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This thesis describes certain critical aspects of the development of semisolid topical
anesthetic formulations requiring a fast onset of action. Furthermore, local anesthetics
were investigated regarding their phase interaction with membrane lipids. 
    A new long acting and topically effective local anesthetic/analgesic agent, isopropyl-
methyl-[2-(3-propoxy-phenoxy)-ethyl]-amine (amino diether, AD), was used as the
model compound. The nonionized form of AD is liquid oil at room temperature with
low water solubility. A submicron o/w emulsion with Newtonian flow property was
prepared with AD as the disperse phase. The kinetic stability of this emulsion was
increased to prevent Ostwald ripening by addition of small amounts of a hydrophobic
excipient to the disperse phase. The emulsion allowed a high in vitro release and
permeation rate of AD as well as a sufficient in vivo efficacy. 
    To achieve a plastic property, hydrophilic polymers were added to the o/w emulsion
resulting in a significant reduction of the release and permeation rate of AD. In order to
avoid the addition of these polymers, a semisolid w/o emulsion was evaluated with AD
as the continuous phase. The inherent plastic property of this formulation allows
sufficient skin adhesion. Furthermore, the release and permeation rate of AD from this
formulation is comparable to that of the Newtonian submicron o/w emulsion. A close
correlation between the in vitro permeation studies and the in vivo human plasma
profiles was observed using the convolution/deconvolution method. 
    Furthermore, x-ray and calorimetric data indicated that local anesthetics are able to
interact with skin lipids both by increasing the chain fluidity of the crystalline lipids and
by probably producing phase inversions in the grain borders of the stratum corneum
lipid multilayers. It was also shown that this lipid interaction was not directly correlated
with the different levels of skin permeation and/or topical efficacy of the investigated
compounds.
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ABBREVIATIONS AND DEFINITIONS

AD Isopropyl-methyl-[2-(3-propoxy-phenoxy)-ethyl]-amine 
(amino diether)

C934 Carbopol 934P
CMC Carboxymethylcellulose
DSC Differential scanning calorimetry
EMLA Eutectic mixture of local anesthetics
GMO Glyceromonooleate
HLB Hydrophilic-lipophilic balance
LA Local anesthetic
L-P Lidocaine-prilocaine mixture in a 1:1 ratio
MCT Medium chain triglyceride
PG PR Polyglycerol polyricinoleate
PIDS Polarization intensity differentiating scattering
PIT Phase inversion temperature
SC Stratum corneum
Spm Sphingomyelin
SWAX Small and wide angle x-ray 
SAX Small angle x-ray 
WAX Wide angle x-ray
O/w Oil-in-water
W/o Water-in-oil

Symbols

a Thermodynamic activity 
C Dissolved concentration (mol/l)
C0 Initial concentration (mol/l)
Cs Saturation concentration (mol/l)
D Diffusion coefficient (m/h)
J Flux  (mol/m2/h)
Jss Steady state flux (mol/m2/h)
m Cumulative mass of the diffusant (mol/m2)
µ Chemical potential (J/mol)
R Gas constant (J/mol.K)
T Absolute temperature (K)
x Diffusion distance (m)
x (t) Diffusion distance as a function of time (m)
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1 AIM OF THE THESIS

The aim of this work is to describe certain critical aspects of the development of
semisolid topical anesthetic formulations requiring a fast onset of action. A new local
anesthetic/analgesic agent, namely, isopropyl-methyl-[2-(3-propoxy-phenoxy)-ethyl]-
amine (amino diether, AD), has been used as a model compound throughout the work.
Various formulations of AD have been developed, evaluated, and optimized with
respect to physical stability, suitable consistency, and maximum release rate of the
active compound. Based on the experimental data, a relationship between the release
rate of the compound and the macroviscosity of the formulation has been proposed and
discussed. An innovative aspect of this work shows that w/o emulsions may be used to
overcome the slow release rate of the thickened o/w emulsions. During different stages
of this work, the in vitro permeation results have been verified in vivo in guinea pigs
and man. Furthermore, AD was investigated and compared to other local anesthetic
agents regarding phase-behaving properties and interactions with model lipid
membranes to give a further understanding of the mechanism by which these
compounds interact with stratum corneum (SC) lipids. 
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2 INTRODUCTION

The purpose of topical dosage forms is to allow the convenient delivery of drugs across
a localized area of the skin. To develop an ideal formulation, one must take into account
the physicochemical stability of the system, the flux of the drug across skin, retention of
the dosage form on the surface of the skin, and the acceptability of the formulation to
the patient. This thesis deals with challenges involved in developing topical anesthetic
formulations for application, in excess, to various areas of intact skin where they were
required to produce a fast onset of action. Thus, it is important to prepare a semisolid
formulation that adheres to the treated area for the required time to ensure patient
compliance, while allowing the maximum release rate of the compound to give a fast
onset of action. 

The outermost layer of the intact skin, i.e., the stratum corneum (SC), plays a crucial
role in controlling the permeation of most compounds (Blank and Scheuplein, 1969;
Knutson et al., 1985). In particular, the intercellular lipid composition of the SC and the
presence of alternating hydrophilic and lipophilic regions in the multilamellar
arrangements has important implications for the percutaneous absorption of various
molecules (Wiechers, 1989). Hence, this selective barrier puts special demands on the
physicochemical properties of the molecules that are supposed to diffuse through intact
skin. 

Throughout this work, a new topical anesthetic/analgesic agent, isopropyl-methyl-[2-(3-
propoxy-phenoxy)-ethyl]-amine (amino diether, AD), has been used as model
compound. The physicochemical properties of AD, such as its molecular weight,
lipophilicity, and melting point, allow the molecule to rapidly partition into and out of
the SC. For a better understanding of the penetration mechanism, AD was investigated
and compared to other local anesthetics with respect to induced phase transition of
membrane lipids using small and wide angle x-ray diffraction (SWAX), differential
scanning calorimetry (DSC), and partitioning into and through the skin (Paper V). 

To produce a fast onset of action, the formulation must allow maximum thermodynamic
activity of the compound. The best way to maximize the driving force and the flux in a
vehicle is to make saturated formulations, and for an oily compound such as AD,
emulsions appear to be the most obvious way of doing this. A submicron oil-in-water
(o/w) emulsion of AD was developed and stabilized with respect to Ostwald ripening. In
order to optimize the consistency of the formulation, hydrophilic gelling-polymers were
used to create an emulsion with plastic flow properties. Investigation of the relationship
between the macroviscosity of the vehicle and the flux of the compound resulted in the
development of a semisolid water-in-oil (w/o) emulsion that enables the maximum
release rate of AD (Papers I – III). 

The in vitro results have been verified in vivo in guinea pigs. Furthermore, numerical
convolution and deconvolution have been used to investigate the correlation between
the in vitro experiments and the in vivo data n man (Paper IV).
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3 SKIN

Administration of chemical agents to the skin surface has long been practiced, whether
for healing or for purely decorative or cosmetic purposes. Historically, the skin was
thought to be totally impervious to exogenous chemicals. Topical drug administration
was therefore usually restricted to those situations where skin lesions were apparent.
However, once it was realized that the skin was really a semipermeable membrane
rather than a totally exclusive barrier (Homalle, 1853), new possibilities were apparent
both for local treatment of the skin and for drug delivery through it.

Figure 1. A schematic picture of the human skin (from the World book encyclopedia 2001 World book,
Inc., by the permission of the publisher.)

The skin, effectively the largest organ of the body, is a multipurpose, nonhomogenous
membrane with a complex structure (Figure 1). It contains and protects the internal
body organs and fluids and exercises environmental control over the body regarding
temperature and, to some extent, humidity. In addition, the skin is a communicating
organ, relaying the sensations of heat, cold, touch, pressure, and pain to the central
nervous system. The multilayered nature of human skin can be resolved into three
distinct layers: epidermis, dermis, and subcutis. The subcutis or deepest layer, consists
of loose connective tissue that attaches the skin to underlying tissues. Because of its
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loose construction, the skin may be moved over the muscles and bones beneath it. The
dermis is the thick layer of the skin above the subcutis. The irregular structure of the
dermis contains a rich supply of capillaries, nerves, sweat glands, sebaceous glands, and
hair follicles that are supported by connective tissue. The epidermis, which is connected
to the dermis by the basal membrane, is a stratified, avascular multi-layer structure
ranging from 0.006 to 0.8 mm in thickness. The cells of the dermis, as well as the
deeper layers of the epidermis, are bathed by tissue fluid, thus providing a hydrophilic
environment.

