorbances

arising from OS or PO did not significantly effect the intensities and locations of the CH2

stretching frequencies generated from the SC lipids, there is a possibility that the IR data
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obtained from these studies was confounded by some spectral interference. Thus, in order

to confirm the conclusions that were drawn from these analyses, fiirther ATR-FTIR

studies will need to be conducted using deuterated OS and PO. The value of using

deuterated enhancers during mechanistic ATR-FTIR investigations is based on the fact

that the isotopic substitution of deuterium for hydrogen effectively shifts the interfering

CH2 stretching frequencies to lower wavenumbers (into a region of the ATR-FTIR

spectrum that is devoid of SC lipid absorbances) (24, 35).

Previous ATR-FTIR investigations into the modes of action of oleic acid and

Azone® exemplify how the use of a deuterated enhancer enables the discriminative

analysis of SC lipid-derived CH2 stretching absorbances and the elucidation of the

possible mechanism(s) of action of a CPE. For instance, ATR-FTIR investigations into

the interactions between perdeuterated oleic acid and SC lipids have provided evidence

that oleic acid does not modify the conformational order of the SC lipids, which is in

contrast to the results from previous ATR-FTIR investigations into mechanisms of action

of non-deuterated oleic acid (16, 63). Rather, perdeuterated oleic acid was found to exist

as a separate fluid phase within the "gel phase" of the SC lipid lamellae. On the other

hand, ATR-FTIR investigations into the effect(s) of Azone® and its perdeuterated

analogue have demonstrated that they both appear to increase the fluidity of the SC lipids

(64), which would indicate that, unlike oleic acid, Azone® is homogeneously distributed

within the SC lipids (65). It is evident from these previous investigations that future

ATR-FTIR studies using deuterated analogues of OS and PO could provide information

that contributes towards an understanding of their mechanism(s) of action.

7.4.1.1.3. Uptake ofoctisalate andpadimate O into the superficial lovers of the stratum

corneum

The relative amounts of OS and PO present within the surface SC layers that were

determined from the ATR-FTIR spectra acquired after treatment of the SC with OS or PO

are presented in Figure 7.7. As these spectra were acquired after the surface wipe

procedure, these measurements reflect the amount of OS or PO taken up into the

superficial layers of the SC - not the amount of OS or PO remaining on the SC surface -

after a 2 h exposure time.
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A. OS

2.5 5.0 7.5

Applied OS contentration (%w/v)

10.0

B.PO

10.0

Applied PO contentration (% v/v)

Figure 7.7. The amount of OS (A) or PO (B) taken up into the superficial layers of the SC 2 h after the
topical application of formulations cor fining different concentrations of OS or PO. As the amounts of OS
and PO taken up into the superficial SC layers were determined using ATR-FTIR, these amounts are
relative measurements. The solid line represents linear regression of the data.
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It is evident from Figure 7.7 that the relative amount of either OS or PO that

partitioned into the superficial layers of the SC (after a 2 h exposure time) was linearly

related to the concentration of OS or PO within the applied formulation (r2= 0.997 and

0.992 for OS and PO, respectively). As it was ascertained from the data presented

Figures 7.3 and 7.5 that the effects of OS on the areas, heights and peak frequency

maxima of the CH2 stretching absorbances were also linearly related to the concentration

of OS within the applied formulation, n would seem that apparent effects of OS on SC

surface lipid content and fluidity were dependent on the amount of OS taken up into the

superficial layers of the SC.

The uptake of PO also appeared to be linearly rdated to its applied concentration

(Figure 7.7.B). However, it was evident from the data presented in Figure 7.4 that degree

by which PO reduced the areas and heights of the lipid-derived IR absorbances was

unrelated to its applied concentration. Thus, it would seem that the lipid-reducing effect

of PO became saturated v/hen it was applied to the SC surface at concentrations between

1 and 10%w/v.

7.4.1.2. Time-related effects

7.4.1.2.1. Stratum corneum lipid content

The time-related effects of OS and PO on the areas and heights of the CH2

stretching frequencies and the C=O stretching frequency are presented in Figures 7.8 and

7.9, respectively. It is evident fron Figure 7.8 that exposure of the SC to 5%w/v OS for

any period of time between 0.5 and 24 h resulted in a decrease in the areas and heights of

va(CH2), vXCH2) and v(C=O) by approximately -47%, -52% and -62%, respectively

(p<0.05 compared with the peak areas or heights determined before treatment). As

treatment of the SC with OS decreased the peak areas and heights by approximately the

same extent, at all exposure times, it would appear that significant amounts of lipids were

extracted from the superficial layers of the FC shortly (0.5 h) after the topical application

of OS and that the magnitude of this effect remained relatively o c t a n t within a 24 h

exposure time.
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A. CH2 asymmetric stretching frequency (vfl(CH2))

0 2 4 6 8 10 12 14 16 18 20 22 24

Exposure time (h)

B. CH2 symmetric stretching frequency (vs(CH2))

0 2 4 6 8 10 12 14 16 18 20 22

Exposure time (h)

C. C=O stretching frequency (v(C=O))

8 10 12 14 16 18 20 22

Exposure time (h)

Figure 7.8. The time-related effects of OS on the peak area ( • ) and height (ffl) of the CH2 asymmetric

stretching frequency (A), the CH2 symmetric stretching frequency (B) and the C=O stretching frequency

(C). The percentage (%) decrease in peak area or height (PA o r » decrease (%)) (y-axis) was calculated by

comparing the peak areas or heights obtained before and after a defined exposure time (x-axis) (Section

7.3.5.2.4). * Statistically significant difference between the peak areas or heights calculated before and after

the SC was treated with OS (p<0.05).
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Figure 7.9. The time-related effects of PO on the peak area ( • ) and height (E) of the CH2 asymmetric

stretching frequency (A), the CH2 symmetric stretching frequency (B) and the C=O stretching frequency

(C). The percentage (%) decrease in peak area or height (PA „ Ht decrease (%)) (y-axis) was calculated by

comparing the peak areas or heights obtained before and after a defined exposure time (x-axis) (Section

7.3.5.2.4). * Statistically significant difference between the peak areas or heights calculated before and after

the SC was treated with PO (p<0.05).
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On the other hand, it is evident from Figure 7.9 that the maximum effect of PO on

the Hpid content of the SC surface layers was not apparent until the exposure time was

increased beyond 0.5 h. After the SC was treated with 5%w/v PO for 0.5 h, the areas and

heights of va(CH2) and v,s(CH2) were only marginally reduced (PA or Ht decreases were in

the order of ~38% and -42% for va(CH2) and v4(CH2), respectively) whilst the area and

height of v(C=O) decreased by ~55%. However, the magnitude by which PO reduced the

areas and heights of these IR absorbances appeared to increase as the exposure time was

extended from 0.5 h to 2 h. After a 2 h exposure time, decreases in the areas and heights

of va(CH2), v,(CH2) and v(C=O) were in the order of -55%, -54% and 69% (p<0.05

compared with the peak areas or heights determined before treatment). However, further

reductions in peak areas and heights were not apparent at longer exposure times. Instead,

the magnitude by which PO appeared to decrease the areas and heights of the lipid-

derived IR absorbances remained relatively uniform at exposure times between 2 and 24

h.

Thus, it would appear that, compared with OS, longer exposure times were required

for PO to significantly reduce the lipid content of the superficial SC layers (i.e. 2 h versus

0.5 h). However, like OS, it would seem that once PO exerts its maximum effect on SC

lipid content the magnitude of this effect remains unchanged over relatively long

exposure times.

