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16.1 Introduction

Emulsions are heterogeneous systems consisting
of at least two immiscible liquid phases, in which
the one liquid is dispersed as globules (dispersed
phase) in the other (continuous phase). The two
immiscible liquids are, in general, an oil phase and
an aqueous phase. However, an emulsion can also
consist of other immiscible phases, e.g. polar and
nonpolar oil phases (Tadros 2009). The droplet size
of macroemulsions (or conventional emulsions) is
in the micrometre range and usually comprises a
radius between 0.15 and 100 pm (Friberg 1990).
Nanoemulsions, on the other hand, are emulsions
that contain very small droplets (r <100 nm) and
are also known as submicron emulsions, ultrafine
emulsions or mini-emulsions (McClements 2012).
However, macro- and nanoemulsions cannot be
distinguished solely on the basis of the droplet size,
as the physicochemical or thermodynamic proper-
ties do not clearly change when the droplet size is
reduced from the micrometre to the nanometre
range, and therefore no definite cut-off value for
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the droplet size exists. But there are other emulsion
properties that can be used to differentiate between
macro- and nanoemulsions. For example, nano-
emulsions can become translucent or transparent
and exhibit a much higher stability against cream-
ing or sedimentation (McClements 2012).

In contrast to microemulsions, which are in a
thermodynamic equilibrium and can hence form
spontaneously, macro- and nanoemulsions are
thermodynamically unstable and necessitate
external energy for formation. Macro- and nano-
emulsions are fundamentally different from
microemulsions. However, there are similarities
in composition, dimensions, structures and fabri-
cation methods between micro- and nanoemul-
sions, e.g. both can contain droplets in a size
below 100 nm and be translucent (McClements
2012). These similarities have led to confusion
about the correct use of the terms in literature,
and recent articles have reviewed similarities and
differences between micro- and nanoemulsions
in order to clarify the terminology (McClements
2012; Anton and Vandamme 2011).

This chapter focuses on macroemulsions, here
referred to as emulsions, and their effect on der-
mal and transdermal delivery. Nano- and micro-
emulsions as topical drug delivery systems are
discussed in different chapters of this book.

16.2 Emulsions as Topical
Delivery Systems

Emulsions are widely used in the cosmetic and
pharmaceutical fields/industries for the topical
administration of both hydrophilic and lipophilic
active ingredients, owing to their pleasant skin sen-
sations and their good solubilising effects on these
substances (Forster and Von Rybinski 1998). The
consistency of topical emulsions ranges from lig-
uid lotions to semisolid ointments and creams
(Eccleston 1997a). Since topical emulsions should
be designed to feature adequate physical and chem-
ical stability, aesthetic acceptability as well as opti-
mal delivery characteristics, they generally are not
simply two-phase formulations, but rather complex
formulations (Eccleston 1997b). For example,
emulsions can also contain solid particles, vesicles,
liquid crystals or a third liquid (Friberg and Ma

2006). Additionally, they undergo considerable
structural changes after the application onto the
skin, as water and other volatile substances evapo-
rate within a short period of time. The modified
formulation structure left on the skin after evapora-
tion of the volatile compounds is important for the
topical performance of emulsions (Friberg and Ma
2006). Therefore, not only an understanding of the
microstructure of the initial emulsion but also of
the film that is left on the surface of the skin is
important for optimisation of topical emulsions.

Despite of the complexity of emulsions, Bernardo
and Saraiva (2008) presented a theoretical model
for transdermal drug delivery from emulsions. The
model incorporated the formulation heterogeneity
and was conceived for the prediction of transdermal
delivery of drugs as a function of emulsion compo-
sition. It allows the investigation of the effect of
excipients on the drug activity in the two emulsion
phases as well as on the drug diffusivity in the con-
tinuous phase and the influence of surfactants form-
ing interfacial layers with different resistance on
drug transfer. A simulated case study, for example,
indicated that the estimated interfacial resistance by
the surfactant layer may not be negligible with
regard to its effect on drug delivery rates.
Furthermore, the model could also be used to pre-
dict the effect of the dosing condition (e.g. applied
emulsion volume) on drug absorption. Different
modes of emulsion application could significantly
affect drug delivery time profiles. At the same time,
Grégoire et al. (2009) developed a model to predict
the transport of actives into and through the skin
from a cosmetic or dermatological formulation,
addressing in particular simple oil-in-water emul-
sions. The model assumed, inter alia, that only the
fraction of the active ingredient in the continuous
phase of the emulsion was available for partitioning
into the skin and good correlation was obtained
with experimental data.

16.3 Emulsifiers

Since emulsions are thermodynamically unstable,
emulsifiers are required for the formation and sta-
bilisation of emulsions. Generally, an emulsifier is
defined as a substance that stabilises emulsions.
However, no absolute classification exists, as
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Fig. 16.1 Schematic
illustration of breakdown
processes of emulsions

o/w emulsion

constituents may perform different functions, e.g.
a fatty alcohol can be incorporated as an emulsi-
fier, thickener or emollient (Eccleston 1997b).
Different types of emulsifying agents exist,
e.g. ionic and nonionic surfactants, polymers and
solid particles. In the absence of any emulsifiers,
the emulsions tend to break down, e.g. by coales-
cence (fusion of droplets into larger droplets by
thinning and disruption of the emulsifier layer),
flocculation (aggregation of droplets without
disrupting the emulsifier layer), creaming/sedi-
mentation (gravity-induced separation) and/or
Ostwald ripening (Fig. 16.1) (Tadros 2009).
Emulsifiers are required for the formation of
emulsions as they form a film around the newly
formed drops and consequently prevent coales-
cence during emulsification and storage. In addi-
tion, surfactants reduce the interfacial tension
and are important for the deformation and break-
up of droplets during the emulsification process
(Tadros 2009). Furthermore, the properties of
the interface are significant for the rate and
extent of coalescence (Friberg and Ma 2006). To
prevent or retard flocculation and consequently
also coalescence, it is important to keep a mini-
mum distance between the droplets to overcome
the van der Waals attraction. This could be
achieved, for example, by electrostatic repulsion
in the presence of a surface charge (ionic surfac-
tants or charged particles) or by steric hindrance
(nonionic surfactants or polymers) (Tadros