The cells of the basal layer divide and differentiate as they migrate upwards through the
different layers of the epidermis to produce the SC, the outermost layer of the skin. The
SC or horny layer consists of several layers of flattened and keratinized dead cells
(corneocytes), embedded in a lipid matrix. The intercellular lipids are arranged in
multiple lamellar structures (Elias and Friend, 1975; Elias et al., 1977) forming
continuous lipid phases that occupy approximately 20% of the total SC volume (Elias
and Leventhal, 1979). Nowadays, it is widely accepted that this route provides the
principal pathway for the permeation of most drugs (Albery and Hadgraft, 1979; Potts
and Guy, 1992). 

The lipid composition of the SC is virtually devoid of phospholipids (Elias, 1981) and is
composed mostly of ceramides (41%), cholesterol (27%), cholesteryl esters (10%), and
fatty acids (9%), with a small fraction of cholesterol sulfate (2%) (Wertz and Downing,
1989). The high content of ceramides, having long, straight, saturated aliphatic chains,
seems to be ideally suited to the formation of highly ordered, impermeable membranes,
which provide resistance to temperature variations, UV exposure and air oxidation
(Schurer and Elias, 1991). The essential role of the SC lipids in barrier properties has
been demonstrated by the removal of lipids with solvent extraction, which leads to
enhanced skin permeability (Matoltsy et al., 1968; Sweeney and Downing, 1970; Squier
et al., 1991). In addition, it has been found that impaired barrier function in diseased
skin is related to abnormalities in SC lipid composition (Imokawa et al., 1991; Paige et
al., 1994). 

A drug molecule that is applied to the skin surface may passively diffuse into the deeper
levels, where it is partly washed away by the blood microcirculation. In the course of
this process, a concentration gradient is formed in the skin, which determines the rate of
absorption of the compound. Optimally, evaluation of the topical delivery systems
should be performed based on in vivo human studies. This is often not an option due to
the safety, ethical and economical issues. In vitro experimental procedures that simulate
the in vivo diffusion conditions in man are therefore extremely important. Human tissue
is obviously the most appropriate membrane to use in a diffusion cell to facilitate the
extrapolation of conclusions to the in vivo situation. The use of human skin for
experimentation is possible since excision of the skin does not alter its permeability
properties significantly, provided that the SC remains intact (Berenson and Burch, 1951;
Galey et al., 1976; Elias et al., 1980; Barry, 1983). 

The most satisfactory source of human tissue is obtained from amputations and
cosmetic surgery. The excised tissue may be stored in a frozen state for prolonged
periods without any significant alteration in the barrier potential (Ainsworth, 1960;
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Kligman and Christophers, 1963; Astley and Levine, 1976; Bronaugh and Stewart,
1986). Depending on the study type, the tissue may be prepared as full thickness skin,
epidermal sheets, or isolated SC. A number of techniques have been reported for
preparation of full thickness skin and epidermal sheets (Coldman et al., 1969; Barry,
1983; Akhter and Barry, 1985; Barber et al., 1992; Bronaugh and Stewart, 1986;
Kligman and Chritophers, 1963; Ferguson, 1977; Akhter et al., 1984). Full thickness
skin may be prepared by removing the underlying fat and muscle tissues, while
epidermal sheets may be prepared by simply sectioning the skin with a dermatome to a
preset thickness. The difference between these two membranes is that all or most of the
thick aqueous layer of the dermis is removed in the epidermal sheets. Isolated SC may
be prepared by the use of proteolytic enzymes that degrade the viable cells of the
epidermis (Kligman and Christophers, 1963; Forman et al., 1983; Rochefort et al.,
1986). However, it must be borne in mind that these enzymes may affect the
biochemical composition of the SC and thereby possibly alter its permeability
properties.

Given the limited availability of human tissue, a number of animal models have been
investigated for their usefulness in predicting percutaneous absorption kinetics. The skin
of experimental animals differs markedly from that of humans in features such as
thickness, biochemical composition of the SC, and in the density of hair follicles and
glands (Bronaugh et al., 1983). Skin permeability has been reported by several
researchers to increase in the following order: chimpanzee, man, weanling pig, monkey,
dog, cat, horse, rabbit, goat, guinea pig, and mouse (McGreesh, 1965; Marzulli et al.,
1969; Bartek et al., 1972). Nevertheless, this does not detract from the usefulness of the
animal models as a screening tool for permeation- and penetration-enhancing effects as
long as the results are treated and interpreted appropriately.

In the course of this work, guinea pig and human skin have been used as membranes in
the in vitro permeation studies. Human skin was obtained from superficial surgery from
the female abdomen, leg, or breast. The guinea pig was chosen as a skin source since
these animals were used for the in vivo evaluation of topical anesthetics. Thus, before
excision, the animal skin was pretreated according to the same procedures as those prior
to the in vivo studies. To prepare the membrane for the in vitro studies, the skin was
sectioned horizontally using a dermatome to a thickness of about 400 µm. 
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4 Local anesthetics
Local anesthetics produce a reversible conduction block of neural impulses along
central and peripheral nerve pathways (Covino, 1986; Ritchie and Greene, 1990;
Dalens, 1993; Yaster et al., 1993) by interacting with the sodium channels in the axonal
membrane. Strichartz and Ritchie (1987) have given a detailed account of the action of
local anesthetics on ion channels.

The main classes of local anesthetic drugs exhibit a similar structural pattern, with an
intermediate chain separating a hydrophilic and a lipophilic moiety. The
pharmacological functions associated with the various structural components of a local
anesthetic molecule are well known (Lofstrom, 1970; Takman, 1975; Foussard-
Blandpin and Quevauviller, 1982). A typical local anesthetic molecule is chemically a
base with a pKa of 7.5 and 9.5, a molecular weight of about 300 g/mol, and a log D
(octanol – phosphate buffer, pH 7.4) of approximately 2 (Table 1). The aqueous
solubility is normally conferred on local anesthetic bases by forming salts, which are
well-defined, stable crystalline materials, while the free bases are either oils or
amorphous solids with low melting points.

From a clinical perspective, these compounds may be classified regarding potency,
speed of onset and duration of anesthesia, which are often assessed by examining the
effect of the drug on an isolated nerve preparation. The key factor in determining the
action of local anesthetic drugs is an understanding of the equilibrium that exists
between the two forms of the compound, i.e., the water-soluble salt and the water-
insoluble free base (Hille, 1980). As previously mentioned, impulse block due to local
anesthetics is brought about by blockage of the sodium channels in the axonal
membrane, thereby preventing generation of an action potential. Only the nonionized
form of the molecule can permeate through the lipophilic axonal membrane to an
appreciable extent, while the active entity responsible for the significant conduction
block is the ionized form of the compound (Butterworth and Strichartz, 1990; Strichartz,
1993). 

The local anesthetic compounds used at different stages of this thesis are listed in Table
1.

4.1 Local anesthesia of intact skin
To be regarded as a topical anesthetic agent, the compound has to penetrate intact skin
and produce impulse block in the underlying nociceptors. Thus, the structural
characteristics of local anesthetic molecules are of some concern regarding their
potential application as topical anesthetics. Lipophilicity, aqueous solubility, melting
point, potency, duration of action, and toxicity are all vital factors which determine the
ability of the drug to reach its site of action and to safely produce a sufficient degree of
anesthesia of the treated area. Buchi and Perlia (1971) have reviewed the structural
characteristics of classical local anesthetic drugs.

There are several clinical procedures where anesthetization of the superficial tissues is
desirable, e.g., harvesting of split-skin grafts, curettage of molluscum contagiosum, skin
biopsy, and removal of genital warts. Beside the use of topical anesthetics, there are two
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main options for producing anesthesia during superficial procedures, namely, general
anesthesia or infiltration of a local anesthetic. The drawbacks of the first alternative are
safety issues and high costs, while the latter procedure involves inconvenience for both
patient and doctor (Morris et al., 1987; Martin, 1990).

Prior to the introduction of EMLA® cream (a eutectic mixture of lidocaine and
prilocaine in a 1:1 ratio formulated as a thickened o/w emulsion), several more or less
successful attempts had been made to anesthetize intact skin without patient discomfort
by a direct application of a topical formulation (Monash, 1957; Campbell and Adriani,
1958; Brechner et al., 1967; Lubens and Sanker, 1964; Adriani and Dalili, 1971).
Gradually, it became clear that adequate penetration of an anesthetic agent through
intact skin required both a high water-content and a high concentration of the
nonionized form of the compound. 