7.4.1.2.2. Conformational order of the stratum corneum lipid bilayers

Shifts in the location of va(CH2), vXCH2) or v(C=O) are plotted as a function of

exposure time for either OS or PO in Figures 7.10 and 7.11, respectively. In light of the

data presented for the concentration-dependent effects of OS on the locations of vfl(CH2)

and v,(CH2) (Figures 7.5.A and 7.5.B), it is not surprising to find that the CH2 stretching

frequencies shifted to higher wavenumbers following treatment of the SC with 5%w/v

OS for periods of up to 2 h (p<0.05 compared with peak frequency maxima obtained

before treatment with OS) (Figures 7.10.A and 7.10.B). However, it is also evident from

Figures 7.10.A and 7.10.B that the magnitude by which OS shifted these peak frequency

maxima declined exponentially as a function of increasing exposure time. Consequently,

exposure of the SC to OS for 0.5 h resulted in vfl(CH2) and v,(CH2) peak shifts that were

significantly greater than those observed after longer exposure times (p<0.05).
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Figure 7.10. The time-related effects of OS on the location of the CH2 asymmetric stretdiing absorbance
(A), the CH2 symmetric stretching absorbance (B) and the C=O stretching absorbance (C), where the peak
shift is plotted as a function of exposure time. Peak shifts were calculated by comparing peak frequency
maxima before and after a given exposure time (Section 7.3.5.2.3). * Statistically significant difference
between the peak frequency maxima calculated before and after the SC was treated with OS (p<0.05).
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Figure 7.11. The time-related effects of PO on the location of the CH2 asymmetric stretching absorbance
(A), the CH2 symmetric stretching absorbance (B) and the C O stretching absorbance (C), where the peak
shift is plotted as a function of exposure time. Peak shifts were calculated by comparing peak frequency
maxima before and after a given exposure time (Section 7.3.5.2.3). * Statistically significant difference
between the peak frequency maxima calculated before and after the SC was treated with PO (p<0.05).
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For instance, va(CH2) peak shifts incurred after exposure of the SC to OS for 0.5

and 24 h were +2.39 ± 0.14 cm'1 and +1.29 ± 0.13 cm*1, respectively. However, even at

relatively long exposure times, OS still appeared to exert a significant effect on the

conformational order of the lipid bilayers located within the SC surface layer (va(CH2)

and v5(CH2) peak frequency maxima calculated after treatment of the SC with OS for any

period of time between 0.5 and 24 h were significantly higher than tliose determined

before treatment (p<0.05)). On the other hand, treatment of the SC with 5%w/v PO did

not effect the location of the CH2 stretching frequencies at any exposure time investigated

(Figures 7.1 l.A and 7.1 l.B).

The finding that PO did not appear to effect the conformational order of the SC

lipid bilayers after relatively short exposure times (i.e. < 2 h) is consistent the

concentration-dependent results that were presented in Figure 7.6. Furthermore, the

results presented in Figures 7.1 l.A and 7.1 l.B would suggest that PO exerts a negligible

effect on the conformational order of lipid bilayers located within the surface layers of

the SC, regardless of how long it is contact with the SC.

Based on the data presented for the concentration-dependent effects of OS and PO

on the peak frequency maximum of v(C-O) (Figures 7.5.C and 7.6.C), it is also not

surprising to find that neither OS nor PO effected the location of this frequency at any

exposure time. As mentioned in Section 7.1, this finding may indicate that neither OF nor

PO interacts with carbonyls of the SC lipid polar head-groups.

7.4.1.2.3. Uptake ofoctisalate and padimate O into the superficial lovers of the stratum

corneum

Relative amounts of OS or PO present within the uppermost SC la. .̂ rs (determined

from the ATR-FTIR spectra obtained after treatment of the SC with either OS or PO) are

plotted as a function of exposure time in Figure 7.12. It is evident from Figure 7.12.A that

the relative amount of OS present within the superficial SC layers declined exponentially

with increasing exposure time. As a similar trend was observed between the effects of OS

on the locations of va(CH2) or v5(CH2) and exposure time (Figures 7.10. A and 7.10.B), it

would appear that the effect of OS on the conformational order of the SC surface lipid

bilayers may be dependent on the amount of OS present within this region of the SC.
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Figure 7.12. The amount of OS (A) or PO (B) present within the superficial layers of the SC following the
topical application of 5%w/v OS or PO over various exposure times. As the amounts of OS and PO present
within the superficial SC layers were determined using ATR-FT1R, these amounts are relative

measurements.
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This finding is in agreement with the conclusions derived from the concentration-

dependent studies that were conducted (Sections 7.4.1.1.2 and 7.4.1.1.3).

The data derived from the concentration-dependent studies also indicates that the

magnitude by which OS reduced SC surface lipid content was also related to the amount

of OS taken up into these upper SC layers (Sections 7.4.1.1.1 and 7.4.1.1.3). However, it

is apparent from Figures 7.8 and 7.12 that - despite an exponential, time-related decline

in the amount of OS within the superficial SC layers - the effect of OS on SC surface

lipid content remained relatively constant within exposure times between 0.5 and 24 h.

It is evident from Figure 7.12 that OS rapidly partitions into the upper layers of the

SC as maximal levels of OS were present in the superficial SC layers after a 0.5 h

exposure time. At this exposure time, treatment of the SC with OS resulted in PA or m

decreases that were in the order of -41%, -52% and -62% for v«(CH2), v,(CH2) and

v(C=O), respectively. Similar PA Or m decreases were also evident at longer exposure

times even though it was found that increasing the exposure time from 0.5 h to 24 h

resulted in an exponential decline in the amount of OS within the superficial layers of the

SC. Thus, it would seem that the degree by which OS reduces the lipid content of the

superficial SC layers may actually be related to the maximum amount of OS taken up into

this upper region of the SC.

The same conclusions can be made regarding the effects of PO on SC surface lipid

content. It would appear from Figure 7.12.B that the relative amount of PO that was

present within the superficial SC layers increased as the exposure time was extended

from 0.5 h to 2 h 2. Accordingly, the data presented in Figure 7.9 revealed that the

magnitude by which PO reduced the areas and heights of the CH2 and C=O stretching

absorbances increased as the exposure time was extended from 0.5 h to 2 h. Although the

amount of PO present within the uppermost SC layers subsequently declined when the

exposure tims was further increased from 2 h to up to 24 h, the degree by which PO

decreased the areas and heights of the lipid-denved IR absorbances remained relatively

constant within this period of time. Thus, the similarities between the concentration- and

time-related effects of OS and PO on SC surface lipid content are evident:

2 This finding is consistent with the distribution data presented in Chapter 6 (Section 6.4.1), where it is
evident from Figure 6.13 that the concentrations of PO within the uppermost region of the SC increased as
the exposure time was extended from 0.08 h to 2 h.
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i. The magnitude by which either OS or PO appear to reduce SC surface lipid

content seems to be related to the maximum amount of OS or PO taken up

into the superficial layers of the SC following their application to the skin

surface.

ii. After OS or PO elicit their "maximum" effect on SC surface lipid content

the magnitude of this effect remains relatively constant over longer

exposure times, even though the amount of OS or PO present within the

surface layers of the SC decreases as a function of increasing exposure time.

Due to the fact that OS and PO were left in contact with skin for relatively long

exposure times, it is difficult to discern whether the latter observation implies that the

apparent lipid-reducing effects of OS and PO are not readily reversible in vitro once they

have been removed from the SC surface. Due to the dynamics of epidermal turnover and

the ability of the skin to repair itself, damage to the SC caused by lipid extraction can be

reversed by replacement of the damaged tissue (66, 67). Thus, provided that a CPE is not

directly toxic to the basal stem cells its effect(s) on SC lipid content should be reversible

- after its removal from the skin - within the turnover time of the SC. However, as the

repair mechanisms involved in this process are dependent on the metabolic integrity of

the skin, it is possible that SC lipid biosynthesis may not be apparent - or readily

apparent - in vitro (66). Therefore, in order to investigate the reversibility of the effects

of OS and PO on SC lipid content further research will need to be conducted, in vivo,

where SC barrier function is monitored over a period of time after the removal of OS or

PO from the SC surface.