$réiel0e
Creaming

Flocculation

Coalescence

Ostwald ripening

2009). Creaming or sedimentation can be pre-
vented or retarded by increasing the viscosity of
the continuous phase, e.g. by the development of
a three-dimensional network of particles or poly-
mers (Eccleston 1997a; Aveyard et al. 2003).
Cosmetic and pharmaceutical emulsions com-
monly comprise of blends of emulsifiers, instead
of a single emulsifying agent. Most of these
mixed emulsifiers consist of ionic or nonionic
surfactants, in combination with fatty amphiphi-
les, which may be added separately during the
emulsification process, or as a pre-manufactured
blend (emulsifying wax). In addition to promot-
ing the stability of emulsions, mixed emulsifiers
and emulsifying waxes have the further advan-
tages of improving emulsification by stabilising
the oil droplets during formation and by control-
ling the rheological properties of the emulsion
(Eccleston 1997b). Another example is the
simultaneous inclusion of surfactants and solid
particles that could yield synergistic stabilisation
of the emulsion against coalescence and cream-
ing (Binks and Whitby 2005; Lan et al. 2007).

16.4 Different Types of Emulsions

Several types of emulsions can be distinguished,

for instance:

e Simple emulsions: oil-in-water (o/w) and
water-in-oil (w/0)
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e Multiple  emulsions: oil-in-water-in-oil
(o/w/0) and water-in-oil-in-water (w/o/w)
The type of emulsion that is formed mainly

depends on the property of the emulsifier, e.g. the

hydrophilic-lipophilic balance (HLB) value of
the surfactants. The HLB is an arbitrary scale

(e.g. from 1 to 20 for nonionic surfactants), and

the higher the HLB, the more hydrophilic the sur-

factant. According to the Bancroft rule, the phase
in which the emulsifier is more soluble consti-
tutes the continuous phase (Bancroft 1913). For
example, lipophilic surfactants with a low HLB

(HLB <7) tend to act as w/o emulsifiers, whilst

hydrophilic surfactants with a high HLB (HLB

>7) tend to form o/w emulsions. However,

Harusawa et al. (1980) suggested a change to the

Bancroft rule by proposing that the phase in

which the surfactant forms micelles constitutes

the external phase, independent of the solubility
of the surfactant monomers in the oil and aque-
ous phases. For particle-stabilised emulsions

(also known as Pickering emulsions), it was dem-

onstrated that the wettability of the solid parti-

cles, which is determined by the contact angle,
defines which type of Pickering emulsion will be
formed. For example, particles with a contact
angle at the oil-water interface 6,, <90° tend to
form o/w emulsions, whereas particles with a

oil

water

water

Fig.16.2 (Upper) Position of a small spherical particle at
a planar oil-water interface for a contact angle (measured
through the aqueous phase) less than 90° (left), equal to
90° (centre) and greater than 90° (right). (Lower)
Corresponding probable positioning of particles at a

contact angle 6,, >90° prefer to stabilise w/o
emulsions (Fig. 16.2) (Aveyard et al. 2003).

The Effects of Emulsion
Types on Dermal
and Transdermal Delivery

16.5

16.5.1 Overview

Various studies have been performed to compare
different types of emulsions (Dal Pozzo and
Pastori 1996; Forster et al. 1997; Wiechers 2005).
However, not only the type of emulsion was
different, the formulation ingredients also varied,
and their interactions with the active ingredients
(e.g. solubilisation in micelles, supramolecular
complex formation) may therefore have impacted
on the dermal and transdermal delivery of the
active ingredients (Dal Pozzo and Pastori 1996).
Consequently, due to the complexity of topical
emulsions, the investigation of the emulsion type
effects on dermal and transdermal delivery
requires a systematic approach.

A study by Lalor et al. (1995), for example,
showed the effects of the incorporation of surfac-
tants in o/w and w/o emulsions (polysorbate 60
(Tween® 60) in o/w emulsion and sorbitan

oil

water

curved interface. For 8 <90°, solid-stabilised o/w emul-
sions may form (left). For 8 >90°, solid-stabilised w/o
emulsions may form (right) (Reprinted from Aveyard
et al. (2003), with permission from Elsevier)
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sesquioleate (Arlacel® 83) in w/o emulsion) on the
partitioning and permeation of three model
compounds (methyl-, ethyl- and butyl-p-
aminobenzoate), due to the solubilisation capabili-
ties of the emulsifiers. It was demonstrated that the
emulsifier (surfactant) and its distribution between
the oil and water phase played an important role in
the solubility and therefore thermodynamic activ-
ity of the permeants in the vehicle, i.e. the thermo-
dynamic activity of the compounds in the external
phase of the emulsions was found to be the driving
force for permeation through the polydimethylsi-
loxane membranes. Polysorbate 60 (Tween® 60),
the surfactant used in the o/w emulsion, was
mainly available in the external aqueous phase of
the emulsion, where it formed micelles and solu-
bilised the three test permeants, methyl-, ethyl-
and butyl-p-aminobenzoate, thereby reducing
their thermodynamic activity and the permeability
coefficient. The permeability coefficient between
the o/w emulsion and its corresponding, externally
isolated aqueous phase was equal, signifying the
importance of the thermodynamic activity of the
permeants in the external phase for promoting
the permeation process. However, the solubility of
the three compounds in the oil phase of the same
o/w emulsion was similar to the solubility in the
oil without surfactant, indicating no solubilising
effect of polysorbate 60 (Tween® 60) in the oil
phase of the o/w emulsion, hence resulting in simi-
lar permeability coefficients between the internal
oil phase and the pure oil. Analogous results were
obtained with the w/o emulsion in which the emul-
sifier, sorbitan sesquioleate (Arlacel® 83), was
nearly entirely distributed in the oil phase of the
emulsion, whereas the aqueous phase was in effect
free of sorbitan sesquioleate (Arlacel® 83). This
yielded no solubility increase in the internal aque-
ous phase and thus no reduction in permeability,
when compared with water. However, the solubil-
ity of each compound increased in the oil phase,
because of the formation of inverse micelles.
Consequently, the permeability of the three test
permeants was reduced from both the w/o emul-
sion and from the corresponding isolated external
oil phase, when compared with the pure oil.
Several studies have been reported, involving
different emulsion types with identical composition