A suitable topical anesthetic formulation should have a fast onset of action, sufficient
depth and duration of anesthesia, be easy to apply, adhere to the application site, be non-
irritant, and be stable under normal storage conditions. To ensure onset, depth and
duration of anesthesia, a new long-acting and topically effective local anesthetic agent,
i.e., AD, was used as the active compound. AD, which in its nonionized form is a
lipophilic compound, was solubilized in water by producing various types of emulsions.
The use of additional lipophilic excipients was, however, minimized to allow a high
thermodynamic activity of AD. Furthermore, the rheological characteristics of the
emulsions were modified to obtain sufficient skin adhesion. 



Table 1. Physicochemical properties of the investigated local anesthetics.

LAs Chemicalstructure Mw

(g/mol)

log D

(oct-PhBpH 7.4)

log P pKa Water
solubility

(mg/ml)

Melting
point

(ºC)

Lidocaine
O

H

H
N

CH3

C 3

N

CH3

C 3

234.3 1.66
1

2.56
3

7.9
1,5

6.8
7,8

68-69
1,7

Prilocaine

N

CH3

O

N

CH3

CH3

220.3 1.23 2.11
3

7.9
6

5.8
7

37-38
7

EMLA® Eutectic mixture of lidocaine and prilocaine in a 1:1 ratio 18 7

AD

OO
N

CH3
CH3

CH3 CH3 251.4 1.83 3.72
4

9.3
2

0.19
2 < 0

Sameridine

N
O

CH3

N

CH3CH3

330.5 2.53 4.84 4 9.3 0.13 < 0

2

1  Gröningsson et al., 1985.
2  Welin-Berger et al., 2000.

3  Strichartz GR, et al., 1990.
4  Estimated from the log D value

5  Johansson, 1982.
6  Newton et al., 1978.

7  Brodin et al., 1984.
8  Nakano, 1979
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5 Pharmaceutical and biopharmaceutical aspects

5.1 Formulation requirements
5.1.1 Efficacy
An optimal topical anesthetic formulation is required to produce rapid anesthesia of
sufficient depth and duration. Thus, the correct choice of the active compound(s)
together with appropriate pharmaceutical processing, is crucial for the development of
such formulations. Onset, depth, and duration of anesthesia are partly dependent on the
type of anesthetic agent used and are related to the pKa, lipophilicity, and protein
binding capacity of the compound (Covino, 1986; Covino and Vassallo, 1976;
Wildsmith et al., 1985). 

However, the overall efficacy of a topical formulation depends not only on the
pharmacokinetics of the drug but also on the vehicle properties. The vehicle should
present the compound in both liquid and mainly nonionized form to the skin. The
formulation should also contain a certain amount of water since presence of an aqueous
phase is an important factor for the permeation of molecules through intact skin. In
addition, the formulation should allow maximum thermodynamic activity of the
compound ensuring the driving force to be as high as possible.  

5.1.2 Consistency
Certain clinical procedures, such as split-skin grafting, require the treatment of large
surface areas of the skin. Hence, the consistency of a topical anesthetic dosage form has
to be adjusted to allow a thick layer of the formulation to be applied to various areas of
the skin (EMLA, 1989; Juhlin and Evers, 1990; Sims, 1991). The retention of the
dosage form on the surface of the skin is essential to enable the formulation to adhere to
the treated area for the required period. At the same time, the formulation should be
easy to apply and be esthetically acceptable to the patient. 

Thus, for these kinds of applications, plastic properties are desirable allowing the
formulation to be easily applied under medium to high shear conditions, while making
local treatment possible due to the high flow resistance of the formulation at rest. 

5.1.3 Possibilities
The best way to produce maximum thermodynamic activity of AD, while introducing it
to the skin in liquid form and in the presence of water, is to emulsify the pure
compound. Emulsions are saturated pharmaceutical formulations where the excess
active compound is usually dissolved in the oil droplets. When the compound is
released from the formulation, new molecules partition to and dissolve in the aqueous
phase to replace it. Thus, the concentration of the compound in the aqueous phase
remains constant at saturation level. Furthermore, for an oily compound such as AD, a
high thermodynamic activity may be produced since no or only a small amount of other
oil is necessary in the disperse phase.

Pharmaceutical o/w emulsions are often of low viscosity requiring the use of thickening
agents to produce plastic properties. Gel-forming hydrophilic polymers are commonly
used to prepare semisolid dosage forms such as dermatological, dental, nasal and
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ophthalmic hydrogels (Ishida et al., 1983; Nagai, 1985; Duckova and Kucera, 1991;
Medlicott et al., 1994; Preiss et al., 1995; Dondeti et al., 1996; Gurtler et al., 1996). In
EMLA® cream, suitable consistency has been produced by using 1% (w/w) neutralized
Carbopol 934P (C934) gel (Juhlin, 1993). High internal phase ratio emulsions, e.g., w/o
emulsions, on the other hand, have an inherent semisolid property, which can be further
modified depending on the type of emulsifier and the dispersity of the internal aqueous
phase.

Two different types of emulsions were developed during this work. Firstly, a submicron
o/w emulsion of AD was developed (Paper I). To stabilize this emulsion against
Ostwald ripening, addition of a lipophilic excipient to the disperse phase was necessary.
However, the lowest possible amount of this oil was used to minimize reduction in the
thermodynamic activity of the compound. Addition of hydrophilic thickeners strongly
reduced the release rate of the compound, requiring an investigation in order to optimize
the formulation (Paper II).  

Secondly, a semisolid w/o emulsion of AD was developed, in which the continuous
phase consists only of the active compound. The rheological characteristics of the
emulsion as well as its release and permeation properties have been investigated.
Moreover, the in vivo permeation profile of AD in man and the in vivo efficacy of the
different emulsions in guinea pigs have been evaluated and compared (Papers III – IV).

5.2 Emulsions
Emulsions have been defined as heterogeneous systems of one liquid dispersed
throughout the other in the form of droplets. The droplet sizes generally range from
0.1 to 100 µm. Energy has to be used (e.g., agitation) in order to produce emulsions
making the system thermodynamically unstable. Emulsions can, however, be kinetically
stabilized for a limited period of time using an emulsifier, which creates a protecting
energy barrier. 

Pharmaceutical emulsions usually consist of mixtures of an aqueous phase with various
oils and/or waxes. The liquid that is broken up into droplets is termed the internal or
disperse phase, whereas the liquid surrounding the droplets is known as the external or
continuous phase. If the oil droplets are dispersed throughout the aqueous phase, the
emulsion is termed o/w emulsion, whereas a system in which the water is dispersed
throughout the oil makes a w/o emulsion.

5.2.1 Emulsion stability 
As soon as an emulsion has been prepared, time- and temperature-dependent processes
occur, affecting the shelf life of the system. Emulsion instability is a complex process,
which involves several different mechanisms contributing to the transformation of a
uniformly dispersed emulsion into a totally phase-separated system. This process may,
however, take months to develop and the detection of early phenomena is necessary to
remedy the situation in time. One of the best ways to evaluate emulsion stability is to
determine the droplet size distribution frequently during the first few weeks of storage.
Changes in the size distribution during this time may indicate future instability
problems.



18

Physical instability in an emulsion can be evidenced by creaming (or sedimentation),
flocculation, and droplet size growth due to either coalescence or Ostwald ripening
(Rand et al., 1980; Lyle et al., 1986; McIntosh et al., 1989; Mol et al., 1993). Creaming
(or sedimentation) occurs due to density differences between disperse and continuous
phases, resulting in two regions in the emulsion one of which is richer in the disperse
phase than the other. Reduction of the droplet size contributes greatly toward
overcoming or minimizing creaming since, according to Stock’s law, rate of movement
is a square root function of droplet diameter. Hence, for droplets smaller than 0.5 µm,
Brownian forces will be stronger than the effect of gravity.

Flocculation may take place before, during, or after creaming and involves aggregation
of the dispersed droplets into loose clusters within the emulsion. The individual droplets
retain their identities, but each cluster behaves physically as a single unit and
consequently increases the rate of creaming and coalescence. The reversibility of this
type of aggregation depends on the strength of the interaction between particles, as
determined by the chemical nature of the emulsifier, the phase-volume ratio, and the
concentration of dissolved substances, especially electrolytes and ionic emulsifiers. 