7.4.2. The concentration-dependent effects of octisalate and padimate O on lipids

located within different layers of the stratum corneum

7.4.2.1. Effects of octisalate and padimate O on stratum corneum lipid content

The area of the CEfe asymmetric frequencies (obtained from untreated SC, SC

treated with 95%w/v ethanol alone and SC treated with either OS or PO) is plotted as a

function of tape strip number in Figure 7.13.
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Figure 7.13. Peak area of the CH2 asymmetric stretching frequency plotted as a function of tape strip
number. Peak areas were calculated for untreated SC (B), SC treated with 95%v/v ethanol alone (0%w/v
OS or PO) (El) and SC treated with 2.5%w/v ( • ) , 5%w/v (H), 7.5%w/v ( • ) or 10%w/v P ) of either OS
(A) or PO (B) (n = 5). The corresponding peak area decrease (PA decrease (%)) was determined by
comparing the peak areas obtained from treated and untreated SC (Equation 7.5). On the x-axis, a tape strip
number of 0 refers to the SC surface (i.e. the peak area obtained after the surface wipe procedure). *
Statistically significant difference between the peak areas obtained from treated and untreated SC (p<0.05).
The peak areas shown for untreated SC in Figures 7.13.A and 7.13.B are slightly different as different skin

samples were used during the control experiments.
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It should be noted that similar results were obtained when the areas or heights of

the CH2 asymmetric or symmetric frequencies were plotted as a function of tape strip

number. Given that the area of the CH2 asymmetric stretching absorbance provides a

relative measure of SC lipid content (31) and that the tape stripping procedure

sequentially removes the SC cell layers (approximately 1 to 2 cell layers are removed by

each tape strip (31)), then the graphs presented in Figure 7.13 essentially depict changes

in SC lipid content as a function of increasing SC depth. Thus, it would appear that for

either untreated or treated skin samples, SC lipid content gradually declined as a function

of increasing SC depth.

Compared with the initial peak area obtained after the surface wipe (tape strip 0),

the area of the CH2 stretching absorbance obtained from untreated SC had decreased by

approximately 60% after the 5th tape strip was removed from the skin. A less dramatic

reduction in the peak area was evident thereafter (peak areas decreases ranged from

-60% after the 5th tape strip to -85% after the 20th tape strip).

It is evident from Figure 7.13 that there was a similar decline in the peak area of the

CH2 stretching absorbance obtained from SC treated with either 95%v/v ethanol alone or

95%v/v ethanol containing 2.5%w/v to 10%w/v OS or PO with increasing tape strip

number (or SC depth). However, significant differences were evident between the peak

areas obtained for untreated and treated SC at the SC surface. In accordance with the data

previously shown for the concentration-dependent effects of OS or PO on apparent SC

surface lipid content (Section 7.4.1.1.1), the data presented in Figure 7.13 indicate that:

i. Treatment of the SC with 95%v/v ethanol for 2 h resulted in a slight, but not

significant, decrease in SC surface lipid content compared with untreated

SC (compared with untreated SC, the peak area decreased by approximately

4 to 8% at ti.e SC surface (tape strip 0)).

ii. Treatment of the SC with 2.5% to 10%w/v of either OS or PO resulted in

significant reductions in the area of the CH2 stretching absorbance detected

at the SC surface (p<0.05 compared with untreated SC)

iii. There was a linear relationship between the peak area detected at the SC

surface and applied OS concentration (r2 = 0.985 (between 0 to 10%w/v

OS)) (Figure 7.13.A), which would imply that effect of OS on SC surface

lipid content was dependent on its applied concentration.
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iv. Similar peak areas were determined at the SC surface of skin samples

treated with different concentrations of PO (Figure 7.13.B), which would

suggest that the effect of PO on SC surface lipid content became saturated

within the applied concentration range investigated.

It is also worth commenting on the magnitudes by which the peak areas obtained at

the SC surface decreased after treatment with either OS or PO. As the area of the CH2

asymmetric stretching absorbance appeared to linearly decline as a function of applied

OS concentration, peak area decreases ranged from 16.3 ± 4.1 % at 2.5%w/v OS to 35.9

± 2.5 % at 10% w/v OS (Figure 7.13.A). On the other hand, the peak areas had decreased

by -45% following the application of 2.5 to 10%w/v PO (Figure 7.13.B). These peak

area decreases are slightly lower than those obtained from previous experiments (Section

7.4.1.1.1). As each skin sample could not be used as its own control (i.e. different skin

samples were used for the untreated experiments) and because different donors were used

during these experiments, it is likely that the different peak area reductions were due to

inter- and intra-subject variations in lipid content (25-27). However, it is noteworthy that

compared with OS, PO appeared to exert a greater lipid-reducing effect at the SC surface.

This finding is in agreement with the data obtained from the concentration-dependent

studies that were previously described (Section 7.4.1.1.1).

It should also be highlighted that within the SC layers located below the surface

(between tape strips 1 to ?.O), the areas of the CH2 stretching absorbance obtained from

SC treated with either 95%v/v ethanol alone or 95%v/v ethanol ontaining either OS or

PO were not significantly different to those obtained from untreated UC (Figure 7.13).

This finding would suggest that the lipid-reducing effects of OS and PO were mainly

confined to the SC surface. A possible explanation for this finding is provided in Section

7.4.2.3.

7.4.2.2. Effects ofoctisalate on the conformational order of stratum corneum iipids

The peak frequency maxima (PMAX) of the CH2 asymmetric frequencies obtained

from untreated SC, SC treated with 95%w/v ethanol alone or SC treated with either OS or

PO are plotted as a function of tape strip number in Figure 7.14.
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Figure 7.14. Peak frequency maxima (PMAX) of the CH2 asymmetric stretching frequency plotted as a
function of tape strip number. PMAX were calculated for untreated SC ( • ) , SC treated with 95%v/v ethanol
alone (i.e. 0%w/v OS) (V) and SC treated with 2.5%w/v (*S), 5%\v/v ( • ) , 7.5%w/v (A) or 10%w/v ( • ) of
OS (n = 5). On the x-axis, a tape strip number of 0 refers to the SC surface (i.e. the peak area obtained after
the surface wipe procedure). * denotes a statistically significant difference between the PM\x obtained from
treated and untreated SC (p<0.05).

As mentioned in Section 7.1, the position of the CH2 asymmetric frequency is

sensitive to changes in the conformational order of the hydrocarbon alkyl chains of the

intercellular SC lipids. Thus, it would appear that within the upper regions of untreated

skin (between tape strips 0 to 4), the lipid alkyl chains became more ordered with

increasing tape strip number (or SC depth) whereas in the lower regions of the SC

(between tape strips 5 to 20), the conformational order of the SC lipids appeared to

decrease with increasing SC depth. As all of the profiles shown in Figure 7.14 appear to

follow the same trend, it would seem that similar changes to the conformational order of

the SC lipids occurred within SC treated with either 95%v/v ethanol alone or 95%v/v

ethanol containing OS.

Treating the skin with 95%v/v ethanol did, however, cause a very slight shift (-0.27

± 0.01) to a lower wavenumber at the SC surface (compared with untreated SC). As
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previously mentioned, this decrease may imply that ethanol exerts a slight ordering effect

on the SC lipid alkyl chains (Section 7.4.1.1.2).

Treatment of the SC with 2.5 to 10%w/v OS resulted in significant shifls of the

CH2 stretching frequency detected at the SC surface to higher wavenumbers (p<0.05

compared with control; peak shifts ranged from +0.42 ± 0.11 cm"1 (at 2.5%w/v OS) to

+1.92 ± 0.04 cm"1 (at 10%w/v OS) 3). A linear relationship was also observed between

PMAX and the applied concentration of OS (r2 = 0.984 between 0 to 10%W/V OS), which is

consistent with the data presented in Figure 7.5. As mentioned in Section 7.4.2.1.3, this

trend may suggest that the ability of OS to induce SC lipid conformational disorder (or

increase the number of gauche conformers in the lipid alkyl chains) lp» dependent on its

applied concentration.

It is also apparent from Figure 7.14 that shifts of the CH2 asymmetric stretching

frequency were significant within the upper regions of the SC. In particular, treatment of

the SC with 2.5%w/v OS elicited a significant peak shift only at the SC surface.