(e.g. o/w, w/o and w/o/w), hence allowing for the
systematic investigation of the effect of the type
of emulsion on dermal and transdermal delivery
only. These study outcomes are summarised in
Table 16.1.

The results in Table 16.1 demonstrate that the
type of emulsion significantly influenced both
skin penetration and skin permeation of the active
ingredients. The effect of the type of emulsion on
dermal and transdermal delivery was furthermore
dependent on the dosing condition (finite non-
occluded vs. infinite occluded). With finite dos-
ing under non-occluded conditions, the
physicochemical and thermodynamic properties
of the formulation modified rapidly after applica-
tion onto the skin, whereas at infinite dosing
under occluded conditions, the thermodynamic
properties did not alter significantly (Laugel et al.
1998b).

16.5.2 Hydrophilic Active
Ingredients

In summary, it can be concluded that the percuta-
neous absorption, as well as the skin penetration
of hydrophilic drugs (e.g. glucose, metronidazole
and lactic acid), is generally superior for o/w
emulsions, compared to w/o/w and w/o emul-
sions (Fig. 16.3). Various suggestions were made
for the differences in performance between the
diverse emulsion types. For example, the higher
skin uptake from o/w emulsions could have been
due to a higher concentration of free hydrophilic
actives in the external aqueous phase of the emul-
sions being directly in contact with the skin,
whilst the actives were encapsulated in the inter-
nal phase of the w/o/w and w/o emulsions and as
a result not readily available to the stratum cor-
neum (Ferreira et al. 1995b; Youenang Piemi
et al. 1998; Sah et al. 1998). It was hence sug-
gested that w/o/w and w/o emulsions could be
utilised for the controlled release of water-soluble
actives (Sah et al. 1998). As shown by Ferreira
et al. (1994, 1995b), the release of glucose and
metronidazole through cellulose membranes and
silicone membranes was in the following order:
o/w > w/o/w > w/o. The release from the w/o/w
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Fig. 16.3 (a) Percutaneous absorption profiles of glucose
from w/o/w, o/w and w/o emulsions through hairless rat
skin; typical plots of the cumulative amount of glucose as a
function of time. Values are means (n=6) (Reproduced from
Ferreira et al. (1995b) with permission from Elsevier).

w/o emulsion

0.5

Cumulative absorption (ug)

40
Time

(b) Percutaneous absorption profiles of metronidazole from
w/o/w (), o/'w (M) and w/o (O) emulsions. Values are the
means (n=5) + SD. The SD values for the o/w emulsions are
not represented for purposes of clarity (Reproduced from
Ferreira et al. (1994), with permission from Elsevier)
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Fig. 16.4 Evaporation of water from emulsions contain-
ing (a) metronidazole and (b) glucose as a function of
time. The data are expressed as percentage of water loss of

emulsion was higher than from the w/o emulsion,
due to the leakage of glucose and metronidazole
into the external aqueous phase, resulting in a
higher effective concentration of the hydrophilic
actives in the external aqueous phase of w/o/w
emulsions than in the external oil phase of w/o
emulsions (Ferreira et al. 1995a, b). It should also
be noted that the differences in polarity of the
active ingredients further impacted on the perfor-
mances of the various emulsions. So the differ-
ence between the various emulsions was more
pronounced for glucose (high polarity) than for
metronidazole (intermediate polarity), due to a
smaller oil-water partitioning coefficient of
glucose, indicating a higher concentration of
glucose in the aqueous phase, when compared
with metronidazole (Ferreira et al. 1995b).
Furthermore, the partitioning between the oil and
water phases in the emulsion was better for met-
ronidazole, which in turn yielded a decrease in
the internal release barrier and therefore a less
pronounced difference in performance between
the various metronidazole emulsions (Ferreira
et al. 1995a).

Differences in dermal and transdermal delivery
could also have occurred as a result of different
partitioning coefficients between the stratum cor-
neum and the various emulsions, e.g. a higher par-
titioning between the stratum corneum and
external aqueous phase (for o/w and w/o/w
emulsions) than between the stratum corneum and
external oil phase (for w/o emulsions). In addition,

the applied amount (Ferreira et al. (1995a), with permis-
sion from Elsevier)

the external aqueous phase may have contributed
to the hydration of the stratum corneum, which in
turn may have enhanced the permeability of
hydrophilic compounds (Ferreira et al. 1995b).
This effect could be more pronounced for an infi-
nite, occluded dosing condition than for a finite,
non-occluded dosing (Sah et al. 1998).