The last two processes, i.e. coalescence and Ostwald ripening, result in droplet size
growth with time. Coalescence is a process where the interfacial film between the
flocculated droplets is disrupted and they merge together to form larger globules. Both
creaming and flocculation allow the emulsion droplets to get closer to each other and
facilitate the occurrence of coalescence (Clark and Gollan, 1966). 

Ostwald ripening (Ostwald, 1900), or molecular diffusion, is seen as a major problem in
submicron emulsions  (≤ 0.5 µm) where the disperse phase has a finite solubility in the
continuous phase. Thus, molecules diffuse from the small droplets into larger ones due
to the higher chemical potential. Liftshitz and Slezov (1959) and, independently,
Wagner (1961) proposed a theory (LSW theory), which allows the estimation of the rate
of Ostwald ripening. According to this analysis, the cube of the mean particle radius
increases linearly with time and the rate of the process is directly proportional to the
solubility of the disperse phase in the continuous medium. The rate of Ostwald ripening
may be reduced in emulsions by the use of a less soluble oil (Higuchi and Misra, 1962),
which decreases the rate of transfer of the molecules between the droplets (Pertzov et
al., 1984; Kabalnov and Shchukin, 1992).

The concentration of the disperse phase and the droplet size are key parameters in
determining the type and timescale of the instability process. At intermediate
concentrations and sizes, each instability mechanism has to be considered more
accurately in order to identify the predominating one. This information is important
since different instability mechanisms are influenced differently by emulsion parameters
such as concentration, droplet size, type of emulsifier, and viscosity (Table 2).
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Table 2. Relationship between emulsion parameters and instability processes

Instability
process

Droplet size

(µm)

Phase ratio

(%)

Solubility of
the disperse

phase

Viscosity of the
continuous

phase

Coalescence > 1 High --- Low

Flocculation < 1 Low --- Low

Creaming > 1 Low --- Low

Ostwald
ripening

< 0.5 --- Finite ---

Thus, the aim is to achieve a kinetically stable emulsion, where the droplets of the
disperse phase are small enough to escape from the creaming (sedimentation) process,
the solubility of at least one of the components of the disperse phase in the continuous
phase is low enough to prevent or slow down molecular diffusion (Ostwald ripening),
and the emulsifier produces a stable film at the oil-water interface that resists rupturing
in the case of droplet-droplet collision.

5.2.2 Emulsifying agents
The purpose of emulsifiers/surfactants is to form a barrier to delay coalescence of the
droplets as well as to lower the interfacial tension between the disperse and the
continuous phase, facilitating the homogenization process. The barrier may represent a
combination of steric, viscous, and elastic properties, depending on the emulsifier
(Attwood and Florence, 1983). Various recommendations for an optimal selection of
surfactants, more or less based on phase behavior, have been made. Examples include
the Bancroft rule (Bancroft, 1913), Griffins hydrophilic-lipophilic balance (HLB) scale
(Griffin, 1949), Shinoda’s phase inversion temperature (PIT) concept (Shinoda, 1967),
and the phase diagram concept according to Friberg and coworkers (Friberg et al., 1969;
Friberg and Mandell, 1970; Friberg and Wilton, 1970; Friberg, 1971; Friberg and
Rydhag, 1971). 

Glycolipids are a structurally diverse group of membrane components found in species
ranging from bacteria to man (Shaw and Stead, 1971; Sastry, 1974; Ward, 1981;
Slomiany et al., 1987). The digalactosyl diacylglycerol or galactolipids are nonionic
lipid constituents of the thylakoid membrane of higher plant chloroplasts (Murata et al.,
1990). The geometrical structure of the molecule allows excellent aggregation and
incorporation capabilities (Shipely et al., 1973; Sen et al., 1981). Besides being a part of
the daily diet, these lipids have been used in both cosmetic and pharmaceutical
products. 

Poloxamers have been widely used for the stabilization of pharmaceutical formulations
(Davis et al., 1985; Wade and Weller, 1994). The polyoxyethylene segment is
hydrophilic while the polyoxypropylene segment is lipophilic, giving an amphiphilic
molecule, which can self-aggregate and form a variety of associated structures (Linse,
1993; Wanka et al., 1994; Alexandridis et al., 1995; Alexandridis et al., 1998). 
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Polyglycerol polyricinoleates (PG PR) are lipophilic surfactants, which have been
described as powerful w/o emulsifiers in the literature (Groeneweg et al., 1994; Hino et
al., 1995; Mine et al., 1996; Garti et al., 1998; Higashi et al., 1999; Edens et al., 2000).
These molecules have traditionally been used as food excipients but have also been
suggested as excipients in cosmetic (Tadros et al., 1995) and pharmaceutical systems
(Hino et al., 1995; Higashi et al., 1999).

Polysiloxanes represent a new group of silicone polymers, which are available in a
variety of molecular weights. Their ease of processing, esthetically advantageous
properties, lack of physiological effects, and high thermal and physical stability have
made these ingredients popular in cosmetic emulsions. The physicochemical properties
of these molecules allow the formation of exceptionally stable emulsions (Hameyer,
1990; Šmid-Korbar et al., 1990; Gašperlin et al., 1992; Gašperlin et al., 1994; Förster
and Herrington, 1997). Data on their use in pharmaceutical systems is, however, sparse
(Müller-Goymann, 1992).

5.2.3 Emulsifying techniques
Emulsification usually involves input of mechanical energy to deform and disrupt the
interface between two phases to form new droplets, thereby reducing the droplet size
distribution to an appropriate value. Detailed theories of emulsion formation have been
discussed elsewhere (Gopal, 1968; Walstra, 1983).

In a high-pressure homogenizer, a premix of the liquid phases is forced through a
narrow valve slit under high pressure, typically 40 – 1500 bar (Walstra, 1983; Jahnke,
1998). In the current work, the emulsification was performed at a pressure of 600 bar
and for a period of approximately 6 cycles, producing a fine droplet size distribution in
the o/w emulsion of AD.

The w/o emulsion was manufactured by simply mixing the ingredients under medium
shear conditions to produce a droplet size distribution of about 1 – 2 µm. 

5.2.4 Thermodynamic activity – flux 
At constant pressure and temperature, the free energy of a system depends on its
composition. The effect of the compositional changes on the free energy of a system is
displayed by its chemical potential and gives a measure of the “escaping tendency” of
the molecules from the system (compare to the fugacity of real gases). The chemical
potential of compound A in a mixture can be written as:

µA = µ*A + RT ln aA [1]

where µA is the chemical potential of the compound in the mixture, µ*A is the chemical
potential of the bulk material and aA is the thermodynamic activity of the compound.
The activity of a pure compound is the limiting value, which decreases as other
materials are added to it. Thus, when a drug is formulated in a vehicle, the activity of
the compound is lower than that of the pure material unless saturation level is reached.
At this point the activity of the drug in the formulation is equal to that of the pure
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compound. If the dissolved concentration of a compound (C) is equal to or less than its
solubility (Cs), we may write:

µA = µ*A + RT ln (C/Cs) [2]

This expression is an approximation and tends to underestimate the activity, particularly
for associating molecules and for molecules with a high solubility. However, for a low
soluble compound such as AD, this approximation is considered to be sufficient.

At equilibrium, the chemical potential of the compound is equal between the different
phases of the vehicle, while a gradient develops during the release process (Figure 2).

Water Oil

At equilibriumDuring release

Water OilSink Membrane

A
ct

iv
ity

Figure 2. A schematic illustration of the thermodynamic activity of the compound at rest and during the
release process.
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METHODS

6.1 Laser diffraction technique
Small particles in the path of a light beam scatter the light in a characteristic and
symmetrical pattern, which can be viewed on a screen (Weiss, 1979). This technique
has been widely used in the pharmaceutical field to estimate the average size and size
distribution of particles (Kanerva, et al., 1993; Schuhmann and Müller, 1995; Kosmatsu
et al, 1996; Weyhers et al., 1996). By measuring at high scattering angles and utilizing
approximations of the Mie theory, the dynamic range of the laser diffraction technique
can be extended to below 1 µm. The resolution of the technique can be further improved
by combining it with PIDS (polarization intensity differential scattering) technology,
which uses the plane and perpendicular scattering intensity ratio of plane-polarized light
at different wavelengths. These combinations together with auto-alignment of the laser
beam, confer major advantages on this particle-sizing technique, such as a wide
measuring range (0.04 – 2000 µm) as well as high reproducibility (approximately 1%). 