However, the apparent lipid-disordering effect of OS seemed to be significant throughout

the entire upper region of the SC (between tape strips 0 to 5) at higher applied

concentrations (between 5 and 10%w/v). However, treatment of the SC with any

concentration of OS seemed to cause only a marginal positive shift of the CH2 stretching

frequencies detected within the deepest regions of the SC (between tape strips 10 to 20),

which may infer that the effects of OS on SC lipid conformational order are only

significant within the upper SC layers. A possible explanation for this somewhat

localised effect is provided in Section 7.4.2.3.

7.4.2.3, Changes in the properties of the stratum corneum as a function of increasing

depth

The data presented for untreated SC in Figures 7.13 and 7.14 is consistent with the

findings from previous research (31), which also demonstrated that in the upper regions

of the SC (between tape strips 0 to 4) the SC lipids appeared to become more ordered and

lipid content decreased as a function of increasing tape number (or SC depth). An

3 Due to reasons mentioned previously, it is it is likely that the peak shifts observed in Figure 7.5 and 7.14

were of different magnitudes due to inter- and intra-subject variations in SC lipid fluidity (28).
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explanation that was proposed for these findings was that the lipids within the superficial

SC layers represent a mixture of both intercellular and sebaceous lipids. As sebaceous

lipids contain a significant amount of relatively low-melting-point fatty acids (68, 69),

this explanation is supported by data obtained from tape stripping studies that were

performed in conjunction with high-performance thin-layer chromatography (HPTLC),

which revealed that the level of free fatty acids is highest within the upper layers of the

SC (i.e. within the SC layers removed by 4 or 5 tape strips) (70, 71).

Further support for this notion comes from tape stripping studies that were

conducted in conjunction with ATR-FTIR (28, 72). It was demonstrated from these

studies that sebum is mostly responsible for carbonyl stretching frequencies located at

-1710 cm"1 and —1740 cm"1. In addition, the stretching frequency located at —1710 cm"1

was found to be characteristic of carbonyl ester bonds within the polar head-groups of the

free fatty acids whereas the IR band located at -1740 cm"1 was found to originate from

carbonyl bonds within the polar head-groups of most other lipids (72). Not surprisingly, it

was found that the peaks near —1710 cm"1 and -1740 cm*' reduced or disappeared after

removal of the superficial SC layers (by 2 to 4 tape strips) and that the magnitude by

which the intensity of the -1710 cm'1 peak declined was greater than that by which the

intensity of the -1740 cm"1 was reduced (a -30% versus -13% reduction was observed

for the 1710 cm"' and 1740 cm"' bands, respectively) (28).

In addition to variations in fatty acid content, cholesterol and ceramide levels have

also been found to change with increasing SC depth (71). While the level of free fatty

acids was found to be highest, cholesterol and ceramide levels were the lowest in the

upper SC layers (between tape strips 1 to 4), Thus, it is has been suggested that the

higher levels of free fatty acids may be due to the presence of sebaceous lipids or to an

increased degradation of cholesterol and ceramide within the uppermost SC layers (71).

Furthermore, whilst it has been found that the phase behaviour of isolated SC lipids

remains essentially unchanged over a wide range of cholesterol/ceramide/free fatty acid

molar ratios, it has also been shown that free fatty acids affect lipid phase behaviour by

increasing the solubility of cholesterol in the lamellar structures (73). In particular, when

the SC contains a relatively low amount of free fatty acids, a substantial amount of

cholesterol exists in a crystalline form (74). Therefore, if the Hpids located within the

uppermost regions of the SC are a mixture of sebaceous and/or degraded lipids as well as

intact intercellular lipids, it would follow that that the average conformational
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arrangement of these superficial lipids would be less organised than that of the highly

ordered intercellular lipids located within the deeper SC layers.

Thus, the observation that OS appeared to elicit a greater lipid-disordering effect on

lipids located within the upper regions of the SC may be partly explained by the

possibility that, compared with the energy required to reduce the conformational order of

the deeper SC lipids, less energy would be required to cause further changes to the order

of the superficial SC lipids.

In addition to variations in SC lipid composition, it has been demonstrated that

corneocyte cohesion gradually increases with increasing tape strip number (or SC depth)

(75). Consequently, the corneocytes are "loosely bound" (i.e. minimal inter-corneocyte

adhesion) within the uppermost SC layers, whereas in the lower SC regions they are

tightly cohesive and appear more 'swollen' in appearance (75). As the intercellular lipid

domain that surrounds the corneocytes is generally regarded as the major route for drug

permeation through the SC and the corneocytes are thought to act as mechanical barriers

that effectively increase the difrusional path length (26, 67, 76, 77), it would appear that

due to the looser packing of the corneocytes there would be a greater area available for

drug permeation through the intercellular domain within the uppermost regions of the SC.

Thus, it would be anticipated that the SC accommodates a greater amount of the permeant

within its upper layers. This notion is supported by the distribution profiles presented

Chapters 5 and 6. In particular, it was evident from the distribution profiles presented in

Chapter 6 that the concentration of either OS or PO within the SC declined exponentially

as a function of increasing SC depth. Thus, it would seem that the lipid-reducing and/or

lipid-disordering effects of OS and PO are significant within the upper regions of the SC,

where the concentrations of OS and PO within the SC are greatest. This correlation is

further exemplified by the distribution profiles presented in Figure 7.15.

The data presented in Figure 7.15 clearly shows that compared with distribution

profile generated after the topical application of 2.5%w/v OS, the relative amounts of OS

were significantly higher within the upper SC layers (between tape strips 1 and 5)

following the topical application of higher (between 5 and 10%w/v) OS concentrations.

Accordingly, the topical application of 2.5%w/v OS elicited a blue shift of the CH2

asymmetric stretching frequency only at the SC surface whereas significant peak shifts

were observed throughout the entire upper region of the SC (between tape strips 0 to 5)
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following the application of higher (between 5 and 10%w/v) OS concentrations (Figure

7.14).

It is also worth mentioning some of the artifacts that may be associated with the

experimental procedure that was employed. The observation that within the lower regions

of the SC the lipids appear to become more disordered with increasing SC depth could be

related to the fact that tape stripping the SC removes cell layers that originate from

various depths because of macroscopic furrows in the skin (78). Thus, sequential removal

of the SC layers by tape stripping may have eventually exposed the zinc selenide crystal

to areas of the SC that are present within the furrows as well as the uppermost regions of

the underlying epidermis (Figure 7.16).
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Figure 7.15. Amounts of OS present within the SC following the topical application of 2.5%w/v ( • ) ,
5%w/v ( • ) , 7.5%w/v (S) or 10%w/v ( • ) OS (n = 5). The amount of OS is presented as a function of tape
strip number (where a tape strip number of 0 refers to the SC surface). As the quantification of OS was
performed using ATR-FTIR, these are only relative measurements. * denotes a statistically significant
difference compared with the relative amount measured after the application of 2.5%w/v OS (p<0.05).
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Figure 7.16. Schematic representation of how tape stripping the SC removes cell layers that originate from

various depths because of furrows in the skin. Taken from van der Molen et al (78).

As the IR absorbances within an ATR-FTIR spectrum represent the average state of

the chemical bonds within skin layers that are immediately in contact with the IRE, it is

possible that the CH2 stretching frequencies that were detected within the deeper SC

layers actually represented a mixture of the intercellular lipids embedded within the SC

furrows as well as the small amount of lipidic material present within the uppermost

epidermal strata (67, 79).

Thus, the observation that neither OS nor PO significantly effected the signal

intensities or peak frequency maxima of the CH2 asymmetric absorbances detected within

the lower SC regions may be partly explained by the fact that OS and PO are highly

lipophilic and sparingly soluble in water and are therefore unlikely to partition into - and

therefore interact with the lamellar bodies that are present within - the epidermis in vitro.