It is also important to consider the fate of the
emulsion after application onto the skin and its
effect on the delivery of the actives. Following
the application onto the skin, volatile compo-
nents (e.g. water) can evaporate, and therefore
phase transitions, inversion, flocculation and
coalescence may occur (Friberg and Langlois
1992). In addition, the drug concentration in the
residual film could increase, due to water evapo-
ration from a finite dose (Sah et al. 1998).
Consequently, consideration of the evaporation
of volatile components, as well as the vehicle
structure of the remaining film after the evapora-
tion of volatile components, is of importance
when investigating skin penetration of actives.
Ferreira et al. (1995a) investigated water evapo-
ration from three different emulsions (o/w,
w/o/w and w/o) and found that the rate thereof
was higher from emulsions with an aqueous con-
tinuous phase (o/w and w/o/w) than from emul-
sions with an oily continuous phase (w/0)
(Fig. 16.4), which may partially explain the dif-
ferences in dermal and transdermal delivery.
They also investigated the structure of the resid-
ual film after evaporation was completed and its
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effect on the lipid organisation of the stratum
corneum. No differences were detected among
the three emulsions (o/w, w/o/w and w/o0) though.
Youenang Piemi et al. (1998) reasoned in their
article that the similar performances of w/o/w
and w/o emulsions in the dermal and transder-
mal delivery of glucose could be due to a similar
vehicle structure of the w/o/w and w/o emul-
sions after application onto the skin, because of
the evaporation of the external water phase of the
w/o/w emulsion.

It should be noted that most of the studies on
hydrophilic compounds, as listed in Table 16.1,
were performed with the same synthetic emulsi-
fier system Hypermer™ A60 (a modified polyes-
ter)/poloxamer 407 (Synperonic™ PE/F127).
However, the one study by Youenang Piemi et al.
(1998) incorporated natural soybean phospho-
lipids (lecithin, Emulmetik™ 100/300) as emul-
sifier in order to obtain different types of
emulsions. Overall, the same trend was observed
with the soybean phospholipids as with the syn-
thetic emulsifiers. This was indicative of the
importance of the nature of the continuous phase
of an emulsion on the dermal and transdermal
delivery of hydrophilic drugs (Youenang Piemi
et al. 1998). Furthermore, the results of the vari-
ous studies with hydrophilic active ingredients
indicated that the type of emulsion (o/w, w/o/w,
w/0) may not significantly affect the distribution
of the actives between dermal and transdermal
delivery, as the order of emulsions was similar
for dermal and transdermal delivery (see
Table 16.1).

16.5.3 Lipophilic Active Ingredients

As with the hydrophilic drugs, the encapsulation
of the lipophilic actives (hydrocortisone and
three different triterpenic derivatives) in the inter-
nal oily phase of multiple o/w/o emulsions
reduced the percutaneous absorption of these
lipophilic actives, compared to that of simple w/o
emulsions, when applied as a finite dose.
However, the uptake of the lipophilic actives into
the epidermis and dermis was higher from the
multiple o/w/o emulsion than from the simple

w/o emulsion (Laugel et al. 1998a, b). Similarly,
a release study showed that the release of hydro-
cortisone was slower from a multiple o/w/o emul-
sion than from a simple w/o emulsion, as the
active needed to diffuse from the internal phase,
across the aqueous phase and into the external
phase (Laugel et al. 1998b). Both studies hence
confirmed that multiple o/w/o emulsions could
be used as prolonged, topical delivery systems
for lipophilic drugs, when incorporated in the
internal oily phase and applied as a finite dose.
Furthermore, these multiple emulsions exhibited
the advantages of reducing the transdermal deliv-
ery and therefore the systemic effects of the lipo-
philic drugs, whereas the dermal delivery was
increased, thus showing a controlled release of
the drugs to the site of action (Laugel et al.
1998b). However, it should be noted that no sig-
nificant differences in transdermal delivery were
observed between w/o and o/w/o emulsions,
when an infinite dose of hydroquinone contain-
ing emulsions was applied onto the skin (Laugel
et al. 1998b).

16.5.4 Stabilisation Effects
of the Formulation

When investigating the dermal and transdermal
delivery of active ingredients from emulsions,
consideration of the stabilisation effects of a
formulation on delivering degradation-sensitive
active ingredients intact into and/or across the
skin can prove beneficial. Schmidts et al. (2011)
investigated the stabilisation effects of various
emulsion systems against enzymatic degrada-
tion of topically applied oligonucleotides. They
found that the enzymatic degradation of water-
soluble DNAzymes, encapsulated in the inner
aqueous phase of w/o/w and w/o emulsions, was
significantly reduced, compared to DNAzymes,
incorporated in the outer aqueous phase of a
microemulsion and a submicron emulsion. The
outcomes of their study suggested that w/o
and w/o/w emulsions are promising formula-
tions for effective encapsulation of DNAzymes
with concurrent protection against enzymatic
degradation.
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16.6 The Effects of Various
Emulsifiers on Dermal
and Transdermal Delivery

16.6.1 Overview

As was mentioned above, various substances
exist that can be utilised as emulsifiers (e.g. sur-
factants, polymers, solid particles), and often the
stabilisation effect of emulsifiers can be attrib-
uted to more than one method. For instance, some
surfactants may form a monolayer at the oil-
water interface, whilst an excess thereof may also
arrange in liquid crystalline structures in the
aqueous phase, which could improve emulsion
stability by preventing coalescence (Friberg and
Solans 1986). Hydrophobically modified water-
soluble polymers can stabilise o/w emulsions by
adsorbing at the oil-water interface (hydrophobic
part of the polymer), as well as by gelation of the
aqueous continuous phase (hydrophilic part of
the polymer) (Eccleston 1997a). In case of
Pickering emulsions, the particles can, in addi-
tion to the adsorption at the oil-water interface,
also form a three-dimensional network in the
continuous phase surrounding the droplets. The
resulting increased viscosity of the emulsions can
reduce the rate and extent of creaming (Aveyard
et al. 2003). Furthermore, the complexity of
emulsions makes it more difficult to study the
exclusive effect of emulsifiers on dermal and
transdermal delivery, as other emulsion ingredi-
ents also contribute to interactions with the active
ingredient in the vehicle, as well as with the stra-
tum corneum. Therefore, this chapter aimed at
focusing mainly on studies in which a more sys-
tematic approach to investigating the effects of
emulsifiers on dermal and transdermal delivery
was followed, such as using emulsions with the
same oil and aqueous phases and hence reducing
the influences of varying formulation ingredients
on the active’s transport into and across the skin.