In the current work, this method has been used to investigate the physical stability of the
manufactured emulsion by monitoring the droplet size distribution as a function of
storage time.

6.2 In vitro release/permeation
A diffusional system consists of a donor and a receiver chamber, which are separated by
a membrane. Introducing the active compound to the donor chamber starts the transport
study. At predetermined intervals, samples are taken from the well-mixed receiver
chamber, in which sink condition is assumed to apply. Temperature control of the
system should allow a membrane surface temperature of 32 ºC to mimic skin
conditions. 

The release characteristics of a vehicle give a measure of the rate at which the
compound is supplied to the skin surface by the formulation. The in vitro release
behavior of different formulations may be evaluated using synthetic membranes, which
are relatively permeable to the active compound, giving an indication of the diffusional
property and escaping tendency of the active compound within and out of the dosage
form. 

Polydimethylsiloxane (Silastic® sheeting, silicone membrane) is a hydrophobic, highly
permeable and nonporous membrane, which has been used in various drug transport
studies (Most, 1970; Haleblian et al., 1971; Flynn and Smith, 1972; Lovering et al.,
1974; Bottari et al., 1977; Di Colo et al., 1980; Nyqvist-Mayer et al., 1986). An
advantage is that this membrane is only permeable to nonionized molecules, enabling a
sink condition to be produced by simple pH modifications.

When a drug molecule is introduced to the skin surface it may passively diffuse into the
deeper levels to form a concentration gradient in the skin, which determines the rate of
absorption of the compound. The penetration property of a compound may be evaluated
using skin (ideally human skin) as a membrane. 
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In this thesis both release and permeation studies have been performed. As membranes,
polydimethlysiloxane, human epidermal sheets, and isolated SC as well as sectioned
guinea pig skin have been used. To correct for the large variability between the skin
samples obtained from different donors or different body sites (Southwell et al., 1984;
Langguth et al., 1986a, b; Rochefort et al., 1986; Hadgraft and Wolff, 1998), permeation
data have been normalized with respect to a reference formulation in each experiment. 
 
6.3 Pinprick method
Topical anesthetic efficacy may be evaluated in guinea pigs using the pinprick method
(Bülbrin and Wajda, 1945). In the case of contact or touch, the skin of these animals
twitches reflexly. To investigate the efficacy of a compound, the local anesthetic
formulation is applied to the skin under occlusion for a certain period. The treated skin
area is then pricked six times at different places with a pointless cannula under constant
pressure, while the presence or absence of the twitching response is noted. This
procedure can be repeated at regular intervals, allowing both onset and duration of
anesthesia to be measured. Prior to this procedure, the hair of the back of the animal has
to be removed by first shaving just above the skin before the remaining hair is removed
by means of a depilatory. This same procedure was used before excision of the skin for
the in vitro studies.

This technique has been used to verify the in vitro studies by measuring the topical
anesthetic efficacy of various formulations.

6.4 Rheology
Rheological characterization of emulsions gives valuable information about the
structure of the emulsion and its viscosity, i.e., its flow resistance. This is important
with respect to characterization of the physical stability of the formulation and its
spreading behavior at the application site. In dilute emulsions, where the droplets are
noninteracting, the rheological behavior is dominated by the properties of the
continuous medium, which, unless it is modified, is often Newtonian. However, the
rheological behavior of an o/w emulsion may be changed to produce (pseudo)plastic
properties by addition of hydrophilic gel-forming polymers.

With increasing droplet concentration, the interaction between droplets becomes more
pronounced, and the flow properties going from Newtonian to pseudoplastic to plastic
depend on the droplet size and concentration (Liang, 1992; Ravey et al., 1994;
Langenfeld et al., 1998; Langenfeld et al., 1999; Princen, 1983; Princen 1985; Princen
and Kiss, 1986; Pal and Rhodes, 1989).  

During this work, rheological measurements were used to characterize the flow
properties of the formulations as well as to define an apparent yield value by monitoring
either the shear rate or the shear stress. It should be emphasized that plastic flow
property is a practical approximation of liquids displaying apparent solid-like properties
within a range of shear rates (Barnes, 1999) or timescales. All materials display a
creeping flow when exposed to a stress over extended timescales. Hence, the apparent
yield stress should be considered as a practical rheological descriptor rather than as a
fundamental rheological constant. 
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The data have in all cases been interpreted using the Herschel-Bulkley equation
(Winslow Herschel and Bulkely, 1926) to allow a uniform comparison of all the non-
Newtonian samples.

6.5 Small and wide angle x-ray diffraction (SWAX)
X-ray diffraction is capable of revealing the packing structure of the sample at
molecular level and has been used extensively for investigating the structure of liquid
crystalline phases (Luzzati, 1968; Fontell, 1992; Larsson, 1994; Svensson et al., 1998)
and biological membranes such as SC (Worthington, 1973; Levine, 1973; Franks and
Levine, 1981; Pape, 1985; Laggner, 1988; Potts, 1989; Bouwstra et al., 1992, Bouwstra
et al., 1994). The angles at which the x-rays are scattered from the sample are inversely
proportional to the spacing between the electron-dense planes of the crystal structure.
Thus, small-angle diffraction gives information about relatively large spacing whereas
wide-angle diffraction provides data on smaller spacings. The theoretical resolution of
the technique is dictated by the wavelength of the radiation used (λ) since the magnitude
of the sinus of the diffraction angle (θ) cannot be larger than unity, and hence the
measured spacing (d) cannot be smaller than λ/2. 

In the current study, small angle x-ray (SAX) diffraction was used to investigate phase
behavior of the glyceromonoolein (GMO)-water system in presence and absence of
local anesthetic molecules. Furthermore, wide angle x-ray (WAX) diffraction was used
to investigate the effect of the active compounds on the packing properties of the
hydrocarbon chains of both sphingolipids and lipids extracted from isolated SC.

6.6 Differential scanning calorimetry (DSC)
 DSC is one of the most common tools for studying physical properties of lipid
membranes (Harrick, 1967; Van Duzzee, 1975; Krishnan and Brandt, 1978; Rehfeld and
Elias, 1982; Selwyen et al., 1982; Donovan, 1984; Knutson et al., 1985; Golden et al.,
1986a,b; Swartzendruber et al., 1987; Bommannan et al., 1990; Francoeur et al., 1990;
Potts et al., 1991; Fuchs et al., 1992; Pellett et al., 1997). This technique is unique in
providing a direct and accurate measurement of the thermodynamic parameters of the
phase transitions without requiring the introduction of a foreign probe into the sample.
In DSC the sample and the reference containers are heated (or cooled) at the same rate.
When a thermodynamic event occurs, which is either endothermic (heat-absorbing) or
exothermic (heat-releasing), the power required to maintain a constant temperature in
the two containers will differ and the heat flow or the differential specific heat is
measured as a function of temperature. 

In the current work, this technique has been used to study the effect of local anesthetic
molecules on the melting transition of the hydrocarbon chains of sphingolipids with a
variation of less than + 1 °C.
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7 RESULTS AND DISCUSSION

7.1 Stabilization of a submicron o/w emulsion against Ostwald ripening
When a fast onset of action is desired, the formulation has to be designed to release the
active compound rapidly upon administration, i.e., with as high thermodynamic activity
as possible. Consequently, the formulation has to be optimized to allow for a high
escaping tendency of the molecules as well as physical stability of the overall system. 

A submicron o/w emulsion of AD was manufactured using a high-pressure
homogenizer (Paper I). AD was used as the disperse phase with either galactolipids or a
poloxamer as emulsifier. In both cases a fine emulsion could be manufactured with a
droplet size distribution of about 100 – 150 nm. However, phase separation occurred in
the emulsion after an unexpectedly short storage time (a couple of hours).

Since the droplet size distribution of the emulsion directly after manufacture was in the
submicron region, Ostwald ripening was suspected as the reason of inducing the
emulsion instability. According to the LSW theory, the rate of Ostwald ripening is
directly proportional to the solubility of the disperse phase in the continuous medium
(Lifshitz and Slezov, 1959; Higuchi and Misra, 1962; Kabalnov et al., 1987a). Higuchi
and Misra (1962) were the first to theoretically demonstrate that addition of a small
amount of a less soluble compound to a disperse phase may dramatically retard the rate
of Ostwald ripening.  Twenty years later this theory was further developed (Kabalnov et
al., 1984; Kabalnov et al., 1987b) and experimentally evaluated (Kabalnov et al., 1985). 