It is also evident from Figure 7.14 that compared with the CH2 stretching

absorbances detected within the upper SC regions (between tape strips 0 and 5), the CH2

stretching frequencies obtained from the deeper skin layers (between tape strips 10 and

20) were centered at higher wavenumbers. Thus, another explanation as to why OS did

not appear to effect the fluidity of the lipids located within the deeper skin strata could be

related to the possibility that a large fraction of these lipids exist as a somewhat liquid-

crystalline phase and therefore cannot be further perturbed.

Given that the hydration state of the SC has been related to the cohesive properties

of SC corneocytes (where an apparent increase in SC hydration corresponded to increases
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in corncocyte cohesion (75)) and that the removal of the SC layers by tape stripping

would eventually expose the uppermost regions of the underlying epidermis, it should

also be noted that water concentrations within the SC have been found to increase with

increasing SC depth (22, 28). It was therefore not surprising to find that the O-H

stretching frequency located at ~3000 cm"1 increased as a (unction of tape strip number

during the ATR-FTIR analyses that were conducted (data not shown). It has been

previously reported that a large increase in the hydration level of the SC causes the CH2

stretching frequencies to be located on the shoulder of the broad O-H band located at

~3000 cm"1 - an effect which may shift the apparent peak maxima of the CH2 stretching

frequencies to higher wavenumbers (80). Thus, the relatively high level of hydration

within the deeper SC layers could have artificially shifted the CH2 asymmetric stretching

frequencies detected within the region to higher wavenumbers and/or may have

confounded the apparent effects of OS on the conformational order of the deeper SC

lipids.

7.5. CONCLUSIONS

It would appear that both OS and PO extract lipids from the superficial layers of the

SC. However, the lipid-reducing effect of OS seemed to be linearly dependent on its

applied concentration whereas the potential for PO to reduce SC surface lipid content

appeared to be saturated within the concentration range investigated. Differences were

also apparent between the time-related effects of OS and PO on SC sui&ce iipid content.

While the degree by which OS seemed to reduce SC surface lipid content remained

relatively unchanged over all exposure times (between 0.5 and 24 h), the maximum lipid-

reducing effect of PO was not apparent until the exposure time was extended from 0.5 h

to 2 h. However, the magnitude by which PO appeared to reduce SC surface lipid content

remained relatively constant over longer exposure times (between 2 and 24 h).

It was also evident that OS rapidly partitioned into the upper layers of the SC after

its application to the skin as maximal levels of OS were present within the SC after an

exposure time of 0.5 h. On the other hand, the maximum amount of PO that was taken up

into the SC surface layers was not evident until a 2 h exposure time. Thus, it would seem

that the m gnitude by which either OS or PO reduced SC surface lipid content may have
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been related to the maximum amount of OS or PO taken up into the SC surface layers.

However, as the uptake of either OS or PO into the SC surface layers subsequently

declined over relatively long exposure times it would seem that - when they are left in

contact with the skin - the lipid-reducing effects of OS and PO are not readily reversible

in vitro.

It was also revealed from these studies that OS, but not PO, may reduce the

conformational order of the lipid bilayers located within SC surface layers. As the

magnitude by which OS shifted the CH2 stretching frequencies declined exponentially

over time and also appeared to be directly related to the applied concentration of OS, the

apparent ability of OS to fluidise the SC surface lipids appears to be directly related to the

amount of OS present within these superficial SC layers. It is possible that the different

effects that OS and PO appear to elicit on the conformational order of the SC lipid alkyl

chains could be related (or partly related) to differences in their chemical structures, the

possibility that they are located at different regions within the lamellar structure, and/or

their potential to modify hydrogen bonding between the SC lipid molecules.

Although it would appear that OS and PO exert different effects on the

conformation of the lipid alkyl chains, neither seemed to alter the location of the carbonyl

stretching frequency (located at -1740 cm"1) derived from the polar head-groups of the

SC intercellular lipid bilayers and/or sebaceous lipids. This observation may suggest that

neither OS nor PO form hydrogen bonds with the carbonyl moieties of the intercellular

and/or sebaceous lipid polar head-groups. However, the vehicle that was used to deliver

OS and PO to the skin surface was ethanol, which was found to elicit a blue shift of the

carbonyl stretching frequency. Thus, it is also possible that hydrogen bonding between

OS or PO and polar head-group carbonyls was offset by the presence of ethanol within

the SC.

It was evident from the tape-stripping experiments that were performed that

treatment of the SC with either OS or PO did not effect the areas or locations of the CH2

asymmetric stretching absorbances detected within the deeper SC layers. This would

indicate that the lipid-reducing or lipid-disordering effects of OS or PO are mainly

confined to the superficial SC layers, where SC lipid content, SC lipid fluidity, and the

concentrations of OS or PO within the SC are greatest.
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Chapter 8 - Summary Of Major Findings and Concluding Remarks

The primary objective of this research was to investigate the possible mechanism(s)

by which OS and PO facilitate the percutaneous absorption of fentanyl in vitro under the

"finite dose" conditions that would prevail if the non-occlusive transdermal delivery of a

drug was applied to humans in vivo. Thus, the following is a summary of only the major

findings that were relevant to this objective.

8.1. POSSIBLE MECHANISMS BY WHICH OCTISALATE AND PADIMATE O

FACILITATE THE PERCUTANEOUS ABSORPTION OF FENTANYL IN

VITRO UNDER "FINITE DOSE" CONDITIONS

A) Octisalate and padimate O may alter the thermodynamic activity of fentanyl

in the applied vehicle

It was demonstrated that compared to ethanol alone, OS and PO significantly

enhanced the in vitro percutaneous absorption of fentanyl under finite dose at

concentrations at or above l%w/v and 5%w/v, respectively. It also appeared that the

enhancing effects of OS and PO were related to their ability to modify the kinetics of

fentanyl absorption as:

i. when ethanol alone was used as the vehicle, the time course of fentanyl

absorption appeared to follow a trend that was typical of "finite dose"

conditions (i.e. there was a subsequent decline in fentanyl absorption after

fentanyl flux reached an apparent maximum)

ii. although the time course of fentanyl absorption still appeared to follow a

trend that was somewhat typical of "finite dose" conditions, the magnitude

of and the time to reach maximum fentanyl flux were both increased, and

the subsequent decline in fentanyl absorption was not as evident when

relatively low concentrations (1 or 2.5% w/v) of OS or PO were added to

the vehicle

Hi. when relatively high concentrations (i.e. at or above 5% w/v) of OS or PO

were added to the vehicle, the time course of fentanyl absorption appeared

to follow a trend that resembled "infinite dose" conditions: after an initial
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nonlinear phase in which the rate of fentanyl absorption gradually increased,

maximal fentanyl flux across the skin remained relatively constant (i.e.

fentanyl flux eventually reached an apparent "steady-state").

In agreement with these findings, it was also found that compared with ethanol

alone, the presence of OS and PO in the vehicle modified the distribution of fentanyl

across human SC. The areas under the fentanyl distribution profiles reached a

"maximum" within 0.5 h after the "finite dose" application of fentanyl in ethanol alone.

However, after this initial "burst effect", fentanyl concentrations within the SC, and

particularly within the upper regions of the SC, subsequently declined over longer

exposure times. On the other hand, when fentanyl was applied with ethanol containing

5%w/v of either OS or PO, the areas under the fentanyl distribution profiles remained

relatively constant at all exposure times, which could be attributed to the fact that

relatively high concentrations of fentanyl were maintained within the upper regions of the

SC.

Not surprisingly, it also appeared that when ethanol alone was used as the vehicle,

the clearance of fentanyl from the SC surface declined by a two-compartment process in

which the amount of fentanyl residing at the SC surface seemed to plateau after an initial

rapid decrease. On the other hand, the clearance of fentanyl from the SC surface appeared

to follow a first-order process when OS and PO were added to the vehicle, suggesting

that in the presence of OS or PO, fentanyl was continually being cleared from the SC

surface. It is likely that these findings can be partly explained in terms of the different

compositional changes that occur following the finite dose application of a volatile or a

volatile: non-volatile vehicle system.