Montenegro et al. (2004) investigated the
effects of various silicone emulsifiers using the
same oil and aqueous phase ingredients for
the preparation of the emulsions. The study illus-
trated that the type of silicone emulsifier could
significantly affect the permeation of octyl

methoxycinnamate (Uvinul MC 80®) across
human skin, whereas the permeation of butyl
methoxydibenzoylmethane (Uvinul BMBM®)
was insignificantly affected. It was assumed that
changes in the thermodynamic activity in the
emulsion and modification of the interaction
between permeant and emulsion components
could account for the different effects of the
emulsifiers on skin permeation. Though the
inclusion of different silicone emulsifiers altered
the viscosity of the emulsions and the release of
the active ingredients, these factors could not be
related to the modification in permeation.

Wiechers et al. (2004) suggested that the
emulsifier system may influence the distribution
of the active ingredient between dermal and
transdermal delivery, whilst emollients may sig-
nificantly affect the total skin absorption (dermal
+ transdermal delivery) thereof. For example, the
emulsion with the emulsifier system, sorbitan
stearate/sucrose cocoate (Arlatone® 2121), exhib-
ited a higher transdermal, but lower dermal,
delivery of octadecenedioic acid (Arlatone™
DIOIC DCA), in comparison with the emulsion
containing steareth-2/steareth-21 (Brij® 72/721).
No explanations could be given as more investi-
gations were required to understand the influence
of the emulsifier system on skin delivery.

These studies, using the same oil and aqueous
phases for the emulsions, demonstrated that
emulsifiers significantly affected dermal and
transdermal delivery. However, the emulsifiers
being compared varied in structure and physico-
chemical properties, making it difficult to explain
their particular effects on skin penetration and
permeation. The following examples focus more
on studies that compare emulsifiers with particu-
lar differences (e.g. variation in hydrophilic chain
length of nonionic surfactants, HLB values,
emulsion droplet charge).

16.6.2 Effects of Hydrophilic
Chain Length of Nonionic
Surfactants

Oborska et al. (2004) investigated the effect of
three different polyoxyethylene cetostearyl ethers
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of various oxyethylene chain lengths (ceteareth-12
(Eumulgin® B1), ceteareth-20 (Eumulgin® B2)
and ceteareth-30 (Eumulgin® B3)) in o/w emul-
sions on the permeation of two flavonoids, quer-
cetin and rutin, through a liposome model
membrane. The study revealed that the permea-
bility coefficient of both permeants decreased
with increasing length of the oxyethylene chain
and their effects were more pronounced for rutin,
the more water-soluble flavonoid. No explanation
was given. However, a similar trend was observed
in a study by Dalvi and Zatz (1981), when inves-
tigating the effects of the polyoxyethylene chain
length of nonionic surfactants on benzocaine flux
from aqueous solutions. The reduction in benzo-
caine flux from non-saturated solutions with
increasing polyoxyethylene chain length was
explained by a higher micellar entrapment of
benzocaine and therefore a lower concentration
of free benzocaine giving rise to a lower driving
force for permeation. Although this study was
performed on aqueous solutions, the solubilisa-
tion effects of the nonionic surfactants with
increasing length of the oxyethylene chain could
have also occurred with quercetin and rutin in the
o/w emulsions used by Oborska et al. (2004).

A study by Forster et al. (2011) tested o/w
emulsions with different surfactants of the poly-
ethylene glycol ester type, which varied in the
length of the alkyl- and polyethylene glycol chains
(PEG6C18:1, PEG20C12 and PEG20C18:1), for
skin penetration of the lipophilic active, retinol.
The results confirmed that surfactants with a short
polar head group had an enhancement effect on
penetration into the skin, as the penetration into
the epidermis and dermis from emulsions with
PEG6C18:1 was higher than from emulsions with
PEG20C12 and PEG20C18:1. Confocal Raman
microspectroscopy revealed that all three tested
emulsions did not differ in the lateral interaction
(ratio of Igso/Isgso), an indicator for the lateral
packing of lipids. Furthermore, the ratio Lgs/I>ss0
for all three emulsions did not significantly differ
from the ratio for untreated skin. As there was no
indication of disruption of the lipid structure of the
stratum corneum by any of the emulsions, the
increased dermal delivery with PEG6C18:1 was
linked to a change in partitioning behaviour of

retinol between the skin and formulation. These
results were congruent with those from studies by
Oborska et al. (2004) and Dalvi and Zatz (1981),
demonstrating that drug permeation was inversely
related to the hydrophilic chain length of the sur-
factants, due to a change in solubilisation capacity
of the surfactant micelles, without an apparent
interaction between the surfactants and the stratum
corneum lipids (Dalvi and Zatz 1981).

16.6.3 Effects of Emulsifier Ratios
and HLB Value

As mentioned, often emulsifier combinations are
used to manufacture and stabilise topical emul-
sions. The studies discussed next illustrate the
influence that an emulsifier mixture may exhibit
on dermal and transdermal delivery. These exam-
ples also include nanoemulsions, although a sep-
arate book chapter deals with nanoemulsions as
skin delivery systems in more detail.