Thus, the effect of several hydrophobic additives (ripening inhibitors) on the stability of
the submicron AD emulsion was investigated by monitoring the droplet size growth as a
function of time. As expected, addition of these excipients improved the stability of the
emulsion. The best stability profile was obtained with a medium-chain triglyceride
(MCT) and a long alkane, giving a mean droplet size of 100 nm, which did not change
during the experiment. 

A theoretical evaluation of the droplet size growth, according to the LSW theory,
revealed that the effectiveness of the ripening inhibitors in stabilizing the emulsion was
directly related to their solubility in the continuous medium. This is in agreement with
the findings of other investigators in this field (Higuchi and Misra, 1962, Kabalnov et
al., 1984; 1985; 1987b; Bremer et al., 1996; Soma and Papadopoulos, 1996; Taylor,
1998). When the relative droplet size growth was compared to the solubility of the
additives, it was shown that solubility should be below 10–12 g/ml to inhibit the growth,
which explains the good stabilizing effect of the two additives identified (Paper I).

7.1.1 Thermodynamic activity
Since a fast onset of action was required for this formulation, it was crucial that the
thermodynamic driving force of the active compound in the vehicle was at its
maximum. Addition of a second oil to the disperse phase reduces the thermodynamic
activity of the compound by reducing its concentration in the oil phase. According to
Raul’s law the activity of the compound in the oil phase can be assumed to be
proportional to its mole fraction of the oil phase, if it behaves as an ideal solution. Thus,
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a study was done to identify the lowest level of the ripening inhibitor necessary for
stabilizing the emulsion. For this reason, the MCT was used at concentrations of
between 0 and 5% (w/w) and the droplet size growth was monitored as a function of
time. Both theoretical estimations and experimental observations indicated emulsion
stability with no droplet size growth during the study period when 2.5% (w/w) MCT
was added to the emulsion. Up until now this emulsion has proven to be stable for a
period of 4 years, during which only a slight increase in the droplet size distribution
from 100 to 160 nm has occurred.
 
In conclusion, only a small amount of the ripening inhibitor was necessary in order to
reduce the rate of Ostwald ripening, which means that the emulsion could be stabilized
without affecting the thermodynamic activity drastically. 

7.1.2 Contribution of other instability processes
EMLA® cream is a local anesthetic emulsion with relatively small oil droplets. The oil
phase of this emulsion consists of a eutectic mixture of two well-known local
anesthetics, lidocaine and prilocaine (Nyqvist-Mayer et al., 1986). The solubility of
these compounds is much higher than that of AD, however, no physical instability has
been reported for the o/w emulsion of the EMLA® oil. To investigate why no instability
occurs, submicron o/w emulsions containing lidocaine and prilocaine (L-P) as the oil
phase were manufactured according to the same method and composition as that of the
AD emulsion. The stability of the emulsions was evaluated by monitoring the rate of
droplet size growth as a function of time and comparing with the theoretically estimated
values. Microscopic examination of the L-P emulsion showed that the droplet size
increased rapidly after manufacture, although the rate of the growth seemed to decline
just as fast. There was only a small difference between the droplet size distribution as it
appears from the microscopic observations at different time points (Figure 3). The L-P
emulsion containing the MCT, as ripening inhibitor was stable, with a mean droplet size
of 100 nm throughout the experiment (Paper II). Accordingly, Ostwald ripening
occurred in the emulsion directly after manufacture without resulting in phase
separation. 

The creaming/sedimentation process is very sensitive to density differences between the
continuous and the disperse phase. Thus, the above phenomenon can be explained by
the density differences between the L-P and the AD oils, 1.004 and 0.969 (measured at
25 ºC), respectively. Ostwald ripening occurs in both emulsions directly after
manufacture. Once the small droplets are dissolved, the system stabilizes with respect to
Ostwald ripening (Davis and Smith, 1976). In the AD emulsion, however, creaming and
thus coalescence processes take place, resulting in further droplet size growth and
ultimately phase separation. In the L-P emulsion, on the other hand, the rate of creaming
is much lower, allowing the formulation to be more stable despite the relatively wide
droplet size distribution.

7.2 Macroviscosity versus release and permeation properties
The rheological property of an o/w emulsion has to be optimized for the purpose of
topical delivery to ensure patient compliance. As previously mentioned, plastic
properties are desirable for such formulations since both ease-of-administration and 
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a) b)
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Figure 3. Photomicrographs of L-P emulsion inspected by light microscope at 1000x magnification, containing
2.5%w MCT (a), and without any ripening inhibitor added to the emulsion after 1 h (b), 24 h (c), and one week (d).

skin-adhesion requirements may be fulfilled. This rheological behavior may be
produced in the o/w emulsions by adding gel-forming hydrophilic polymers to the 
aqueous phase. Various studies performed with polymer dispersions have indicated that
the drug diffusion rate in the medium is mainly affected by the solvent viscosity (Di
Colo et al., 1980; Davis et al., 1981; Al-Khamis et al., 1982; Nelson and Shah, 1987;
Smidt et al., 1991; Suh and Jun, 1996). This has led some workers to suggest that
microviscosity should be used instead of macroviscosity as a predictor of drug diffusion
rate in systems of this type (Al-Kamis et al., 1986; Smidt and Crommelin, 1991;
Alvarez-Lorenzo et al., 1999). The network structure of the neutralized C934 gel is, for
instance, explained as polymer “cages” containing solvent molecules with almost
unaffected viscosity (BFGoodrich, 1997; Smidt et al., 1991). This means that the
macroviscosity of the vehicle is increased while leaving the microviscosity almost
unaffected.

We have assumed that mass transport in a disperse formulation occurs by both diffusion
of the molecules and by diffusion and convection of the particles (in a suspension) or
droplets (in an emulsion). The macroviscosity of the formulation influences the
diffusion of the particles/droplets when their diameter is larger than the length scale of
the structure elements in the polymer network while the molecules are mainly affected
by the microviscosity of the system. 
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Only solute molecules may be released through the Silastic® sheeting, for which reasons
we did not expect any changes in the release profile of AD upon addition of a gel-
forming polymer to the o/w emulsion. Interestingly, the release rate of AD was reduced
significantly upon polymer addition. In order to investigate the mechanism by which the
release profile of the compound was affected, various gelling and non-gelling polymers
were studied. Polymers with Newtonian and apparent plastic flow properties were used
to produce a wide range of rheological behaviors, from high-viscous gels to low-viscous
dispersions (Paper II).

7.2.1 Release profile across silicone membrane
Addition of the non-gelling polymers to the emulsion at low concentration did not affect
the release rate of AD. As the polymer concentration was increased, a slight decrease in
the release rate of AD could be detected. However, the release profile continued to be
linear as a function of time in presence of the non-gelling polymers, irrespective of the
molecular weight or concentration of the polymer. 

The gelling polymers, on the other hand, decreased the release rate of the compound
even at very low concentrations (0.1 w%) and also changed the release profile from
being linear as a function of time to being linear as a function of the square root of time
(Figure 4). 
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Figure 4. In vitro steady-state flux of AD through the silicone membrane in the presence of different
concentrations of carboxymethylcellulose (CMC) and C934.

7.2.2 Permeation profile across intact skin
In topical delivery, penetration through the SC rather than the release from the
formulation is most often the rate-limiting step affecting the flux through the skin, and
thus the onset of effect. Consequently, the release rate of the compound from the
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formulation has to be decreased to levels lower than its permeability before the in vivo
efficacy is affected. The effect of the polymers on the permeation rate of the compound
through intact skin was evaluated in vitro using static diffusion cells, with both guinea
pig and human skin as membranes. As expected from the release data, addition of non-
gelling polymers did not affect the penetration rate of AD through the skin. Addition of
C934, on the other hand, reduced the permeation rate of AD through the guinea pig skin
significantly at concentrations above 0.5% (p<0.05). 

The same trend was obtained when human skin was used as membrane. However, the
flux through human skin was not decreased as dramatically as the release rate across the
silicone membrane, indicating the rate-controlling effect of the SC on the permeation
process (Figure 5).
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Figure 5. Normalized in vitro steady-state flux (Jss + SE) of AD through human skin from an o/w
emulsion at various C934 concentrations.