As discussed in Chapters 3 and 5, the complete evaporation of ethanol from the

volatile: non-volatile vehicle system would have resulted in the deposition of an

"enhancer film" at the SC surface, which is likely to have been supersaturated with

fentanyl. When relatively high (2:5% w/v) concentrations of OS or PO were added to the

vehicle, this "enhancer film" may have contained a sufficient amount of OS or PO to

reduce the tendency of fentanyl to precipitate out of solution.

As evidenced by the fentanyl distribution profiles, it is likely that the maintenance

of a diffusable source of fentanyl at the SC surface (that is available for partitioning into

the upper layers of the SC) coupled with the high thermodynamic activity of fentanyl in
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;I

the "enhancer film" maintains a favourable SC-vehicle partition coefficient and,

therefore, a high chemical potential gradient across the SC.

It was also demonstrated that the enhancing capability of OS was generally superior

to that of PO under finite dose conditions. However, in relation to the interactive

mechanisms of action that were investigated in thesis:

i. OS and PO appeared to enhance the partitioning of fentanyl between human

stratum corneum (SC) and water to a similar degree (statistically significant

differences were not detected between the ER(Ksc/v) or ER(KSCAV) values

generated from the infinite dose diffusion studies and the SC-water |

partitioning experiments, respectively, at any given concentration of OS and

PO) •]
ii. compared to OS, PO appeared to exert a greater enhancing effect on the

partitioning of fentanyl between IPM and water (ER(KIPM/W) values

generated for any given concentration of PO were greater than those

generated for the same concentration of OS)

iii. compared to OS, PO appeared to extract a greater amount of lipids from the

SC surface at any given concentration investigated.

Thus, as the saturated solubility of fentanyl in PO was found to be -26% higher

than its solubility in OS, it would seem that the superior enhancing activity of OS under

finite dose condition may be related, or partly related, to the likelihood that the

thermodynamic activity of fentanyl in the deposited "enhancer film" containing OS was

higher than that of fentanyl in the film containing PO. However, it was also found that

that OS, but not PO, may reduce the conformational order of the superficial SC lipid

bilayers. Thus, the enhancing capabilities of OS may also be related to this effect.

B) Octisalate and padimate O may increase the solubility of fentanyl in the

stratum corneum lipids

It was also demonstrated that, under infinite dose conditions, OS and PO

significantly enhanced the permeability coefficient of fentanyl at all concentrations

investigated. Analogous to the concentration-dependent trends that were evident under
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finite dose conditions, the ability of OS to enhance fentanyl permeation of human

epidermis appeared to be linearly dependent on its applied concentration whereas a

parabolic relationship was evident between fentanyl permeation enhancement and the

applied concentration of PO. As similar concentration-dependent trends were also evident

for the enhancement of fentanyl partitioning between human SC and water, it would

appear that the enhancing effects of OS and PO can be largely attributed to their ability to j

increase the partitioning of fentanyl into the SC.

Due to the fact that the infinite dose diffusion studies and the SC-water partitioning

experiments that were conducted both involved the use of skin samples that were

pretreated with either OS or PO, it was evident that interactive (i.e. vehicle-skin) \

interactions were responsible for the enhancement of fentanyl partitioning into the SC.

Using OCT and IPM to simulate the chemical environment of the SC lipids, it was

demonstrated that:
i

i. the saturated solubility of fentanyl in OS and PO was greater than that in j

either OCT or IPM

ii. based on the differences between the partial solubility parameters of

fentanyl and CER-6, OCT, IPM, OS or PO it would appear that the higher

solubility of fentanyl in OS and PO may be related to hydrogen bonding

and/or London dispersion interactions,

iii. the intrinsic partition coefficient of fentanyl free base between either OS or

PO and water was greater than that between either OCT or IPM and water.

The rank order by which the intrinsic partition coefficients decreased was

the same as that for the saturated solubility of fentanyl in each of the organic

phases (PO > OS > OCT > IPM)

iv. both OS and PO enhanced the intrinsic partition coefficient of fentanyl free

base between IPM and water in a concentration-dependent manner.

These findings may suggest that the effects of OS and PO on fentanyl partitioning

into the SC are not only related to their ability to modify the physicochemical properties

of the applied formulation (under finite dose conditions) but also to their ability to

increase the solubility of fentanyl within the SC lipids. It may also be reasonable to

hypothesise that the ability of OS and PO to increase the solubility of fentanyl within this

340



Chapter 8 - Summary Of Major Findings and Concluding Remarks

domain may related to their ability to shift the hydrogen-bonding and/or London

dispersion solubility parameters of the SC lipids in directions that are closer to those of

fentanyl. However, this notion requires further investigation. s

As it was apparent from the IPM-water partitioning studies that OS and PO |

enhanced fentanyl partitioning into IPM in a concentration-dependent manner, it was ^

somewhat surprising to find that although the in vitro topical biovailability of fentanyl (in

the presence of OS or PO), OS and PO remained relatively constant at all exposure times

investigated, the distribution phenomena of OS and PO across human SC was different to f

that of fentanyl. In particular, it was found that the AUCs calculated for OS and PO in the

upper regions of the SC declined whereas those calculated for the lower regions of the SC |

concomitantly decreased with increasing exposure time. On the other hand, the AUCs

calculated for fentanyl in the upper and lower regions of the SC remained relatively

constant at all exposure times investigated.

Although the different time-related trends in OS or PO and fentanyl distribution |
1

across human SC could be attributed to the fact that these compounds possess different

physicochemical properties, they may also indicate that:

i. under "finite dose" conditions, the ability of OS and PO to maintain a

favourable fentanyl concentration gradient across the SC can be largely

attributed to the possibility that OS and PO maintain a difrusable source of

fentanyl at the SC surface that is available for constant partitioning into the

upper layers of the SC (i.e. under "finite dose" conditions, the contribution

of this effect to fentanyl permeation enhancement may be more significant

than that of the effect of OS and PO on the solubility of fentanyl in the SC

lipids)

ii. other mechanism(s) (in addition to increased fentanyl solubility within the

SC lipid domain) may also be responsible for the effects of OS and PO on

fentanyl partitioning
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C) Octisalatc and padimatc 0 appear to alter the content and/or conformational

order of stratum corncum lipids

The ATR-FTIR analyses that were performed in order to investigate the effects of

OS and PO on SC lipids demonstrated that both OS and PO reduce the lipid content of

the superficial SC layers. In addition, it was found that OS, but not PO, may also reduce

the conformational order of the intercellular lipid bilayers located within the upper

regions of the SC (refer to Section 8.2). However, neither OS nor PO appeared to interact

with carboxyl groups of lipid polar head-groups.

As it was evident from the tape-stripping studies that were conducted in

conjunction with ATR-FTIR analyses that neither OS nor PO affected the areas or

locations of the CH2 asymmetric absorbances detected within the deeper regions of the

SC, it would seem that the apparent lipid reducing and/or lipid disordering effects of OS

or PO were mainly confined to the superficial layers of the SC, where SC lipid content, *

SC lipid fluidity and the concentrations of OS or PO within the SC are greatest.

Although these findings may infer that OS and PO might reduce the diffusional

resistance of the stratum corneum, it was apparent from the data generated from the

infinite dose diffusion studies that neither OS nor PO significantly enhanced the diffusion

coefficient of fentanyl within the SC. Interestingly, however, OS appeared to reduce the

amount and the conformational order of lipids located in the SC surface layers in a

manner that appeared to be linearly related to both its concentration within the applied

vehicle and the amount taken up into the superficial layers of the SC. On the other hand,

PO appeared to reduce the lipid content of the SC surface layers to the same extent,

regardless of the concentration within the applied vehicle and the amount taken up into

the superficial layers of the SC (after a 2 h pretreatment time). As these concentration-

dependent effects are somewhat consistent with those observed for the enhancement of

fentanyl partitioning between human SC and water, it is worth mentioning that SC lipid

extraction and/or perturbation have also been reported to enhance solute partitioning into

the SC (1-6). Thus, it is possible that the apparent effects of OS and PO on SC surface

lipid content and/or conformational order also contributed to their ability to promote

fentanyl partitioning into the SC.