Nam et al. (2012) showed that the incorpora-
tion of a second emulsifier (Phospholipon® 90 G,
mostly soybean phosphatidylcholine with max.
4.0 % lysophosphatidylcholine) with skin perme-
ation-enhancing capabilities could increase skin
absorption of the active ingredient, tocopheryl
acetate. Mixtures of Phospholipon® 90 G and a
polymer (poly(ethylene oxide)-block-poly(e-
caprolactone) (PEO-b-PCL)) in various ratios
were used to stabilise o/w nanoemulsions being
tested for their skin absorption effects. The per-
meation-enhancing effects of the unsaturated
lipid yielded improved skin absorption of tocoph-
eryl acetate from nanoemulsions, with increasing
lipid-to-polymer ratios (Fig. 16.5). In compari-
son, the nanoemulsion, solely being stabilised
with the polymer, PEO-b-PCL, exhibited a much
lower skin penetration. It was furthermore indi-
cated that not only the permeation-enhancing
effect of the unsaturated lipid but also the smaller
size of the emulsion droplets could have yielded
an improved skin delivery of tocopheryl acetate.

Another study by Cho et al. (2012) utilised a
triblock copolymer (poly(ethylene oxide)-block-
poly(e-caprolactone)-block-poly(ethylene
oxide) (PEO-PCL-PEQ)) to co-stabilise a retinol
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Fig.16.5 Cumulative 50
amount of tocopheryl acetate
absorbed by the hairless
guinea pig skin form
nanoemulsions stabilised
using a mixture of a lipid
(P90G) and a polymer
(PEQys-b-PCL,,) as a function
of the lipid-polymer ratio for
12h (@) and 24 h (D)
(Reproduced from Nam et al.
(2012), with permission from
Elsevier)

w B
o o

N
o

Cumulative amount of TA
permeated (ug cm?)

[y
(=]

emulsion that was primarily stabilised using
polysorbate 20 (Tween® 20). Their work included
an investigation of the effect of the PCL block
length of the triblock copolymer on the topical
delivery of retinol, and it was ascertained that the
accumulation of retinol in the artificial skin was
enhanced by employing the triblock copolymer,
as well as by increasing the PCL block length. It
was, furthermore, found that with increasing
length of the PCL block, the hydrophilic-lipo-
philic balance (HLB) value, as well as the size of
the emulsion droplets decreased. The outcomes
from this study suggested that the PCL block
length and HLB value are important consider-
ations for the topical delivery of actives from
emulsions being co-stabilised with a triblock
copolymer.

Wau et al. (2001) found that the rate and extent
of inulin permeation from water-in-oil nano-
emulsions were highly dependent on the HLB
values of the incorporated surfactant mixtures
(different ratios of sorbitan monooleate (Span®
80) and polysorbate 80 (Tween® 80)). Surfactant
mixtures with a low HLB resulted in significantly
higher permeation of inulin than surfactant mix-
tures with a high HLB (Fig. 16.6). It was sug-
gested that inulin, encapsulated into the aqueous
phase of the w/o nanoemulsions, was mainly
transported via the transfollicular route and that
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Fig. 16.6 Correlation between permeation rate of inulin
across hairy mouse skin (expressed as per cent of applied
formulation per h + SE) and HLB of surfactant mixture in
nanoemulsion or micellar formulation. HLB of surfactant
mixture = ((volume per cent Span® 80 in formulation x
4.3) + (volume per cent Tween® 80 in formulation X
15.0))/100 (Reprinted from Wu et al. (2001), with permis-
sion from Elsevier)

its transport was facilitated by nanoemulsions in
which the HLB of the oil phase was compatible
with the sebum environment of the hair follicle.
These examples illustrate that the type of
emulsifier/emulsifier system, together with the
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Fig.16.7 Permeation profiles
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ratio of the emulsifier mixture, is not only essen-
tial to the emulsification and stabilisation effects
but potentially also for modifying skin penetra-
tion significantly. Moreover, the HLB value may
considerably influence topical performance.
Some studies reported that the various emulsi-
fiers and/or ratios of emulsifier mixtures also
altered the droplet size and viscosity of the emul-
sions, which may have affected dermal and trans-
dermal delivery. The study by Klang et al. (2011),
however, revealed that neither skin permeation
nor penetration was influenced by the droplet size
and viscosity. Klang et al. (2011) used sucrose
stearate S-970 (Ryoto® Sugar Ester) as emulsifier
to formulate stable o/w emulsions by forming a
hydrophilic network around the oil droplets.
Through a slight modification of the manufactur-
ing process, they were able to produce a highly
viscous macroemulsion and a less viscous, fluid
nanoemulsion with exactly the same composi-
tion, thus enabling the investigation of the influ-
ence of droplet size and viscosity on dermal and
transdermal delivery. The macro- and nanoemul-
sions showed neither significant difference in
flux, penetration depth nor in accumulation of the
three model drugs used (curcumin, flufenamic
acid, diclofenac acid) in the stratum corneum.
The results regarding droplet size are congruent
with the outcome of the study by Izquierdo et al.
(2007), where also no correlation could be found
between the droplet size and the dermal and

Time , hours

transdermal delivery. On the contrary, Nam et al.
(2012) showed that the size of the emulsion drop-
lets could affect skin absorption. They prepared
nanoemulsions with the same chemical composi-
tion but different droplet sizes by applying differ-
ent pressure in the microfluid process and found
that smaller droplet sizes enhanced the skin
absorption of tocopheryl acetate. However, trans-
dermal delivery was not determined in this study.

16.6.4 Effects of Emulsion Droplet
Charge

Positively and negatively charged submicron
emulsions were compared by Youenang Piemi
et al. (1999) for their effects on the dermal and
transdermal delivery of econazole and micon-
azole nitrate. The composition of the emulsions
was the same and only differed in the emulsifier
component giving the charge to the emulsion
droplets, i.e. stearylamine in the case of positively
charged emulsions and deoxycholic acid in case
of negatively charged emulsions. In overall, the
positively charged o/w emulsion containing stea-
rylamine was more effective in dermal and trans-
dermal delivery of econazole and miconazole
nitrate than the negatively charged o/w emulsion
containing deoxycholic acid (Fig. 16.7). It was
suggested that positively charged submicron
emulsion droplets could facilitate the transport of
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the permeants into and through the skin, most
probably owing to a superior binding of the posi-
tively charged droplets to the skin, which is nega-
tively charged at neutral pH.