7.2.3 Analysis of the data
The following conditions apply to our system:
1) The active compound, which is of low solubility in the continuous phase, is dispersed
with a droplet size sufficiently low to make Brownian diffusion faster than creaming. 
2) The added thickener has a molecular weight larger than the active compound but
smaller than the emulsion droplets and creates either Newtonian or apparent plastic flow
properties.

Two different situations may then occur: 
A) In the presence of polymers with Newtonian flow properties the free macroscopic
liquid movement is allowed, i.e., convection occurs and droplet diffusion is possible.
This means that the thickness of the stationary layer (x) that is formed adjacent to the
membrane during the release process is constant and invariant with time. Thus, the flux
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over the stationary layer, x, will also be constant when steady state has been reached,
making the release profile of the system linear as a function of time.

J = dm/dt = - D (C0/x) [3]

where J is the flux, m is the cumulative mass of the diffusant which passes through the
membrane per unit area, D is the diffusion coefficient of the compound in the actual
formulation, i.e., the sum of both diffusion of the molecules and diffusion of the
droplets, and C0 is the initial concentration of the substance in the donor phase. 

In such a system, mass transport can be assumed to occur by both molecular diffusion
and diffusion and convection of the dispersed droplets/particles. We have suggested that
the flux can be described in a simplified model where we assume that the major part of
the material diffuses through the stationary layer, first as droplets before they are
dissolved to further diffuse as molecules over the remaining distance (Figure 6). 
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Figure 6. Illustration of the diffusion of the molecules and the droplets in the stationary layer, ∆x,
towards the membrane.

B) In a stationary matrix, where convection and droplet diffusion are prevented, mass
transport can only occur by diffusional movement of the solute molecules. As the free
drug diffuses from the vehicle into the sink, the region containing the diffusant
gradually recedes from the vehicle-sink interface. Thus, the dimensions of the diffusion
layer are changed with time, making the release profile linear as a function of the square
root of time. This situation is referred to as a “moving boundary” type of diffusion
(Higuchi, 1960 and 1961), where the flux can be calculated by:
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J = dm/dt = - D (Cs/x (t)) [4]

where D is the diffusion coefficient of the solute molecules, Cs is the saturation
concentration of the compound in the continuous phase, and x (t) is the diffusional
distance as a function of time.

Both the release studies of the different formulations and the theoretical analysis
indicated that as long as the polymer produced Newtonian behavior and did not prevent
the macroscopic liquid movement, the release rate of the formulation was linear as a
function of time. On the other hand, when plastic flow property was produced by
addition of gelling polymers, the release profile of the compound changed to the moving
boundary type of diffusion. This means that the diffusion of the compound within the
formulation is the rate-limiting step (
Figure 7), which is in close agreement with previous published data (Nyqvist-Mayer et
al., 1986). In this work the authors show that the release rate of the active compounds
from the o/w emulsion of EMLA® is decreased to a minimum level after addition of
only 0.3 w% of the polymer. Furthermore, the release profile is changed to the moving
boundary type of diffusion despite the fact that the aqueous diffusivity of the dissolved
compounds did not changed upon polymer addition. 

Accordingly, it was concluded that to retain the maximum release and permeation rate
of the compound, the consistency of the formulation had to be modified in another way
than by adding gel-forming polymers to the o/w emulsion of AD.
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7.3 W/o emulsions
Another way of producing a semisolid plastic flow property is to use reversed-phase
formulations with a high internal phase ratio. Thus, w/o emulsions of AD were
developed with either PG PR or polysiloxane as emulsifier. The disperse phase
consisted of a sodium chloride salt solution, while AD formed the continuous phase.
Formulations containing polysiloxane had sufficient plastic behavior and better physical
stability compared to the PG PR-formulations, allowing a higher amount of internal
phase to be incorporated into the emulsion. The yielding property of these emulsions
was comparable to that of the 1% (w/w) C934 neutralized gel. Furthermore, w/o
emulsions indicated lower temperature-sensitivity in the range 25 – 32 ºC compared to
the C934 neutralized gels. The steady-state flux of AD through both guinea pig and
human skin from the w/o emulsions was in the same range as that for the o/w emulsion,
while the thickened o/w emulsion containing 1% (w/w) C934 produced a lower flux
(Figure 8). 

Figure 8 shows clearly that penetration of AD through the SC from the two emulsion
types, i.e., the o/w and the w/o, is the rate-limiting step and cannot be affected simply
by changing the concentration of the active compound. These emulsions were also
evaluated in a clinical study on healthy volunteers and the results are presented in the
next section. The decrease in the steady-state flux of AD through the skin upon polymer
addition cannot be compensated by increasing the compound concentration up to 15%
(w/w).

In order to verify the in vitro results, the formulations were evaluated in vivo in guinea
pigs using the pinprick method. Both emulsion types, o/w and w/o, produced profound
anesthesia, i.e., 100% efficacy in guinea pigs at 6% (w/w) AD, while the thickened o/w
emulsion was less efficient (Figure 9). 

In summary, by using a w/o emulsion of AD, a semisolid formulation could be
produced, fulfilling both consistency and efficacy requirements. 
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7.4 In vitro – in vivo correlation 
For topically applied drugs, it is often the percutaneous penetration that is the rate-
limiting step affecting the concentration of the active compound that reaches its target
organ. A drug molecule that is applied to the skin surface may passively diffuse into the
deeper levels where it is partly washed away by the blood microcirculation. In the
course of this process, a concentration gradient is formed in the skin, which determines
the rate of absorption of the compound. Thus, the development of dermatological and
transdermal drugs requires knowledge of these processes, i.e., the percutaneous
permeation (local skin) and the absorption (systemic) of the drug. 

To evaluate the relevance of the in vitro permeation method used at our laboratory, the
results from the two chosen emulsions (6% o/w and 15% w/o) were compared
quantitatively with the in vivo data after dermal application of the formulations to
healthy volunteers using numerical convolution and deconvolution methods
(Langenbucher, 1982). 

Thirty-two healthy subjects were included in a tolerability study (unpublished data),
which was approved by the ethics committee at Huddinge Hospital, Karolinska
Institute, Sweden. The study consisted of two randomized crossover parts with 16
subjects receiving a single topical administration of the two emulsions in each part and
with a washout period of 6 – 8 days. The application time were 15 and 60 min in the
two parts of the study, respectively. 

The formulations produced equivalent steady-state flux in vitro and equivalent plasma
concentrations in vivo. The in vitro permeation data indicated that the SC functions as a
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reservoir for the compound, whereby the concentration of AD continues to increase in
the receptor phase after removal of the formulation from the donor chamber. The same
pattern was obtained in vivo, where the maximum plasma concentration was reached at
least 1 h after removal of the formulations. Furthermore, the calculated data using both
convolution and deconvolution gave a good profile for the experimental results for the
w/o emulsion (Figure 10), verifying the ability of the in vitro method to predict the in
vivo dermal and transdermal absorption profile of AD. 

However, from the correlation data presented in Figure 11, it is also obvious that the
permeation rate from the o/w emulsion is overestimated in the in vitro experiment,
especially after the shorter application time of 15 min. This could be due to an effect of
the vehicle on the skin in the in vitro conditions. The o/w emulsion consists of more
than 90% water in direct contact with the skin, which might affect the degree of
hydration of the skin, resulting in a higher permeation rate. The same difference
between the hydrophilic and lipophilic vehicles has been reported previously (Sato et
al., 1988), when the water rich vehicle resulted in a higher in vitro permeation rate than
what was measured in vivo, while a perfect fit could be made when other, more
hydrophobic vehicles were used.  These observations suggest that the viable skin in vivo
is capable of regulating the extent of hydration up to a certain limit. However, as far as
we are aware, this issue has not been discussed in the literature, although the difference
in the degree of hydration of the skin between the in vitro – in vivo situation has been
pointed out. 