However, the ability of the diffusion model to detect changes in the diftusivity of

fentanyl within the SC was questioned as it was also demonstrated that neither oleic acid
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nor Azone® enhanced the diffusion coefficient of fentanyl within the SC, which was

somewhat unexpected given that i) relevant concentrations of the enhancers were used

and ii) it is well established that both enhancers perturb SC lipids. Although a number of

possible limitations of the diffusion model were discussed in Chapter 4, it is to be noted

II
i. in Chapter 2, it was demonstrated that OS increased the diffusion coefficient I

of fentanyl under infinite dose conditions following a 12 h pretreatment

time. Thus, it is possible that although the apparent effects of OS and PO on

SC surface lipids were evident within relatively short (< 2 h) exposure

times, longer exposure times may be required before these effects alier

fentanyl diffusion within the SC

ii. the diffusion model may have accurately depicted changes in the diffusion

coefficient of fentanyl. In which case, as mentioned previously, it is possible

that the apparent effects of OS and PO on SC surface lipids may have

contributed to their ability to enhance fentanyl partitioning into the SC

rather than its diffiisivity within the SC lipids (i.e. it is possible that OS or

PO do not perturb the sites(s) within the lipid lamellae that impose the

greatest resistance to fentanyl diffusion).

D) Differences between the apparent mcchanism(s) of action of octisalate and

padimate O

Given that the enhancing effects of OS on fentanyl permeation through human

epidermis appeared to be linearly dependent on its applied concentration and that its

effects on:

i. fentanyl partitioning between either IPM or isolated human SC and water

ii. SC surface lipid content

iii. the appaient conformational of the superficial SC lipid bilayers

also appeared to be linearly related to its applied concentration (and for the latter two

effects, the amount of OS taken into the superficial layers of SC), it would seem that all
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5

of these mechanisms may have contributed to the enhancing effects of OS. However,

given that:

i. a parabolic relationship was evident between the applied concentration of

PO and the enhancement of fentanyl permeation and partitioning between

human SC and water, with maximum enhancement observed at 5%w/v PO

i. the effect of PO on surface SC lipid content appeared to be saturated within

the concentration range investigated (1 to 10%w/v)

ii. PO appeared to enhance the partition coefficient of fentanyl between IPM

and water in a manner that was linearly dependent on its concentration in

IPM 1

it would appear that although the latter mechanisms may have contributed to the

enhancing effects of PO, other factors may have affected its enhancing capabilities when

relatively high concentrations (i.e. > 5%w/v) were applied to the skin.

Although it was proposed in Chapter 4 that the partitioning of PO into the SC lipid

domain may have become solubility-limited at high concentrations, it was later

demonstrated in Chapter 7 that the uptake of PO into the SC was linear with respect to its

applied concentration. However, the disposition of PO within the intercellular lipid

lamellae cannot be determined from ATR-FTIR data. Thus, it is possible that:

i. at high enhancer loadings, the partitioning of PO to its site of action may

become solubility-limited and/or

ii. at high enhancer loadings, other forces may come into play that counter-act

the enhancing activity of PO.

Furthermore, the possibility that OS, but not PO, may reduce the conformational

order of the SC lipid bilayers could also be related to:

i. differences between the chemical structures of OS and PO and/or

ii. the possibility that, compared with PO, OS can displace lipid molecules by

forming relatively strong hydrogen bonds with adjacent lipid polar head

groups (assuming that the OS intercalates between the lipid bilayers or at
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another site within the lipid lamellae that allows for this interaction)

Evidently, the differences that have emerged between the concentration-dependent

effects of OS and PO may provide further insight into some of the interactive forces that

govern their enhancer activity and, in light of the above-mentioned hypotheses, it may be

necessary to investigate structure-activity relationships for OS and PO (and relevant

analogues) in order to gain a better understanding of their mechanism(s) of action and the

factors that influence their enhancer activity.

In order to facilitate, or rationalise, the use of OS and PO as CPEs, it may also be

necessary to investigate their effects on the permeation, partitioning, and diffusion of a

series of homologous compounds with different lipophilicities. For instance, if a

parabolic relationship is evident between the applied concentration of PO and the

enhancement of the partitioning and/or permeation of other lipophilic compounds (i.e.

this "parabolic trend" is not specific to fentanyl permeation enhancement), it could be

that the "optimal" concentration of PO for such compounds is of the order of 5%w/v.

Furthermore, if PO renders the SC less permeable to lipophilic solutes at relatively high

enhancer loadings, would the use of high concentrations (i.e. >5%w/v) of PO facilitate

the percutaneous penetration of hydrophilic solutes?

E) The possible mechanism(s) by which octisalate and padimate O facilitate the

percutaneous absorption of fentanyl in vivo : the relevance of in vitro data

It was demonstrated that the distribution phenomenon of OS across human SC in

vitro did not correlate with its distribution in vivo at relatively long exposure times. In

particular, it was found that in vitro, the topical bioavailability of OS remained relatively

constant at al) exposure times up to 16 h. This was mainly due to the fact that there was

an accumulation of OS within the deeper layers of the SC as the concentrations of OS

within the upper regions of the SC concomitantly declined. On the other hand, the topical

biovailability of OS in vivo decreased with increasing exposure time, which was due to

the simultaneous depletion of OS from the upper and lower regions of the SC. Not

surprisingly, it was found that the poor correlation between the distribution of OS across

human SC in vitro and in vivo was in part due to a greater loss of OS from the SC surface

in vivo.
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Although the distribution of PO and the mechanism(s) of action of OS and PO were
i

not investigated in vivo, it is apparent from these findings that a number of biological j

factors that influence percutaneous drug absorption in vivo would not exist (or exist to the j

same extent) in vitro. Consequently, it is difficult to extrapolate the significance of the

mechanism(s) by which OS and PO enhance fentanyl permeation in vitro to that of the

mechanism(s) that might prevail during the percutaneous absorption of fentanyl in vivo.

Given that the enhancing effects of OS appeared to be linearly related to its applied

concentration and/or the amount taken up into the SC, it would seem, based on the in

vitro-in vivo data generated from this research, that some of the mechanism(s) by which

OS enhances fentanyl permeation of human epidermis in vitro may operate to some )

extent in vivo. On the other hand, the correlation between the in vitro and in vivo \

mechanism(s) of action of PO may be confounded by the fact that the enhancing activity

of PO does not appear to be linearly dependent on its applied concentration and/or the

amount taken up into the SC. For instance, given that PO appeared reduce SC surface

lipid content to the same extent in vitro regardless of the amount taken up into the SC, it

would be interesting to investigate this particular mechanism of action in vivo.

8.2. SUGGESTIONS FOR FUTURE RESEARCH

As numerous avenues for future research have been proposed throughout this work,

the following paragraphs elaborate on some of the main suggestions that have been made

and include some additional suggestions.

It has been particularly evident from this final discussion that further studies are

required in order to clarify the mechanism(s) of action of OS and PO. As discussed in

Chapter 7, further ATR-FTIR investigations may need to be conducted, using the

perdeuterated analogue of OS, in order to confirm whether or not OS perturbs the

organisation of the SC lipid bilayers and if so, by what mechanism(s) of action (for

example, by increasing the fluidity of the SC lipids, by forming separate fluid phases in

the '"gel like" lipids, or by other mechanism(s) of action). Future investigations into the

mechanism(s) of action of OS and PO would also be assisted by the use of other

analytical techniques, such as DSC or X-Ray diffraction.
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The possibility that the in vitro activities of OS and PO may not be entirely

predictive of their enhancing capabilities in vivo highlights the importance of conducting

future mechanistic studies in vivo - not only to elucidate the efficacy of OS and PO in

vivo but also to establish whether the in vitro mechanism(s) of action of OS and PO are

predictive for their activities in vivo. If further ATR-FTIR investigations are to be carried

out in vivo, it should be noted for future reference that - as mentioned in Chapter 6 - the

IR absorbances arising from human forearm SC in vivo were found to be ~10-fold less

intense than those generated from excised human abdominal SC. Thus, as OS and PO

generate strong IR absorbances that may interfere with those arising from components of

the SC, it is advisable to use deuterated analogues during in vivo ATR-FTIR

investigations1.