Two studies by Ghouchi Eskandar et al. (2009a,
2010), investigating oil-in-water submicron emul-
sions, also showed the possible dependency of
dermal delivery on the emulsifier charge. The skin
retention of the tested lipophilic compounds, all-
trans-retinol and acridine orange 10-nonyl bro-
mide, was significantly higher for those emulsions
being stabilised by the positively charged oleyl-
amine, compared to emulsions, stabilised by the
negatively charged lecithin. Two explanations
were given. Firstly, the higher skin accumulation
of the lipophilic compounds being released from
the oleylamine-stabilised emulsions could be
attributed to the electrostatic attraction between
the positively charged oleylamine droplets and
negatively charged skin surface. Secondly, it could
also have been due to reduced skin barrier proper-
ties, as a result of the disrupting effect of oleyl-
amine on the stratum corneum lipid organisation.

16.6.5 Effects of Surfactant
Association Structures

When viewing the effects of surfactants, one
should not solely consider the surfactant but also
the association structures that could form in
emulsions. In addition to the formation of a sur-
factant monolayer at the oil-water interface, some
surfactants, when in excess, may arrange in liquid
crystalline structures in the aqueous phase, which
may aid the stabilisation of emulsions (Friberg
and Solans 1986) and could affect skin perme-
ation. Only two studies are mentioned below to
illustrate the effect of the emulsifier association
structures on skin permeation. For more informa-
tion on liquid crystalline structures, the reader is
referred to a separate chapter in the book.

A study by Brinon et al. (1998) illustrated that
the flux of benzophenone-4 (Uvinul® MS40) was
increased by emulsions containing lamellar lig-
uid crystals (triethanolamine stearate, sorbitan
stearate/sucrose cocoate (Arlatone® 2121) and
steareth-2/-21 (Brij® 72/721) in comparison to

emulsions without liquid crystals (polysorbate 60
(Tween® 60), poloxamer 407 (Synperonic™ PE/
F127) and acrylates/C,o3 alkyl acrylate
crosspolymer (Pemulen® TR1)). The differences
in permeation could be due to modified interac-
tions between surfactants and permeant that may
have influenced the interactions between the sur-
factants and stratum corneum. Furthermore, the
partitioning between the formulation and the skin
could have been altered, e.g. partitioning between
the skin and the aqueous phase (emulsions with-
out liquid crystals) and partitioning between the
skin and the liquid crystal phase (emulsions with
liquid crystals).

The effect of liquid crystalline structures in
o/w emulsions on dermal and transdermal deliv-
ery was also investigated by Otto et al. (2010).
Five o/w emulsions were tested:

e ‘Hydrosome’ emulsion, stabilised by sorbitan
stearate and sucrose cocoate (Arlatone®2121),
with lamellar gel structuring of the water
phase (Tadros et al. 20006)

¢ ‘Phosphosome EFA’ (essential fatty acid)
emulsion, stabilised by linoleamidopropyl
PG-dimonium chloride phosphate (Arlasilk™
Phospholipid EFA), with structuring of the
water phase and lamellar liquid crystalline
phases around the oil droplets

¢ ‘Phosphosome PTC’ (phosphatidylcholine)
emulsion, stabilised by cocamidopropyl
PG-dimonium chloride phosphate (Arlasilk™
Phospholipid PTC), with structuring of the
water phase and lamellar liquid crystalline
phases around the oil droplets

¢ ‘Oleosome’ emulsion, stabilised by steareth-
2/steareth-21 (Brij® 72/721) incl. cetearyl
alcohol (Laurex CS™) and PPG-15 stearyl
ether (Arlamol™ E), with surfactant bilayers
around the oil droplets (Tadros et al. 2006)

e ‘Conventional’ emulsion, stabilised by stea-
reth-2/steareth-21 (Brij® 72/721), without lig-
uid crystalline phases
The study revealed that the hydrosome and

phosphosome emulsions, with lamellar gel struc-

turing of the water phase, enhanced the dermal and
transdermal delivery of hydroquinone and
octadecenedioic acid (Arlatone™ DIOIC DCA),

when compared with the conventional o/w
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Fig. 16.8 (a) Skin permeation data on hydroquinone
(HQ) expressed as total amount delivered over 8 h of skin
penetration as least square means (formulation effect) +
95 % confidence interval (CI) obtained after two-way
ANOVA. Conv. conventional, Phosph. phosphosome.
*Statistically significant compared with the conventional
o/w emulsion (Reprinted from Otto et al. (2010), with per-
mission from Karger). (b) Skin permeation data on octa-
decenedioic acid (DIOIC) expressed as total amount
delivered over 24 h of skin penetration as least square
means (formulation effect) + 95 % confidence interval (CI)

emulsion without liquid crystalline phases and the
oleosome emulsion with lamellar liquid crystal-
line phases around the oil droplets (Fig. 16.8a, b).
The increase in skin penetration was ascribed to an
improved partitioning of both permeants into the
skin. However, a different pattern was observed

obtained after two-way ANOVA. Conv. conventional,
Phosph. phosphosome. *Statistically significant compared
with the conventional o/w emulsion (Reprinted from Otto
et al. (2010), with permission from Karger). (¢) Skin per-
meation data on salicylic acid (SA) expressed as total
amount delivered over 12 h of skin penetration as least
square means (formulation effect) + 95 % confidence
interval (CI) obtained after two-way ANOVA. Conv. con-
ventional, Phosph. phosphosome. *Statistically significant
compared with the conventional o/w emulsion (Reprinted
from Otto et al. (2010), with permission from Karger)

for salicylic acid, where no differences in skin
penetration occurred between the o/w emulsions
with and without liquid crystalline phases
(Fig. 16.8c). It was assumed that the interactions
between the different emulsifiers and active ingre-
dients varied and therefore the solubilisation
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capacities of the various emulsifiers and their asso-
ciation structures, which could have resulted in
changes in the thermodynamic activity of the per-
meants in the emulsions.