0

10

20

30

40

50

0 2 4 6 8 10
Time (hours)

C
on

ce
nt

ra
tio

n 
(µ

g/
l)

0

10

20

30

40

50

0 2 4 6 8 10
Time (hours)

C
on

ce
nt

ra
tio

n 
(µ

g/
l)

0

2

4

6

8

0 30 60 90 120 150 180 210 240
Time (minutes)

A
bs

or
pt

io
n 

ra
te

 
(n

m
ol

/c
m

2 /m
in

)

0

2

4

6

8

0 30 60 90 120 150 180 210 240
Time (minutes)

A
bs

or
pt

io
n 

ra
te

 
(n

m
ol

/m
in

/c
m

2 )

AD plasma profile, 15 min Skin permeation rate, 15 min

Skin permeation rate, 60 minAD plasma profile, 60 min

Figure 10. The observed (dots) and predicted (lines) plasma profile and the in vitro permeation data
(dots) together with the predicted in vivo absorption data (lines) of AD after dermal application of the
w/o emulsion for 15 and 60 min.
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Figure 11. The observed (dots) and predicted (lines) plasma profile and the in vitro permeation data
(dots) together with the predicted in vivo absorption data (lines) of AD after dermal application of the
o/w emulsion for 15 and 60 min.

7.5 Interaction of local anesthetics with bilayer membranes
Nowadays, it is widely accepted that the intercellular lipid domain of the SC is the
major rate-determining pathway by which most drugs traverse through intact skin
(Matolsky et al., 1968; Lampe et al., 1983; Boddé et al., 1989; Grubauer et al., 1989;
Bouwstra et al., 1992; Cornwell et al., 1994; Simonetti et al., 1995). The barrier
properties of the SC are thought to be related to the degree of crystallinity in the lipid
hydrocarbon chains as well as to the alternating hydrophilic-lipophilic structure of the
bilayer. Recently, a domain mosaic model was proposed, suggesting segregation of
lipids as domains of crystalline/gel phase lipids bordered by liquid crystalline phases,
the so-called grain borders (Forslind, 1994). This model suggests that there exist regions
of liquid crystalline phases in human SC which molecules may diffuse through and
where the exogenous factors may have a direct effect on skin permeability. In this
model (Forslind et al., 1997), penetration enhancers may either result in a widening of
and/or a change in the lamellar structure of the grain borders. 

A widening of grain borders means that more of the crystalline lipids become liquid,
which can facilitate the penetration of the molecules through the skin both by
decreasing the diffusional resistance in the bilayer structure and by increasing the
number of phase boundaries. Similar effects on the skin lipids, using penetration
enhancers, have been illustrated in numerous studies (Barry, 1988; Goodman and Barry,
1989; Williams and Barry, 1989; Cornwell and Barry, 1991; Williams and Barry, 1991;
Cornwell and Barry, 1993; Cornwell et al., 1993). 
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Furthermore, a change in the lamellar structure may result in the formation of a
hydrophilic path, a lipophilic path, or both, depending on the structure formed. This
structural change will naturally have dramatic effects on permeation, since the
partitioning problems will be significantly reduced. In two separate studies, Azone® was
shown to induce formation of reversed phase structures (Engblom and Engström, 1993;
Engblom et al., 1995). Interestingly, the same behavior has been shown for lidocaine
when added to bilayer membranes (Engström and Engström, 1992; Engström 1990,).

During the in vivo screening of topical anesthetic molecules, prior to the start of this
work, it became evident that sameridine is not able to produce anesthesia of intact skin
after topical administration. Sameridine base is a somewhat larger and more
hydrophobic molecule than AD. However, the difference is not significant enough to
describe the lack of topical efficacy of the compound. To investigate whether this
molecule interacted with lipid membranes in a different way than other topically active
compounds, local anesthetics listed in Table 1 were evaluated in various lipid bilayer
models with respect to their effect on transition temperature, phase behavior, and
partitioning characteristics. 

7.5.1 Phase behavior
The effect of addition of the local anesthetic (LA) compounds on the Pn3m cubic phase
(Hyde et al., 1984) of the glycerol monoolein (GMO)-water system was investigated by
SAXD at different GMO:LA molar ratios: 50:1, 30:1, and 10:1. This addition resulted
in a phase transition from the cubic phase to the reversed hexagonal phase, which was
enhanced as the concentration of the local anesthetic molecules was increased in
relation to the GMO (Figure 12). There was no significant difference between the
investigated compounds with respect to phase behaving properties.
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Figure 12. GMO phase transition from cubic to hexagonal phase as a function of AD concentration measured at
32 ºC.  The positions of the peaks is given in Å.

7.5.2 Transition temperature
The effect of local anesthetic molecules on inducing fluidity in the hydrocarbon chains
of lipid bilayers was investigated in two different systems. The first system was
composed of a sphingomyelin (spm) fraction purified from bovine milk with long
saturated hydrocarbon chains while the second system consisted of lipids extracted from
isolated human SC. Both lipid fractions were mixed with water to a lipid:water ratio of
70:30 to allow the formation of lamellar bilayers close to the maximum swelling point. 

The WAXD data indicated a decrease in the degree of crystallinity upon addition of
local anesthetics in both systems. A DSC analysis of the spm:water system in the
presence and absence of the local anesthetic molecules indicated a lowering of the
transition temperature as well as a significant decrease in the total melting (Paper V).
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7.5.3 Partitioning into and through SC
In a partitioning study between an o/w emulsion and isolated human SC, it was shown
that both AD and sameridine partitioned rapidly into the SC (Paper V). However, when
an in vitro permeation study on isolated SC and tape-stripped skin was performed, it
became clear that sameridine could not permeate through the SC to a clinically
sufficient extent (Figure 13).

In summary, local anesthetic molecules may function as their own penetration
enhancers both by increasing the degree of chain fluidity in the lipid bilayers and
possibly by changing the lamellar structure into reversed phase structures, creating
transport pathways through the SC. In none of the studies could significant difference be
detected between sameridine and the other investigated local anesthetic molecules that
could explain their different topical efficiency. However, the diffusion rate of
sameridine seems to be very low within the SC, resulting in clinically insufficient levels
of the compound at the site of action. Interaction of the molecules with the SC lipids is
certainly important, enhancing the extent and rate of their permeation through the SC.
Nonetheless, to be clinically efficient, the compound has to be able to pass through the
whole system to a sufficient extent.
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8 CONCLUSIONS

Pharmaceutical formulations are designed to release the active compound upon
administration, which makes Ostwald ripening an important factor in the stability of the
submicron dispersions. The submicron o/w emulsion of AD was stabilized against
Ostwald ripening by addition of small amounts of a low soluble excipient to the
disperse phase. A theoretical evaluation of the droplet size growth according to the
LSW theory revealed that the stabilizing efficiency of the additive was directly related
to its solubility in the continuous medium. Furthermore, thermodynamic activity of AD
in the emulsion was minimally affected since the amount of additive was adjusted to the
lowest possible level. 

The release and permeation rate of AD from the o/w emulsion was significantly reduced
when gel-forming hydrophilic polymers were added to the formulation to produce a
plastic property. We suggest that the rate of release from a fine aqueous dispersion of a
low soluble compound is proportional to the total concentration of the system times the
average diffusion coefficient of the material, since the compound is transported within
the formulation by both molecular and droplet/particle diffusion. Consequently, the flux
will decrease in the presence of three-dimensional polymer networks, which prevent the
diffusional movement of the droplets/particles, making the transport of the compound
within the formulation rate-limiting, i.e., a formulation-controlled type of diffusion is
produced. Hence, changes in both macro- and microviscosity of the vehicle may affect
the release and permeation rate of the active compound.

In order to avoid the addition of the polymers, a semisolid w/o emulsion was developed,
having both a suitable consistency and a fast release rate of the compound. The inherent
plastic property of this formulation allows local treatment of various areas of the intact
skin. In addition, the release rate of AD from this formulation is comparable to that of
the submicron o/w emulsion. This is of great importance when a fast onset of action is
required since a longer application time will probably be necessary for the thickened
o/w emulsion in order to produce the same local concentration of AD at the site of
action, and hence the same level of efficacy.

A close correlation between the in vitro experiments and the in vivo human data was
observed, allowing estimation of one parameter when the other is measured using
convolution/deconvolution. These methods are powerful tools for both prediction of the
in vivo situation and for evaluation of the in vitro results. 

Local anesthetic molecules are able to interact with skin lipids facilitating their own
penetration by both increasing the chain fluidity of the crystalline lipids and producing
phase inversions in the grain borders of the SC lipid multilayers. It was also shown that
the lipid interaction was not directly correlated with the different levels of skin
permeation and/or topical efficacy of the investigated compounds. To be clinically
efficient, a compound has to be able to pass through the whole system to a sufficient
extent.
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