Although some pertinent drug-vehicle-skin interactions were investigated in this

thesis, it is likely that the "finite dose" application of a volatile: non-volatile transdermal

formulation will result in a complex array of such interactions. Thus, in order to gain

further insight into some of the possible mechanism(s) involved in the e.ihancement of

fentanyl permeation under "finite dose" conditions, it m?j be necessary to investigate the

interplay between the dynamics of each vehicle component (7). Investigations of this

nature may also be aimed at achieving synergistic enhancement of fentanyl permeation.

For instance, given that the enhancing capability of OS appears to be related to the

amount taken up by the SC, can the vehicle be modified in order to increase the

thermodynamic activity of OS in the applied formulation and hence promote its

partitioning into the SC? What effect would this have on the kinetics of fentanyl

percutaneous absorption? Given that the current research suggests that OS and PO

enhance the partitioning of fentanyl into the SC, could the skin penetration of fentanyl be |

further enhanced by incorporating a CPE that has known effects on the diffusion I

coefficient of fentanyi within the SC? It is evident that this area of research will involve

extensive investigations. j

As previously mentioned, it may be necessary to investigate the enhancing effects

of OS and PO on a series of homologous of compounds with different physicochemical [

properties in order to facilitate their future use as CPEs. However, in relation to the scope

1 It is for this reason that ATR-FTIR investigations into the effects of OS and PO on SC Hpids in vivo were

not conducted during this research.
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of this research, it would also be interesting to investigate the feasibility of using OS and

PO to enhance the skin permeation of other opioid analgesics that are structurally related

to fentanyl. For instance, in terms of efficacy and safety, sufentanil is a good candidate

for TDD as it possesses physicochemical properties that are amenable to TDD, due to its

high potency, it would expected that relatively small doses would need to be applied to

the skin, and its has a very high therapeutic safety index.

Finally, as it was demonstrated in Chapters 5 and 6 that:

i. a large portion of the initial dose of fentanyl, OS, and/or PO that was

applied to the skin in vitro or in vivo remains on the skin surface after

relatively long exposure times

ii. losses in fentanyl, OS, and/or PO recover could not be accounted for after

relatively long exposure times

it may be necessary to investigate whether the non-occlusive transdermal delivery system

can be optimised such that minimal amounts of drug and/or enhancer need only be

applied to the skin surface in order to achieve the required transdermal delivery rate of

the drug.

In conclusion, it is apparent that although this work has identified a number areas

for future research, it has also increased our understanding of some of the possible

mechanism(s) of action of OS and PO and, in particular, some of the likely mechanisms

by which they enhance the percutaneous absorption of fentanyl. It is also anticipated that

the present research will assist the future design, development and optimisation of a non-

occlusive transdermal delivery system that delivers a therapeutically relevant amount of

fentanyl to the systemic circulation, and has the potential to provide sustained relief of

chronic pain.
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Table Al (cont). Technical feasibility of some opioid analgesics

ABBREVIATIONS

N/D Not determined

1
58
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APPENDIX II.
1

Table A2. Weight change of dessicated samples of isolated human stratum eomeum
before (dry weight) and after (wet weight) 24 h stratum corneum-water fentanyl
partitioning experiments: skin left untreated or pretreated with ethanol alone or ethanol
containing octisalate (per Chapter 4 (Section 4.4.2)).

3I

Pretreatment
details No.

DiySC
weight
(mg)

WetSC
weight
(mg)

Fentanyl
uptake *

Corrected
weight changeb

Untreated

0%w/v OS
(Ethanol alone)

1%w/v OS

2.5%w/v OS

5%w/v OS

7.5%w/vOS

10%w/v OS

1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5

3.00
3.15
3.32
2.81
3.07
3.38
3.23
3.33
3.45
3.35
3.17
2.72
3.23
3.56
3.17
3.36
2.96
3.39
3.05
3.19
3.07
3.44
3.20
3.32
3.26
3.42
3.45
2.66
2.98
3.13
2.96
2.95
3.02
2.99
2.98

4.70
5.13
5.73
4.65
5.05
5.52
4.02
4.51
5.76
4.96
5.02
4.50
5.57
5.91
5.25
4.41
4.22
4.58
4.98
4.55
4.6

4.33
4.33
4.98
4.56
4.86
4.28
4.55
4.66
4.59
4.98
4.33
4.32
4.54
4.54

49.91
52.46
49.60
44.54
48.87
59.49
55.70
53.63
57.45
52.28
58.14
53.10
54.75
44.52
59.06
48.45
46.74
54.09
44.58
48.46
53.67
51.72
56.43
56.28
56.56
57.31
60.48
64.02
63.72
57.10
63.55
68.42
61.82
58.92
61.60

Mean ± SEM

55.00
61.19
71.10
63.90
62.98
61.55
22.73
33.82
65.87
46.53
56.53
63.49
70.75
64.76
63.75
29.81
40.99
33.51
61.82
41.04
48.09
24.37
33.55
48.30
38.25
40.43
22.30
68.65
54.24
44.86
66.10
44.46
41.00
49.87
50.37

49.88 ± 2.44

a Calculated amount of fentanyl taken up into stratum eomeum after 24 h (refer to Chapter 4,
Section 4.3.3.2)
b Corrected for fentanyl uptake into stratum eomeum
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Table A3. Weight change of dcssicated samples of isolated human stratum corneum
before (dry weight) and after (wet weight) 24 h stratum corneum-water fentanyl
partitioning experiments: Skin left untreated or pretreated with ethanol alone or ethanol
containing padimate O (per Chapter 4 (Section 4.4.2)).

1

Pretreatment
details No.

DrySC
weight
(mg)

WotSC
weight
(mg)

Fentanyl
uptakea

Corrected
weight changeb

Untreated

0%w/v PO
(Ethanol alone)

1%w/v PO

2.5%w/v PO

5%w/v PO

7.5%wAv PO

10%w/v PO

1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5

2.76
2.69
2.75
2.73
2.70
2.84
2.80
2.91
2.85
2.85
2.73
3.38
2.94
3.02
2.98
2.83
3.17
3.55
3.10
3.16
3.24
3.29
3.55
2.96
3.26
3.04
3.68
3.48
3.00
3.30
3.32
3.25
3.02
2.99
3.15

5.09
3.8

6.62
5.17
5.18
6.79
4.62
6.62
6.01
6.01
6.21
6.87
4.64
5.91
5.90
5.6

4.75
5.57
6.62
5.64
8.8

5.98
5.19
5.03
6.25
5.83
8.24
7.29
5.87
6.81
7.70
7.89
6.06
7.22
7.22

25.22
19.93
26.50
23.88
23.88
26.03
32.20
28.58
28.94
29.91
31.47
29.61
20.76
27.28
25.88
45.30
25.64
43.34
34.34
37.16
40.90
46.72
52.21
39.82
44.91
43.34
39.46
50.51
37.41
42.68
42.35
37.12
42.24
40.57
39.98

Mean i SEM

83.51
40.52
139.76
88.27
90.97
138,17
63.85
126.51
109.86
109.83
126.32
102.38
57.12
94.90
97.12
96.28
49.03
55.68
112.44
77.01
170.34
80.34
44.73
68.59
90.34
90.35
122.84
108.03
94.42
104.99
130.65
141.63
99.26
140.00
128.19

99.2615.21

I!

i

I

i

a Calculated amount of fentanyl taken up into stratum comeum after 24 h (refer to Chapter 4,
Section 4.3.3.2)
b Corrected for fentanyl uptake into stratum comeum
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