16.6.6 Effects of Solid Particles
as Emulsifiers

More recently, new topical emulsion systems
have been introduced that are surfactant free and
being stabilised by solid particles. These particle-
stabilised emulsions are also known as Pickering
emulsions. Another chapter in this book dis-
cusses Pickering emulsions as topical delivery
systems; however, a few examples are mentioned
below to illustrate the differences in topical per-
formance due to different emulsifiers.

Frelichowska et al. (2009b) investigated the
skin absorption of the hydrophilic active caffeine
from silica particle-stabilised w/o emulsions
(Pickering emulsions) and compared it to the
absorption from surfactant-stabilised w/o emul-
sions (conventional emulsions). These emulsions
had the same physicochemical properties (drop-
let size and viscosity), as well as chemical com-
position and only varied in the type of emulsifier.
The study revealed that the caffeine flux was
threefold higher from the Pickering emulsion
than from the conventional emulsion, although
the release was slower from the Pickering emul-
sion. The increased skin absorption could be
explained by the higher adhesion of the silica
particle-stabilised water droplets onto the skin
surface. Furthermore, it was found that silica par-
ticles penetrated into the upper layers of the stra-
tum corneum and it was hypothesised that
caffeine was transported into the skin by means
of adsorption onto the silica particles.

Another study by Frelichowska et al. (2009a),
investigating oil-in-water emulsions, revealed
that the total skin uptake of the lipophilic drug,
all-trans-retinol, was similar for the conventional
emulsion and the Pickering emulsion and no
transdermal delivery was observed. However, the
distribution of all-frans-retinol within the skin
varied. The Pickering emulsion showed an
enhanced accumulation of all-trans-retinol in the

stratum corneum, whereas the conventional
emulsion increased the transport through the stra-
tum corneum into the viable epidermis and der-
mis. It was hypothesised that the enhanced
accumulation of all-trans-retinol in the stratum
corneum could be due to a lack of flexibility of
the Pickering emulsion droplets.

The former studies compared Pickering emul-
sions being stabilised solely by solid particles
with conventional emulsions being stabilised
solely by surfactants. However, emulsions with
mixed interfacial layers, for instance, including
both surfactants and solid particles, were also
tested for their topical performances, as discussed
next.

Silica nanoparticle coatings of lecithin- and
oleylamine-stabilised oil-in-water submicron
emulsions exhibited an enhanced dermal delivery
of all-trans-retinol and acridine orange 10-nonyl
bromide, compared to non-silica-coated emul-
sions (Ghouchi Eskandar et al. 2009a, 2010). As
the silica nanoparticles significantly increased
the emulsification efficiency, as well as the physi-
cal stability of the emulsions (Ghouchi Eskandar
et al. 2007), they could be considered as emulsi-
fiers. In both studies it was observed that the
extent and the depth of penetration of lipophilic
all-trans-retinol and acridine orange 10-nonyl
bromide into full-thickness porcine skin were
increased by nanoparticle-coated emulsions and
they both were affected by the initial loading
phase of the silica nanoparticles during the prep-
aration of the emulsions (e.g. incorporation into
the water phase vs. oil phase). However, the silica
coating did not influence the transdermal delivery
of the two compounds, which was considered
negligible. It was further shown that silica
nanoparticles could also penetrate the skin up to
the viable epidermis and dermis, with negligible
permeation across the skin. There was a correla-
tion found between the skin accumulation and
distribution of acridine orange 10-nonyl bromide
and silica nanoparticles, and it was hypothesised
that the transport of acridine orange 10-nonyl
bromide could have been facilitated by electro-
static complexation with silica nanoparticles
(Ghouchi Eskandar et al. 2010). Furthermore, the
improved physical stability of silica-coated
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emulsions and enhanced chemical stability of all-
trans-retinol (Ghouchi Eskandar et al. 2009b) are
other possible mechanisms for the increased skin
retention. Additionally, the formation of a thick
film of silica nanoparticles and emulsion oil
droplets on the skin surface could have had an
occlusive effect that may have increased the
hydration of the stratum corneum, which in turn
could have enhanced skin penetration (Ghouchi
Eskandar et al. 2009a).

Conclusion
This review has emphasised that different
parameters/variables require consideration when
deciding on an appropriate emulsion type and
emulsifier system. For example, the skin uptake
into the skin as well as the permeation through
the skin of a hydrophilic active could be
enhanced, when the active is incorporated
into the continuous phase of the emulsion.
Furthermore, multiple o/w/o emulsions, in
comparison to simple w/o emulsions, reduced
the transdermal delivery of lipophilic active
ingredients, whereas the dermal delivery was
increased. Therefore, multiple emulsions could
be considered if prolonged topical delivery or
the protection of the active ingredient against
external influences (e.g. enzymatic degrada-
tion, oxidation) is desired. It was demonstrated
that the effects of surfactants, as incorporated in
emulsions, on dermal and transdermal delivery
could vary, depending on their structure and
physicochemical properties, e.g. HLB value,
hydrophilic chain length of nonionic surfac-
tants, emulsifier charge or their association
structures in the emulsion. However, the emul-
sifier could also influence the droplet size and
viscosity of emulsions, which in turn may addi-
tionally affect topical performance. Pickering
emulsions, a rather new topical delivery system
type, are not only interesting in terms of
improving the physical stability of emulsions
but also show the potential for dermal skin tar-
geting and controlled release.

In summary, it can be concluded that the
choice of the emulsifier is not only critical for
the emulsification process and for the stability

of the resulting emulsion but it is also impor-
tant for the dermal and transdermal perfor-
mance that additionally is influenced by the
type of emulsion.
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